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Abstract

To reachnetzero emissiong the UKby 205Q in accordancevith Parisagreement (2016)

the imperative role of renewable energy production has beesrdentglobally. With the
exponential growth in the installed capacity of offshore wind energy in the UK and around the
world, the industry is continuously increasing the capacity of wind turbswsequently
requiing larger structures to support them. Offshore wind turbines often consist of a
foundation, a transitiopiece,and a tower. One criticabmponenof the offshore wind turbine
structures is the connection betwéla® Monopile (MP¥oundation, whichs largelyemployed

in the majority of offshore wind turbinesurrently installedaround the worldand the
Transition Piece (TP)This thesis investigates the suitability bafth currentand alternative
MP-TP connection technologies to provide ardéepth knowledge of the advantages and
disadvantages of each technologygdotentialuse infuture offshore wind farms.

In this researclstudyFinite Element Analysis (FEAQNnd analytical calculations are employed
to investigatehreedistinct MP-TP connectiortechnologiesthreaded connection, Gedge
connection and Slip JoitechnologiesFurther investigations have been carried out by re
analysing the existing fatigue data on various size and threaded connevadable in the
literature Furthermore,through conducting newfatigue tesd, this thesis contributes a
comprehensive evaluatioof the accuracy of the fatigue design curves recommended in
international standads for largescale bolted connectionghe findingsfrom this study
underscore the potential of tleeisting flanged bolted connection technolag/well agwo
novel technologie® namelyC1 connection and Slip Joidt to addresurrent anduture
challengesassociated with the increasing size of offshore wind turbine struciMaogsover,
they highlight the need forarious feasible alternative solutions for MP connectioato be
considered and employédfuture offshore wind farms. Ththesigprovidesacomprehensive
analysis of the advantages and disadvantagdethe mentionedMP-TP technologies It
identifies areas forfurther research to addreite existing gapsn knowledgeand enhance
understanding ofhese innovative technologiésr deployment in future offshore wind farm
projects
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Chapter 1 Offshore Wind Turbine (OWT)
structure

1.1.Introduction

Fighting climate change ngducingcarbon emissiaanddecrasingfossil fuels dependence
aretwo mainstrategiesighlighted in he Paris Agreemeldi], adopted in 2015nd signedy

194 countries This documenstands as a landmark international accord aimed at addressing
the global challenge of climate changée agreement outlines a collectagherenceo limit

global warming to well below °Z above prendustrial levels, with efforts directed towards
achieving a 1.5C target.Generabbjectiveof this agreement is the Re¢ro emissions goal by

the year 205Qhis is an imperative andirgent objective that reflectse commonrecognition

of the need to mitigate the adverse impacts of climasmge. As nations strive to meet this
target, a transformative shift towards sustainable practices and renewable energy sources
becomesrucial ushering in a new era in the fight against climate chakgyeountries grapple

with the complexities of this transformative journey, thezexb goal becomes a linchpin in
fostering international cooperatiatiiving technological advancements, and shaping policies
that align with a sustainable, lewarbon futureAs mentionedthe use of renewable energy is
imperativeto achieve the Paris agreement goalsecentyears the amount of energy provided

by renewable energy has increafgd as illustratedn Figurel-1. One of themainrenewable
source®f energy is wincenergywhichget s produced througlhe. t he us
themain focus of this thesis project.
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Il n general, t h e refers totime efitiveéi stnudture] whictb dam be ¢ategorized
into two main sections: the support structure and the Rddoelle assembly (RNA). As
depicted inFigure 1-2, the support structure, can be further divided into three key sections:
Foundation, Substructure and Tower. The foundation specifically refers to the part of Monopile
that extend under the mudline, the substructure encompasses the remaining portion of the
monopile and the transition piece together and the Tower is defined as the cylindrical
component linking the substructure to the RNA. Each of these sections plays a cruaiadirole
warrants careful examination for distinct reasons. The foundation provides essential stability,
the substructure acts as an intermediary support strudfiganwhile, the tower serves to
connect the substructure to the RNA, facilitating the overatitfanality of the wind turbine.

The study of these individual sections is imperative due to their specific functions and
significance in the overall performance, structural integrity, and maintenance considerations of
wind turbines. Engineers and researclmrsstigatevarious aspects such as material strength,
aerodynamics, and environmental factors to optimize the design and operation of these
structures.

Tower

4 A Sub-
Support = Structure
Structure

Foundation

Y

Y

Figurel-2: Support structure division for OWT

For the aim of this thesia deepeexamination has been conductedloafoundations, which

can bedentifiedasthe part of the structure in direct contact with $bé. The main objective

of the foundationss transferring the loads from the structure to the $oibrder todo this,
variousfactors need to be takamto considerationkey factors are deep water, composition of

the seabed, metocean conditions and the turbine size. Secondary factors considered by the
enginees are the local fabrication capabilities, the Transport and Installation (T&l), the
Operation and Matenance (O&M) and the decommissioning at the end of the lifeg{3pa

The key factors that affect the design are described below.

Water depth is aavidentand critical factor. Accessible shallemater sites have already been
exhausted in some parts of the world, and around 80% of global offshore wind resources are in
water over 60nj3]. Secondlythe Seabed compositias animportant factor which requires
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a clear understanding of the geotechnical condition at a WT farnaséeyeak soil can lead
to excessive penetratiowhile a hard layer can limit the pile derivability.

Metocean Condition, derived from the combination of meteorology and oceanography words,
encompasasthe examination of atmospheric and oceanic factors in offshore endeavours. This
study includeseveral factorssuch as water current, offshore wind patterns, sea state, water
proprieties and air temperatur8y. gaininga deep understanding of local metocean conditions

it is possible tooptimize efficiency across all the stages of an offshore project, from initial
planning studies to operational maintenaaed future decommissioning.

The size of the turbine plays a key role in foundation design. As the turbine size increases,
along with the rotor dimensions, the foundations must withstand higher levels of loading.
Essentially, the larger the turbine and rotor, the more resilient timeléion needs to be to
handle elevated loads. This emphasizestitieal significance of crafting foundations that can

meet the growing demands posed by larger turbines and rotors in the field of renewable energy
infrastructure.

Comparingoffshore wind turbinego the onshoreones the production of foundation for
offshore WT is much moreomplexin terms of design andonstruction4]. The majority of
offshore wind farms areommonlylocated about 10 km off the coast in water depths of about
10m. Offshore wind turbines must be located above the crest level of the highestamdves,
estimationsndicatethat the cost o&noffshore wind unit is around two or three tintkat of

an onshore wind unif4], [5] Consideringthe costof foundatiors, offshore foundations
account foran increasef 20i 30% compared to onshore struct(iégsThis contributes to the
higher cost of offshore wind turbinempared toonshore ones. Thereforan accurate
selection of a suitable foundation type for offshore wind turbines is key to exploitation of
offshore wind energy

1.1.1Foundation Design

Depending on the key factor previously presented, the OWT foundation can be designed in
accordance with the concepts illustratedrigure 1-3, the four main design for fixed bottom
structure are the gravilyased (or GBS), the monopile (MP), the tripod and the jdxtice
structure) foundation. In this sectiothe main characteristics of these design have been
presented and resumedTiablel1-1.

Gravity Foundation Monopile Foundation Tripod Foundation Jacket Foundation

£; I 1 SN
Figure1-3 Main foundation concept&ravity-based foundatio(GBS), monopile foundatiofMP), Tripod
foundation Jacke foundatiorf7]

Gravity -basedFoundation
The gravitybased foundation (or GBS), &s name suggest utilizes gravitational force to
stabiliseits positiorj8], as illustrated irFigure 1-4a. The ballastommonly consistsf rock,
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iron ore or concretethat presersta large footprint to absorb moments from the wind and
waves. Installation is conceptusl simple after positioningthe foundationit is filled with
ballast, causing the body to sink, asettleon the seabed. The main disadvantages of this
designinvolve seabed preparation, manufacturing, aadsportation of thetructure9]. For

the nature of foundation, stable ground condsiare essentialpreferablycompacted clay,
sandy soil,or rock. Another key factor is the manufacturing sitelogistics including
fabrication, transportation and installatiorustbe well-organised. This technology is usually
preferred for structures in shallow waters (<30 metaif)pughthe deepestieployments
visible atthe Fécamp(France) OWF with 50 meters deptbther example are Rgdsand |l
(2008), Nysted (2003) in Denmark aRdcamp(2023) in Franc§l0].

Monopile Foundation

The Monopile foundation desigionsistsof a single steel tube pile made by plates rolled and
welded together.This structure is presented Figure 1-4b. Thanks to its relatively simple
production low cost,andmanageabl@stallation,alongwith its suitability for a wideange of
exploitable water depths, the monopile the most widely used support structure concept.
Depending on the seabednditions the installation method canvolve hammering the pile

into the seabed using a hydraulic hammer, for seabed with clay, sand, or chalk stratigraphy or
drilling a hole to insert the foundation rocky seabeddVhen the structure follows the first
procedurethe addition of a subtructurecalledfi T rsd nt i o ns ra@uiredavkiléit is not
necessaryhen installation is doniey drilling.

The mainissueabout this type of foundation is related to the reduction of seabed around the
monopile caused by water currgritnown as sco(it1]. This effect is mainlynfluencedby

the metocean conditions of the site and the soil conditions. This effect causes andncrease
section of the pile exposed to sea ambnsequenthalteringthe dynamic behaviour of the
structure from the designed one. To mitigate this proptemasolutionis protecting the soil
around the monopi|@2]. Different kinds of protection can be used, ranging from asphalt to
concrete mattressebut these installations can be very expensiMee most cosgffective
methodinvolvesplacing one (or multiple) layer of rocks around the structure so to reduce the
scour effect.

According to WindEuropgl0], example of Monopile foundation in Europe are Kaskasi (2018)
in Germany Vesterhav Syd2016) in DenmarkiHornsea One and Tw@019 and 2022) and
the Triton Knoll (2017)n UK and SairANazaire (2012)n France.

Tripod Foundation

A Tripod foundation is designed emhancedhe stability of the structurey using three legs
diverging from a single node to the respective posstairthe seabed, as illustratedRigure

1-4c. The installatiorincludestransportinghe structurento a barge to th@esignedocation,

then lifting the structure with a crane and thesition adjustmerg using a smaller crane.
Structurally the main node, where the three legs meet the central column, is sensitive to fatigue.

Examples of Offshore Wind Farms (OWF) with Tripods foundations are Alpha Ventus (2010)
and Global Tech I (2015) in Germany and Nogersund (1990) in S&aden

Jacket Foundation
The Jackefoundation is based on a structure that can be clasbifigte number of structured
legs:threeor four. Generaly speaking, the jackestructure is based on a frame structure pre
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assembled on landwith interconnected corner piles linked with bracirfgg(re 1-4d).
Compared to other foundations, Jadioeindations are relatively economical in terms of steel
consumption However storage, logistics, and installation can be expensive, substantially
increasingthe overall costTypically, this type of foundationis used in intermediate water
depths ranging from®Gto 60 m. EsxofaOW/F Wvheere this foundation is used are Moray
East (2017) and Seagreen (2019) in UK, Dieppe / Le Tréport (2012) in Fifxce

Figurel-4 Size comparison between the four main foundation design: gravity[bhabéa), Monopilg14] (b),
Tripod[15] (c) and jacke(d).



Type of Foundation

Table1-1 Characteristics of the four main foundation designs in OW Farm

Characteristis Water depths

1

Foundation "
e _E.

1
|

i

Gravity P

Selfweight supported and foundations made by reinforced concrete with bal

Required a preparation of the seabed up to 30 meters
, o ) _ ~ (Fécamp(FR) at 50meters)
Required a logistic preparation for on place manufacturing and transportatiol

Simple design and structure made by steel foils rolled and weddether.

Monopile 3 _ _ . up to 30 meters
foundation : Depending on seabed nature can require a drilling process (Arcanis Ost 1 (DE) at 45
(MP) E Constructed onshore and demands small seabed preparation. meters)
Expansion of theonceptof the monopile foundation to adapt to deeper water
_ : depths.
Tripod . . . . .
foundation SZHNS Provides better stability and improves the stiffness of the entire structure. up to 50 meters
H Big and heavy structure, thus increases manufacturing and transportatson cc
Higher cost omanufacturing andhstallation.
Jacke High stiffness, making it high resistant to wave loads from 50 to 60 meters
foundation (some up to 80 meters)

[l Mostly used as a transitional substructure.




1.2.MP-TP Connection

With the term MRTP connectionwe considerthe section that allosvload transmission
between the Monopile and the Transition Piece, as point&iyure 1-5. This section is a
critical point for the entire substructuras it must withstandertical and bendingtresgs
exerted bythe turbine as well aghe pressure load on the tovgamerated byhe wind.

\‘

‘: \“‘ Blade

|\ Rotor-nacelle
\ ‘\ assembly (RNA)
Nacelle M pub

Transition piece (TP)

e

Figure1-5 Offshore WindTurbinestructure, highlighting the MFP sectiofiL6]

In Figure 1-6, the timeline for the innovation of MPP connectioris illustrated. The first
connection design used as MP-TP connectiorwasthe Grouted technologfFigure 1-7),
which was massivelysed for the foundation of Oil and Gas platforms, especially in structures
such asnain, skit and cluster piles. The design is basethense of tuben-tubeconnection

with the space between the two tubes filled with dda{jt The principal methods of load
transferinvolve shear frictionresultingfrom the normal stress induceg imperfectiors and
roughness of the surface gaps and the compression of the grout.

Wiy o il
b

/M2 SRS
O2yyS§0azy

Figure1-6 Innovation timeline for MPTP connection in OWT industry



However at the end of last decade, numerous grouted connection joints for different offshore
wind substructurgwere found to be failing. The issuwas foundn the absence of shear keys
on straight MP and TP surfaces. The bending lesdltingthe complexity of the offshore
wind, comparing to the Oil&Gas Structure, and the wave loading were not takeacaount
during the designing process. Furthermore, the axial capacity of the connection wat® found
be significantly lower than the assumed during gmaled test, with manufacturing and
installation tolerances increasing the bending dtt8§sTypical failure modes of the grouted
connection were dibonding, cracking, wear, and compressive grout crushing failure. Trying
to addresghe structural problemdifferent design had been consideradth the focus on
implementingseries of shear keys on the surfasesontact with the grout andtilizing a
conical grouted connection.

Grout Grout with shear  Grout and cone
_ keys

—
B T ')A‘—AJ"‘A'V-

D Monopile
[] Transition piece

Figure1-7 Grouted connection design: Grouted connection, Grouted connectiosheitkeys and Conical
grouted connectidh9]

Meanwhile, a variety of alternative solutiimave beeimvestigated as substitutEs grouted
connectionsmanydesigners aimedtbolted connectiosiasabetter choiceTheBolted Flange
connection is another technologydely used in the offshore Oil&Gas industry and was chosen

as substitute of the grouted connection. In the offshore industry, this connection is based on the
presence of two flanges welded on the two tubular sections and held tdgetheeries of

bolts along a circumferential path of holes, as illustratdtignre1-8a.

Nowadays, with the increig) demand of green energye offshore wind industry needs to
increase the size of turbineseaning an increasethe structuré diameter and wall thickness.
This require that MAP connections follow the trend. Specifically for bolted connections,
there are two possible solutions: inciegshe number of bolts along the circumference or
increasng sectional area by transitioning from M72 bolts to M18@(re 1-8b). While the
first solution can be considered easreterms of productiorthe assembly phase candeen
ascritical asit requiredonger assembly time. The second solupoesents challengés both
production and assembly phasasvi100 bolt production would require new standardization
and specific toleranceduringassembly, specifitbolswould be needetb apply therequired



tensioningln response to these challenges, companies like C1 Connection and Van Oord have
desigredinnovativeMP-TP connectiorlayous.

Stress profile

() (b)
Figure1-8 Bolted connection: {lange bolt connectiodesign (g[20] and different bolts dimensioms
comparisor(b)[21]

C1 Connection,basedin the Netherland, has developed device known as C1 Wedge
Connection.This technology consisia redesigimg the L-flanges by converting the vertical
connection ito a horizontal oneThis is achievedhrough thedesignof a cylindrical lower
flangefor theMP sectionwith a forkshaped upper flanger the TP section According to this
concept,a series of elongated holesll be accommodated around thcumference of the
geometry allowing the positioning of the Cdiedgefastener Thesearethenpushed irusing
horizontal boltsholding the two flanges togethby creating a preloads represented Figure
1-9.

Lower flange
Outer web

Fastener

Stiffener / compression ring

Equipment interface flange

Figure1-9 C1 wedge connectiotlesigri22]

In the neanwhile, Van Oordyasedn theNetherland, haspresentedredesign of a technology
usedin the early stages of tH@WT industry for the MPTP connection: the Slip Joint. The
concept of this connection can be easifualizedasii t wo @psige slavnstacked on top
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of each otheras presented iRigure 1-10. Tensile and compressive forces in the skin of the
tubular tower ardransferredthrough friction forces ando a lesser extenthrough contact
forces between the two pgngithout the external use of threads or welds.

Figure1-10 Slip JointConnection layoy23]

1.3.ResearchAim and Objectives

The overall aim of this thesis is to evaluate the integrity of offshore wind turbind@ MP
connection technologieby identifying the Pros and Corassociated witlkeach technology
To achieve these goalach chaptencludes diterature review ofll three technologiesBy
developng FEA modelling ancdconductinglarge scale fatigue testingt has been possible to
comparditerature with real datal'his approach allowed fdhe collectionof comprehensive
informationand a comparisoamongthe three technologies

The main objectives of thistudyare dividednto the examinedechnologes

a) Threaded connection
1 To investigate the maistandard curves used in the design for threaded connections
1 Toinvestigate the stress behaviour of lasgale samples
1 To investigate through statistical analysis the data of fatigue tests presented in literature
review, comparing the results with standards to understand the reliability of them
1 Todevelop a mean stress correction method to analyse the fatigue life of predtatied

b) C1 Wedge Connection
1 To analyse the connection behaviour and internal interactions
1 To investigate through larggcale test the reliability of the connection.

c) Slip Joint Connection
1 To investigate the stress distribution along the flanges in function of geometrical
parameters and interaction factors between the components
1 Toexaminethestress distribution along the flanges under different external conditions,
such as bending loads, and in presence of manufacturing imperfections.
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1.4.Structure of the Thesis

In Chapter 1, an introduction to theffshore wind turbine foundation has been presented,
a specific focusnthe Mongile and Transition Pieceonnectiorandther evolution in the last
decades.

A preliminary study of the wind load on the tower has been presen@thjpter 2 This study
was conducteth orderto understand and simplifne wind load oranoffshore wind turbine
structure, stressresults have been used perform FEA simulations in thesubsequent
simulations.

Thethreaded connection is describedihis chapter has been diedin two main sections

the firstfocusedon studying the stress distribution along the engaged threads between the bolt
and the nytwith variatiorsin terms of frictioncoefficients Thesecondsection aims tprovide

a deeper understandinfithe standard -8l curves with a statistical analysis developasing

new fatigue results and already presented in literature. This section of gtaggss a
preliminary methodusing Goodmanmean stressorrection to predict different fatigue life
under different mean stress values

In Chapter 4anindependent studgf the C1 wedge connection has been presented. The study
has highlighted the analytical study of the geomanhgfastenes of the connectionrBased on
these resul{st has been possibte develop anndependenEEA modelof arealsize sample
andsubsequently fatigue test has been developed.

Meanwhile, in Chapter 5 the Slip Joint connection has bediscussed The study has
highlighted through FEA model, how streshange depending ordifferent geometrical
variables and material proprietigssecondary study presented the behaviour of the connection
under bending and in presence of manufacturing imperfections.

Chapter Gorovideda final comparisof the three main technologi€bhis chaptemcludes a
discussion of pros and cord each technologywith the support of a weighted table
Additionally, conclusiors aredrawn anduturework necessaryor a deeper understanding of
thesetechnologiess outlined

Appendices has been included at the entthiefthesis The fractographyresultsfor the seven
M72 studs presented in sectioB.7, are illustrated with the region of crack initiation
highlighted.
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Chapter 2 Evaluation of Aerodynamic Loadson
Offshore Monopile Structure

2.1. Global Offshore Wind Conditions

An OW turbine is usually subjected to two main dynamic load sources: sea waves, and wind.
Sincethe MRTP connections usually above sea levehis type of sourcés notconsidered.

For wind load two maincharacterisationfavebeen considered: the load applied from the
blade drag and the pressure load on the entire 1¢@vgr

To calculate the loads magnityde study of the wind profile is necessary. Different
mathematical approaches have been develfgatliis purpose

One of these is the Moni@bulkhov methodwhich represents the wind spe¥dt a heightz
through a loginear profile describetly Equation2-1.
L . Q a -
6 —1 8 |, 2 i
v q 0
Wherevs represergthe friction velocity K is the Von Karman constant (usually 0z)is the
surface roughness length dni a scale factor known as Mor@bukhov length. The function

3 ( zid alsglar radiation function on the site. This equation has provided valid results only for
small period and for critical sites.

Another method is the Hellmann exponential load, whictrelats the wind speed/ of a
specific heighH to a referring speedy at heighHo.

w O 2-2

& ©
With U as friction coefficient or Hellman exponent. This coefficient can vary in accordance
with the type of surfacen whichthe windblows, as illustrated inrable21]25], [26]. Factors
such as heigh, time of the day, time of the year, speed and tempefauecbeen shown to

influence itas it has been demonstrated in different parts of the [261ld26], [27]

Table2-1 Friction coefficient for various terrain characteristics

Terrain Characteristic Friction CoefficientJ
Smooth hard ground, calm water 0.10
Tall grass on level ground 0.15
High crops, hedges and shrubs 0.20
Wooded countryside, many trees 0.25
Small town with trees anshrubs 0.30
Large city with tall building 0.40

Last considered method is known lasgarithmic wind profile law, and it is calculated
according to Equatiog-3.

12
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WhereV is the wind speed at heigHt Vo the speed at heighlo andz is the roughness length
which depends on the surfadeable2-2)

Table2-2 Roughness Classes and Length

Roughnest¢ength 2  Land cover types
0.0002 Sea, loose and snow
0.00020.0005 Concrete, flatlesert, tidal deser
0.000%0.0007 Flat snow field

0.00%0.0012 Rough ice field
0.00010.004 Fallow ground
0.0080.03 Short grass and moss
0.020.06 Long grass and heather
0.040.09 Low mature agricultural crops
0.120.18 High mature crop§'grain")
0.350.45 Continuous bushland
0.81.6 Mature pine forest
0.40.7 Dense low buildings ("suburb™)
0.7-1.5 Regularly built large town
1.7-2.3 Tropical forest

A comparisonbetweenthe Hellman method and the logarithmawy was conducted to
determinewhich oneto use and the results have been presentédyure2-1, by considering
a sea surface andaand speed of 9.95 [m/gjt 100 [m], usingdata from LAUTEC ESOX for
coordinates N56 E7,50.

As shownin Figure2-1, the curves are very close each other, the gap is 0.35d8][m]
Oncedefined a wind profilgit is possible to calculate the loads acting on the monopile. The
first considered is the load applied horizontalgsultingfrom the winddragon the blades.

P, . o 2-4

Where] air is the air densityA is the circular area covered from the bladégy is the wind
speed at the hub heigh, a@gis the drag coefficient.
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Figure2-1: Hellman Lawcomparedo Logarithmic speed profile Law

This load will be applie@tthe top of the tower (nacelle position) with an horizontal direction
alignedwith the wind direction.

The secondbad type is the air pressure on the tower. Because this load is function of the wind
speed, the tower has been divide mifferent sections to be able to calculate local loads.

O F 0 R0 @ 25
Where Av; is the crossectional area of theertical section consideredCp is the drag
coefficient of the tower and; is the local wind speed.

A simplification of what has been illustrated for Equatia and2-5 has been illustrated in
Figure2-2.

WIND o

— > —_—

Figure2-2 OWT wind loadsschematization of a monopitéfshorestructure
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To calculate the local stress all along the tower of the C&V&action forces study has been
developedFKigure2-3).

0

q

WL

Figure2-3 Reaction Forcen a monopile offshore structure

oW T
vy
0 T 2-6
e
v
p U L1
W T
0 O 0 - 5.7
0 O 0 O QO T
Where"O represerdthe equivalent load of the wind pressure located to a distance b

(barycentre of the load) from the grouhdjs the total distance from the nacelle to the ground.
From equatior-7 the values of the three reaction forces have been calculated
W T
0 0 0 2.8

~

0 O 0 O W

To estimate the stress aloagpecific sectionEquation2-9 hasbeen usedin accordance to
Figure2-4.
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Figure2-4: Schematic load consideration along segment of tower

Oncecalculated the bending load, it is possibletaluatethe vertical stress for each section
through.

