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Aluminium is a material commonly used for smalle@ats and high speed crafts due to its loyw
weight. Traditionally the hull construction is pamned in a similar manner as that of steel shigs,
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An alternative method for construction of aluminitwils is to extrude panels consisting of bot
the shell plating and stiffener. These pre-fabedapanels are then welded directly to th
transverse frames, thus reducing the manual |lafetated to hull production significantly.

This thesis continues the work previously perfornbgdJon Englund on floating panels. H
found that the stresses will increase significaintlg floating frame structure compared to that ¢f
a traditional, fixed structure. It was discoverdthttthe main challenge of a floating fram
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By use of finite element analyses and analytickdutations, a compartment of the JumboCat g0
is analysed, and proposals for achieving acceptsipbsses are given. The stiffener stressges
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1 SCOPE

Konstruksjonsstyrke til bruksbater og hurtiggdendebater med prefabrikerte,
utenpaliggende paneler i aluminium
Structural strength of work boats and high speedtsrwith pre-fabricated, floating panels
in aluminium

Aluminium er et hyppig brukt materiale for byggiray bruksbater til oppdrettsnaeringen,

hurtiggdende passasjerbater og katamaranfergedul&jon av batskrog har tradisjonelt krevd

mye arbeidsinnsats, med tilpassing av plater, itjvepant og andre elementer, og et stort
omfang av manuell sveising.

| prosjektet ALUBAT er mélsettingen & komme framntier kostnadseffektive mater for &
produsere aluminiumsskrog til bruksbater. Det &ikigt konstruksjonslgsninger og bygget
mindre bater med utstrakt bruk av prefabrikkertegber, bestaende av friksjonssveiste
ekstruderte aluminiumsprofiler. Panelene er btillktatdekk, -sider og -bunn. Med paneler
menes her hudplater med ferdige stivere.

En effektiv og gkonomisk bruk av panelene i batliygdorutsetter at panelene kan legges
utenpa skott og tverrammer (spant). Dette til figibKra tradisjonell bygging av stal- og
aluminiumbater, hvor stivere pasveises platene.eiidfgres stiverne normalt gjennom
spantene via utsparinger i disse. Stiverstegenses/aormalt til spantene, men det er ogsa
eksempler pa at de kun sveiste mot spantene irstisgoppflens, evt. i kombinasjon med
brakett for skjeeroverfgring..

Bruk av prefabrikkerte paneler bestdende av ekstted profiler sammenfgyd med
friksjonssveis innfgrer ingen nye materialkvaliteitdatbygging. Materialet som brukes er
vanligvis aluminiumlegering 6082 i behandling T6pns har godt dokumenterte
fasthetsegenskaper. Materialet svekkes ved sveigieg ikke vesensforskjellig fra andre
vanlige brukte aluminiumslegeringer og leveringssihder.

Skrogkonstruksjon med bruk av paneler hvor stivdegges utenpa skott og tverrammer
(spant) krever at det ma regnes pa mulig styrkéssjdn i kryssingspunktet mellom stivere
og skott/tverrammer. Beregningsanvisning for dette ikke beskrevet i de vanlige
dimensjoneringsregler for bater, hverken NordisksBandard av 1990 for yrkesbater under
15 m eller Det norske Veritas regler for hurtiggdermater (High Speed, Light Craft and
Naval Surface Crafts — HSLC).

For hurtiggdende bater aksepteres pr. dato ikke dvwtenpdliggende paneler.

Det er derfor ansett ngdvendig a utvikle modifisertlimensjoneringsregler for
prefabrikkerte paneler. En forutsetning har veertdat modifiserte regler skal ivareta
sikkerhetsnivaet som er implisitt i dagens regedver
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1)

Det var umiddelbart ikke klart hvilken dimensjomgysfilosofi som ligger innbakt i Nordisk

Batstandards krav til platetykkelse og motstandseminior stivere. Tilsvarende krav i

DnV’s Tentative Rules for Certification and Clagsation of Boats, 1997 og DnV Rules for
Classification of High Speed, Light Craft and Na®irface Craft har derfor ogsa blitt
vurdert . Dette arbeidet har bidratt til & avdekipainnlaget for kravene i Nordisk

Batstandard, og sammenligninger har vist at follgkje mellom de tre regelverkene er
moderate. Nar det gjelder yrkesbater under 15 mmiaa derfor valgt a foreta modifikasjon

av Nordisk Batstandard, som er den standarden laktnaggere av bruksbater er kjent med.
Det har her spesielt blitt sett pa kravene til natsmoment av stivere/spant utsatt for
tverrbelastninger.