LW 2-10

” "O

Wherec is the distance from neutral axis, dnid the area moment of inertia about the neutral
axis. For the area moment of inertia for a hollow circular section is

O —0 Q 2-11
QT

Through Equatio2-10, the stress value can balculateddepending on the ¢ valuks showed

in Equation2-12, the critical stresses have been calculated, whete andlmin represent the
value on the external radiisof the tower andimax andlmin the stress values on the internal
radiusr. Graphic results have been representdedare2-5.
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Figure2-5: Bending stress results

Figure2-6: Section division

To calculate the maximum global load under which a segmenbjsctedthe circumference
has been divided o equal sections, as illustrated Figure 2-6. From this, the maximum
vertical loadcan be calculated as show Equation2-13.

0, b 2-13
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2.2.Real Data

The global averageffshorewind speed is around 8.6 [m/s] as show Figure 2-8, with
countries such as UK where the value is around 9.75 [m/s], as repofiabl&2-3, for some
of the Wind Farms outside the United Kingdom shores.

Table2-3 Average and Maximum wind speed in a period from 1990 to 2019

Mean wind speec Max wind speed

WT project Status @ 100m @ 100m
West of Duddon Sands Fully commissioned 9.25 36.44
Robin Rigg West Fully commissioned 8.08 32.24
Race Bank Fully commissioned 9.15 29.44
N1 Development 10.00 36.50
Kincardine Fully commissioned 6.46 19.15
El Development 10.14 35.56
E2 Development 10.15 35.11

Usually, wind turbinesoperatewith a speed starting from 4[m/sgach maximum poweat
11 [m/s} andhavea cutoutset at 25 [m/s] for security purposeas illustrated ifrigure2-7.

Cutin speed

Power [MW]

Cutout speed

Rated speed

0 5 10 15 20 25 30
Wind speed [m/s]

Figure2-7 Typical wind turbine poweout curve
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Figure2-8: Global mean wind speed @100 [m] from GWA App, Technical University of Denmark (DTU)
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2.3.Load Along Tower

According to the wind_ogarithmic Law profile five different curves have been plotted for
different speeds at 100 [m] above the sea level: 6.5, 9.5, 16, 20 and 25 [m/s] as illustrated in
Figure2-9.

140

120

=
o
o

Wind Speed
@100 [m]
6.5
9.5
—16
—20
25

o]
o

Height from sea level (m)
D
o

40

20

0 5 10 15 20 25 30
Wind speed (m/s)

Figure2-9 :Speedorofile for different wind speed at 100 [m]

For theload studythe dimensioaused are for a generic 10 [MW] turb[@8], [29] and have
been reported ifiable2-4.

Table2-4 Generic dimension for 10 [MW] turbine

Part Value
Hub height above sea level 120[m]
Rotor Radius 95[m]
Tower diameter 7.7 [m]
MP wall thickness 80 [mm]

Sincethe cutout speed is around 25 [m/#his speed has been considetieel critical point
and further calculatiahave been developed with Tthrough Equatior2-9, the momentum
have been calculated and reported able 2-5, dividing the momentum from the Drag force
and from the wind pressure, reporting as well the total momentu
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Table2-5 Load conditionfor a 10[MW] OWT under 25 [m/s] wind speed

HeigWin' Drag L Local h-(l)-?tii Dr ag V\%uanjUIpar Total Maxi m Maxi mi
Sspe: pressur | 0 ad Mo me n 't mo me n t Momentt Stre Local

m m/ s k N k N k N K Nm k Nm kK Nm MP a M N

120 25. 4463 35. 6 44098. 0 0 0 0 0.00
112. 25. 35.3 4533. 3.21n6 256 % 3.2440 9 0.16
105. 25. 34.9 4568. 6. 4B0 767 % 6. 5010 18 0. 31
100 25. 34.7 4603. 8. 986 1. 86°%0 9. 8640 25 0. 414
92. 24. 34. 3 4637. 1.219 2.87%0 1.824°10 34 0.60
85. 24, 33. 8 4671. 15419 3.83%10 1. %5710 4 4 0.76
78. 24. 33.4 4705. 18&1P9 5. £3%0 1.91%10 53 0.92
71. 24. 32.9 4737. 2.481C 6.873%10 2.25%0 6 2 1.08
6 4 2 4. 32.3 4770. 2.%0%C 8.85%0 2. %9710 72 1.25
56. 23. 31.7 4801. 2.82%1C 1.%2140 2.93%10 81 1. 41
49. 23. 31.0 4833. 3.44%C 1.85%0 3.28%10 91 1.58
42. 23. 30. 3 4863. 3.461C 1.8440 3.80%10 100 1.73
35. 23. 29. 4 4892. 3.%¥8%1C 1.90410 3.98%10 110 1.92
28 2 2. 28. 3 4920. 4.%21%2C 2.2140 4.83%10 120 2.09
18 21. 26. 2 4947. 4.5%55%1C 2.%59410 4. 81%10 133 2.32
10 20. 23.6 4970. 4.91%1C 2.9840 5.21%10 144 2.51
0.1 11. 7.8 4978. 5.85%1C 3.%1410 5.X0%10 158 2. 75
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Chapter 3 Threaded Connection

3.1.Chapter Content

This chapter focuson the study of the behaviour of the threaded connection thaiMrse
gr10.9 boltsto securethe bottom flange in the transition piece with the top flange in the
monopile foundation. Sectidh3, presents a simplified analytical calculation to determine the
stress distribution along the engaged threads, calculating the axial and shear caoptment
loads irvolved The results of this approach have been compared with the results presented in
literature.

In Section3.4, a Final Element Analysis (FEA) has been developed in Abaqus software to
investigate the variation of the stress distribution along the engaged treads under different load
level and utilising different friction coefficiemt Subsequentlythe impact of the plasticity

effect on theStress Concentration Factor (SCF) has been discussed.

A review of the main fatigue life standards has been presented in S8djonhere the
differences between them have been highlighted. Subsequently, the standards codes have been
compared with statistical-8 curves developed from fatigue respfisesented in literature for

the 4 main bolts dimensions of M36, M48, M64 and M72.

Largescale fatigue test results performed on Miilsare presented in Secti@n/. The data

points obtained from experiments have been statistically analysed and compared with the
standard SN curves and the results presented previously. Also, fractography analysis has been
carried out and the macroscopic results are reportaRENDIX

A meanstress correction approach has been presented in S&#8#omhrough the use of
Goodman correction,@ediction modebased on the p#ead level of the threaded connection
has beesuggeste@nd discussed.

22



3.2.Introduction to the Technology

A threaded joint is essentially a connection method where two or more components are securely
fastened together using threaded fasteners like bolts. When desagthirepded connection,
several critical factors come into plaguch ashapes, functionglimensions, materials, the
service environment, and the working loadss important to note that these factors can differ
significantly from one industry to another, with each industry typically having its unique and
customary joint configuration€ommon standards and guidelines used for the design of bolted
joints in industry are the BS EN 14392005, DAStGuideline 021 (2006) and the DIN 6914

3.2.1.ConnectionDesign
The typical layout for a connection using a bolt, a nut, and the use of washerseaulits
own purpose, is schematically showrFigure3-1.

/Nut
/Washel

Monopile Flange

TransitiorPieceFlange

\Washer

Bolt

7/ N\

N\

y

Figure3-1: Configuration of Threaded connection in an Offshore Wind Turbine

Bolt

The bolt is defined as a type of threaded fastener with an external male Wieadgoal is
to keep the joint together in combination with the[B@t The bolt terminology used in this
chapter is demonstrated kigure3-2.

Thread Nut Runout Shank Radius Head

i““ mm (66 6 6 6 6 (R —

nnamm‘='

<~—Thread length—|<—Girip length—>

<—  Nominal length——
Figure3-2: Bolt terminology31]

In the offshore industry the number of bolts along the section depends on differest sactor

as the radius and thicknesisthe flange of the joint, the size of the bolt anddkpectedoad.

An investigatiofi32] has illustrated how these parameters affect the tension of the bolt with the
main observations summarised as follows:

- Bolt tension decreases with the increasing number of. bolts
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- Flange thickness affects bolt tension
- The maximum bolt tension decreases as flange width increases

Fatigue failures of bolts typically occur in the three main areas of stress concentration,
specifically 65% occur in the root of the first loaded thread, 20% in the threaolutnregion

and 15% occur in the hedd-shank radiu83], [34]. Figure 3-3presentsthe main critical
locations.

L\
\E N /

R

- —

Figure3-3: Schematic illustration of stress distribution in a threaded connection undeagrd-(re-produced
based on the information presented3d])

Nut

The purpose for the nuttie generat&olt tension by rotating and advancing on the bolt threads.
To perform the optimal mating, the nut needs to tetfeead fornthat isnot identical to the

bolt andsufficientmaterial plasticity to allow the threads to deform upon tightening and adjust
to distribute the load over the threads rather than just the firgBtgw

Nuts are designed to ensure that the bolt will fail under tension before the nutUsgtipBy,

thefailure happensvhen the nut thread shear strength cannot carry thetluads caused by
aninsufficient thread height, daf the nut is significantly weaker than the bdlo preventthis,

the nut is designed with enough threads and
modulus.

Washer

Washers play a pivotal role in the creation and maintenance of integrity within bolted
connections. Their primary function in the joint is twofold: first, to prevent damage by
efficiently distributing the force applied to them over a larger area, anddseogorevent the

head of the bolt from embedding to deeply into the matdr7dl The highstress environment

in whichwashers operate, especially in terms of load distributypically makes them a one
time-use component. This is due to plastic deformation that can occur under such high stress,
which can compromise their effectiveness in subsequent uses.

3.2.2.Bolt Material

Bolt material is selected based on different factors, such as load capacity and environment
resistance. BS EN 1439B2015 define the material proprieties fdrngh-strength structural
bolting assemblies for preloading. The bolt material, in accordance with the European standard
EN ISO 8981 and DIN 6914, is identified as Hochfest Vorgespannt (FAfcording to
German standard, the connection is made using thinner nets and shorter threads lerghs

to obtaintherequired ductility for the engagedréads. According to Standards the class used

to indicate these bolts is Class 10.9, indicating an Ultimate tensile strength of 1000 MPa and
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900 MPa as Yield stress. StreSsain behaviour of 10.9HV does not show any yield plateau,
this defines a more sensitive behaviour to plastic faildwe to overtightening during
preloading and thereforerequires more site control.

3.2.3.Tensioning

The goalof tensioning, or preloading, the bolt is the application of enough clamping load to
ensurehe stability of the joint. It is possibte consider the bolt and the entire joint as spring
elements, wheréghteningthe bolt compressthe assembly. In industry, four methods of
tightening for bolting connection are availaghMhich are presented in the European standard
BS EN 10902: Torque, Combined, HRC and Direct tension indicator method. A brief
description of each of these methods is presented [88aw

Torque Method

This method provides tightening the bolt assgnuisinga torque wrencbperated byand or
power. The entire process requiggglyingtorque continuously and smoothly. It isa-step
process: firstall boltsneed to be tightendd 70-75% of required loadhena second round of
torquingis typically doneat 110% of required load mmpensatany torque relaxation after
wrench remotion.

Combined Method

Combination of Torque Mé¢twuhod Baeothdngodcarsit r adi t |
two steps. The first step, similar to the torque methoapdyingatorqueloadto all boltsup

to 75% of the required value. The second #&teplvesapplying a predetermined rotaticio

each bolto a specified angle, depending on the bolt lengte required torque is calculated

from data obtained from the EN 14329

High Resistance Calibrated (HRC) Method

This method requires a specific shear wrench equipped with tagiabsockets (one for the

nut and one for the bolt), which torque one against the other. The HRC is based on two steps:
1. first tighteningoccurswhen the wrench outer socket (nut) stops turning. Thisratgpbe
repeated mltiple times and need to be completed for all the bolts bgftmeeeding testep

two.

2. Second step is achieved when the spline end ofitbiechshears off at the breateck.

Direct Tension Indicator (DTI) Method

This method is applied on direct tension indicgatiyr monitoring the force, in accordance with
EN 143999 guidelineswhich suggest the minimum achievable preload Esgere3-4). This
method does not define any torque load vallee first step consists of tightening the bolt
until the protrusion®n the TDIstars to deform,indicating thatapproximately 50% of the
preload has been appli€this stepmustbe completed for all badtbefore poceeding Second
step consist in applying the final load, the specified bolt force is achieved tvbegap is
closed The force applied W not be less than the specified preload
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Figure3-4: DTI bolt assemble in accordance to BS EN 14998018. 1) Direct Tension Indicator (DTI, 2) bolt,
3) gap, 4) washer, 5) nut

3.2.4.Specificlssues

In the literaturedifferent issues associated with threaded connections have been studied and
briefly explained in this section. These problems maiedplvearound relaxation, tensioning
order of the bolts and corrosion.

Bolt Load Loosening

The bolt is subjectedo different factors that can affect its tightenioger time. Two
phenomena presentedtheliterature are referretb relaxation and the tightening order of the

bolt. Relaxation is a phenomenon that carcétegorizedin shortterm and longerm, with

the formeroccurring immediately after the preloaapplication(a few hours to few days)
without consideringhe external load, while tHatter considesthe relaxation that occsiover

a longer period, typically a few monthsKigure 3-5). Selfloosening has been studied and
presented in the literature considering different factors, such as vibration and load nature (axial,
shear and rotationd]ll 7], [37], [38], [39], [40], [41], [42], [43], [44], [45], [46]

Shorttime relaxationoften occurs when some contact surfaces of the jexceedthe yield
point and plasticitydevelop This phenomenon occurs mostly as result of irregidaiit the
contactsurfaces of the assembly. Duritige pre-loading phase, the contact area in the thread
connection is smaller compared to the entire joint, this means that the local stresslis high
irregulariies are present, reducing the contact arean increase stresbeyondthe yield
poinf17]. Longtime loosening occurs primarilgue tothe cyclic loading in the operational
life cycle of the joint assemhlyutit can also resufrom low temperature cregpr/], which is

a timedependent phenomenon.

The ightening sequence of bolts along the flange has been studiedite a@eelation with
load loognind48]. As it has beewbservedwheneveronebolt nearanotheris tightened, it
results in a loss of load the adjacenbolts.
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Figure3-5: Preload relaxation in tinfé9]

Corrosion

One of the most critical lifstrength challenge for threaded connedjaspecially in the
offshore environment, is corrosi@®]. Corrosion can affect the stability of the clamping
forcg50] and the life of the single components. Different techniques have been implemented
in the offshore industry to reduce the corrosion in the structure, for bolts the main technique is
coating. As demonstrated in the literafbdg, coating can increase the service life of the bolt,
however a small imperfection of the surface can reduce it.

3.3. Analytical StressDistribution Calculation

Creating a perfect model to analyse threaded connectiohaliengingdueto theinvolvement

of various parameters thatust be consideredin the past, fiferent modelshave been
developedto calculate the stress distribution along the engaged threads. A first simplified
model can be developed by deriving the sum of axial deformations of the bolt and nut to the
deformation of the thread, which was treated as a cantilever beam subjecteding betion

The normal resultant force between threads canabsumed to act on the midpoint of the
cantilever beam.

In 1948, Sopwitfb2]i mpl ement ed t he model cusom thé rddéar i ng t
compression of the thread and the radial compression of the thread. Later on, Kenny and
Pattersor{53] and Goodief54] obtained similar results through photoelastic technique and
extensometers measurements, respectivelj.980, Yamamoi{®5]i mp |l ement ed Sop
model, considering in the model the thread contacts stiffness, introducing the inclination effect

of the thread root, the shear deformation of the root. Recently the Yamamoto model has been
compared with FEA model$6] and implementation have beerade byadding the thread
friction[57].

In this chapteran analytical model has been developed utilising a simplified approach. In this
approach, the bolt has been considered as a beam, with the threads as cahidewsrer,
compared to Sopwith's modgethe sectional shape of the thread has been considered.
Additionally, along withthe axial and bending stress on the threads, the shear and the torque
stress have been implemented in the model. The considered stresses can be divided in two
different groupsbased onthe applied load specifically axial and bending component are
generated by the axial load (preload), while torque and shear components by the torquing load
applied through the preload.
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Results of the four different stresses have been considered separately for superposition. The
main values of the parameters that identify the basic préfifrife 3-6) are standardised in

BS ISO 68/2:202%8]. For this study the following parameters have been takéo in
considerationDmin, Which isas internal diameter of the boR, which is the bolt pitchH,

which is the height of fundamental trianglg which isthe thread angle, ang which is the

number of engaged threads.

P/8

INTERNAL THREAD
| H8

60° 3H/8

2] /

30° 5H/8
P2

Hf4

EXTERNAL THREAD

P

90°
SN w2 X ISIOGISCREVW THREAD

Figure3-6: Basic profile of all ISO metric screw threads for threaded connection (1SK), 6&ferring as
external thread for bolt and internal for nut

3.3.1.Axial Load

To calculate the axial stress on the bolt, it has been simplified as a cylindrical beam of diameter
ds. Theappliedload Fapp) is the tension created during the-prading phase of the bolt and

the nut Figure 3-7). For simplification ando focusthe calculation only on the interaction
between the nut and the hdhe interaction between the washer and the nut have not been
implemented in the calculation.

NUT BOLT

Figure3-7: Axial stress layout
This axial stress has been calculated irBHg.
0 0 10
” © i ’ 3'1
o] — “Q
I Q
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3.3.2.Bending Stress
The Bending Stress is caused by the interaction between the bolt and nut fhigraes<{8).

I

Figure3-8 Bending stress layout in a threaded connection

The general formula toalculate the stress is presented a82g.
0 @

” !'O 3'2
whereM is the momentum created from the Idad is the distance of the considered point
from the load applied point, athds the Momentum of Inertia. In this equation, the Momentum
M can be calculated as:

0 "Ow 33

wherew is the distance from the barycentre of the trapezium in-tieextion, and its value
is equal taw , which canbecalculatel as:
QO ®
cn O
To calculate the Momentum of Inerligit is necessary to simplify the entire engaged surface
of the bolt in contact as a wall of trapezium sectigigre3-9) of a length equal to

“ D 35

From this, it is possibl® calculate the Momentum of Inertia of the contact area as a rectangular
one

34
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Figure3-9: Thread surface simplification
The resulting equation to calculate the bending stress can be desstibe
0 p cAT| O 0w
! P 7 A E “ € 0Q
L A O -—
P Cq

ATO
3.3.3.Pure Shear Stress

The torque applied to a screw is overcoming the friction between the nut and the screw threads.
This friction opposes the relative motion between them. This action generates a pure shear
stress at the juncture where the threads meet the screw's rooerEnal ghear stress formula

is presented in Equatid®8 whereV represents the tangential shear force Ansl the area

where the tangential force is applied.

3-7

T

w
5 3-8

To calculate this tangential shear force, you can equate it to the torque divided by the radius of
the screw's rod®s, as presented in Equati8rp.
qY

w -
5 3-9

The area over which this tangential shear force acts is analogous to the region highlighted in
Figure3-10, which shares the same dimensions as the rectangle we used to describe bending
forces.

0 £0“ ® 3-10

Consequently, the resulting tangential shear stress formula is proposed in E8uldtion

Y :
) Y 311

& ® “t 0 0
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Figure3-10: Pure shear stress layout

3.3.4.Torque Load

As presented in the introduction, most of the tightening methatie offshore wind industry

achieve the preload force by applying a torgue the nut or the bolt head. In the haoltis

stress needs to be considered only in the engaged region between the bolt and the nut, as
illustrated inFigure3-11.

o

Figure3-11: Torquestresdayout

The torque streskis calculated as presented in &G2.

Yo 312
0

T

wherec is the distance from the axis to the point of interestlasdhe second polar moment
of area of the cross section.

The distance considered from the axis is the minimum r&3iulo calculate theecond polar
momentum, the circular equation has been considered under the hypothesis of cylindric bean
(Eq.3-13):

v —0 313
(SN S

The torque load is the product of three factors: the axial preléag, the diameteDs, and a
torque coefficienKr. Eq3-14 illustrates the formula to calculate the torque coefficient, as a
function ofrywhich isthe mean thread radius, which is mean collar radiug,andfc which
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are thefriction coefficiens between the thread surfaces and the collar surfaedsich isthe
lead angle andlwhich ishalf of thread angle (30 deg for ISO thread).

i OAIl QOAA i
0O p AEOAIOAA ©
In Eq3-15 the simplified formula has been reportéd it is possibldgo see, the shear stress

from torsion is variable only under the bolt dimensibasnd the friction coefficient between
the surfaces presentedTin

0 3-14

Yg 5y
+ S ﬂ 315
G_C'O “ O

3.3.5.Resultsfrom Analytical Calculations

In Table3-1the different stress and shear components have been resumed. As seen in this table,
each component is affected by the thread geometripgse If) and heightf) of thread) and

the bolt diameteDs, however only bending and the pure shear components are variable in
function of the number of engaged threads

Table3-1 Resume of stresses formulas

Stress direction Formula
Axial A T O
xia 0
. i1 O 0w
Bending A il —
“ € 0
P h Y
ure shear 4 WA
™
Torque Z &

In summary it is possibleto calculate the Von Mises Stress on the elemental cube. Using
Eq3-1, 3-7, 3-11and3-15it is possibldo use the general Von Mises equation

m ” » . » » ” ot T T 3-16

From EQg3-16, it is possibleo calculate the stress distribution along all the engaged threads of
the bolt. InFigure3-12, the stress distribution along 10 engaged thredus/e been calculated

for M72 bolt, under an axial stress of 120 MPg=500 kN) considering a friction coefficient

of 0.5.
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Figure3-12: Percentage of stress distributicedculatedrom analytical approach along the first 9 engaged
threads

A comparison between literatyis8], [59]and the analytical evaluation has been summarised

in Table3-2 usingthe same conditiashowed as foFigure 3-12. The results between the

literature and the mathematical calculation are very ¢tosach other, showing the possibility

to predict the stress distribution for each thrésmvever because it has not implemented with

the Youngoéiet mod8odpepwiatshdés or ,itct¢aenotVeaapmdiedon o 6 s
system withthe presence of plastic deformation.

In literature the stress is mainly considered for the first 6 threadsnly because the most
considered area is around the fttetee threads.

Table3-2 Comparison between Literatyfdathematical evaluatiofor Nt = 9and relative errofor 185 MPa

and 0.5TT

Literature  Analytical | Error
N % % %
1 34.0 31.71 -2.29
2 23.0 16.69 -6.31
3 16.0 11.68 -4.32
4 11.0 9.18 -1.82
5 9.0 7.6 -1.40
6 7.0 6.6 -0.40
7 0.0 5.96 +5.96
8 0.0 5.42 +5.42
9 0.0 5.01 +5.01

As shown inTable3-2, the percentage distribution along the engaged thyadented ithe
literature hasvalueof 0% for the threads after the numberé&asorfor this is aconsideration

of only seven engaged threads in literature. However, considering the presented model with n
equal to 7 it is possible see a result with smallerscatter compared to the difference between
the literature andi 9 (Figure3-13andTable3-3).
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Figure3-13 Percentage of stress distribution calculated from analytical approach along therfigsiged threads

Table3-3 Comparison between Literatyfdathematical evaluatiofor Nt = 7 and relative errofor 185 MPa

and 0.5TT

Literature Analytical | Error
Nk % % %
1 34.0 354 -5.01
2 23.0 18.6 +2.46
3 16.0 13.0 +2.10
4 11.0 10.2 +2.07
5 9.0 8.6 +2.04
6 7.0 7.5 +2.40
7 0.0 6.7 +2.33

3.4.Final Element Analysis

A sequence of finite element analyses has loeselopedo investigate theffectof preload
applied during the assemighaseof boltsand nuton the stress distribution along the engaged
threads. The primary focus of these analysestisnatingthe variations in stress levels at the
interfaces between the bolt and nut, wdpecific attention paid to altering the friction
coefficient between these surfaces and adjusting the preload applied to tNewallaysthe
main bolt dimension used in the offshore wind industry is the féli2icated frongrade 10.8
stee| with the main dimensions summarised able3-4.

34



Table3-4 Main thread size for M72

Dimension

Diameter [mm] 72
Pitch [mm] 6

H [mm] 0.866

As demonstrated in the literat(i8], [60] the stress distributions along engaged threads for a
2D axiatsymmetric, and a thredimensional model are quite similar. For this reaso2Da
axialksymmetric geometry has been considéoedhe simulations. Different simulations have
beenconductedo see the effect of the static friction coefficidéatsed ordifferent levels of
preload, indicated as percentage (%) of the Yield Stress of the bolt material.

Thebolt and numateriak are grade 10.9 and 8.8 stainless steel, respectively, with the main
material properties reported Trable 3-5 and thestressstrain curve illustrated blyigure3-14.