Styrkereduksjonen pa grunn av opplagerkraft (komeenkraft) i kryssingspunkt mellom
stivere og spant er tatt hensyn til ved at kravehotstandsmoment gkes proporsjonalt med
den reduserende virkningen som forarsakes av desekdirerte opplagerkraften. Det er tatt
utgangspunkt i en anerkjent dimensjoneringsprogedyr kapasitet for plater med
konsentrert last pa platerand gitt i Eurocode 9.

Et moment som kan ha betydning er evnen utenpdlim@aneler har til & oppta globale
skjeerkrefter via lastinnfgring fra tverrspant. Deraverfgringen kan kun skje via sveisen til
panelets toppflens mot spant, i motsetning til dvae skipssiden ved tradisjonell utfgrelse.
Globale skrogbelastninger har generelt mindre bemgdfor (sma) bruksbater og Nordisk
Batstandard inneholder derfor ikke krav til koniti@¥ global skjeerkraft. HSLC har derimot
et eksplisitt krav til en slik kontroll ikke mingta tverrspant kan bli utsatt for betydelige
dynamiske laster ved hgy fart i sj@.

Ved utenpdliggende panel vil ikke panelet bidra neftektiv flens til bayning av
tverrammene. Tverrammene ma derfor dimensjoners fogere lastene som innfgres uten
medvirking fra huden. Dette gir noe gkte dimensjqéetverrammene, men for gvrig synes
det ikke & by pa konstruktive utfordringer. Da nimgier og spenninger i bunnen av
tverrammene ikke overfgres til huden, vil imidldrtiuden fa en relativ forskyving i forhold
til bunnen av tverrammene. Det medfarer en bgyawngtiverstegene i det prefabrikkerte
panelet ut av stivestegets plan. | et tidligereearbutfert av Jon Englund er disse
spenningene funnet & veere betydelige. Slike beyespger er ikke til & unngd med
utenpaliggende panel; spgrsmalet er hvor storenspger som kan aksepteres. HSLC
reglene omhandler ikke direkte bruk av slike panedg de spesielle tgynings- og
spenningstilstander som opptrer ved bruk av pasmiihgene, slik at nye vurderinger ma
utfgres.

Hensikten med denne oppgaven er & viderefgre atbgidlon Englund. Den vil spesielt
fokusere pa bgyespenninger ut av stiverstegets pafet for oppgaven er & utarbeide
grunnlag for & sgke Veritas godkjennelse av enedlktplanlagt hurtiggdende bat fra
Fjellstrand med utenpaliggende paneler.

Oppgaven foreslas gjennomfart i fglgende trinn:
Gi en kortfattet beskrivelse av oppbyggingen avmahiumskrog for bruksbater og

katamaraner, bade i tradisjonell utfgrelse og nrel bv utenpaliggende, prefabrikkerte
paneler.
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2)

3)

4)

5)

6)

7)

Gjennomgang av relevante dimensjoneringskrav feeistplater, rammer og skrogbjelke i
HSLC, inklusive den foreslatte modifikasjon av keaitil motstandsmoment av stivere. | den
grad kravene kan forstas ut fra enkle betraktningjal dette redegjares for. Det skal ogsa
legges vekt pa beskrivelse av dimensjonerender)astsl fokus pa slamming. Det skal
etableres en langtidsfordeling av disse lasten@idddnulig skal fordelingene begrunnes
med rasjonelle vurderinger, men det forventes ahdelel av arbeidet vil veere beheftet med
betydelig usikkerhet.

Ved hjelp av regneark finne vekt av det prefabrikix@anelet som funksjon av
stiveravstand og rammeavstand med basis i HSL@megEventuelle beskrankninger, for
eksempel med hensyn til platetykkelse, skal tasyretil. En vurdering av den relative
betydning av fabrikasjonskostnader skal vurderesitlannet pa grunnlag av informasjon
fra Fjellstrand AS.

Modellere en tverramme eller seksjon av et akkesthmaranskrog for analyse med et ikke-
linezert elementprogramBAQus). P& grunnlag av tegninger stilt til radighet gellStrand

vil en av deres pendelferge&o JumboCatbli brukt som eksempel. Modellens utstreking
avtales med veiledere. Valg av modellering av ratidgelser skal begrunnes. | den grad
tiden tillater kan betydningen ulike stiverproporsgr studeres.

Foreta ikke-linesere sammenbruddsanalyser for magelitsatt for ytre trykklaster fra
normale sjgtrykk og slamming, samt sykliske analpsegrunnlag langtidsfordelingene til
lastene. Virkingen av varmepavirket sone (HAZ) pastruksjonens motstand vurderes. Pa
grunnlag av disse analysene skal det vurderes iutatenpaliggende panel har
tilfredsstillende motstand mot svikt, bade for efst lastpakjenning eller ved lavsyklus
utmatting.

Det skal foretas en vurdering av hvorvidt det érdsefor & supplere numeriske analyser
med laboratorieforsgk.

Konklusjoner og forlag til videre arbeid.

Referanser:

Jon EnglundStructural strength of work botas and high speeaftsrwith floating frames
MSc Thesis KTH, Centre for Naval Architecture, &eolm, December 2009.

Jon Englund:Oppsummering av FE-analyser pa Jumbocat 60 mednfiigt ramay Oma
17.11.2009

Jon EnglundFinit element-analys av Knut-Joha@ma 17.11.2009

Literature studies of specific topics relevantte thesis work may be included.

The work scope may prove to be larger than injtiafiticipated. Subject to approval from the
supervisors, topics may be deleted from the lisvvalor reduced in extent.
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2 SUMMARY AND CONCLUSION

In this thesis various aspects related to the ddéating frame structures in ships have
been evaluated from a strength perspective, witharicular focus on the out-of-plane
bending stresses in the stiffener webs.

The DNV HSLC rules applicable for fixed structurbave been assessed and general
modifications are proposed to account for the dgkmating frames.

It is found that the transverse web frames neediaddl strengthening in a floating frame
structure compared to a traditional fixed structuhge to the loss of the shell plating as an
effective lower flange. A weight increase for thirusture seems to be inevitable because of
this.

Through finite element analyses and analytical dations a mid-section compartment of
the JumboCat 60 have been evaluated for the syneaidiottom slamming load condition.
Due to the complex geometry of the structure onliyneted agreement is achieved between
the analytical calculations and the FEA, suggedtiag FEA are required to obtain accurate
results for the stresses.

The scantlings used for the original, fixed stroethave been found to be unsuitable in a
floating frame structure, and modified scantlings proposed for the web frames. The out-
of-plane bending stresses in the stiffener webg leen found to depend on the stiffness of
the web frames. When replacing the loss of stifrfes the web frames the stiffener stresses
are reduced to a near acceptable level.

Nonlinear FEA have shown that there is a potembiaktrain-hardening in the heat affected
areas of the stiffener webs when subjected to cyokding. This indicates that stresses
exceeding the allowable levels may be toleratecesihe elastic stress range will increase.
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2.1

Recommendations for Further Work

Original scantlings for the stiffeners are used tire finite element analyses. It is
recommended that a new analysis is performed wtherdocal requirements for the shell
plating and stiffeners are incorporated. In the rie®A the height of the stiffener webs
should be reduced to the actual web height sincaefiiog with shell elements introduces
an inaccuracy of the effective height. This reduttin height should also account for the
actual radii applied, since they reduce the effedtieight of the web.

In this thesis the studied load condition is symioat bottom slamming. For a full
structural analysis intended for class approvalladdd conditions should be analysed, as
given by DNV Classification Notes 30.8.

The FEA with the proposed scantlings showed acbéptaverall stresses in the frame, but
with local stress concentrations exceeding thenallde stress level. Discussions with DNV
are recommended to clear off whether or not theeesconcentrations can be accepted.

In this thesis all allowable stress levels inclulde strength reduction from welding. Since
less welding is performed when manufacturing atithgaframe structure compared to a
traditional fixed structure, this is not necesgardalistic. It should be investigated whether
or not the stiffener webs are affected by weldihg stiffener flange to the transverse
frames. It is possible that the vertical extentled HAZ is less than the flange thickness,
which could open for higher allowable stressesis area. Due to available time this is not
further investigated in this thesis, but experinaétegsts are recommended.
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INTRODUCTION

General

Aluminium is a material commonly used for smalleats and high speed crafts due to its
low weight. Traditionally the hull construction performed in a similar manner as that of
steel ships, with longitudinal stiffeners fitteddhgh cut-outs in the transverse web frames
and welded to the shell plating. This requires maiting and welding, making the
production of hulls a slow and expensive task duté¢ manual labour needed.