Table3-5 Properties for grade 10.9 and 8.8 steel

Young

Material Module Yield Stress UTS Strain (UTS)
(MPa) (MPa) (MPa) ()
Nut 8.8 210 640 810 0.022
Bolt 10.9 210 940 1056 0.088
1200
1000
E 800
=3
% 600
% Steel grade
ﬁ 400 —10.9
—8.8

0.000 0.020 0.040 0.060 0.080 0.100
Strain €)

Figure3-14 StressStrain curve for 10.9 and 8.8 stainless steel

The Boundary Condition (BC) have been chosen to simulate a real case loadé&wybadt (
3-15a). For thisreason, adllustrated inFigure 3-15b, a fixed BChas been applied on the
internal surface where the nut surface is in contact with the washénhamagialsymmetric
BBC has been highlightad red.The load has been applied on the body se¢tok arrows)

as illustrated inFigure 3-15b. The interaction used between the nut and the bolt is the
Tangential Behaviour contact propriety with different friction coefficients.
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Figure3-15: Bolted connection concept (a) and Bolted connection 2D axial symmetric simplification for

FEA(b)

In Table 3-6, have been reported the friction coefficient that have been used and relative

lubrification material considered.

Table3-6 Static Friction coefficient considered for FEA analysis

Contact material

Static Friction Coefficient

Frictionless 0
0.05
Lard 0.11
Lubricated and greasy 0.15
0.23
Cleaned and Dry 0.50.8

The mesh used fahenut and bolassemblys a 3node linear axisymmetric triangle (CAX3),
chosen tdestaccommodatéhe irregular body shape and work under the axisymmetric body.
As illustrated inFigure3-16, five different mesbshave been develope@lable3-7 reports the
numberof elementsthe minimum size and thesultingStress for the two components. As
seen in the results for mesg#2, #3, #4 and #5 the stress result is similar witfaBtor close

to 1.Given that feweelements can be relatedadowercomputational timgmesh #2 has been
selectedasthe final FEA model.In Figure3-17, the comparison between (a&d 1.0[mm]

elemental size has been reported.
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Figure3-16: Mesh sensitivity analysis
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Table3-7 Mesh sensitivity analysis results

Mesh Local MP element Element size Maximum Mises
number number critical region [mm] Stress [MPa]
#1 31912 1 1927
#2 47191 0.75 1155
#3 109276 0.5 1200
#4 437375 0.25 1168
#5 2857415 0.1 938

3.4.1.FEA Results

(b)

Figure3-17: Mesh size comparison between elemental size of 0.5mm (a) and 1mm (b)

Results of the simulations have been reporteBigure 3-19 and Figure 3-20 showing the
maximum Mises Stress per each engaged threadeTasultstake into accounthe stress
distribution,the influence of friction coefficient on streasd the effect of the plasticity with

the stress concentration factor, as reportefignire 3-21 for bolt and inFigure 3-22 for the

nut To understand the resultSigure 3-18 provides a visualizatigrit showsthe axial (S22)

stress distribution along the engaged threads under the applied load equal to the 60% of Yield
stressand with 0.23 friction coefficientAs shown in the region where the nintteractswith
thewasher there is a compression zone (light greem)e at the bottom of the bolt thread the

axial stress is positivegnsile stress).
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Figure3-18: FEA results for axiasymmetric simulation of M72 boitnder 60% yield stresmnd friction
coefficient of 0.23

From Figure 3-19 and Figure 3-20, two important considerationsemerge The first
consideratiorpertains tostress distribution along the threadsboth thebolt and nutunder
equal friction coefficient. As illustrated Figure3-19 andFigure3-20, it is possiblgo see that

as stress increasdise initial engaged thread absorbs most of the stress. However, at low
preload (10 and 20% of the Yield Stresle majorityof stresss located in the first thread

As the load increaseshreads start teenterin elasticplastic region making the stress
distribution trend morehallengingto predict. Similar results are presented in literg@ig
showing how the stress distribution chasgeaccordance with the load applied. Increasing
the load up to 4®0% of the Yield stress, stress distribution on the first threads increases
gradually until reacimg a maximum value followed bya hyperbolic distributiommongthe
remanent threads.

Another significant consideratids in the increaseof the friction coefficient factor between

the contact surfaces of the nut and the bolt. As this coefficient increases, a proportional rise in
stresgnagnitude The consideration is valid footh thebolt and nut, higher friction coefficient
correspondso increasd stressHowever this difference is lower for the first threaghichis
subjected to higher stresand for the ones that are in elagtlastic region, compared to the
ones in pure elastregion.Converselyfor threaddartherfrom theinitial one, it is possibleo
observethe opposite phenomenoas friction increasesjress decrease

To bettercomprehendhe results obtained from simulatigrasconsideration about ti8iress
Concentration Factor (SCF) is necessdny.calculate the local SCF the ratio between the
maximumtriaxial stress and the average applied load has been considered, as illustrated in
Equation3-17. Triaxial stress has been considered im$tef the pure axial stress for the
complexity of geometry of thieolt.

5 "0 Y
6 'Oy 317

By takingasan example the stress distribution along the bolts and nut threads with a friction
coefficient factor of 0.23the SCF variation along the engaged threads have been considered
for different preloads, results are presentefigure3-21 andFigure3-22.

Plasticity effect makes a significant contribution to the stress distribution along the engaged
threads. As previously discussed, the SCF follows the expected trend of distrivbheoa the
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first thread is more subjected to stress compared to the other ones. However, tisrgistsl
until the first thread starts to deforman elastieplastic manner, resitty in reductions in the
obtained values.

Similar results can be seevhen considering the SCF for the niEigure 3-22). For lower
applied stress (10% and 20% of the Yield stresstitessdistributionremainsthe sameAs
soon as the first threadntersin elastieplastic region the stress distribution change
decreasing untileachsimilar SCF value along all the engaged thrdadkigherapplied stress
values(around 1.0 for applied stres90% Y9
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Figure3-19 Stress distribution along the first 10 engaged threads of the bolt in function of different friction coefficient andfferdat iad magnitude: 109), 20%(b),
50%(c), 60%(d), 90% (e) and 100%({) of the Yield stress of the grade 10.9 steel
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Figure3-20 Stress distribution along the first 9 engaged threads of the nut in function of different friction coefficient and usréert théid magnitudd:0% (a), 20%(b),
50%(c), 60%(d), 90% (e) and 100%({) of the Yield stress aff the grade 8.8 steel
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Figure3-21: Stressconcentration factadistributionalong the engaged threads for the bolt, highlighting the
pureelastic (empty), elastiplastic (diagonal stripes) and plastic (dotted) threads
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Figure3-22: Stresconcentration factadistribution along the engaged threads for the nut, highlighting the pure
elastic (empty), elastiplastic (diagonal stripes) and plastic (dotted) threads
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3.5. A Review of International Fatigue Standards

As part of the fatigue life prediction for mechanic componehtsfatigue design curve (also
known as SN curve) isutilized. In industry three main standards are usually usedtlier
design of threaded connections against fatigue faibareh 6 which ispresented below.

3.5.1. Eurocode 3 EN 19931-9

This standardprovides methods for the assessment of fatigue resistance of components
subjected to fatigue loading. This standard is applicable to most of grades of structural steels,
stainless steels, and unprotected weathering steel. The curves do not coverwheerse
corrosion effect and damages coming from high temperatures 9€)L50his standard does

not cover the post fabrication treatmemisned at improving the fatigue strength of the
component.

The SN curve considers four main parameters:

- alc. reference stress value of the fatigue strengii.to 2x1P cycles
- ap fatigue limit for constant amplitude stress ranges at the number of cycles to N
- @& cutoff limit for the stress ranges at the number of cycles N

- Nr  design lifetime expressed as number of cycles related to a constant stress range

For constant amplitude nominal stress rantiesfatigue strength can be obtained as

YK O YK ¢ pm

3-18
ForN O5x10f with m= 3
YK O YK v pm
3-19
For 5x10° < NO1C® withm=5
And the cufoff can be calculated as
o v . o
VA — YA T YA 320
pTIT
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Figure3-23 S-N curve for boltaunderdirect stress ranges (FAT50) according to Eurocode 3 EN1993

3.5.2.DNVGL -RP-C203

This standard provides a series eNSurves fordifferent types of plates, bolted connection,
and welded joints, each one dividedoimlifferent classeslepending orthe geometry of the
detail, stress fluctuation direction and the manufacturing and inspection method.

The basic curve follows the logarithmic equation described below.

110C 1 1a¢C al iy 3-21
whereaglis thestress range\ is thepredicted number of cycles to failure fai, mslope of S

N curve, andog wis the intercept of thdesign SN curve with the log Naxis which can be
calculated as:

1 TaC 1 Tag ci 3-22
wherelog ais the intercept of mean-IS curve with the log Naxis andsoegn is the standard
deviation oflog N.

For bolts under axial loathe standard classified them as class F1 or G. The diffeliesda
the manufacturing process thich thebolt or the threaded rod subjected: Fincludesall
samples that have been subjected to-colléd threadsvithout subsequeniteat treatmensuch
as hot galvamation while category Gdenotessamples madewith cut threads and rolled
threadsfollowed byheat treatmensuch as hogalvanisation
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Figure3-24 S-N curve forboltsunder direct stress ranges accordin@dvVGL-RP-C20383-1-9

3.5.3.BS7608- 2014

This standardorovides methods to determine the fatigue life of steel component subjected to
stress fluctuations. The standard covers ferritic and low alloy steel material, austenitic and
duplex stainless steels, and components such threaded fastener and weldscastsigll
machined components.

Each design class curve follows the relation between Stress®grayad Number of cycles to
failure N, under constant amplitude loading condition illustrated witl328.and3-24.

11oc 1 16C ad iyg 3-23
YO 6 3-24

where mis theinverseslope oflogS - logN curve andCy is theparameter defining the
relationship with mean curve with a standard deviation.

In the BS code the class to identify the threatdsdeners is Class X under the following
consideration:

a) Applicablefor bolts with cut or ground threadss well agor rolled threads
b) If rolling is performed aér the heat treatment, thatigue strengtheeddgo be increaskby
a 25%,
c) Ifthe boltis electroplatedr heat threatethe fatigue strength negtb be reduced by a 20%.
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In Figure 3-25 the SN curve for class X has been plotted with the correction discussed
previously.
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Figure3-25: SN curve for bolts under direstress rangéor Class X, Class X+25%and Class2R%according
to BS 7608 2014

3.5.4.Comparisonamongthe SN Curves

In the three standardsresented significant differencesn fatigue lives can be obtained
depending on which standard is followed. Oneso€his the consideration the seawater
corrosion (with and without cathodic protection) presented in the DNRBLC203 and BS
7608 but absent in Eurocode3. Another consideration is that only the BS 7608 takes in
consideration the fatigue strength improvemsaged onthe heat treatment.

The three SN curve standards provide a formwhenthe component dimension is larger than
the considered for the curves previously presented. This analytical adjussnkestvn as
thickness correctigrand the equation to calculate it have been report€dhite3-8 specifying
the correlated standards.

Table3-8 Thicknesscorrection calculation in accordance with standards

Standard Thickness correction Thickness
reference
EC3 EN19931-9 o 10 ° 30 mm
DNVGL-RP-C203 o 1o ° 25 mm
. . 8 is the degree of
BS 76082014 0 7o P Y 25 mm bending (O for bolts)
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In the equations it is possibie see how the reference thicknésstakes two different values,
dependingon thestandard considered: 25 mm for the DNVW&P and BS 7608 and 30 mm

for the Eurocode3. As illustrated from Johnsti&i], the dsparity between thge two
references can affect the life prediction of the bolt and create some discrepancies iicéhe cho
of the code.

Furthermorewhencomparing the three different codes with the same thickness (or diameter
in the bolt case), it is possible noticehow the three curvesre pretty closeln Figure 3-26,

the three curves have been plotted for a diameter of 3dtsrevident thathe Eurocode3 is
acode abit lessconservative compared to the DNV@RP and the BS 7608, while thedter

two are closeto each other

1000

100

Sr (MPa)

——DNVGL-RP-C203 class G

—-— Eurocode3 EN1993 FAT50

——-BS 7608-2014 class X-20%

10
1.00E+04 1.00E+05 1.00E+06 1.00E+07

N (cycles)

Figure3-26: Comparisorbetween SN curves for a t=30 mm, in accordance with the three main standard codes

3.6. Analysis of the Literature Fatigue Data

In literaturenumeroudatigue failuretestshave beertonductedon different types of bolted
connectios, resulting in a largelatasetfor different size of bolts loaded under axial fatigue
load. However, this dateloud gets smaller further the increase of the sample size.

In this sectiondata poing presented in literatumegardingaxial load fatigue teston boltdhave
beencollected. Testivolving special types of threaded connecti¢e.g. sellocking) and
those conducteaonsidering corrosive environmenhave been excluded\ logarithmic
statistical analysis has beemployedto compare the main-8 curves with the different bolt
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size datgoints collected for M3@21], [36], [62], [63], [64] M48[65], [66], M64[36], [51] and
M72[51]. All data analysis presented exclude-nur points.

Figure 3-27 represertd the study resulil], [36], [62], [63], [64] developed for M36 bolts,
taking ino consideration different surface treatmsenivlack (or uncoated) bolts, normal
temperature (NT) and High temperature (HT)-tipt galvanised bolts. Comparing the three
different lines representing the results of thellmg statistical analysis at the 97.7% of failure
probability, two main resultsan be considerdaly taking into accounthe slope of the curve
and which standard codetterdescribe the result$he curve slopes of the three typologies of
bolts studiedrevealsa slight difference There is a reduction in fatigue strength for the
galvanized specimen around theZ® compared to the black bolts caused by crack initiation
from the zinc coating, as recent resedrahl[21], [63]. The codsthat better fi the uncoated
bolts is theclass F1 of DNV codewhile the Eurocode3AT 50 fits the galvanized samples
more accuratelywhile the most conservativeode is the BS 7608r coated(class %20%)
and uncoate(class X).

In Figure3-29, the results foM64 bolts have been plotted fboth uncoated and galvanised
sampleR21], [36], [51] Figure 3-28, and Figure 3-30 illustrate the statistical study for
M48[65], [66] and M7251] data poing foundin literature respectively In Table3-9 the main
results of the statistical analysis have been reported. In this table the slope,thBimtercept
Log ¢y and the standard deviation (SD), and the coefficient of determin@titiave been
reported.Comparing all the curvewith the relative SN curvelassesit is evident thathe
studies converge on the result that the best standdiidg the statistical analysior
galvanised models is the Eurocode3 FAT®Dile the DNVGL-RP-C203 and the BS 7608
2014arethe most conservativ&leanwhile for uncoated bol&udy presented iRigure3-29
both classes F1 and class X can be representatiiedifference can be linked to the choice
of 30mm as reference thickness for the thickness correatonell as the poor statistical
population of tests

Table3-9 Data analysis coefficient for the main bolt size (97.7% failure probability)

M36 M48 M64 M72
Uncoated NTG HTG Uncoated| Galvanised
m 3.75 3.23 3.3 2.16 3.37 2.89 2.66
Log ® 13315 11.881 12121 9.733 12153 11.130 10429
SD 0.155 0.111 0.140 0.165 0.158 0.066 0.146
R? 0.923 0.945 0.921 0.796 0.925 0.987 0.931

The second consideratioagardingthe curve slope, as presented in Sec8idnis thatall the
codes provide a slope value of 3 fblower thanlx10' cycles However as reported iTable

3-8, the slope per each bolt siiéfersfrom the suggested value. Another parameter considered
is the intercept of the curvekog ). The galvanisation hgsresented reduction in fatigue
strength compared to the uncoated oleeslingdesignes to prefer the latterHowever, as
discussed iff51], galvanised boltdemonstratdéetter resistance to corrosion in seawater with
cathodic protectionalthoughany damage or incomplete heat treatment cdedd to the
strength reduction.
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Figure3-27 Datacloud for M36 bolts, for the different heating treatment
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Figure3-28 Datacloud for M48 bolts
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Figure3-29 Data cloud for M4 bolts, for the different heating treatmeancoated (black) and galvanised (red)
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Figure3-30 Data cloud for M2 bolts
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A second statistical data analysis has been developetrging the results for uncoated and
galvanised samples for M36 boltsn Table 3-10 the main results have been presented,
reporting the results already discussed above for the uncoated and galvanised (NTG and HTG)
samples, the statistical analysis results for a combined data analysis and the values suggested
from DNV and BS codes-igure3-31lillustratedthe graphical results. From the analygiss

evident thathe slope of the different types of bolts is between 3.23 and Qotsever the

slope of the combined results gafgproachethe standard valuenE3) with a value of 2.948.

Similar considerationican be taken for the curve intercégm &3 which moves from a range of
12.12013.315 to a 11.214ringing itcloserto the suggested value the EurocodeFAT50

and DNV class G presented in the relastendard.

Table3-10 M36 statistical analysis for Uncoated, Normal Temperature (NTG) and High Temperature (HTG)
galvanised M36 bolt compared to results for combined data

Combined DNV BS
BL NTG HTG Class Class
data Class G F1 Class X X-20%
m 3.75 3.23 3.36 2.95 3.00 3.00 3.00 3.00

Lloged> 13.315 11.881 12.121| 11.214 | 11398 11.699| 11.968 9.574
SD 0.155 0.111 0.140 0.251
R? 0.923 0.945 0.921 0.760 - - - -
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Figure3-31: Comparison of combined fatigue data points for M36, with the thickness corrected fatigue design
curves from various standards
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Same analysis developed for M36 has been done for M64 balte@-11 andFigure3-32).

Results of the combined data show a slope of 3.228, whichistthe range described by the
uncoated and galvanised curves (2:89%74), while the intersection to the curt®eg &) gets

closer to the value of 11.968 from the BS code. Comparing these results with the statistical
analysis done for the M3 is possibleto see how the M64 results are rastsimilar to the
standardspnepossible reasofor this disparityis thedecrease in data population as the bolt
size increases.

Table3-11 Statistical analysis for Uncoated and Galvanised (NTG+HTG) M64 bolt compared to combined data
results and standards parameters

Uncoated Galvanised | Combined datg DNV BS
m 3.37 2.89 3.23 3.00 3.00
Log® 12.153 11.130 11.769 11.699 11.968
SD 0.158 0.066 0.170
R? 0.925 0.987 0.910 - -
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Figure3-32: Comparison of combined fatigue data points for M64, with the thickness corrected fatigue design
curves from various standards

Takinginto consideration the results obtairt®dmerging the datpoints from different surface
treatment for M36 and M64, a final ldgg statistical analysis has been developed to compare
the entire dataloud test without considering the heat treatment ansidimple sizeThe results
weresubsequently compared with the two main standardptbaedto be the most accurate,
and the findingsire reported iMable3-12.

As seen in this table, the result of the analgsisductedn the literature data shows numbers
that are not very close to the ones preseintdtie standardsHowever if the value for the
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intercept of the mean 8 curve Log g is considereghese valuesecomervery close (11.678).
An important note is that these results could leanigdeadingcalculation of life strength of
bolts of different sizeand heat treatment, as illustrated in the previous analysis.

Table3-12 Confrontation between standard and statistical analysis coefficient

Datacloud analysis DNV BS
m 2.963 3.000 3.000
Log @ 11.182 11.699 11.968
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Figure3-33: Datacloud from literature of all pure axial fatigue test in dry environment
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3.7.New Fatigue Tests on M72Bolts

M72 bolts made of grade 10.9 steel are widely used irTIMRonnections of fixehottom

OWTs in the UK and Europe, however as hightegl from Figure 3-30 there is a limited
number of fatigue data points available in the open literature on this thred@osigile reason

for this is linked tothe fact that the performance of fatigue tests on {acgée threaded
connections is relatively expensive because of the material costs, the operational costs of the
fatigue test machines with high load capacities, and relatively low frequencies hsdatge
testing which make the tests very time consuming. In order to further investigate the fatigue
behaviour of M72 threaded connections under tensile loading conditions and to improve the
design and integrity assessm of bolted flange MAHP connections, seven new fatigue tests,
denoted MObMO7, were carried out in this study on p galvanised M72 studs and the
results from these tests are presemehis sectionwith the relative discussion of fractography

and statistical analysis. Subsequently, the results are compared with the codes discussed in
Section3.5, to verify if the main standard-S curves and the relative size factor for bolts and
threaded connection under axial load are accurate or, eventuallyy dorrectiors can be
suggested.

Fatigue tests were performed at TWI Ltd facilitiessng a servdnydraulic test machine with a

load capacity of 2500kN={gure3-34). Fatigue tests were performed under constant amplitude
loading conditiorwith uniaxialloading direction, and two nominal mean stig&ssalues were
appliedto build new knowledge on fatigue performance of-VIP threaded connectioRive

tests were performed under the mean stress ef 202 MPa(M01-M05) with another two

tests undeByn = 624 MPa(M06 and M0O7) For each of the mean stress values considered in
this study, various values of stress range were implemented in different tests to build a new
knowledge on the fatigue performance of WP threaded connections. All testere run at

1Hz frequency and continued until the failure was occurred in the threaded connections. The
values of maximum stresSnax minimum stressSnin, stressrangeS (or S, which is the
difference betweeBnaxandSwin) and mean stre$, are reported ifable3-13for each of the

new tests performed in this study.

Table3-13: Fatiguetestdata for M72 gr.10.9 bolts under constant uniaxial stress conditions

Smax Smin Sr S\/I

(MPg  (MPg | (MP3J (MPg)
MO1 281.9 123.7 158.2 202
MO02 270.2 134.4 135.8 202
MO03 256.7 147.1 109.6 202
MO04 272.4 132.4 1400 202
MO5 249.5 154.7 94.8 202
MO6 6790 568.5 110.5 624
MO7 693.7 553.4 140.3 624
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Figure3-34: Schematicset up of the M72 bolt fatigue test) and picture of the fatigue test setaffserve
hydraulic machinén TWI Ltd facilities (b) and (c)

3.7.1.TestResults

The results of the test have beltumentedn Table3-14, with a SN graphdepicted Figure
3-35).

Table3-14 Uniaxial constant load fatigue stress for M72 gr10.9 bolts

S N

(MP3) (Cycles)
M01 158.2 2.35¢10°
MO02 135.8 1.73x10°
MO03 109.6 5.60x10°
MO04 140 4.58<10°
MO05 94.8 5.5%x10°
MO06 110.5 3.8%10
MO7 140.3 1.8%10°
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Figure3-35: Fatigue Test results for 5 samples under 202MBaar¢ and 2 samples under 624 MPa mean
stresqtriangles)

A preliminarystatistical analysis wanductedon the results obtained frothe seven tested
samplegseeFigure3-36), and thdindings were compared with those obtained from literature

data on M72 boltssummarised ifable3-15. Subsequently, the new test data were combined

with the literature data on M#slts,and a new regression analysis wasformed The results
obtained from the line of best fit from all three of these regression analyses are presented in
Figure3-37. As seen in this table, the result of the analysis conducted on the literature data
shows numbers that are not very close to the ones presented in the standards, one possible
reason for this disparity is the decrease in data population as the bolt @asésc as similarly
discussed for M64 samples.

Table3-15 A summary of data analysis results from the new data set and combination of the literature data and
new data on M72 threaded connections

. .| Combinediterature and
Annoni 6
newdata
m 2.00 2.32
log & 9.384 9.727
SD 0.167 0.214
R? 0.516 0.607
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3.7.2.Fractography Analysis

The overall failure patterns of all bolgerevisually examined to identify fracture initiation,
defining morphology similangéssuch as number of initiation crack points aeeentually the
presence of secondary points or the section of the final stresd-myae 3-38 presents the
recreated fractography map of avenbolts tested under fatigue loading condifam this
study. The crack initiations have been reported with black arrehitethered arrows indicate
the direction of the crack propagation. Moreover, the fast fracture region is shown in green.

All the sample failureoccurredat the first engaged thread with a monoplane propagation
directionexcept forM03, that showed fracture at different which will be presented separately
at the end of the discussidhll the examined samples have a final area that psestesdr lips

[67], allowing the definition othe final fracture stagdhe area has been calculated through
image software and reportedTiable3-16 as percentage of aréda. Because the final areas
arerelatively small it has been possible to verify the failure as a ten@asion mildstress
concentration at low nomin§8].

As illustrated inFigure 3-38, most of the samples present multiple crack initiation sites of
similar size with exception of MO5 and MO06 that presented a main initiation point. Secondary
initiation points have been detected from the position of secondary beach lines for MO1, M02,
MO05 and M07. In accordance with the secondary crack initiation pasitimare marked crack
growth regiorwas observed favi04, M06 and MQO7.

In the case of th®102 samplea series ofargercracks weredetected omneside of the fracture
surface suggesting that crack initiation started from thet@ewvever nobeach markvas found
to confirm this directionSimilarly, in the case d¥105, a major crack and two smallenewas
observedthear the firscrack From theposition of thesmaller cracks two secondaryegions
have been identifiedt has been possible tmmprehend thahe main crackvas thelargest
andthe two secondary arehave mergedvith it.

As illustrated inFigureA, sample MOZxhibited dailure thatdiffered fromtheother samples.
In thissample different crack initiation pointsf different dimensiongere detected all around
the circumference of the first engaghdead Moreover, the propagation of the cramtcurred
ondifferent planes thatonverged otthe final failure region.

Table3-16 Failure Area Ay, for tested sample (excluding M03)

Sample Fast fracturérea (Aew)

MO1 33.8
MO2 32.9
MO3 N/A
MO04 17.8
MO5 51.1
MO6 30.9
MO7 22.1
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Figure3-38 Fractographyesults for the seven M72 samples tested. The black arrows illustrate the crack
initiation and the red arrows the fatigue crack propagation. The fast fracture region has been highlighted in light
green.

3.8. Analysis of the Mean Stress Effect on Fatigue Behaviour of
M72 Threaded Connections

The influence of mean stress on the fatigue behaviour of engineering matetalseen
evaluated using the Goodman approahdescribed byquation3-25, Goodmarcorrelats
the stress amplitudes ), the stress limitg), the mean stres§&y) and the ultimate tensile
stress $utg) of a component

NV
Y'Y p < 3-25

In order to evaluate the mean stress effects on the fatigue life of the M72 threaded connections,

the results obtained from tfetigue tespresenedin Section3.7 have beer considered fotwo
different values of meastressThe ultimate tensile strengBurs) for grade 10.9 steel threaded
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connections can bessumeds 1040 MPaHowever, the exact value of the fatigue endurance
limit SL for the examined grade of steel and stud size is unkndharefore two different
Goodman equatiohave been considered to analyse thkativestress amplitudéSa andSy),

as shownin Equation3-26. From this it is possible tocalculate a normalised Goodman
eqguation,determiningthe relativeeffect of different mean stress levels, as illustrated in
Equation3-27.

Y Yp — and’Y Y p — 3-26
"y

YoPy 3.27
~ ~
P~

where™¥1i s t he first mean stress value ™"eempl oyed
202 MPa); ¥ 2 is the second mean stress valitg is the stress amplitude correspondingde

and™¥: is the stress amplitude corresponding¥e. As seen irEquation3-27, the Goodman

analysis allows calculating the equivalent stress amplitude that would produce the same fatigue

life as™¢ 1 at a different mean stress of>.

Consideringsa ashalf of the stress rand® the mean fit to the fatigue data ¥ = 202 MPa

has been uset predict the relativéatigue curves for'¥z of 470, 564, 6@ and 658 MPa,

which correspond to 50%, 60%, 66% and 70% of the yield stress of the material, receptively,
in accordance t&quation3-27. The results from this analysis are showrnable 3-17 and
Figure3-39. As seen ifTable3-17, different levels oimean stress values were considered in

this study to initially investigate the gradual change irptiegliction of thdatigue lifewith an

increase in the mean stress value, and subsequently evaluate the accuracy of the predicted
fatigue lives at"¥> = 624 MPa mean stress used for the testing of MO6 and MO7 samples
presented in previous section

It can be seen iMmable3-17 andFigure3-39that an increase in the mean stress value leads to

a reduction in the intercept of the mean culwg a while the inverse slopen remains
unchanged. This indicates thatthe increase dhe mean stress associated eeduction in

terms of fatigue life of the threaded connections. Finallgs illustratedin Figure 3-39,
Goodman approachllowsto predictthe fatigue life for samples tested undeean stress of

624 MPait is overly conservative compared to the two data points available at this mean stress.

Table3-17 Resume of main parameters for SN curve under mean efreg82 MPa and relative mean stress

levels
Sn m logC (mean value) SD
202MPa -1.85 9.447 0.1914
470 MPa $0%YS) -1.85 9.131 0.1914
564 MPa 60%YS) -1.85 8.986 0.1914
620 MPa 66%YS) -1.85 8.884 0.1914
658 MPa 70% YS) -1.85 8.809 0.1914
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Figure3-39: Comparison between statistical analysis resuttaofple tested underS202 MPa and different
mean stress levels, in accordamgth Goodman correlation

According to the procedungresentedby C. Johnstof69], the Goodman prediction can be
modified and improved bintroducing the notch effect of the threasl SCF value at the first

engaged threadDoing this a modified stress amplitud®&’ is definedand calculated in
accordancevith Equation3-28.

Y Y Y80 328

In accordance to Equatidh28, an FEA simulationsimilar to the ones presented in section
3.4.1, has been developed under a mean stress of 620 (6@%& of Yield stress)The
distribution of thestressconcentration factofSCF)hasbeen presented igure3-40. Result

of this simulation provided 8CFvalue equal to 1.5&imilar value (1.6) has been udagC.
Johnstorfor a sample under a nominal stress of 70% of Yield stress.
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Figure3-40 Stressconcentration factadistribution along the engaged threadstfa bolt under 624 MPa

According to stress distribution results at various applied load levels obtained from finite
element simulations demonstratedrigure3-21(a) and Figure3-40, the SCF values obtained

at the first engaged thread under 202 MPa and 624 MPa mean stress levels are found to be
approximately 5 and 1.5, respectively. By incorporating the SCF value corresponding to the
estimated mean stress"df usingEquation3-28 in conjunction with the Goodman analysis

in Equation3-27, a modified Goodman prediction can be obtained the results of which are
presented ifrigure3-41 andTable3-18.

These results show that for the two experimental data points on M72 studs tested at the mean
stress of 624 MPa, the Goodman method introduces a significant percentage of error ranging
between 37% and 45% with a high degree of under prediction. Howevay,thsi modified
Goodman method the predicted points fall very close to the experimental data points,
significantly reducing the percentage of error to much lower values ranging between 5% and
18%. This analysis confirms that the employment of the SCF wéllé at the first engaged
thread obtained at the mean stress value of equivalent to 66% of the yield stress of the stud
material results in satisfactory predictions of the fatigue trends at this mean stress level using
the modified Goodman approach.

In conclusionthe application of the Goodman method for estimating the fatigue life under
different mean stresses results in under prediction of fatigue lives at the higher mean stress of
624 MPa while the employment of the stress concentration factor at the firgedrtgeead in

the modified Goodman analysis significantly reduces the percentage of error and the estimated
values from this approach fall very close to the experimental data points.

Table3-18 Comparison betwegpredicted datapoint in accordance to mean stress atalpoint collected by
fatigue test under,Sof 624 MPaand corrected datapoints

S S S
N (experimental)| (Goodman) Error (Modified Error
P Goodman)
3.8X%1C° 111 61 45% 91 18%
1.8%10° 141 89 37% 133 5%
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3.9.Summary

As this chapter showed, the results can be divided in two main stiicig; an analytical
study on the stress distribution and how the friction coefficient affect the results (study
developed through FEA modellinghd, secondlythe study of SN curves comparing test
results from literature and frofatigue life results tested for tipairposeof this thesis.

In accordance to the analytical study and the friction coeffianéinience on the stress
distribution the following results can be collected:

1 From theanalytical modeldevelopng the stress distribution along the engaged
threadshasshown a distributionthatagree withthe expected trend presented in
literature. However, these results becanaecurate asoonasplasticity is taken into
consideration.

1 Friction coefficient has been found to have insignificant impact on the stress
distribution along the engaged threads, however it affects the local stress. As
demonstrated from the 2BEA model the impact of the friction coefficient decreases
at the increse of preload applied.

Thestudy of the three main-8 curves from standards and the comparison with the results
converged to the following conclusion:

1 The main international standards (BS, DNV, EN) were considered to compare the test
results presented in literature with the standard design curvesvéaed bya
statistical analysis the-S curves are based on parametersitiead verificationsuch
as the thickness correction, the intercept and the slope of the curves.

1 New largescale fatigue tests were performed on M72 bahsl the results were
analysed using regression fits as well as fractography analysis.

1 The gatistical analysis of the data resyitesented ititeraturealongsidehe data
presented in thithesis hasighlighteddifferences between the predicted curves and
theactualresults. However, has been illustrated how this differedireinishes as
soonasthedata points are considered all together without dimension or surface
treatment division.

A meanstress correction method has been presented. The formula and parameter utilised led
to satisfactory resultshowing how it is possible to predtbie fatigue life for different mean

stress starting from datapoints at lower level. Whi&oadman correlation can be considered

a more conservative predictionnaodified Goodmanprediction through consideration of
relative SCF,shows a more realistiesult Meanwhilethese resulthighlight the need to
correct for mean stress when combining test data frons bedted at different mean stress
levels.
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Chapter 4 C1 Wedge Connection

4.1.Chapter Content

This chapter focusesn studyng the behaviour of the C1 Wedge Connection designed in C1
Connection under vertical load, presenting a design process to achieve the optimal layout in
terms of hole geometry and fastener design.

Section5.3, presents analytical studies supported by Final Element Analysis (FEA) to analyse
the main component of the C1 connection layout: the hole and the fastener. In 4&cfion

the study has focused the structural behaviour in presence of one hole and a series of holes
around the circumference and how the Feilape can affect the load effect, a further study to
optimize the stress distribution along the hole has been preskngezttiom.6, a preliminary
analytical study has been developed analysing the how the wedge$mp#bj affects the
performance of the device in terms of load and movement of the single components.

In Section4.7, a largescale segment case has been studied, developing an FEA model, and
subsequently testing a largeale sample under fatigue test. In Secfigh], the FEA analysis
hasbeen presented and discussed. This analysis aims to understand how the segment of the
structure reacts under a tensioning lo@dally, in Section4.8, a largescale fatigue test is
presented, analysirand comparing the results on &\Surve.

The aim of tle presenstudyis to conduct an analytical evaluation dimite element analysis
(FEA) to understand thichnologicabenefits ofthe C1 wedge connection conceptorder

to achieve this goal, the following objectives have been defined and thoroughly investigated:
i) to design the hole geometiy) to predict the stresdistributionaround the hole geometry,

and iii) to evaluatéhe strength under different loading conditions in a4e&de scenario.
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4.2.Introduction to Technology

Offshore wind is an efficient and reliable source of renewable ertbagys exponentially
expandingvorldwide,particularly in Europe. Offshore Wind Turbines (OWTSs) consist of three
generatomponentsfoundation, tower and the transition piece (TP) in between. The dominant
type of foundation which is successfully employedriany offshorewind farms tosupport

OWTs is monopile (MP})70], [71]. One of thesignificant engineeringhallenges associated

with the design and operation of OWTs is the connection technology between the monopile
and the transition piece (MPP). Over thepast three decades the MIP concepts, widely
utilised in offshore wind farmsare grouted and flange bolted connections. The grouted
connection has been historically used for many years in the offshore Oil & Gas industry and
was the first technology employed for offshore wind turbine-MPconnectioa With this
technobgy, the transition piece is set on the monopile and plugged lonaligning the two

axes and the gap between the two cylinders is subsequently filled in with grout. Despite the
advantage®ffered by thewell-known grouted connectiotechnology, anumber of fatigue
failures were observed in commissioned OWilthe 2010s . Thiprompted the@ffshore wind
industry to consider alternative technologies for-WHP connectios in subsequent offshore

wind projects.

As a result of thsechallengesthe industryhas heavily shifted towards flange bolted
connectios (also known as threaded connecfpiVith thistechnology, Lflanges are welded

to the bottom of the transition piece ahdtop of the monopileandtheyaresecured together

with largescale bolts and nuts which are equally spaced around the circumference of the MP
TP geometry. This technologyfers severabenefits such as a direct load pattd easyccess

for inspection and monitoringdowever, thradedconnectios areaffected by environmental

and operational loading conditions and-jwad relaxation and fatigue cracks may occur in the
bolt and nut connectignvhich would affect the structural integrity of the OWILS], [34],

[72]

According to Europeanreports [73], the offshore wind installed capacity in Europds
continuouslyincreagng and the turbine dimensions are growing accordinbiys meanghat
larger wind turbineswill require larger and stronger foundationSherefore, it becomes
necessary to revaluate the use dfireaded technology and consider alternative technologies
for MP-TP connections in future OWTs

One of the new and promising MHP concepts that has been proposed in recent years to
overcomethe current issues faced by industryhie C1 wedge connectiofhis technology
involvesredesigimg the L-flanges by converting the vertical connectiortana horizontal one
through thedesignof a cylindrical lower flangdor the MP sectionwith a forkshaped upper
flangefor the TP section, as illustrated irigure4-1.
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a) b)
Figure4-1: Comparison layout between (a) threaded connection and (b) C1 Wedge Connection

According to C1 Connectiofr4], this concept is designed aseries of elongated holgsat

will be accommodated around thigcumference of thgeometryallowing the positioning of

the ClwedgefastenerThe devicancludesfive main components, as illustratedrigure4-2:

an upper block, a lower block, an inner and outer wedge, and a threaded system, which can be
either a stuehut or a bolt systenT he lower block rests on the lower part of the upper flange
(TP) while the upper block, after the complete installation, is in contact with the upper part of
the lower flange (MP).To allow the proper function of the device the outer wedge has been
designd with a threaded hole, where the threaded system is in contact, while the inner wedge
an oversized hole to allow the bolt/stud can freely rotate. Through the torque of the bolt, the
wedges are pulled together. The slopes of the wedges (identified chégter ad) and b)
convert the horizontal load on from the bolt into a vertical preload.

Upper tubular———___
Inner web —__

Outer web.__

Upper block

Outer wedge __

Lower block ™~

Inner wedge

Lower flange ™

Figure4-2: C1 fastened compositipfv]
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4.3. Preliminary Study of C1 ConnectionL ayout

4.3.1.Study of Structures with Embedded Holes

In this sectionanalytical studies have been conducted to understand the structural behaviour
and engineering analysis of OWT monopile foundations in the presence of circumferential
holes. For this purpose, perfect circles have been initially considered for the gedntleéry o

hole and the modified hope geometries which result in better structural performance have been
considered at the later stage of the study.

A simplified layout of the monopilgeometry with circumferential hole is demonstrated in
Figure4-3. For simplicity, the geometry of the holes has been assumed to be perfect circle.
Based on this assumption, tegternal circumferencef the monopileC can be calculated
according to the following equation:

6 “0O ¢ ae0 € W 4-1
wheren is the number of holes along the circumfererdgye is thehole diametey Dwp is the
external tower diametel,is theligament width between the holeedWi s t he monopi
width segmehndescribed as the summationl @ndDnole.

Moreover, the following equations would describe the correlation between different parameters
such that:
& O ‘ €0 4.2
3
a “0 €0 w O W
0 £0 0 o P 4-3

whereW is themonopileequalsectiondescribed as—.

QDny@L‘O O [...]

Figure4-3: Simplified MP geometry for wedge connection concept with circumferential holes

In order tofacilitate analysis, the simplification presentedrigure4-3 has been implemented
by consideringhe second part of Equatidrl, dividingthe entire MPTP connectionnto a
series ofigamens and holes in successio@onsequentlyit becomes feasibleto define the
entire circumferencas a series of segments of equal widthas illustrated ifrigure4-4. For
the further analysis provided in this chaptach segmeritas beermssumed to hava hole
located atthe centre of the segment lengfth
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Figure4-4: Segmentation of MP geometry for wedge connection concept

4.3.2.Engineering Stress Analysis of Cylinders with Several Holes around

the Circumference
Presence of holes, notches or in general imperfectandead tcstructural failuresdue to
increased local stresses close to the edge of the holes/notches. Therefore, it is essential to
perform comprehensive stress analysis on the struatitfesuch featuredt is worth noting
that according to the basic engineerprinciples,under fatigue loading conditionshere
stressesppliedto the structure are belov h e mat e rstress| thdscal ptiessésad
structureswith holes and notches depead the geometry afhe hole and are insensitive to
material propertiesHoweveronce stresgxceedshe yield point, the local stresses will be
influenced by the mechanical properties of the material (i.e. tensile curve).

There are two maimethods taalculate the stress concentration factor (SCF), hence the local
stresses in the presence of holes and notches, for a given geoajetnyalf/ticalsolutions
available for relatively simple geometries, or (b) Final Element Analysis (REK)Y software
packagesike Abaqusfor more complex geometrieBoth approaches have been considered in
this analysis. The results from both methods have been presented beloowgraded.

SingleHole Geometry
Analytical solutions are available to calculate the SCF for a single hole and for a series of holes
[75]. For an elliptical holeshapethe stress concentration facté can be calculatedsing
Equationd-4.

6P X PG > pm -

()

wherea andb are the seramajor axis and seaminor axis of the ellipse (séagure4-5). For
a single circular hole in infinite plane underglane uniaxial load, the SCF can be calculated
as 3 usingequation4-4 by assuminga=b. Meanwhile considering a momomplex hole
geometies like the C1 wedge connection hole geometigsigned for industrial applications
(which will be presented in the next paragraphs), reguieelditional geometrical
consideratios, takingresults froman elliptical hole(Figure4-5) and a rectangular hole with
rounded cornerdfgure4-6).

~ gk

"Q¢ T
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Lol

Figure4-5: Geometrydefinition for ageneral elliptical hole shape in infinite plate

For the rectangular hole with rounded corners [8gere4-6), the SCF can be defined using
the following equation, according to Sobey (1963) and ESDU ({B5]0)

e (R N 45
0 06 0= 0 = 0 =
W W W
Formdtvu — T e @ - p8, wherer is the fillet radius presented at the square

edgesand theC,, C, C3 andC4 parameters can be describe using the following equations:

—_—

6 pﬂquc@rnwclTb p@wtlé'?b o
6 PRTPP& YWD pannc%) !

. T | 48

o] T[&ncmthcnc—(b Uf)}(quT.b

0 o8 0CO® OTijC® cﬂo(ptqi—(b 49

Figure4-6: Geometry for rectangular hole with rounded corners in infiwitéth plate
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To compare the results fanelliptical hole and the rectangulbole,the Stress Concentration
Factor Ki{) has been calculated in function of tiaéb ratio and under the following
considerations: ayhe elliptical hole has been considered with/laratio between 0.1 and 10
and b) he square hole has been considered accordingly to th#2aamits (0.05 and 0.5) in

accordance with the conditions of Equatibh.

Results have been plottedrigure4-7, where it can be observéldatK; is affected by the a/b
variation. Secondly, as result it is possitiesee the particular cases for the different studied
equations:

- For Equatiord-4, represented by the blue curve, éd=1 is represented by a circular
hole.

- For Equatiord-5in case where=a, represented by the yellow curve, the squared hole
becomes a circular hole farb.
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Figure4-7: Comparison of Stress concentration factor for single hole in function cdiglfor elliptic (blue),
and square holes (yellow for r/2a=0.5 and orange for r/2a=0.05)

For cases where the length of the holeddhariger than the hole diamet&aE=D), Equatiord-5

is not valid anymore. For this reason, FEA modelivasemployed to predict the SCF on (a)

a circular hole, and (b) a rectangular hole with rounded corners, which is referred to as stadium
shape hole geometry. The simulations were built up by considering a plate of 240 mm width,
300 mm height, and 20 mm thiclsge The hole geometries considered in the analysis were
embedded at the centre of the plate. The simulations were run using linear elastic ndition
and to consider the stredsstribution insteel structuresvith holes the material proprieties
takeninto consideration are for theS460 stedpresented imable4-1 according to BS EN
19931-1:2022. Boundary conditiawere presented irFigure 4-8. An Encastre(i.e. fixing
displacement and rotation in all directions) was applied on the bottom of the plate and a uniform
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load of 2.3 [MN] was applied on the upper surfaomensidering the maximum load at 18 [m
a.s.l] in accordance tdable2-5.

Table4-1 Elastic material proprieties for S460 steel, according to BS EN-19930222

Input data
E [GPa] 210

Poi ssonosw)ra 0.3

Figure4-8: BC applied on one single hole FEA simulation

The obtained results from these simulations are reportdegare 4-9 comparing the stress
distribution with a single circular hole under the same conditions. The main observations from
the comparison of FEA results between the circular hole and stadium shape geometry are:

- the SCF for the stadium shape hole is @ofnpared to the circular hole geometry of 3.
- for the stadium shap#ur critical zones of high local stress were identifietiereas
for the circular geometryhe number of high stress zones is limited to two.
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+1.00e+02
-2.45e+01

+5:83e+01
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(a) (b)

Figure4-9: Vertical stress (S22) distribution results for single circular hole (a) and single stabdapa hole (b)

With the aim of reducing thgtress concentration factor around the hole shéygestadium
shape has been redesigned as a double radius stadium shdpguisee10). The geometry
is composed by a smaller radiR@nd a larger radiuR; which have the centres distandad
alengthL. Thetangential line that connecthe two radius has an inclination of an angle
Through FEAsimulations, a study for a single hole has been develosaty thesame wall
geometry and material proprieties used for the circular and stadalen Thegeometric
parameters used for the creation of the double radius hole have been restliaise4+P.

(@) (b)

Figure4-10: Differences between stadium shape (a) and double radius shape (b) geometry

Table4-2 Geometrical parameter for double radius hole geometry used for single hole FEA analysis

Hole dimension [mm]
R 17.5
R1 20.0
L 7.0
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The esult of the FEA simulatiois presenteth Figure4-11. Comparing the results presented

for the circular hole and the stadium shape Witise obtainewvith the double radius hole, it

is possible to notice a decrease of the SCF, starting with a value of 3 for the circular hole,
decreasing to 2.4#r the stadium hole up to a value of 2.36 for the double radibe stress
distributionalong the horizontal axis for the section passing through the main radius centre ha
been plotted inFigure 4-12 for the threehole shapes. As it is possiblke see the stress
distribution along the-axis is lower for the stadium and double radius shapes compared to the
circular hole However this result needs to be considered with the position of the maximum
stress, which appeato be located in a higher position along the wedge of the hole for the
double radius compared to the stadiumTable4-7 the main stress results of tilereehole
shapes have been summarised.

5,522
(Avg: 75%)

+1.13e+03
+1.04e+03
+9.37e+02
+8.39e+02
+7.40e+02
—t +6.42e+02
+5.44e+02
+4.46e+02
— +3.47e+02
+2.49¢+02
+1.51e+02
+5.27e+01
-4.56e+01

Figure4-11:Vertical stress (S22) distribution results for double radius hole shape

Table4-3 Comparison of maximum stress and SCF for circular, stadium and double radius hole shape and
relative difference compared with circular hole shape

Circular shape

Stadium shape

Double radius shape

& e
S22max (MPa) 1470 1170 -20.42% 1130 -23.13%
SCF 3.00 2.44 -18.6 0 2.36 -21.33%
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Figure4-12: Vertical stress (S22) distribution along thexis for circular hole (solid line), stadiurdgshline)
and double radius hole shape (dast line)

Seriesof Holes
To calculate the stress concentration factor for a single row of circular holes in an infinite plate,
the following equations has been presented by W. PjlKgly

: Q Q Q .. Q 4-10
0 c&nnmwpﬁ) BPYouw ops Qem = p

0 0 0
whered is the hole diameter andis the distance between the centres of the holes.

Similarly, for a series of ellipticadhape holesHigure4-13) in an infinitewidth plate the stress
concentration factor can be calculated, in accordamtle Schulz (1941) and Nisitami
(1968]76], as:

o

‘ ) qN Cw
O pEITCPEIPp G- TR UGS P x 411
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EM — wWe i
V) w P
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Ll

Figure4-13: Generali design for infinite sedgef elliptical-shape holes
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To compare the stress concentration factor variation for circular and elliptic hole shape series,
equationd4-10 and4-11 have been plotted iRigure4-14 For a circular hole series the only
parameteof interestare the diametdd and the distance for the elliptic hole the elliptic axis

affect theK: result Therefore,the elliptial results have been considered for three a/b
conditions (1, 2.5 and 5Fkigure4-14 illustrates howindependently from the hokhapean
increase ofD (or decrease oL) results in a decrease in thetress concentration factor
FurthermoreK: for elliptical holes increase wiht the increase of the majaxis length2ain
correlation of2b. Similar toFigure4-7, for a/b equato 1, the elliptial curve mergeavith the

circular hole curve for the geometrical correlation presented in Equafi@n

W W 4-12
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Figure4-14: Comparison of stress concentration factor in accordance with the variation of distance between
holes of an infinite row for circula solid line) and elliptiehole shape (dashed line)

In Equation4-11, one of the condition®r the correlatiorto existis thata is always bigger
thanb (a/bAL). However as presented in Pagé the longer axis of the elliptical hoghould

be aligned to the tower axis{b<l) instead to be perpendicular as previously preseAzd.
presented in the studyith onehole, a double radius hole shape presents some advantages in
terms of stress distribution compared to the stadium hole sh@pesequently further
simulations have beedesigned employing the double radius configuration as the primary
focus.