An alternative method for construction of aluminitnulls is to extrude panels consisting of
both the shell plating and stiffener. These preitabed panels are then welded directly to
the transverse frames, thus reducing the manuabutalelated to hull production
significantly. The pre-fabricated panels are cominoeferred to as floating panels. An
example of a floating panel can be seen in Figuteb&low, together with a traditional,
fixed structure. This example shows parts of admotstructure in a transverse view, with
the floating panel at the bottom of the figure.

Figure 3.1: Floating panel structure

Ships with pre-fabricated floating panels have masly been built, among others the
Norwegian rescue vessel “Knut Johan”. This vessed wspected in 2006 after sailing for
30 years and showed no signs of damage. (Aalb6ffi)

However, since the use of floating panels for shgprsot covered by the rules commonly
used by Norwegian ship builders a study was perdriry Jon Englund in 2009 to evaluate
this type of structure from a strength perspecfizaglund, 2009a). He performed finite
element analyses based on a 60 m car- and passeglyespeed catamaran previously built
by Fjellstrand AS as a traditional, fixed structuféis vessel is hereby referred to by its
type name; JumboCat 60.
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3.2

Through Englund’s master thesis large stresses ¥eened in the structure and it was
concluded that there are some issues related tosthef floating frames in ships compared
to traditional, fixed structures. The main challengas highlighted as out-of-plane bending
stresses in the stiffener webs, caused by the fosflections.

The intention of this master thesis is to contitheework performed by Jon Englund, with a
particular focus on the stiffener bending stressestioned above.

| would like to express my gratitude to Stig OméeFgdlistrand AS for providing drawings
and information of the JumboCat 60, and to my stper, Jargen Amdahl, for guidance
and support.

JumboCat 60

The JumboCat 60 is seen in Figure 3.2 below. It waeduced in 1996 and has since been
produced in various versions.

Figure 3.2: JumboCat 60

The following specifications have been provided Hjgllstrand AS and are used in the
calculations:

- Length between perpendiculars, Lpp: 54 m

- Breadth moulded, B: 16.5m

- Vessel speed, V: 35 knots
- Draught, T: 2.24m

- Displacement fully loaded: 580t

In addition, drawings have been given at dispoBaése are not included in the thesis for
confidentiality reasons.
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3.3 Definitions and Abbreviations

DNV Det Norske Veritas
FEM/FEA Finite element method/analysis
NLFEA Nonlinear finite element analysis

DOF Degree of freedom
m meter

cm centimetre

mm millimetre

13
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4.1

RULES AND REGULATIONS

Three different sets of rules have previously beeuated by Jgrgen Amdahl as part of the
ongoing project “Alubat”, a project sanctioned bieTResearch Council of Norway to
produce methods for reducing the cost of aluminiwth production. (Amdahl, 2006)

-Nordic Boat Standard (NBS) (Norwegian Maritime &itorate, 1990)

-DNV Tentative Rules for Certification and Class#iion of Boats (DNV, 1997)

-DNV Rules for Classification of High Speed, Ligbtaft and Naval Surface Craft (HSLC)
(DNV, 2005)

The sets of rules above are all intended for ti@ubd ship building, where the frames are
welded to the shell plating. For the dimensionirfgaofloating frame structure some
modifications of the present rules are thereforgired. This can only be done if the origin
of the rules is understood. As NBS and partly éteoTentative Rules are based on simple,
empirical rules, the HSLC rules are most suitaldeaabasis for the dimensioning of a
floating frame structure. The HSLC rules are gedheracognized as the most advanced of
the three sets of rules, and can more easily leeprdted from a strength perspective. Also,
the NBS rules are limited to work boats of lengthsl than 15m, and thereby not applicable
for this thesis.

In the previous work by Jargen Amdahl it is alsmauoded that the different sets of rules
can not be combined, since different formulatiooisthe pressure loads are applied. The
required dimensions are therefore linked to theutation of the external loads, and can not
be evaluated separately.

The following calculations of the design loads atidictural requirements given by DNV
HSLC are performed in spread sheets shown in réspBcappendix | and 1.