FEA modelling has been employed to predict the SCF for a series of doublestzajpesholes,

the study considereidifferent values for diamete2Ri=D) as well asife differentl/D ratio

have been included, in the specific ratio of 0.8, 0.85, 0.9 and 3ulkequentlya similar

study has been conducted to compare the stadium shape result with the circular shape hole.
Similarly, to the previous studyhreediametershave been considere®$22, 40 and 115
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[mm]) and a variation offD ratio of 0.8, 0.85,0.90, 0.95 and 1.00 has been considered. The
material propriety used for these bunch of simulation are the same used in the case of the single
hole:xt he el asti c YB=unyglot, 0o uMRias aod 0. oi ssonbds

Results of the FEA analysis have been reportétgare4-15 andFigure4-16 as variation of

K, in function of thd/D ratio for the different diameter for the double radihape and for the
circular hole shape respectively. Meanwhikegure4-17 andFigure4-18 illustrate the stress
distribution from the FEA simulations witB=22mm, results are presented in terms of
concentration factoandhave been compared along titary ligament length between the
holes for thewo hole shapegespectively. Agesults from the comparison betweeéigure
4-15andFigure4-16 ,the stress concentration factor for a series of holes tends to be higher for
lower values of/D, independently from the hole shape consideFads result fing correlation

to studies presented in literaty@]. Furthermorecomparing the stress distribution between
Figure 4-17 and Figure 4-18, it is possible to identify that the stress distribution is quite
different in terms of magnitude between the two holes shape. For the circulshbpkeit is
possibleto see how the value & is higher, for samED value, compared to thaouble radius
shapeeventhoughthe difference between the maximum value and the lowest valiéad;)

are different. Comparing the results 0=0.8 and 1.0, for both hole shape seriK;
increaseatthe increase of I/D ratio (as reportediable4-4). If the mean value df;: (Equation
4-11) is calculated for the differeD, it is possibleto see how the value increasas the
ligament length between the holescreaseéseeTable4-5) [78], [79].

Table4-4: Comparison between Stress concentration factor Kt along the ligament for different I/D values for
series of double radiuandcircularhole shape

‘ Double radius shape series ‘ Circular shape series
VD Kt,max Kt,min $<t Kt,max Kt,min aK

0.8 2.70 2.09 0.61 3.27 1.92 1.35
1.0 2.48 1.83 0.65 3.09 1.66 2.24

Table4-5: Comparison between average Stress concentration factor Kt along the ligament for different I/D
values for series of double radiwnd circulathole shape

Double radius shape series

‘ Circular shape series
I/D Ktmean

Ktmean
0.8 2.39 2.59
1.0 2.11 2.37
: 0§ 0k 4-13
VR
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Analysis of Pin Effects

In this section, results from Finite element analysis (F&idulations are presentetb allow

the connection between the Monopile and the Transition PileeeC1l connection dese,
compounded by the blocks and the wedges, gets place in the hole and subsequently through the
horizontal load push the blocks against the internal surfaces of the MP and TP holes. This
system can be simplified, focusing on the interaction between oaahdlthe relative block,

as a wall with a pitoaded lug.Three FEA modelsvere developed to analyse the different
stress distribution along the minimum cross section for g Wdieh is under the action of a
pin/block.

The same geometries and material proprieties, as those presented in 4&cflowere
employed in the FEA simulations, as reportedTable 4-6. For the pin geometry, a half
cylinder of radius 17 mm with the thickness of 20 mm was created and added to the model.
The boundary condition implemented in the simulations \iireel on the bottom of the wall

and the loathasbeen applied on the bottom of the fmk arrows)pushing it upwards against

the wall with a Total Force distribution of magnitude 2.3 [MN], as illustratdeigare4-19.

The loadmagnitudehas been selésd as resulfirom thecalculations presented Trable2-5.

Table4-6: pin-lug material proprieties

Input data
Enole [GPa] 210
Epin [GPa] 210

Poi ssonoslwa) a 03

Poi ssonds&nr a 0.3

Figure4-19: BC appliedon one single holander pin effecEEA simulation
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S, 522
(Avg: 75%)

The results from FEA simulations with the pin geometry are shoviagimre 4-20, showing

how the stress is distributed in the wall, with a compression zone (blue region) near the contact
between the hole surface and the pin and a stretching area (red region) near the smallest section.
Considering the maximum stregalue alongthe hole edge, comparing the stresses with the
maximum stress along the circular hole shapeduction of 3.6% is reached through the use

of a stadium shape and a reduction of 15.25% using the double radius holé&shapemore,
whencomparing the axial stress distribution along the smallest sectioki(gge4-21) it is
possibleto observe similar reduction of the stress concentration fa€toin Figure4-21, the

axial stress along the minimum cressctional area has been plotted for the three simulations,
showing the reduction of stress on the edge of the Holwever movingawayfrom the edge

of the holethe curvesendto overlap one each oth@he maximum stress concentration factor

for the circular holeeaches value of 5.70, while for the stadium hole is 4.93 and 4.64 for the
double radius geometry, meaning that compared to the circular hole shape a reduction of stress
along the horizontal section of 13.54 and 18.55% can be reached through the use of stadium
hole and double radius hedétape respectfullAll results have been summarisedrin

S, S22 S, S22
(Avg: 75%) (Avg: 75%)

+3.31e+03 3 +2.805e+03

5816403
‘E6ae+03

+9.612e+02
+3.467e+02
-2.678e+02
-8.823e+02
-1.497e+03

(a) (b) (©)
Figure4-20: FEA results for single circular ho{@), stadium holgb) and double radius hole (ahder the effect
of a pin

Table4-7 Comparison of maximum stress and SCF for circular, stadium and double radius hole shape and
relative difference compared with circular hole shape

Circular shape Stadium shape Double radius shape
& &
Smax (MPa) 3310 3190 -3.60% 2805 -15.60%
SCF 5.70 4.93 -13.54% 4.64 -18.55%
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Figure4-21: Vertical stress (S22) distribution along thexis for circular hole (solid line), stadium (dash line)
and double radius hole shape (ddsi line) under pin effect

For a general hole under effect of pin the location of the maximum stress change, indeed the
point that is most subjected to stress tend to move along the circumference in direction of the
contact point between the pin and the hole. The angle that gats between the point with
maximum stress and the horizontal gets the name of digb¢. This parameter has been used

to develop a hole double radius optimization and results have been presented irldgction

To understand the stress behaviour in the case of a series of holes, each one under effect of a
pin, a simulation has been developed only for the circular hole shape. Same simulation
presented for a single circular hole under pin effect has been modifagaplying on the two
vertical surfaces a Xymmetry (i.e. by fixing horizontal displacement and rotation aleng y
and zaxis), this boundary condition has been used to simplify the simulation while obtaining
same result as running a series of holes. Reddve been presented, kigure 4-22 a
comparison between the results preseritgdthe simulations without symmetry and with
symmetry are illustrated. Main result of the simulation is that the maximum axial (S22) stress
is reduced of 220MPa. llrigure4-23 a comparison of the stress distribution along tais

for the simulation without symmetry and with symmetry is presented, the stress distribution
along the ligament tends to be lower for the simulation run with the symmetric BC compared
to the one witbut. Similar results have been reported in the cases presented in Pafagraph
meaning that the effect of a series of holes will be affected by the ligament lengththe

hole diameteD.
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Figure4-22: FEA results for single circular hole without symmetry(a) and with symmetry(b) on the vertical
surfaces
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Figure4-23: Stress distribution alongdirection for simulation without (solid line) and with-3¢ymmetric BC
(dash line)

4.4 .Hertz Model

Another method to quantify the stress of a hole under a pin interaction is the analytical Hertz
model. Thismodel has beenommonlyusedto calculate the contact stress in engineering
calculations[80], and itis based orthree assumptionst- the surfaces are smooth and
frictionless,2- the contact area is small compared to the size of the hadié8- the bodies

are under little deformation and tine state of full elasticity.

According to the Hertz modelhe total contact lengtt2b, between pin and lugan be
calculatedusing:
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whereF is the total appliedbad,t is the cylinder lengtiD; is the diameter for the pirD{) and
the hole D2), and() andE; are the Poissdn&atio and Young sodulus for the pin and lug
material.

To calculate the contact andlél the following equatiorran beused

L. cA
qJ c/OE4$— 4-15

The maximum pressu@n becalculated as

‘ <O 4-16

T e '
Finally, the stresses along the y and zdirectiors can be describedsing the following
equations:
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As mentioned previously, the Hertz model requires a frictionless contact surface; however, as
illustrated in[81] it is possible to create an updated model to taloeconsideration the friction
coefficient. In a realife scenario, the friction coefficient is a naero value, for instance in

the case ofteeton-steelcontact without lubrification or finishg processingthe friction
coefficient can be taken as p=0.T%e frictionless assumption provides simplified solutions

for engineering problems.

Hertz model was used to develop an optimised hole shape by taking into consideration the
contact anglefor this purpos&quation4-15 has been plottenh Figure4-24 considering the
inputdatain Table4-8.
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Table4-8: Hertz model data

Input data

Dhole [MmM] 100
t [mm] 80
Enole [GPa] 210
Eoin [GPa] 210
Poi sson o sl 0.3

Poi ssono &r 0.3

Applied load [N] 2.3x10

As se@ in Figure 4-24, a prediction of agdiuactioa ofdhle eatioof c o1
between the pin diameter and thae diameter has been calculated. The cuavegienerated

based offrictionless surface contact, gas known that the predicted values are only estithate

and may nobe 100%accuratdor a real case scenanath nonzero friction coefficient value
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Figure4-24: Hertz model angle contact

In the next stephie stress distribution along the y and z direci@me considered to decide
which Dpin/Dnole ratioto use. Equatiod-18 and4-19 have been plotted iRigure4-25 andthe
generated curveshowhow higher stregesareobtainedfor smaller diameter ratswhile for
ratio close to lthe stress is smallelue tothe higher contact surfaeeea under the same load
condition.Basedon thispreliminary consideration, Byin/Dhoeratio of 0.99s selected and will

be considered for the nepihase of the analysiShis decision has been taken in order to reduce
the stresalong the two axial directions.
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Figure4-25: Stress profile along Y (solid) and Z (round dot) axis for different Dpin/Dhole ratio: 0.25 (black),
0.45 (blue), 0.65 (light green), 0.9 (purple) and 0.99 (azure)

4.5.Double Radius Hole ShapeDesign

As presented iparagraph4.3, the hole geometry has been subsequently transformed in a
double radius stadium shape this section an optimization of the shape has been developed
running two groups of FEA simulations and illustrated in the next sectiotisis section the

first group has been studied focusing on the change of stress concentration factpi(SCF)
accordance with the sl ope oflnSebttied.Tlthagueynt i al
focused on howhe SCF is affected by the plastic proprieties of the material.

The aim ofoptimizing thehole shape is to be able to move the maximum stress as far away as
possible from the contact area. For this analysis a series of FEA models have been studied and
the main dimensions have been reportedable 4-9 and Table4-10. The dimensions have

been scaled considering a I/D ratio of 1.9 considering D as the diam&tagasfadius (R1).

Table4-9: FE Analysisvariable dimensions

Simulation 1 2 3 4 5

W [mm] 1595 174 166.75 1595 174
Ry [mm] 55 57.5 60 55 57.5
L [mm] 10 10 10 20 20
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Table4-10 FE Analysis constant dimensions

Dimension Value
R [mm] 50.5
H [mm] 250
¢ [mm] 50

t [mm] 40
Enole [GPa] 210
Eoin [GPa] 220
Viwall 0.3
Vpin 0.3

The resultobtained fronthe purdy linearelastic analysis have been reporteérigure4-26.
The two main factors reported are the SCF and the angular podjtadrihe maximum stress
point from the centre of thB: circle. In this analysistte SCFhasbeen used as qualitative
value, consideringhatthe pure elastic behaviour in the FEA simulation will bettakeras
thefinal result but for the design optireation of the hole the smallest possible valugill be
found.

d can benterpreted as the position thfe maximunstress valueelativeto the contact areé

d value close to 90means that thenaximum stress poirdligns exactlywith the maximum
Hertz contact pressure painthile a d value close to O means that thenaximum stress is
locatedat the beginning of thie, radius.For desigmpurposs, a lowd angle will be considered.
Based on the explanations provided above and the obtained issitated inFigure4-26,
the possible desigmodelsare the simulation with a value of between 14.5 and 22°
(simulation number and 4 inTable4-9). For simplicity, a valued = °lhds.b&en chosen
for further simulationsThis decision has been taken for sineallervalue ofd  aKncdmpared
to the simulation with tangential slope @&2°. Hence this model isconsidered fofurther
analysis by employinglastic properties in the simulation

6.0 - - 60.0 SCF
X theta
5.0 - L 50.0 .o
X v m
n
40 - F 400 o
O
& 30 L 30.0
2.0 - L 20.0
X
i X L
1.0 % 10.0
0.0 - L 0.0
7.2 10.8 145 22.0 30.0
s 6RS30

Figured-26: Stress profile: SCF (column) and angular position (square) forglastic FEA analysis
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4.6. Analytical Analysis ofFastener

The C1 wedge connection fastenensists ofwo blocks (upper and lowetyyo wedgeginner

and outer) and a lateral bolt. The design of the fastener dibmashigh preloado beapplied
through relatively easy ardw loadtightening of the lateral bolt. By torquing the lateral bolt,

the two wedges will be pushed toward each other, and this mechanism would pull the upper
and lower blocks away from each other. This movement will introduce a preload in the
connectionwhich would subsequently create atact between the MP and TP. To understand

the C1 wedge connection technology desigvo main studies have been developed: the
optimization of the hole shape and the faste
present studto understanthe wedge connection performanceldad performance LF (Load
Factor), and 2displacement performance DF (Displacement performaBo#).factors show

the correlation between the vertical and horizontal components of load and displacement.

To calculate the preload force on the bl Figure4-27 has been consideréa describe the
forces as follows:

O I 4-20

O O O O O 4-21
0. .- ]

O ? O Ad- 4-22
O.. . ]

O ? Al O 4-23

"0 0 Al o 424

wherethe subscript is referring to the upper block as 1 and the lower one as 2dand
corresponds teJandb for the wedge slope of the upper and lower blocks, respectively.

ﬂFp /2

‘H‘F.sz

Figure4-27: Free Body Diagram for C1 wedge connection

Consi der i n fprtreuppen Wedge slapé afdbr thelower wedge slope, Equation
4-20 can be rewritten as:
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From Equatiord-25, it can be observedlow the system is affectday the wedge angle
inclination of the upper and lower block and from the friction coefficient between the blocks

and the wedge.
In Equatiord-26 the Load Factqr_F, has beemlescribed as:

O q q 4-26

VOS5 BAT GAT TAT G AT G

To define thetotal vertical displacemeneglerica), the schematic displacement has been
studied through the use &ligure 4-28. As illustrated inEquation4-27, the total vertical
displacementan becalculated as

yQ yQ OAT OAf 42t
In Equation4-28 the Displacement Factor has been calculated
A i vas

Aderscf2

Figure4-28: Total vertical displacement

Load FactolLF (Equatiors 4-26) and Displacement Fact®f (Equationd-28) areplotted in
Figure 4-30 and Figure 4-31, respectivelyasf unct i o n angfesand cansiddringba
friction coefficient of 0.05As seen in these figurgthe Load Factotis inversely proportional
to the increase of the wedges slophich means thdbr higher values dilandb a lower value
of LF is achievedConverselyit is possibleto achievea value tending to infinit for a layout
with slopes tending to.Instead, as representedrigure4-31, the DisplacemenfEactor has a
direct proportion to the wedges slope, meaning that for lower slope values aOBbwsr
reached compared to higher slope values. For these opposite behaviour hé&tardDF in
correlation of the slopea compromise between the two factors needs toduke However it
is essential t@wonsider theracticalimplicationsof the correlations betweenee two factors:
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- With a lowLF value, a higher preloateedso be applied to reach a defined value to
allow the connection to properly wor Meanwhile a higherDF means that a bigger
vertical displacement of the blocks can be easily reached with a small horizontal
displacement.

- With a highLF value,a higher vertical load can be easily reached with a relatively
smaller horizontal preload, meanwhile a smalldt means that a smaller vertical
displacement (compared to the horizontal) is necessary.

Under these considerations, the first case, at parity of vertical load, would require more specific
machinery to apply the high preload requjreaimpared to the second cagéhenconsidering
displacementa smaller vertical displacement has more advantages compar&dderane

Thisis because a higher vertical displacemeatild require longeholes need to be machined
along the MPTP connection sectiotherebyincreasing the manufacturing cost of #mire
connection. In conclusigra higher LF with a smaller DF is preferred, threferencdinds
correlation in literature where the wedge slope is preferred to be lower tH@n]20

As described previously, the study previously presented have been run with a friction
coefficient between the block and the hole of 0i@3Figure4-29 have been presented two
different casesU = Bnd 2) =)Bto study the variation of LF at different friction coefficient
(0.07, 0.10, 0.15As llustrated,at same amount & at the decrease of friction coefficient an
increase oLF is detectableunder this consideration it is clear that the reduction of friction
between the blocks and the wedges is necessary to improve the efficiency of the fHsiener,
reduction of friction coefficient can be done by reducing the surfaces roughness, the use of
different materials and/or the use of lubricam$wveen the surfaces
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Figure4-29.LF variation with different friction coeffici
and b) 2U=6b. Friction coefficient factors: 0.05
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Figure4-30: Load Factor (LF) variation against alfa and beta

Figure4-31: Displacement Factor (DF) variation against alfa and beta
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4.7.Analysis of Large-Scale Wedge Connection Segment

In order to analyse the structural response of the wedge connection,-sciaiyéesting and

FEA analysisvere conductedn a wedge connection segment. The detailed FEA analysis and

fatigue tests results are presented and discussed in this section.

4.7.1.FEA Analysis

Undertheglobal loading condition]lustrated inChapter 2for a critical case whetéewind
speeds 25 [m/s], feight is 120 [m] andthe tower diameters 7.7 [m], a total momentum of

133 [MPa] can be considered at a height of 18 m above sea level. This value has been

considered as the position of the MP connection section. Considering n as number of

circumferential segment&quationd-3 provides the possibility to calculat&/ that would be

used to find the crossectional segment arda calculate the maximum load coming from the
bending load. Considering therger diametehole equato 115 [mm] andal/D of 2.02[7][16]
Wtakes a value of 220 [mm]Considering a wall thickness of 80 [mjtfje crosssectional area
takes a value of 17410 [nflnUnder the maximum local stress from momentum solicitation,
the local load can be calculated, and its value is 2.3 [NINE value has been considered as
the critical load of the structure and utilised for the FEA modeld subsequently ake

maximum load applied during largeale fatigue test.

Geometry andM aterial Proprieties

The simulatiordeveloped in this section considéne results presented in Sectband4.6,
specifically regarding thehole shape and the fastener considerations dbouta n d
Furthermore the simulation consides an elastieplastic modelto describe the material
behaviour The main dimensions of the connection have been reporfathie4-11the friction

coefficiens consideredare reported ifable4-12. In Table4-11, Ris the main hole radius of

.b

the contact area between the block and the, Ralis the secondary radiuBbiock is the block

radius Roin Showed previouslyk is theslope of the tangential ed@eresented in pagg?), U
andb are the slope angle of the upper and lower bldgk andtrp are the wall thickness of

v al

Monopile and Transition piece respectfully. Materials considered for this simulation are

S460NL (StressStrain curve inFigure 4-32) for the Monopile and Transition Piece

componentsfor the rest of components (wedges and blocks) the 34CrNiMo6 alloy steel has

been[84], the respective material proprieties have been reportEahie4-13.

Table4-11: FEA model dimensions and material proprieties

Dimension

R [mm] 50.5
Ry [mm] 57.5
Rolock [Mm] 50
¢[deq] 20
U, [dey] 8

tme [Mmm] 80
tre [Mmm] 40
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Table4-12: Friction coefficiens employed in thE€EA model

Contact surface £
Block-Wedge 0.06
MP-TP 0.1
WedgeWall 0.1

Table4-13 Elastic proprieties for S460N and 34CrNiMo6

Input data S460NL 34CrNiMo6
El asti c Yo JGPg 212 205
Poissofos rati 0.3 0.3
Density[Ton/mn?] 7.8 10° 7.7310°
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Figure4-32: S460NStressStrain curves in function of sample thickn@gg

The load application in the simulation was applied in two steps: a preload phase and the 2.3MN
load application. The first phase is necessary to avoid any movement of the connection which
could cause a premature failure of the entire struckanethisreasona 2.4 MN preloadRp)

was applied. The second phase was the application of 2.3 MN load on the top of the fork shape
section (TP). The load application timeline defined in various simulation steps can be seen in

Figure4-33.

94



a<|-|cp

)Q:M:p
™y -
— [ 2F R LINE
np —t NBf 21 R
2 SR3IS|[:
n
n M H 0 n

{GSLI aYS

Figure4-33. FEA Load application in different steps: Vertical prelobli€) and Vertical load (orange)

Boundary Conditions

Figure4-33illustrate the load application following the steps of preload through the fastener
and the application of the preload with the interaction between the Monopile (orange), the
transition piece (green) and the fastener (grey). These load applicationsebavgebformed

as follow:

- The preload has been applied through the simulation of the bolt action that would get
closer the two wedges, as illustrated from orange arrofgjure4-34(a). To simplify
the simulation the bolt has been removed and a seokesimulatiors have been
conductedvhere different displacemestiave beetested untithedesiredvertical load
on the structure has been reached.

- The vertical load has been applied through the application of 2.3 [MN] on the lower
surface of the MP segment, as illustrated by pink arrowsgimre4-34(b).

while fixed BC has been applied on the two top surfaces, as illustratéidumne4-35.
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() (b)

Figure4-34: BC applied to FEA simulation for a Largeale wedge connection: preload application (a) and
vertical load (b)

Figure4-35: EncasteBC applied on TP segment
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In order to develop the analysis, the following interaction and respective friction coefficient
between the components have been considareter suggestion of C1 Connection

Friction
Surfaces in contact coefficient Image
€
Upper fastener block with MP
0.10
upper hole surface
Lower fastener block with TP
0.10
lower hole surfaces
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Contact surfaces between wedc

and blocks 0.06

MP top surface and bottom fork

TP surfaces 0.10
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Mesh Sensitivity Analysis

The aim of the mesh sensitivity analysis is to create a mesh density for the FEA model that can
give the most accurate results in the most relatively efficient process. The mesh density has
been studied to have the higher density in the most criticalrregid a lower for less critical
region. For a preliminary study the system has been simplified with the only MP section in
contact with the upper block. For the Monopile and Transition piece samples have been used a
8-node brick element (C3D8R) and for tlastener a (C3D10). These two elemspes have

been chosen for the following reasons:

- C3D8 R is an &ode linear brick with reduced integratitimat has beerchosen
Although it canintroducedistortions in the simulation, for the small mesh size this
problem can be reduced. The reduced integration has been used foicartsuming
purpose.

- C3D10 is a 1thode quadratic tetrahedron. For the mesh complexity of the block and
wedge geometry this mes$fpe has been chosen

As previouslyillustrated the C1 wedge hole geometry has two main hotspots in terms of
maximum stress, for this reason the mesh has been developed with a higher density in these
two areas, identified from the red squar&igure4-36.

Figure4-36: Critical region for MP sample: region 1 near the contact region between the fastener and the hole
and regior? in presence of the shape change
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As illustrated inFigure4-37, five different mesh have been developeable4-14reports the
element number, the minimum size anddiness resulted for the critical region. As seen in the
results for the mesh #2, #3, #4 and #5 the stress result is similgustitl2 MPa of difference.
Because a minor number of elements can be related to less computationtddimesh #2
has been chosen as final FEA moddl the main dimensions for all the other components
have been reported Trable4-15.
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Figure4-37: Mesh sensitivity analysis
Table4-14 Mesh sensitivity analysis results
Mesh Local MP Element size Maximum
number element critical region Mises Stress
number [mm] [MPa]
#1 24797 10x10x 10 740
#2 55294 3x2x5 817.2
#3 63292 3x3x5 816
#4 73612 1.37x3x%x5 828.4
#5 79804 1.37x2x5 828.4
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Component

Table4-15 Final Mesh size

Element type Element size Image

Lower Part (MP)

Upper Part (TP)

Fastener

C3D8R 3 X 2 X 5[mm]
C3D8R 10 [mm]
C3D10 5 [mm]
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FEA Results

Three main results from FEA simulations have been considered: stress distribution in both load
steps, the axial stresses and contact angle comparisons with the results obtained from the Hertz
model. The stress distribution has been studied for the twgefaseparately, each in preload

and load step. As illustrated igure4-38, the high stress region (red region) has aMises

stress value close to the yield strdgsconsidering different thicknesses (80 mm for MP and

40 mm for each web leg of the TP) in the FEA model.

S, Mises 5, Mises

{&vg: 75%) (Awvg: 75%)
+3.729e+02 +3.715e+02
+3.35%e+02 +3.357e+02
+2.9388e+02 +2.999e+02
+2.618e+02 +2.641e+02
+2.248e+02 +2.283e+02
+1.877e+02 +1.925e+02
+1.507e+02 +1.567e+02
+1.137e+02 +1.209e402
+7.6632+01 +8.510e+01
+3.959¢401 +4.931e401
+2.556e+00 +1.351e401
. S, Mises

5, Mises g

(fvg: 75%) (Awvg: 75%)
e +4.202e+02
+3.784e+02 F3.785e+02

LT +3.3682+02

+2-950 = +2.951e+02
+2.950e+ +2.534e+02
+2.533e+02 412 117e+02
+2.116e+02 +1.700e+02
+1.699e+02 +1,283e+02
+1.282e+02 +8.662e+01
+8.64%e+01 +4.492e+01
35

(d)

Figure4-38: FEA results in preload step for MR) and TP (c) and external load step for MP (b) and TP (d)



The FEA results have been compared with the Hertz model presented in 8eLfiocusing

on the axial stress distribution along the y and z axis and the contact angle. AsKgare

4-39, the results from FE analysis are lower than the mathematical model estimation. This can
be linked to the assumptions under which the Hertz model has been developed (frictionless and
elastic behaviour) and the interaction between the fastener compdragrdart absorb part of

the stress. Secondary, the contact angle between the liltdok fastener and the pin can be
considered. Utilising the values used for the FEA simulation for the smaller hole [Raglius

50.5 [mm] and the block raditRiock Of 50[mm], presented iMable4-11, it is possibleto
calculate the ratio between the radius of (A@8ording toFigure 4-24, this ratio should
correspond to aontact area@equal to 81.75However exporting the contact surface from

the FEA resultshe contact angle is 125ndicating an increase of 53% compared to the Hertz
model prediction.
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Figure4-39:Axial Stress FEAresults(black) compared to Hertz model (grey)

The stress distribution of the S33 component on the contact area between the upper block of
the fastener and the MP hole has been plotteeigare 4-40. As it is possibleo see the
distribution is not constant along all the surface but has picks near the external edge of the MP.
This behaviour has been already reported for dgaded lug with clearand81] and can be

reason for a shape optimization for eventual further layout.
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Figure4-40: 3D S33 distribution on upper block contact area

103



According to Equatiod-26, with a symmetric slope between the upper and lower wedge of
8°, the LF is equal to 5.28. As presented at [&8)a vertical load of 2.4 MN has been applied

to secure the fastener in the connection, according to this value it is possible to calculate the
horizontal load applied to the bolt through the LF coefficient, giving a final value of 430 [KN],
which agrees wih analytical studief34].

According to the FEA analysis, the hotspot section of the MP segment has been studied in
terms of maximum axial stress and of stress distribution. The highest stress has been localized,
in accordance tbBigure4-36, in the critical region 1, showing a maximum axial stress of 403.15
[MPa] which, comparing to the S460NEiQure 4-32) Yield stress (416 [MPa]) for a wall
thickness of 52 [mm], is lower. Meanwhitbe distribution along the-xand yaxis (in reference

to Figure4-41) have been plotted. Along thedjrection (sed-igure4-42(a))there ishigh stress

region near the hole edgéhichtentsto reduceas one moves farthéiom the holeIn Figure

4-42(b), the axial stress distribution along thexxis showghatthe stress is mostly constant

with a reductiorof around 20 [MPa] near the inner and outer surfaces of the sample.

This simulation has been developed without symmetry in tarécttion, as it wouldhave

beenin a real casscenarioto be able to further predict the stresacentration i real fatigue

test (presented in pad®5. However as it has been presented in the hole study of Section
4.3.], the stress distribution chargje function of the ratio between the ligaméand the hole
diameteD. The general trend, comparing a single hole with a series, would be, at the increase
of I/D, a general decrease of stress and maximum stress near thg8ples

Figure4-41: Hotspot section for Monopile component
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Figure4-42: S33 along the ¥direction(a) and Xdirection(b)

One bst consideration that can bedethrough the use of FEA software such Abaqus is the
calculation of the mass for the single components through the implementation of the single
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volume and material density which, according to the geometry discussed in this chapter, the
fastener presented (considering the bolt, the blocks and the wedges) has a mass of around 15
[kg]. Considering the entire MIPP connection the number of fasteneeguired increase
drastically with an increase in the diameter. For example, for C1 wedge conndfificats

of 2.0474], [84] on a7m tower diameter resutt around 110 fasteners for a total mass of 1650

kg. These considerations have been taken only on the preliminary FEA analysis and without
any optimisation of the C1 wedge connectishich can reduce the volume of the fastener,
which could potentially reducéhe mass.

4.8.Fatigue Tests

Once developethe FEA model andained confidence itihe consistency of the results, a large
scale sample has been manufactured in ordematysethe behaviour of the technology.

4.8.1.Description

The test was conducted on a single segment of the wedge connection circumference. Other full
scale tests have been preliminary performed but on smaller sajip]e$35]. It is worth

noting that the fullscale testing of the full circumference for the wedge connection technology
requires exceptionally high load carrying capacity machines in laboratory testing, hence a
single segment was considered in the design of expetsm&he geometry used is the same
discussed in the FEA model previously discussed. To allow the load application a grip region
has been createdrough addingf two pair of plates at the top and at the bottom of the sample,
each couple fixed using 30 M2yrade 10.8 preloaded bolts, ségure4-43.

The material used for the experimastthe same illustrated for the FEA models. For the
gripping sections a pair of plates S460M connected to the sample by 30 preloaded M20 grade
10.8 bolts have been used per each sample, as illustrafegline4-43. The bolt used in the
fastener is a M36 bolt.

(a) (b)

Figure4-43: Gripping region set ufor bottom sample MP (a) and upper sample TP (b)

The test has been dividedtarthree main steps: assembly of the flanges and the fastener,
application of the preload and the application of a cyclic load 02300 [kN].
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The assembly phase is composed by:

1 alignment of the upper and lower flange,

1 insert and assembly of the fastener and the application of the lubrification on
the internal contact surfaces,

1 Torquing of the M36 bolt, pulling the wedges together until the upper block is
in contact with théower flange.

The preload phase has been made with the upper and lower flanges at rest (without any external
load applied). A hydraulic tensioner has been used to torque the M36 bolt applying the 430
[KN] horizontal preload. The torquing has been done twice to avoidoasyof tensioning

before the start of the test. After this phase a vertical load of sinusoidal magnitude has been
applied with the characteristics reported able4-16.

Table4-16 Load application in load phase

Load Magnitude
Minimum 200 [kN]
Maximum 2.3 [MN]
Amplitude 2.0 [MN]
Frequency 1Hz

For accurate monitoring of the test specimen, strain gauges were attached the critical regions
of the geometry, presentedhiigure4-36, and local stain values were continuously monitored
throughout the test. Data from 12 uniaxial Strain Gauges were collected using a data acquisition
system, and positions of the sensors are illustratédyure4-45.
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Figure4-44 Datacollectionsystem from Strain Gauge
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The aim of these sensors is to capture eventual strain variation in the bottom sample to detect
fractures initiation. Three main sections have been selected: the top hotspot (section A), the
middle section (section B) and the low hotspot (section C)Juastrdted inFigure4-45. ltis

worth noting that inFigure4-45, only half of the strain gauges are shown, same number of
strain gauges were attached to the opposite face of the sample.

Figure4-45: Uniaxial Strain Gauges sensor position on-{gi&mple

4.8.2.Results

Results of the largscale fatigue test have been reported in terms of strain reading and fracture
detection. InFigure4-46,the Strain Gauges readmduring the test have been reported. The
readings have been taken starting from the preload plvaggh recorded a strain up to 2000
[estrain]. Subsequently the reading continued during the entire test. As illustragede
readings tend tshowhigh values of strainThis result carhave differentmeaning, ranging

from the detection of a crack initiatiaa a malfunction of the sensor itseowever for the
complexity of the sample will not bepossible to understand it until the end of the experiment.
Two peakregions can be individuated during the readings: the feakpround 9.5million
cycles for the sensor B4 (mid region) and a second around 1.25million cycles for the sensors
at the top region A2 and Ads wellas inthe mid region for B1 and B2.
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Figure4-46: Uniaxial StrainGaugesensotresults during the fatigue test

Strain Gauges results reportedeaerage value around 20@@trair], this value can be utilised
to calculate thaverage stress value and compare it with the FEA modelling, in according to
Equation4-2986].

"Y 0 0- 4-29
WhereE is the Youn@ module andJis the strairdetected from the Strain gaugesilising

the equation presented the averageimum stress is of 420 [MPa], whiagree with the FEA
modelling results presentedkigure4-38(b).

After 1.3million cycles anavith no displacemengreater thar8 [mm] doserved ornhetesting
machine the testwasconsidered as runout. Because any visible fracture was visible on the
sample and, as previously discussed, some strain gauge reported variation on the strain during
the test, a Dye Penetrant Inspection (DPI) has been developed to verify any cracknimtiati

the surface. DPI, also known as Liquid Penetrant Inspection (LPI), isdestructive testing
technique. The principle of this techogis the drawn of a liquid by capillarity into a defect

and, after the use of a developer substance the surface imperfection (e.g. cracks) can be visible
on humareyes[87].

The test has been developed through the following stepsremoved the fastener and
subsequently the sample from the machine:

- The surface has been cledof anytracesof lubricant or generalirt.

- Alayer of penetrant liquid has been applied onsiinéace.

- After a period of 20 minuteghe excess of penetrant has been removed and the layer of
development has beampplied.

- Visual inspection has been developed.

Figure4-47: Dye Penetrant Inspection (DPI or LPI) of $ample after Bmillion cycles under
2.1 MN amplitude loador main surface (a) and two lateral surfaces (b) andls}rate the
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results from the inspection. If any fractuneere present, through the DPI, theyould be
highlighted in red. However, as visible fradagure 4-47: Dye Penetrant Inspection (DPI or

LPI1) of thesample after Bmillion cycles under 2.1 MN amplitude lo&or main surface (a)

and two lateral surfaces (b) and, (@ red region was detected apart from the points where the
strain gauges were attached meaning that the strain reading from the Strain Gauges were mostly
erroneousor indicative ofa malfunctioning of the sensor itsedfsfor sensor B4).

(a) (b)

Figure4-47: Dye Penetrant Inspection (DPI or LPI) of temple after Bmillion cycles under 2.1 MN
amplitude loador main surface (a) and two lateral surfaces (b) and (c)

4.9. Comparison of Results with Standards

According to Sectiot.7.1 the lower flange (MP segment) is the msssceptible tdiigh
stress valueyhich could potentially lead to fatigu&ilure. Therefore, thdirst step to design
the fatigue test is tdeterminethe closest detail class to the wedge connection geometry.

According toSection3.5for bolts the most accuratgandard curve is the DNVGRP-C203.
The critical section of the MBegment can be simplified as an extruded plate with sharp.edges
For this reason, according to the standard, the B1 curve is the most accurate to predict the
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fatigue behaviouof this segmentThe basic curve follows the logarithmic equation described
below.

- . e o 0

Lioc Tiagad i g, s— 4-30
whereaglis thestress range\is thepredicted number of cycles to failure &, mslope of S
N curve,t thickness of the sample atg the reference thickness (25mrk)is the thickness

component, antbg is the intercept of the desigaMNscurve with the log Naxis which can be
calculated as:

I TeC 1 1¢C i 4-31
Detail class for B1 curve, in accordance with DNVRP-C203, are resumed ifable4-17.
As it is possibleo see the thickness componéig 0, meaning that the B1 curve is not affected
by the thickness correction. The B1 curve has been plotteidume4-48.

Table4-17 SN curve details for B1 category in air, in accordance with DNW-C203

Cateqor NQL0’ cycles N>10"cycles | Fatiguelimit | Thickness
gory m log ® m Logw | at10 cycles | componenk
B1 ‘ 4.0 15.117 ‘ 5.0 17.146 ‘ 106.97 ‘ 0
<
&
4 v Nv(cycles) l o

Figure4-48: B1 curve in air (DNVGLERP-C203)

Through Equatiord-30, it is possibleto predict the number of cycles to failure utilising the
stress obtained in the FEA resyPagel02). The maximus stress value reached in the critical
section is around 400 [MPa], from this value it is possible to predict the number of cycles to
failure for a value of 51thousand cyclétowever as presented in Secti@n8 no crack has

been found over a number of cycles of 1.25millidhis resultdemonstrategjood fatigue
resistance from the C1 wedge wall layout. However, as mentioned at the beginning of this
section, only one largscale specimen has been testedaning that the value provid&tks
statisticalsignificancein design terra
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4.10.Summary

As this chapter presented, in accordance with redalised fromanalytical study and from
FEA analysis and larggecale fatigue test, the following results can be highlighted.

From the analytical analysis (secti®:8- .6), the following results can be considered:

1 As is wellknown the presencef imperfectionsalong a wall can highly affeats
integrity. However, considering a series of holes along a wall can reduce this risk if a
correlation between the ligamdrietween the two holes and the diameter of the holes
D are taken underonsideration.

1 Different hole shapes have been consideredthadeffect of holeshape hadveen
studied. Results show how a hole shape with double radius can be an optimal solution
(compared to a stadium shapa) terms of stress distribution aride location of
maximumstress.

1 Fastener design has been stugiedile loadand displacement efficiency (LF and DF
respectively) have been analysed and discussed. A friction correlation between LF has
been discusseas well.

Studies of the technology througie use ofinite Element Analysis (sectigh?7) and Large
Scale fatigue test (Sectidn8) have beenlevelopedand a resume of results are:

1 From FEA analysis it is possibie see how the maximum stress value is present in one
of the critical sections for the MP segmeHRbwever this value isslightly lower
compared to thgield stress value of the material. Stress distribution along different
sectiors or surfaces have been presented and discussed

1 Set up for dargescalefatigue test has been presented and results have been compared
with SN curve from DNVGLRP-C203 (category B1). According to this codee
number of cycles to failure of the critical region should be around 51thousand cycles.
However, he test on the sample have been considered asutuafter 1.25 million
cyclesand througthe use of a DPI tesib crackinitiation has been detected.

In conclusion, the MHAP connection design presented in this chaptept@agento be a valid
and promising solutiofor thethreaded connection.
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Chapter 5 Slip Joint Connection

5.1.Chapter Content

This chapter is focused @tudying thebehaviour of the Slip Joint connection designed in Van
Oord under vertical load, studying the variation of Stresslationto differentvariables.

Section5.3, presents analytical studiesncerninggeometrical and load effect evaluation. The
first part has been used as starting point to create the FEA models by calculating and
determining the different variablesvolved in the design of the Slip Joint technologVhe

second part willllustrate stressalculations for the connection.

In Section5.4, a Final Element Analysis (FEA) has been developed in Abagusédstigate
the variation of the Maximum stress and stress distribution along thealWdP TRflanges in
function of different variables. Aim of this section sexplore howthe different variables
affect the outcome.

In Section5.5, two cases have been studied to analyse the variation of stress. In Sé&cfion

the case ofimperfect conicity from the flanges has been studied. This analysis aims to
understand how the structueactgo incompleteinteraction between surfaces. And finally, in
Section5.5.2 a study of bending has been developed for the connection -afdgtiy analysing

the stress variation along the entire circumference on the Transition Piece and the Monopile.
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5.2.Introduction to Technology

The Slip Joint connection can be easily visualisi@aply astwo cups upside down dop of

each otheras illustrated ifFigure5-1. In the slipjoint the tensile and compressive forces in

the skin of the tubular tower am@ansferredhrough friction forces and for a small part through
contact forces between the two parts. The frictional forces between the two conical surfaces in
contact resultfrom the weight of the structure and the load variaicoming from the

operational wind turbine.

Figure5-1: "Two cups"” slip joint connection layd88]

The first offshore wind turbine designed with Slip Joint connection was in the Netherlands by
WindMaster However after the bankruptcy of the company and the subsequent acquisition of
the company from the Lagerwey B.V. in 1998 the technology has nowbéely implemented

in industry[89]. Recently the Slip Joint connection has been redesigned by Van Oord in the
Netherland and in 2020 the first fidize submerged installation was carried out at the Borssele
Site V offshore wind farfi®0].

As reported in DOWEC report of 20@®], the Slip Joint installation, designed by
WindMaster, was designed to be installed in three steps: the lower tower is connected to the
foundation (Monopile) by bolted connection, then the bottom part of the upper tower slips on
the lower part (Slip Jointonnection), and finally the nacelle with the blades is installed. In
terms oftime, it was reported that for the same amount of time to install one bolte@RVIP
connection, WindMaster was able to install four Slip Joint towers.

Van Oord presented a new Slip Joint connection design, simplifying the structure using two
conical flanges, with slope of around 1 to 2 [deg], respectively welded to the upper part of the
monopile and on the bottom of the Transition Pi&¢ieh this design it is possible to install the

TP, and eventually the entire tower, directly on the Monopile, as illustratéidumne 5-2 for
Borssele Site 191]. According to reports, the overall tinfer installation of the transition
piece from the deck to the installation field was around 30 minutes.
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Figure5-2 Borsselle V Transition Piece installat[@i]

In Figure5-3 the settlement of the TP in during the first year of installation, considering before
and after the installation of the wind turbine generator (WTG), has been pref@jiethe

blue line represents the measured settlement from the sensors, whereas the dashed line is
indicative for the absence of energy to the sensorsantbeobserved thaafter the WTG
installation, the measured settlement decreases to reach an almost horizontal asymptote around
25% of the maximum settlement. According to Van Oord, the total settlement in 25 years,
which is the WTG lifetimeis expectedo arriveup to 45%, as illustrated from the red dashed

line.

Settlement over time

24-04-20 29-05-20 03-07-20 07-08-20 11-09-20 16-10-20 20-11-20 25-12-20 29-01-21 05-03-21 09-04-21 14-05-21
-40%
TP Installation WTG Installation
20% k— Start of continuous monitoring
Settlement after WTG installation:
L T U S S SRR S — PR S N R R RS PR -
\\\\
~
~
50 S~ Measured settlement
0% \-_\-—\\_\_

Calculated max settlement over total lifetime

Settlement
=]

60%

80%

Max allowable settlement

100%

120%

Figure5-3 Settlement over time from first Slip Joint connection in Borss¢g®V
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5.2.1.Design andAssemblyChallenges

While the design of this technologyaybe considered simple compared to other technologies,
the process of design and assembly sdedface different challenges fahe successful
application of the Slip Joint Connect{@B], [89], [90] vertical alignment of the monopile,
corrosion and geometry imperfectson

Intheit radi tional 6 installati on, t bpportunitydon s i t i o
correct the vertical alignment of the tower. It ssentialto considerthat even for aninor
misalignmenfrom the vertical direction couldesultin asignificant offsef severalmeters.

The slipjoint has no extra corrosion protection other than the layer of paint covering the
entire outside and inside of the tower. According to the maintenancercthefDOWEC

report, regulamspections have shown that no significant corrosion has occurred in 7 years.
For the offshore installatientwo main optios to reduce corrosion care found in

positioning the sligoint connection above or under the sea level. While the first solution
makes the inspection easigrexposeshe connectiono the highest corrosive atmosphere
(splash zone). Meanwhijleonsidering a subea level layout caprovide,as suggested in
literature by the use of@thodic protection, a better corrosion resistance at the cost of a
more difficult inspectiorcaused by thaecessity to reach the area.

As explained and discussed by Van Oord, a small manufacturing tolerance can have a
significant impact on the design of the connection. For this reason, it is impgontiaaterstand

the range of tolerance at the beginning and then evaluate the possible worst cases, while the
main imperfection can be identified in the inclination of the two conical sections. Defining as
angeU for the inclination of the Monopile fl a
conditions can be reached, as illustrateBigure5-4. The first condition
one, it allows the TRflange to slip on the Milange slowly deforming itself and increasing

the connection. Indeed, the second and third case could provide some problems in terms of
stress distribution, going to reduce the connection propriety. Thiseigothe lower slip on

the MRflange @lespite having highest r ess di stri bution) for the

contact and slip area for the case where U<b
hlj' ho h{:j
(@) (b) (€)
Figure5-4:S1 i p joint initial contact in funct((@pnvertedf sl ope
coffee (umd( U=mG)ial coftact at the top (U
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Another design problem connected to the slope angle of the flanges can be faced during the
installation of the Monopile, where the foundation tower gets hammered into the soil. If the
cone angle is too steep, the flange could absorb all the forces frdrantmeering actiorthus

denying the penetrating force required. For this reason, small angles are pi@ferrizadger

values.

5.2.2.Interaction with New Technologies

The simplicity of the Slip Joint connectidras prompted exploratianto newtechnologies
aimed at reducinfpundation cosgtand increagg the lifespan of the entire structure. One of
the new considerations that some companies are taking is mowagds TRless desigs
whichinvolvesa displacement of the Transition Pieg¢h a smaller component thegrves as

the platform fortechnicians withouany structural implementation. Sjfoup is the company

that is developing the design of Skybox, al&@&sdesign that utilisethe slip joint connection

to install the main platform over the top flange of the Monopile, as illustrateédumne5-5[92].
Another similar design comes from COWI, which inistalifferent ladders directly on the
Monopile and the platform on top of that, &mg to remove the Transition Piece from the
structur¢93]. Over the new design technology that aims to avoid the use of the Transition
Piece, possible improvement to the design of a Slip Joint connection have been presented by
Delft Offshore Turbine (DOTY4]. Thar patent poposesadding acoaing between the
external MPflange surface and the internal-8Brface, to increase friction coefficient and/or
reducecorrosion

Figure5-5: Skybox Lite of Sif Offshore Foundatioj$2]

5.2.3.Literature Gap

In the open literature, different authors presented investigations results on the dynamic analysis
of the systenf88], [95], [96], [97] and studies about speed drop have been pref2Bjed
However, few publications have been presented for slip joint connection in terms of stress
distribution in function of the Slip Joint connection de§@), especially in offshore field.

In this section different consideration about some of the main pgvametersf the geometry
have been presented, whigitlude overlap length,angle difference between TP and MP,
contact area reduction affidction coefficient.
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5.3. Analytical Studies

5.3.1.Geometrical Evaluation

The geometrical evaluation presented in this section has been used to create the FEA models
presented in the next ones. Slip Joint connection, as previously presented, can be simplified as
two reversed cup®ne ontop ofthe otheras presented iRigure5-6.

D‘rpi

Figure5-6: Slip Joint geometrical layout simplification.

The main dimensions have been defined below. The general flange length has been considered
as Loverlap Where the value is usually variable of the diameter of the Monopilgplied by a

factor X (usually 1.5). The flange length must be the same for both componentg,amci¢h
represerd the total length that the upper flange must move to completely cover on the MP
flange. The following geometries dimensions have been defined for the Monopile:

1 Dwp external MP bottom diameter
1 Di1 external MP upper diameter
T U slope of the monopile flange

And for the Transition Piece

M1 Drp internal TP bottom diameter
1 D2 internal TP upper diameter
T b slope of Transition Piece flange

Defining the Monopile Diameter and the slope of both flanges possibleto calculate the
external upper diameter of the Monopile. Definings the horizontal length of the flange, it

can be calculated as the radial difference of the lower and the upper flange diameter, as
illustrated in Eq5-1, as well as the catheter of the triangle with aklyses illustrated in E§-2).

O Op 51

52

ogl
According to this, it is possible talculate the upper diameter of the Monopile flangea3
represented in E&-3.
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0 © Qi) OE1l 53
Similar to D, the lower internal diameter for the Transition Piece flabgegan be calculated
starting from the MRliameter, as presented in Beg4, 5-5 and5-6.

. O O 5-4
(L) —
C()\)
OBl — 55
U
O O ¢ OEI 56

From the value oD>, the upper diameter value of the Transition piece can be calculated,
defining x as the horizontal radial length for the-Ti&nge, as described by E8:.7, 5-8 and
5-9.

. 0 © 5-7
w —_—
‘o
OEIl 5-8
0 Oc ¢b OET 59

From this point, the considerat®maken are only for the condition whet#> bfor the
simulations wheré&) < f is not possibldo calculate the slip value and the contact point will
be appliednstead

To calculate the slip lengtBiip, the model presented kigure5-7 is used. Starting from the
consideration that the length of the two flanges is the shsgq), the value of slip has been
considered as a portion of the entire length.

Figure5-7: geometricatonsideration to calculate Sslip

To calculate this length, it is necessary to calculate at first the portion of flange where the slip

is not occurringX )aas illustrated in Ecp-10.
w 0 0 510
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From this consideration it is possilitecalculatelsiip, consideringc the horizontal projection
of x fength, the steps illustrated in Bel1,5-12,5-13 and5-14 can be taken.

@ 0 OEIl >11
. &) 5-12
“ BEI
e © OE1 513
OE1
. 5 OF1 514
OE1

To design the different models developed in the next chapters, the wall thickness has been
considered as well. For a generic flange with an inclination of generic atigfer MP orb

for TP) and thickness, it is possibleto calculate the radial differencebetween the internal

(dint) and externaldex) diameters.

Q Q 515
C

&)

N )
0
From the definition of E¢p-15and5-16it is easily possible to calculate Eg17.

Q  Q  codEri 517

A summary of the main equations has been report&dlie5-1, where the main variables of

the geometry have been highlighté@: h AT 1A with one more which is th¥-value we
consider for théoveriap These variables will be considered in the FEA analysis to see how the
stress is affected by them.

Table5-1 Resume of parameter used to define the slip joint geometry

Parameter Formula Variables Eq.

D1 (@) cO OEIl h 5-3

D> 0O ¢b OEIl h 5-6

Dre O ¢b OE1l j 5-9
Loverlap @O By

Lsiip 5 0 % : h g 5-14
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5.3.2.Load Evaluation

The DOWEC reporft39] illustrated the calculation process applied in the WindMaster design
The geometrical values that have been considered are thardPTRcone anglgU:=h), the
average diameter of the slip joidt wall thicknesg and the height of contact length of the
flangesh. The design loads thhave been considered in the report are the gravity gahd

the momentunMs from the turbine.

The resultant force) that is applied on the flangescalculated as illustrated in Eg18.

0 518
0 WE |
If the load is considered all around the section%H8d®), it is possiblao calculate the tangential
stressl: as a Hoop Stress, as calculated in%=20.

O O 5-19
“0 QM WE |

0

5 2 0 5-20
B 0O (W O0WE |
As it is possiblgo see from Ed-20, the friction component has not been considered because
the calculation presented can be used to maximise the load transmission, while adding the
component of friction the stress should decrease, as reportedbidBgh er e ¢ stheepr es e
friction coefficient.

0 521

" ¢ owe |
Eq.5-21has been plotted Rigure5-8, to compare the effect of the gravity load and the friction
coefficient on the structure. The values used are for a length contact of 9 [m], a thickness t of
60 [mm] and a slope of 1.05 [deq], the gravity load and the stress have been considered as
percemage increase. The results show how the tangential stress is affected from the friction
coefficient compagdto the increase of the mass applied. This result, even if purely analytical,
shows an important characterization of the St technology that will be takentin
consideration in this chapter.

For the bending stress, the original calculation method, presented in DOWEC reportsassume
a linearly increasing distribution of the contact surfaces of the Slip Joint Connection. The final
calculation is resumed in Eg22.

ol 522
” ,IQ(\)
In conclusion, the total design stress is presented BZ3).

o ou 5-23
T oweE | Qo
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Figure5-8: Stress incrementation in function of gravity load and friction coefficient

5.4.FEA Model

Several series of simulations have beenductedo analyse the variation of stresscording
to different combinations of variables. The combination presented in the next sections are:

f Uangle and the overlap length variation, fixing the monopile diameter,

' Monopile diameter and the overlap length variation, fixing the atdgesib,

f Uangle and the monopile diameter variation, fixing the faxtimr the overlap length,
1 bangle and the monopile diameter variation, fixing the faXttmr the overlap length.

A mass sensitivity analysiwas preliminary developed to analyse the stress increase and to
decide thamass value to apply in all the simulations. Subsequeatigass of 50€0.5 [Ton]

was chosen as a uniform loddhe valuewas appliedby modifying the height of the tower of

the Transition Piece.

To analyse the maximum stress distribution variation in function of the only geometrical
components the friction coefficient used has been considered negligible (0.03). A stress
variation in function of the friction coefficient has been subsequently gessennsidering

two different surfaces layout: rustedsted steel (0.50.75) and coatedoated (0.14
0.42)99].

For a clearer interpretation of the data the following identification code has been utilised to
define the different combinations:
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SJi variableli variable2
whereSJindicates the technology and the variable 1 and variable 2 are identified as:

1 XXX-alfa (or beta), where the compon&XX represents the angle variable multiplied
by 100,

1 xAA-overlap where AA is the overlap multiplier multiplied by 10,

1 DY, where Y is the MP diameter in meter.

Results of the simulation are focused on the stress subjected form the flanges in contact,
specificallystudying themaximum Mises Stress and the Mises Stress along the flange.

5.4.1.Geometry andM aterial Proprieties

Materials considered for this simulation i855 (StressStrain curve inFigure 5-9[100]) for

the Monopile and Transition Piece components, the elastic proprieties of the material are
resumed inrable4-13.

Table5-2 Elastic proprieties for &5

Input data S355
El astic YoU®Pg]b s 204
Poi ssonds ratic 0.3
Density (Ton/mr) 7.810°
c ndn
p ndn
6B nondn
o]
(g o ndn
w3
" H ndn
M ndn
na
naannm v nyphmmom mysyd H Ml o H/BA N queh T ¢ (
{ G N& XKy YU

Figure5-9: S460N Stres$train curves in function of sample thickness

A mesh sensitivity analysis has been developed to define the optimal mesh size (in terms of
stressresults and computing time) on a general simulation with 6 [mjdiameter,U / df
1.05°/1.00° anX=1.5. As illustrated inFigure4-37, five different mesh have been developed
with an element mesh type C3D&mathas been used for the MP and TP components
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Table4-14reports the element number, the minimum size angitbgs resulted along the MP
flange. Asseen forthe mesh #3 and #4 and,#be stress result is similar with just 8 MPa of
difference.Since aminor number of elements can be related to less computational time the
mesh #3 has been chosen as final FEA model, all the main dimensions for all the other
components have been reported @ble5-3.
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Figure5-10: Mesh sensitivity analysis

Table5-3: Mesh sensitivity analysis results

Element size Maximum

Mesh Local MP element ) .
flange region vonMises Stress
number number

[mm] [MPa]
#1 3690 400x200 198.7
#2 5994 250x200 195.6
#3 21505 200x100 211
#4 26600 150x150 202.7
#5 33669 200x200 202.8

5.4.2.FEA Simulations

StressVariation in Function of Alfa and a4 overiap asVariable

In this section the interaction between the variation of the monopile flange slopts \tigth

is analysed The simulations developed in this section use the codeXSJalfaxAA, in
accordance with the general code previously defined. The simulations were developed using a
6[m] Monopile Diameter and the flange length was calculated with different valu¥s of
constant (1.0, 1.2, 1.5, 1.7 and 2d@)nsidering that 1.5 is usually the factor used in industry.

A uniform mass of 500 [Tons] has been used and defined changing-tw@uii height.

In Figure5-11 the variation of the Maximum Mises Stress on Monopile and Transition Piece
is plotted. As it is possible to see for alfa values higher than 1.20 [deg] the stress reaches a
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plateau which is equivalent to the Yield Stress value (380 [MPa]), however the value never
reaches the UTS of the material (500 [MPHpPnethelesgp thoroughlyexamine thevariation

of stress on the flangeelying solely orthe maximum stress imsufficient. Forthis reasonin
Figure5-12 andFigure5-13 same results have been plotted fixing one of the variables.
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Figure5-11: Maximum Mises Stress variation in functionfdange length multiplier (X) andlfa angle for
Monopile flange(a) and Transition Piece flandb)

In Figure5-12the simulation resultsonsider onlythevariation of the multiplier coefficient X
Theseresults represent the simulation in the aaberethe slope angle of the Monopile is 1.05
[deg]. As it is possibléo see the increase of the flange length do not change the maximum
stress locatiorHowever for longer flangs, the stress distribution is located for smaller region.
These results can be affectadthe contactregion,where a higher value &f corresponds to a
largequantityof contact area, as resumedTliable5-4. These results show how the aweof

X does not highly affect the structusventhough forthe good function of the connection it is
betterto have a slip length availablX@L.5). This consideratioholds truefrom a designés
standpointHowever, increasing Yroducesanincrease of cost of material used for a longer
flange.
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Figure5-12: Comparison between Stredistributiors for a 6[m] monopile diameteconsidering fixed thslope
of MP-flangeand considering flange length factor (X), for the Monofalpand TransitiorPiece flanggb)
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Table5-4 Flange length comparison for differentwélues for a 6 [m] monopile diameter

AT 1T OAMAEOE

X % covered OT OAT «
1.00 100 6.00/6.00
1.20 92 6.60/7.20
1.50 75 6.75/9.00
1.70 70 7.14/10.20
2.00 65 7.80/12.00

In Figure5-13, the results of the Stress distribution along the flange have been plotted. The
results have been considered by fixing the value of the slope length (X=1). As it is piossible
see, where considering only the maximum stress the resukslfees ofU higher than 1.2

[deg] reach the Yield stress, if the entire flange is considered the pick location change such as
the total contact area of the flanifeeanwhile for values olUlower than 1.2 [deg] it is possible

to see a lowewalue of maximum stress bathigher distribution along the flange of the
connection.This trend is attributed to the fact thite increag of the MRflange slope,
maintainingconstant th& P-flange slopechangs the angle ofncidenceof the upper flange

on the bottom oneThis effectconcentratethe load in a small region, leading to the observed
outcomes.
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Figure5-13: Comparison between Stress distribution, considering fixed the flange length factor (X) and
considering the alfa value variable, for the Monopile (a) and Trandtiece flange (b)

StressVariation in Function of Dmp and & overlap asVariable

In this section the interaction between the variation of the monopile flange slope with-the MP
diameter has been developed. The simulations presented use the-gdde &&rlapDY, in
accordance with the general code previously defined. The simulations were developed using a
slope combinatiot)/ b o f 1. 0 5 MdanopileODianetee lga$ beentconsidered in a
range from 6 to 10 [m] and the flange length has been calculated with different X constant (1.0,
1.2, 1.5, 1.7 and 2.0). A uniform mass of 500 [Tons] has been used and defined changing the
TP-column section.

In Figure5-14 the variation of the Maximum Mises Stress on Monopile and Transition Piece
flanges have been plotted. As it is posstblsee the Maximum stress value is not so affected
from the flange length and from the monopile diameter, with a small variation arout#si0200
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[MPa], for this reason iRigure5-15andFigure5-16thestress variation has been plotted fixing
one of the two variables.
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Figure5-14: Maximum Mises Stress variation in function of Flange length multiplier (X)MRetiameterfor
Monopile flange(a) and Transition Piece flangb)

In Figure5-15, the Mises Stress distribution along the-MRd TRflange have been plotted in
function of the variation of the Monopile diamet&wg). As shown in the figure, the stress
distribution is not heavily affected by the variation of the diameter considered, and the main
variation is in terms of amplitude, where for higher dimensions a lower stress is reported.
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Figure5-15: Mises stress distribution along flanges for differgiir-diameterandwith X constant X=1.00) for
Monopile (a) and Transition Piece contact surfadies

In Figure5-16the Mises Stress distribution along the NMiAd TRflange have been plotted in
function of the variation of the value of X. It is possitisee that, even if the Maximum stress

is not affected from the flange length, the stisgibution changesignificantly in accordance

with the value of X. This result indicat¢hat is necessary to consider a safety value of X,
confirming the use of 1.5 as considered in industry, where the distribution is not along the
entire structure and at the same time less material (compared to X=2) is ussuleB5 the
different value of flange length covered has been resumed.
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Figure5-16: Mises stress distribution along flanges for differ8ntalueand Monopile Diameter constant (6 m)
for Monopile(a) andTransition Piece contact surfaqés

Table5-5 Flange length comparison for differdangth factorfor Dup = 6 [m]
AT T OMAG@OE

X % covered OT DAI «
1.00 100 6.00/6.00
1.20 92 6.48/7.20
1.50 74 6.66/9.00
1.70 66 6.73/10.20
2.00 56 6.72 12.00

StressVariation in Function of Flange Slopeand Dwvp asVariable

In this section the interaction between the variation of the flange slope for the Monopile
(Section0) and Transition Piece (SectiOhand the Diameter size have been developed. The
simulations have been defined in function of the parameters used with the ed¥X Slfa

(or beta)DY, in accordance with the general code previously defined.

StressVariation in Function of Alfa and Dve asVariable ( U > b))

The simulations were developed using a X value of 1.5 and fixing the Transition Piece flange
slope p) to 1.00 [deg], the MP diameter values have been considered in a range from 6 to 10
[m] and the MP flange slope value between 1.0 and 2.0 [deg]. A uniform mass of 500 [Tons]
has been used and defined changing thedlédmn section.

In Figure5-17, the maximum Mises Stress has been reported for the developed simulations.
As seen in this figure, the results show that for higher alfa values there is an increase in the
Maximum stress, whichis o r a -difcfud a ti in-tlemde ort theeMRIanBe. Further
consideratioa can be given observing how the Maximum stress incseststhe increasef
differencebetween the inclination of the flanger smaller differences= 1.00-1.20 [deg])

the stress increases rapidly up to reach the Yield sfaedsigher differences of inclination.

This effect can be caus-BadgebntheMHldngeut t i ng ef f e
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Figure5-17: Maximum vonMises Stress variation in function of Alfa angle and Monopile Diameter for
Monopile flange (a) and Transition Piece (b) flange

From the Maximum stress analysis, a secondary study focused on the Stress distribution along
the flanges was conducted. Firstly,Rigure 5-18, the Stress distribution along the flanges
considering the variation of the Mifange inclination has been plotted. As it is possiblece

the distribution changadrastically in accordance with the slope considered. Starting from the
equality betweenthd and b angle (1.00 deg), where the
and almost constant. At the increase of the differgheeStress distribution tends to get more
concentrated in a smaller region, where for theflRge the stress gets focused in the centre

of the flange, for the THange the Stress gets focused at the lower part.
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Figure5-18: vonMises stress distribution along flanges for differéisiopeand Monopile Diameter constant
(6m) for Monopile(a) and Transition Piece contact surfades

Secondly, the Stress distribution along the flanges for different Monopile diameter has been
plotted inFigure5-19. As evident from the figuretheprimary observation from the graph is
that asMP diameteiincreasesthe Maximum stress decreasehile the relative contact area
increase. The Stress variation results can be considered affected from the increase of diameter
and the increase of a relative contact are¢hefirst scenarigan increase in the contact area,
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given an equal applied magsads ta reduction of streswhile in the second casthe increase
in real contact are results in a decrease in average sifEable5-6).
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Figure5-19: vonMises stress distribution along flanges for diffefeianopile diameter antslope constant
(1.05deg¥or Monopile (a) and Transition Piece contact surfadies

Table5-6 Flange length comparison for differévibnopile diametefor U=1.05 [deg]
AT T OMAG@OE

Dmp % covered OT DAI «
6.00 77 6.93/9.00

7.00 78 8.19/10.50

8.00 84 10.08 /12.00

9.00 88 11.88/13.50
10.00 89 13.35/15.00

StressVariation in Function of Beta and Dup asVariable ( b > U)

The simulations have been developed usingvalue of 1.5 and fixing the Monopile flange
slope () to 1.00 [deg], the MP diameter values have been considered in a range from 6 to 10
[m] and the TP flange slope value of 1.00, 1.05 and 1.10 [deg]. A uniform mass of 500 [Tons]
has been used and defined changing thedlémn section.

In Figure5-20, the maximum vonMises Stress has been reported for the developed simulations.
As seen in this figure, the results show that, similarly to results presented in Sefctidu
variations, for higher values df there is an increase the Maximum stressaused by a
reduction of initial contact area frothe MRflange on the TRlange. Further consideration

can be given, similarly to thevariation, observing how the Maximum stréssreass at the
increase of the difference between the inclination of the flaiogesmaller differencesb(=
1.00-1.05 [deq]) the stress increases rapidly up to reach the Yield, étrelsgher differences

of inclination.
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Figure5-20: Maximum Mises Stress variation in functionBdtaangle and Monopile Diameter for Monopile
flange(a) and Transition Piece flandb)

In Figure 5-21 the Stress distribution along the MBnd TRflanges have been plotted
comparing differenb-slope, the values d (1.00 deg) and of the Monopile diameter (6m)
have been fixed. As it is possililesee an increase of the slope from theflaRge is directly
connected to an increase of stress along the flangkeads tato a decrease of contact area.
However, an increase of difference between alfa and beta pwithUeads to a stress
concentrated around the Transition Piece upper diameter, causing a deformation of the tower
itself, as illustrated ifrigure5-22.
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Figure5-21: Mises stress distribution along flanges for diffefersiope and Monopile Diameter constant (6 m)
for Monopile and(a) Transition Piece contact surfad&s
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TRtower
deformed from

the MP-flange \

TPtower

MP

Figure5-22: Stress distribution for SJ connection witt> U , highlighting the flange p
of the cylindrical parts for MP and TP

In Figure5-23, the Stress distribution along the flanges for different Monopile diameter has
been plotted. As itsievidentcomparing the variation in function of tdemeter, théncrease

of MP sizecreates alecrease of the Maximum stress and the relative contact area. Similarly,
to the results presented in sectibfor U>b, the percentage of contact for the flange length has
been reported ifiable5-7. It is possiblgo observe thafor b > tie contact surfaces are almost
halved, even if the stress has similar magnitude. This evaluation shows that even if the
composition of the slope angles can be evaluated foylthe safest condition should be>.b
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Figure5-23: Mises stress distribution along flanges for different Monopile Diansetdtlb-slope constant
(1.00/1.10 degfor Monopile(a) and Transition Piece contact surfadies
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Table5-7 Flange length comparison for different Monopile diametebfef.10 [deg]
Al T ORAE@OE

Dvep % covered OT DA «
6.00 37 3.33/9.00

7.00 41 4.30/10.50

8.00 42 5.04/12.00

9.00 48 6.26/13.50
10.00 52 7.8/ 15.00

5.4.3.FEA study of Mass and Friction Factor

Mass Sensitivity Analysis

A mass sensitivity analysis has been developed to analyse how the maximum Mises Stress is
affected from the increase of mass on the flanges. The dimension employed in the considered
simulations have been summarised @ble5-8. The mass has been applied by modifying the
tower length, and the increase has been calculated as percentage inereasestdrting from

the mass calculated for 15 [m], details have been reporieabie5-9.

The results have been analysed by taking into consideration the maximum stress value and the
stress distribution on the Monopile and the Transition Piece flandgéguine5-24, the values

of maximumvonMises stress detected on the M#&hd TRflange have been plotted. As
expected, the stress value on both flanges increases at the increase of the Mass. The stress value
appearso exhibita linear increase up teach asalue close to the Yield Stress of the material

where it starts to follow a more horizontal treftiese results follow thgath described by the

increase of stress caused by the mass ingrdaseribed inFigure 5-8, following a linear

increase.

Table5-8 Resume of main values used for Mass Sensitivity Analysis

Dimension
Dwp 6 [m]
U/ b 1.05/1.00 [deg]
X 1.5

Table5-9 Mass variation in function of TP tower heigh

Height [m] Mass [Tons] Percentage increase

15 232 +0%
29 350 +50%
42 462 +100%
56 580 +150%
70 696 +200%
83.5 812 +250%
112 1044 +350%
152 1392 +500%
289 2552 +1000%
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The Stress distributiocorresponding to theppliedmass havéeen plotted ifrigure5-25. As

it is possibleo observethe stress valugecreasesip to reach the elastfastic regionwhere

it starts to propagate along the flange at the increase of the mass, meanwhile with the increase
of applied Mass an increase of contact atearesponds accordinglyin Figure 5-26the
graphical results from the Final Element Analysis have been reported for the 230 [Tons] and
2550 [Tons] cases. In these results the blue section represents the region where the stress is
lower and there is no contaethile the red regions represent where the stress is higher and
there isplasticity. Thecolours from green to orange represent the gradual increase of the stress
with the profile already presentedHingure5-25.
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Figure5-24 Mass sensitivity results: Maximum Mises Stress
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Figure5-25: Mass sensitivity resultStress distribution along flange for Monopile (a) and Transition piece (b)
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Figure5-26. Resultson MP and TP flanges for a) 230 [Tons] and b) 2550 [Tons]

StressVariation in Function of Friction Coefficient

A friction coefficient analysis has been developed using as friction factors the values presented
in literature for slip contact between coated steel surfaces-Q0423 and rusted steel contact
(0.57-0.75) [99]. These simulations have been developed to see how the stress distribution
changes in function of the surface conditions. To compare the results with the previous
simulations the model SlD5alfaD6 has been used. The maximum stress and Stress
distribution along the axial direction have been plotte#igure5-27 andFigure5-28.

As illustrated inFigure5-27, the maximum stress has been plotted. As illustrated, it is possible
to see that an increase of dynamic coefficient of friction a decrease of stress is registered.
Comparing the results for 0.0@th the others it is possibleto registera drop ofmaximum

stress around 48 up to 72% for the coatedted steel interaction and up to&8% for the

rusted interactionSimilar results have been discus$agure5-8, wherein accordancevith
Equation5-23, at the increase of friction coefficient a decrease of sts&spected
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Figure5-27 Maximum Mises Stress variation in function of friction coefficient for a 6 [m] M&ile diameter,

U=1.05 [deg], b=1.00 [deg], X=1.5

Subsequentlythestress distribution along the flange for the different friction factors have been
plotted inFigure5-28, dividing the results for monopile (a) and Transitiiece (b) flanges.

The results have been plotted showing on vertical axis the Mises Stress and on horizontal axis
the flange length starting from the bottom of both surfa8esilar results of those reported in
Figure5-27 can be taken. The increasefotion factor gives as result a drop of the maximum
stressbut simultaneously a reduction of the contact area.
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Figure5-28: Mises stress distribution along flanges for different friction coefficient along the axial direction (Y
direction) for Monopile(a) and Transition Piece contact surfaces (b)

135



5.5.Further FEA Analyses

In this section more advanced simulations have been developed to fit more realistic cases. In
the first subsection, the study of stress distribution and maximum stress in function of the
presence o&d manufacturingmperfectionand, in the seconda study on the connectionve

been developed and discussed under bending effect.

5.5.1.StressVariation in Caseof Manufacturing Error

Two models have been developed to simulate the presence of shape deformation. The first case
has been designed with one defectiahile the second with two identical on diametrical
opposite locations, as shown kigure5-29. These bunch of simulations has two main goals:

1 To study the stress distribution changing compared to the perfect catmiga.
1 To verify whetherpremature structural failureccurs in the case of namiform load
distribution.

() (b)

Figure5-29 Shape deformation top view for a) single and b) double conical defection

To develop the simulationghe same model used for the Blb-alfa-D6 has been chosen. The
main dimensions have been reported able5-10. A friction coefficient of 0.3 was used to
consider a real case design. The results have been repdfigdreb-30, where the results of

the two simulations with the single and double imperfection have been compared with a
simulation without any imperfection.

Table5-10 Main MP-TP dimension used for single and double manufacturing error simulation

Dimension Value

U 1.05 [deg]
b 1.00 [deg]
X 1.5
Dwp 6 [m]
Mass on TP 500 [Tons]
Thickness t 60 [mm]
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Figure5-30represents the stress distribution along two sections (above and aettihg Slip

Joint connection, for three cases: without imperfection, single and double imperfétigon.
graphs illustrate the Axial (S22) and Mises Stress along the circumference comparing them
with theirdistribution. Asobserved fronthe simulation without imperfectionthe distribution
shouldremain constantith the axial stressonsistentlyin compression and the Mises Stress
with positive value.

Imperfections are present as single imperfectair® (or 36C0°), andasdoubleimperfections

localizedat @ (or 36C0) and at 180 As it is possiblgo see at these locations the stress
distribution presents bigariations compared to the simulation without imperfections and a
similarity of distribution can be found whe!
peaks o0 d,icaveringithe samie angular space around BOconclusion, thisstudy
highlightsthat variationsn the conical section can deeply affect the stress distribution of the
connection, creating regiswof high stress.
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Figure5-30: Stress distribution scheme for tower without, with one and two imperfections in function of the angular position, diédedegar belove the Slip Joint
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5.5.2.Distribution Under Bending Load

In this section a case with horizontal load, which simslttedrageffect of the wind on the
blades, has been developed. As case study, théS5=averlapD6 has been considered with a
friction coefficient of 0.3 (average value for the coatedted surfaces). The simulation has
been divided in two main steps: a firsgstvhere force applied is coming from the gravity and

a second one where the horizontal load is applied, the results will be compared to a second
simulation where a simple tower has bé&ssted under same conditions.

To compare the stress distribution along a tower with slip joint connextmonevithoutslip

joint connection, iis necessario applysome geometrical considerations about the diameters
used. For the S¥d15-overlapD6 the two external diameters are 6 and 5.8[m] for MP and TP,

for this reason the average of the two diameters (5.90[m]) has been considered for the tower
without connection art. For the different sectional area has been decided that the pressure load
from wind presented i€@hapter 2will not be considered.

FEA analysis has been developett two mainsimulation stepsas represented gure5-31:

1 Step 1: in this step, similarly to previous bunch of simulatigmayity has been
applied,

1 Step 2: the wind load is applied slowly for the first tistep from 0 up to the maximum
amplitude, from the beginning of the second tisbep the load is maintained at its
maximum upto the end of the simulation.
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Figure5-31: FEA time step used to simulate gravity and wind force

The results have been reported comparing how the stress shamgad the circumference for
thetwo sectionsat 9[m] and 20[m] from the groundccordingly,it will be possiblé¢o study

how the presence of Slip Joint connection can affect the stress distribution along the tower. In
Figure 5-33, the stress distribution along the circumference have been plotted for the two
sections as Mises Stress and as Stress in axial direction results, indicatag®the angular
position as illustrated ifrigure5-32. Meanwhile inFigure5-34, the stress distribution for a
simple tower has been plotted under the same considerations used forcthren&ction
simulation.
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Bending Load
direction

180¢°

Figure5-32: Angular position definition for bending test results

Considering Figure 5-33, it is possibleto observethe stress distribution along the
circumference at 9 and 20 [m] is similatfowever it is possibleo detect some differences in

terms of stress magnitude. The increase of magnitude between the upper section and the bottom
one can be attributed to the increase of load coming from the increase of mass. It isfoossible
see an increase in terms of propagation for the maximum peak area, at 20 [m] the coverage of
the maximum stress from peak to peak is around 75 ,[edgle for the lower section the
circumferential angle between the peaks is around 115 [deq].
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Figure5-33: Stress distribution along the circumference foic8nection at 20 [m] (a) and 9[m] (b) from the
ground level

The results discussed fbrgure5-33 and the results obtained from the simulation developed
for the tower under bending actiodfigure5-34) are compared with each other. Analysing the
results for the 20 [m] section, it is possilidesee that the distribution has some differences:
where for the S&onnection results, a double peak is located, only a main maximum stress has
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been found. Considering the section at 9 [m] from the ground, ew@hilar distribution can

be seen for both simulations, givibgo peaksas maximum stress. This comparison indicates
how the SlipJoint can cause some local stress increment in case of high bending load. To
understand if this coulplosea structural problem, a study along the flanges has been developed
and discussed above.
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Figure5-34: Stress distribution along the circumferencedgeneral toweat 20 [m](a) and 9[m](b) from the
ground level

In Figure 5-35 the stress distribution along the MiBnge has been plotted. The results
presented are for the two coordinates that can be considered critical: at O [Fghrtd at

180 [deg] (BB). These coordinates have been taikeo consideration for the bending nature
where along the A should be located the higher tension and alon§ Bie higher
circumferential compression. As expected, the stress distribution follows two opposite trends,
at the bottom section, the stress is higher t@, B/here the bending momaatdirected, while

A-A has a higher load at the upper section. Comparing the two distributions, two secondary
results can be evaluated. Firstly, it is possiblsee that a smatomponent of stress coming
from the gravity is still present, it is visible from a small pick at the lower section for each
stress distribution. Secondly, all stresses are higher than 0 [MPa], this can be trartslated in
continue contact between the surfaces, avoiding any dislocation of the structure.
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5.6. Summary

As this chapter presented, in accordance with results coming from FEA analysis, the results
can be divided itwo categories: the study of impaof the different geometry factoasidon

the maximum magnitude and the distribution of stress along the connection flanges
Additionally, a sudy has been conductad analyseimperfectiors on the flanges and the
bending load can affect the structure.

Results fom the FEA study of stress variation in function of geometrical as@mponent
propriety (Sectiorb.4.2and0) highlighted the following results:

1 The variation of the Monopile diametdd\p) does not affect the maximum stress and
stress distribution for the Slip Joint Connection,

1 The X component for the length of the flange does not affect the maximum stress,
however small variation in terms of stress distribution can be detected,

f Even a small variation between the Mihd TRflange slopgU /) &an heavily affect
the maximum stress and the stress distribution along the flanges.

1 A mass increasaffectsthe maximum stress and the distribution along tlamge;
howeverthe study shows how at the increase of naasisess plateau is reached.

1 The friction coefficient between the contaatfaces has a high impactéims of stress
distribution and magnitude of maximum streds inverserelationship isobserved,
highlightinghow, at the increase of frictiotoefficient,a reduction of stress is detected.

Results from theecond part oFEA study(Section5.5) highlightedthe following points:

1 Thepresence of an imperfectiomcreaseshe stress along the imperfectiedges.

1 Under bendindoad, the stress distribution is in function of the section considered,
however any loss of contact has been deteatdd;ating a good resistance under this
load.

In conclusion, the MHP connection design presented in this chapter has proven to be a valid
and promising solution for the threaded connection.
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Chapter 6 Discussion, Conclusiosaand Future
work

6.1.Overall Discussion

The main MPTP technologywvhich is currentlyusedin Offshore Wind turbine (i.e. threaded
connectionjpnd the two most promising competitors (C1 connection and Slip Joint connection)
have been presented and discussed in this thesis. Threaded conteebthmiogyfound its
application at the beginning of 2010s, when the previous technology (grouted connection)
presented different structuriabuesit comprisegwo L-flanges that are securetpnnectedy

a threaded fastener. TherrentStateof-the-Art for theMP-TP connectioechnologyrequires
threadedconnectionwith M72 bolt However, meethe growingenergy demandhe overall
dimension of thestructures ofvind turbines need to increase. For this reason, to accomplish
the structural increase strength requiremtaghnologycaneitheroptto increaseéhe number

of bolts around thecircumference ora enlargethe bolt size However both resuis present
challenges For this reason, different layout has been desigoeteplace thethreaded
connection. C1 Connection is the first possible competitor to the bolted connection, the
technology layout has been designed by C1 Connectithre Metherland. Thetechnology is
basedon aspecial fastener thahy usingwedge slopesapplies ahigh vertical load with
minimal horizontalload. The technology moves from theflange design to a series of
elongated holes that will be accommodated around the circumference of the geometry allowing
the positioning of the fastener. Another possiblesstiie is the Slip Jointonnection
developediy Van Oord inthe Netherland. This technology s based on a @At wo
where a conical flange is welded to the upper part of the Monopile and another to the lower of
the transition piece. The connection works through the contact and friction forces between the
flanges comes from the load var from the operational wind turbine and the structural
weight itself.

Theaim of this thesisvasto provide abetter view on the Stataf-the-Art technology and the
two most promising technology for the MHP connectionThis was achieved by evaluating
the Pros and Cons of each technology through literature rexsawg, ofFEA modelling and
through largescale test.

In O, this thesis delineates the StafeArt for the MRTP connection. The exposition involves

a deep examination, comparing theNSurves derived from three principal standards (BS,
Eurocode3, and DNVGL) with the empirical data extracted from the literegurew and a

series of fatigue test run on M72 bolts. Additionally, a mean stress correction methodology,
with the Goodman approach, is introduced. The results of fatigue curves bring to light
appreciable inaccuracies, particularly in the context of diverse bolt sizes (M36, M46, M64, and
M72) and different heat treatment procedures. Consequently, an importaidecatisn
emerges about the-eyaluation of specific parameters in the construction of fatigue curves,
including thickness correction, intercepdlue, and curve slopédowever, the predictioan
appeato bemuch more accurate when all the deliaud from literature review is considered
without accounting forisize and treatment conditimnAdditionally, a Mean Stress correction
approach, to predict the lifespan under fatigue of a preloaded bolt, has been proposed. This
concept has been utilised in this thesis on seven samples tested to fatigue with two different
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preloadsdemonstrating its potential utilityAll these results on threaded connectpravide
valuable insight$or thedesign of this connection technology.

The results available in presented literature, when combined with the test results presented for
the M72 bolts, constitute a statistically significant population to analyse -thec@ves.
However, it is essential to note that the dataset made of thedsagmoins of the fatigue test

may not be suitable for the mean stress correction approach. As illustrated in S&:tioa
composition of the two groups, comprising 5 and 2 samples respectively, limits the scope to
predicting statistical analyses only. Consequently, this analysis focuses solely on the approach
itself rather than on thepecific results due to the limited sample size.

In Chapter 4this thesis presented the first competitor of the future offRRonnection. As

is wellFknown, the presence of imperfectsin a wall, suctasholes, can bacause of failure

in the structuredue to increasedstressat localizedspots.However, in literature different
analytical equations have been presented to be able to calculate the SCF along the edges of
single hole or for series of holes. As presentbd stress concentration along the edge is
affected by the hole shape and the distance between Tisrunderstanding wasipported

by the FEA simulations that helped to settle a preliminary knowledge of the technology. From
this, it has been possible to design a real case scenario, designing a section of the connection
simulating the interaction between the Monop
the fastener with the application of different loadsigp. Through the FEA simulatioih has

been subsequently possible to develop and produce asleatgesample to study the fatigue

life experienced by the sample and te s@y possible malfunction of the technology. Results
showed adngerfatigue life compared to what is expected according to standdosgever

only one fatigue testias conductedmakingit impossibleto performa statistical analysis to
effectively compare the results presented with e &irves from codes.

Chapter 5ntroduces the final contender in the advancement oflflARonnection technology,
recognized for its straightforward design among the three technologies: thdoistip
connection by Van Oord. Despite the apparent simplicity of theg@hps "two cups'toncept,
in-depth analytical and Finite Element Analysis (FEA) have revealed that the design process
demands a deeper examination and optimization of geometric parameters and surface friction.
The main studied parameter through FEA modelling have begthlehflange in proportion

with the monopile diameter, the diameter itself, the flarghese (I/b) of the MP and TP and

the friction coefficient between them, showing that only the tast parameters have a
substantial impact in the maximum stress magnitude and the stress distribution along flanges.
The geometrical aspect study has been implemented with an advanced study of stress
distribution where the flanges are not perfectly corasalvell as a final simulation has tested

the connection technology under bending stress from the wind action on the tower. Results
showed the necessity oh &xtensive desigprocessand the needo find a manufacturer
capable ofvorking withinspecific tderances. The results presenbéigr only a partiablimpse

into the simulationsequired fora comprehensive understanding of the technology. No studies

in the longterm time domain have been conducted, and the influence of the initial velocity of
the Transition Piece on the Monopile has not been considered.

Conducting dinal comparison between the technologreslves comparinglifferent factors
that are not directly connected to the design progessented, importatihough in the post
design process. The factors encompagswacraegroups such as cosggpductionmanagement
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andexistingliterature Apersonal opiniofbased comparison has been conducted. For the Cost
category the following voices have been considered:

- Material cost: this prospective takes into account the raw volume of materials utilised
to create the entire connection, considering fasteners and flanges. It also includes the
material that need to be removed by eventual manufacturing processes.

- Manufacturing cost: this voice takes in consideration the process essential for the
technology, starting from the rolling of the flanges to the eventual manufacture of holes
and the required precision for the correct work ofdtienection.

- Assembly cost: in this category has beensidered all the process that progitiee
installation ofa singletower, starting from the moment the vesseparts thénarbour
until its return,plus the costs coming from the technician to install and secure the
fasteners.

- Maintenance cost: this prospective takes into account akkxpenses necessaty
ersure the proper function of the connection technology

Meanwhile management consideratigertains tathe supply chainandaddresses theain

questionofi how many companies can pr o®uotheotherhe c o
hand for the literaturetheextentof fundamental researchconsidereddefired ashow many

papers and researahe availablefor analysis.

Startingwith the Cost category, when considering Material Cost, it becomes obvious that the
three technologies have distinct requirements in terms of material volume. Both Threaded
connection and C1 Wedge connection design necessitate a comparable amount of material for
creating the two flanges that will be welded to the Monopile and Transition Piece, in detail for
the second design the material is required only for the two flanges that create the "fork" on the
Transition Piece. Meanwhile, the Slipint connection demandssignificantly higher amount

of materi al to manufacture-atsembwe of | aogmea &
other technologies. In contrast with the prior observation, the Manufacturing cost for the
threaded connection and the C1 Wedge eotion may be higher when compared with the
Slip-Joint that would require, excluded the rolling process, only the application of a corrosion
resistant covering layer. Comparing a possible manufacture cost between the first two
technologies could be necegsa much higher accuracy for the creation of the C1 Connection
design. This precision is imperative to ensure the requisite hole shape and an acceptable
alignment between the holes.

In terms of Assembly cost, as known, threaded connection has the need to utilise machinery
able to apply very high loads, meanwhile as illustrate@hapter 4he load required by the

C1 Wedge technology is much lower, thus reducing the cost and time for the assembly phase.
Considering the assembly of the Signt technology few cases have been presented in
literature, however all of them shows a much fastestallation compared with other
technologies reducing the costs for a lot. Similar considerations can be taken in terms of
Maintenance cost, for the technologies where fasteners are required, the proper functionality
of them is imperative, requiring an nrease of the cost. However, considering the much lower
load magnitude applied on the fasteners of the C1 wedge technology the costs can be
considered lower than the threaded connection one. Slip Join Technology, on the other hand,
should not require high antenance cost, however these costs could increase in the case where
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the connection is under the sea level, in that taseuld become more difficult to reach the
maintenance location and eventually find a solution to possible failure spots.

Threaded connectiocurrently boasts the most expenssupply chain compared to the new
technologies, thanks$o the straightforwardflange design and the presence of qualified
companies in the production of M72 bolts. However, with the size increase of the structures
the supply chairmay potentially shrink due to the challenges$ redesigningproduction for
larger boltsizes. For the two upcoming competigthe supply chain management could face
difficulties in terms of local manufacturingor the C1 wedge connectigine production and
manufacturing of the flanges require higtecision machinerywhile for the Slip Joint
connection the probletiesin finding companies that can produaege flangesvith accurate
slopes.

When @mparing the amount of research that is possible to find, threaded connection has the
highestvolume,considering all studies developedtire Oil&Gas industry and Wind Energy
combined. Meanwhile in literature the C1 Connection presented differguapers: the
technology was studied and tested under different conditidure tothe simplicity of Slip

Joint designfewerpapers have been published or are accessible.

The considerations have been classifie@scale from 1 to 5 and have been present@alnte
6-1, a value of lindicatesthe bestcasescenariowhile a value of 3he worstcasescenario
The cost categories have been weighted in accordaititex possible impaabn technology
choice, considering a 10% for the material, 50% for manufacturing costfdt&#sembling
cost and a 25% for the maintenan8anilarly, the general cost result, the supply chain,risk
and the need of extra research has been weighted giviigtper impact for the Costs (65%),
followed by asupply chain risk of 25% and a 10% for the research.

Table6-1 Comparison between Bolted, C1 Wedge and-3imt connection

Bolted C1 wedge Slip Joint . Total
connection connection connection 9Nt weight
Material cost 2 3 3 0.1
Manufacturing cost 3 3 2 0.5
1.0
Assembly cost 4 3 2 0.15
Maintenance cost 5 2 2 0.25
Weighted cost 3.55 2.65 2.10 0.65
Supply chain risk 2 3 3 0.25 10
Need of Extra
Fundamental 1 3 4 0.1
research
Overall weight 291 2.77 2.52
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6.2.Conclusiors

The growing demand for energy from renewable sourcetetids the expansiomn the size

of blades used in offshore wind systems. Tdnswth prompted engineers and designers to
investigate the connection between the Monopile (MP) and the Transition Piece (TP) to assess
whether the current threaded connection technology remainso$tdieart or if alternative
technologies could be viable reptaments. In this thesis, various aspects of threaded
technology have been examined, alongside the exploratiamafemerging connection
technologies, to determine their suitability for the evolving needs of the renewable energy
sector: the C1 Wedge Connection from C1 Connection and thd@itipfrom Van Oord.

Over the past decade, threaded connections have become widely prevalent in the offshore wind
industry, largely dueto their established usen the Oil&Gas industry, particularly for the
Monopile-Transition Piece (MAP) connectionWith the raising demand for higher load
capacities in thes#ricturesit became imperative to assess how this technology can effectively
address such challenges. Two primary solutlmmseemergedincreasinghe size of bol or
incorporatingadditional bolts around the circumference. Both options entail advantages and
drawbacks, primarily linked to heightened assembly and maintenance costs.

Both solutions need to refer to the designiAy Burves, which typicallyely on samples of 25

or 30 [mm] diametersubsequenthadjusted through mathematical corrections. This thesis
collected data from literature arttirough statistical analysipresented the statistical fatigue
curve based on thellecteddata. Subsequentlthe results have been compared with three of

the main SN curves presented in the Europe&urpcode3 EN 1993-9), the British BS
76082014 and the DNV DNVGL-RP-C203 codesResults of fatigue test on four different

bolt sizes (M36, M48, M64 and M72) present in literature, taking aonsideration the
different postprocess treatments, have been studied and compared with the respective curves.
The study revealed significant disparities between the prescribed codes and the actual
outcomes, particularly concerning the slope of the cgmje the interceptl{og &), and the
standard deviatiorSD). However, it was observed that results curves éod& fit with more
accuracy the standard curves only if the heat treatment distinction is not considered and if all
the fatigue results are considered together without differentiation between heat treatment or
diameter size.

Comprehending the fatigtinducedstress on a single bolt is crucial for detenminthe

opti mal preload for fastener setting and pre
this thesis introduces a propogacedure. By ugrg the applied load range and mean load

applied to the bolt, it becomes possible to calculate the load range experienced by the bolt.
Subsequently, the Goodman method is applied to estimate the fatigue life of the bolts. Initial
results indicate a potentiebrrelation between actual fatigue data and the predicted outcomes,
demonstrating the feasibility of the suggested approach.

In this thesis, the C1 Connection has been introduced as a significant technology with the

potential to be &iable alternative to the threaded connedidine research of this technology

has been divided into two crucial aspects: first, the examination and study of the design aspects
including fastener and hole geometry; and second, the comprehensive understanding of large

scale behaviour achieved througimite Element Analysis (FEA) modelling and fatigue tests

on a real sample.
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For the nature of the C1 connection design, the initial part of the research seeks to investigate
the impact that a series of holes around the tower circumference can have on its integrity and
aims to devise strategies for minimizing any adverse effebtaugh analytical studies and
supported by FEA models, it has been demonstrated that two key parameters significantly
influence the magnitude and location of the SCF along the hole edge: the ratio between the
distance between the holes and the diamettireofiole [[D) and the shape of the hole. These
findings converged to form a clear understanding of layout design, leading to the development
of a doubleradius hole geometry aimed at reducing the SCF. Simultaneously, the study of the
fastener involved the use of a ErBody Diagram, focusing on the different loads and their
correlation with the wedge slopes. This analysis resulted in the identification of two defining
factors for fastener efficiency: the Load Factof) and the Displacement Fact®@K). Both

factors are direct functions of the wedge slopemdb, exhibiting opposite behaviours. A
correlation between the Load efficiency and the friction coefficient between the fastener
surfaces has been detected, showing an increase of efficiency at the decrease of the friction
between surfaces. Therefore, predssign becomes imperative to optimize the performance

of the fastener.

The second phase of the C1 wedge connection study involves designingcaleilsample

based on the knowledge gained in the initial part of the study and utilizing FEA models for
development. The FEA analysis enables the identification of critical dveasons and
magnitudes, revealing values below the material's yield stress. This suggests that fatigue
fracture is the primary failure mechanism. Following this, the sample undergoes fatigue testing,
and the results are compared to predictions frondatancurves. As a result, attention turns
towards producing a fullcale sample for tensidension fatigue testing. The test concludes
with a runout, and the results are compared with the DNWI-C203 class B1 curve,
revealing a significant deviationdim the predicted value. Subsequently, a Dye Penetrant
Inspection (DPI) is conducted, and no cracks are detected in the sample.

The second technology presented in this thesis as possible contender for threaded technology
for MP-TP connection is the Slip Joint by Van Oord. The technology is based on the simple
design of & t wo intemaptionyet theintricacy of its designdemandsarefulattention In

this thesis the technology study has been dividatwmo main parts. Firstly, a geometrical

study has been conducted ittentify the primaryfactorson whichthe technologyrelies.
Secondly, aseriesof FEA modelswere developed taanalysethe interaction between the
parameters and how thadfectsthe stress magnitude addtribution of stresalong the MP

and TRflanges.

Geometrical analysis studied the correlation between 7 different variables: 4 diameters from
the conic shapes, the two slope angles of the cones and the length of the flange. The study
showed as all the calculation can be reduced to the variation ofaumlpffthem: the flanges

slopes Jandb), the Monopile diameteDir) and a multiplier factorX) to calculate the flange

length.

The interaction among these parameters has been thoroughly examined through FEA
simulations, primarily by comparing results based on maximum stress and stress distribution.
The analysis revealed a substantamd b .mpAachi gl
difference between these parameters corresponds to elevated stress levels, concentrated in
small er regions. Additionally, two parameter
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been considered in simulations: the mass of the Transition Piece and the friction between the
surfaces. In the case of the mass parameter, an overall increase in stress has been highlighted
though it did not lead to a failure point. On the other hand, evtiex previous simulations

initially neglecting friction between flange surfaces, the study on the friction demonstrated that
increasing the coefficient results in a decrease of maximum stress and a more smaller stress
distribution along the flanges.

Having comprehended the impact of various geometrical variables and component interactions
on stress, the simulation of the individual slip joint considered two distinct operating
conditions: the presence of manufacturing imperfections in the flange elesamination of
bending loads under high wind conditions. In the first simulagdngh stress concentration

region near the imperfection edges has been identified. However, further research is required
to fully understand the mechanics behind theseltseedn the second simulation, under high
bending loads, the connection demonstrated a tendency to redistribute stress along the flanges.
Importantly, the stress levels did not reach the failure stress value, and the contact area
increased, facilitatingmproved contact between the surfaces.

Overall, the thesis aimed tanderscore thsimilarity anddrawbacksbetween the threaded
connection and the two new technologies. As presehtet,theC1 Wedge connection and
Slip-Joint connection have demonstrat@dble alternatives to the current stafethe-art
technology However, as presented Trable 6-1, when comparing the three technologies in
terms of cost, supply chain risk, and the need for additional research, the outcomes vary
depending on two cost swdategories (manufacturing and maintenance). The relative weight
of these two parameters can sigeafitly influence the results, eithéecreasingr increasing

the gapdor the decision of which technolog@puld be the most suitable in the future

6.3. Future Work

As illustrated in0, the entire analytical and FEA study on the Threaded Connection has been
settled around the study of the bolt and nut interaction, without takiogamsideration the
flange andts interactionTo implement this interaction, it is necessary to develop and run new
FEA analysis to veriffhow stresand SCF change compared to the simulations presented in
this thesisThese new simulations should incorponzéatiorsin the environment around the
fastenerssuch as the preload looseniofyadjacent fasteneend the application of different
lubrification layes. These simulationare crucialfor the optimisation of the Mean Stress
correction method, giving a more accurate SCF value for the reduction factor for the Goodman
corrected value.

As mentioned in this thesis, tlrairrentdataset ignsufficient to conduct a comprehensive
statistical analysis, particularly when compared to establishBd cBrves in standards.
Consequentlyit is necessary tonplement the dataset by increasing the number of fatigue test
results. The initial focus involveke increase gfopulaton forthe M72 boltdatawith results
obtained under dry environmental conditions. However, future testied4o achieve results
beyond this by incorporating environmerfedtors. Specifically in offshore environmeittis

crucial toinvestigate the impact of corrosion and explore potential coating effects on fasteners.
This comprehensive approach aims to increase the dataset and facilitate a more thorough
analysis, contributing valuable insights to the comparison and the eventtedticor of
standard SN curves.
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A significant core for this project was allocated to the investigation of possible neWPMP
connection technologies as future main one. As outlin€hampter 4the investigation of the

C1 Wedge Connection technology design has been discussed, sustained by the presentation of
results from a single largecale fatigue test. However, it is imperative to note that this result
lacks statistical significance. Consequently, additional fatigue tests are essential. The primary
objectives of these forthcoming tests are to establish a robust statistical analysis in a dry
environment. Following this, a subsequent phase of the study valvetesting under diverse
environmental conditions, with a specific emphasis on assessing the structure's performance in
wet conditions. Additionally, considerations will be given to potential coating approaches,
mirroring practices observed in offshastucturesBased on the insights gained from the
largescale fatigue tests and supported by Finite Element Analysis (FEA) simulations, there is
an opportunity to develop a further design for fasteners and structure. This design aims to
optimize the Load Factor (LFnd Displacement Factor (DF) (presente&eattion4.6), along

with enhancing the stress distribution across the flanges.

Chapter 5illustrated an FEA modelling of the Slip Joint connection, showing the stress
distribution along the flanges in accordance with different parameters, however the study of
these parameters can be improved through the develop of analysis with other paramete
variation such as wall thickness and friction conditions. Other studies need to be focusing on
the study of the structure behaviour presentedSeattion 5.5 focusing on different
manufacturing layout and different bending loads.

Section6.1 providesacomparison tabléhat illustrates aveighted analysis of costs in different
phases of ta MP-TP connection life. However, thianalysis is based on individual
perspectives, necessitating a more comprehensive examinati@firte more accurateost
estimations.

The threaded connection represents a-estthblished technology in the offshore environment,

with maintenance being a primary concern. To vexifyetherC1 Wedge connection and Slip

Joint connection exhibit low maintenance requirements, a comprehensivecdiall
maintenance study is imperative. This research is designed to validate the maintenance benefits
and, if applicable, uncover any potential drasksaassociated with the technology.
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APPENDIX A

In this appendixthe fractography results developed on the seven M72 samapfgesented
in Section3.7.2have beemutlinedwith the mostpeculiar regions highlighted.

Figure A 1: Fractography result on MO1 sample
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Figure A 2: Fractographyesulton MO2 sample

Figure A 3: Fractographyesulton MO3 sample
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Figure A 4: Fractography result on MGample

Figure A 5: Fractography result on MsGsample
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