Strength Consequences for Floating Frame Structures

In this chapter the differences between a tradaisghip structure and a floating frame
structure is discussed from a strength perspecbe#) generally and more specifically
related to the HSLC rules. The structure is sptib iplating, stiffeners and web frame.

Plating

Jon Englund found that for a floating frame struetthe plate stresses are far below the
plate stresses for a traditional (fixed) structsiace the shell plating does not act as a flange
for the floating frame. However, as he pointed d¢his was found for the frame slamming
load case, which is commonly not the design loadtiéfeners and shell plating.

The dimensioning of stiffeners and plating at tiogtdom will typically be governed by the
local slamming load. For the plate the thicknesgiirement is based on plate strip theory:

22.4& s R
t:L (Sec. 5 - B302)
o,

sl
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This is analogous to the moment at the ends ofealfbeam, given as:

2
M ends = l
12

For reasons unknown this is twice the moment usedhie plate requirement in the DNV
Ship Rules, where the moment at the middle of adfikeam is utilized. If the panels are
welded longitudinally midway between two stiffenérscould possibly be allowed to use
half the moment, corresponding to the moment imntirddlle of the plate field. On the other
hand future reparations should be accounted fat, ainsome location the pre-fabricated
panels are welded together transversely suggesitmigthe full moment and the welded
properties should be used together.

As seen from the plate requirement formula aboeeetlis no beneficial effects to the plate
thickness for a floating frame structure.

For the general thickness requirement formula (mend- B202), which may be
dimensioning for the shell plating at the sidesyé¢his an aspect ratio term that may increase
the required plate thickness for a floating frartracture, since no longitudinal constraint is
provided by the frames. However, since the limit beneficial aspect ratio is s/I<0.5 this
term will rarely play a role, and not at all foetdumboCat 60.

The only change to the plate dimensions are relaiethe different materials used for a

fixed and floating frame structure. Since NV-5083used for the shell plating in a fixed

structure and NV-6082 in a floating frame structubeere will be an increase in the plate
thickness requirement. In the welded condition (BlAthe allowable stresses are

respectively 96 MPa and 120 MPa. This gives aresme to the plate thickness of 12%, as
shown below.

/120
teosz = % * t5083:l'12 *1 508:

It is found that the required thickness for thetdawt plating is 6.41 mm.

Stiffener

In a fixed structure the bottom stiffener dimensicare typically governed by the local
slamming load. This is mainly the design load for stiffeners in a floating frame structure
also, but some new aspects must also be consideraking the design process more
complex.

As analyzed later in this thesis the stiffenerssargiected to out-of-plane bending from the
frame deflections in the frame slamming load cédso, the side stiffeners are subjected to
out-of-plane bending by the global forces beinggfarred from the frames to the shell
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plating, through the stiffeners. These effects saheasily be calculated by formulae, and
FE analyses are required.

For the local slamming load there are two modifara that must be performed. In a fixed
structure some of the pressure forces are traesfalirectly from the shell plating to the
web frames, as illustrated in Figure 4.1. For atfleg frame structure this is not the case,
and all forces must be transferred through théestirs as shear stresses to the web frames.
In the formula for required shear area this effedbund in the term (I-s) that reduces the
load area.

Figure 4.1: Reduced load area for fixed structures

_ *
:M (Sec. 5 — C201)
T

sl

A

When replacing the term (I-s) with the full framgasing, |, the required shear area for the
bottom stiffeners is increased from 4.2%tn 5.5 cn (31%) in the specific case of the

bottom stiffeners of the JumboCat 60.

It is also seen that the formula above is analogouseam theory, but with an inherent
safety factor of 6.7/5=1.34.

In contrast to the stiffeners in a fixed structtine stiffeners in a floating frame structure
may get a reduction in bending capacity due tocthrecentrated contact force acting in the
intersection between stiffener and frame, as iiéiet in Figure 4.2 below. The effects of
this interaction have been investigated by ArnebArj (Aalberg, 2006b) and Jon Englund,
including a proposed interaction formula taken freorocode 9 (European Committee for
Standardisation, 2004). The interaction formuladsfurther reviewed in this report.
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WEB FRAME

CONCENTRATED
FORCE

—

SEA PRESSURE

Figure 4.2: Concentrated contact force at intergatt

The concentrated contact force may also lead tonéinear P8 effect when combined with
the stiffener deflection. An additional moment nthys arise in the stiffener web. However,
due to the relatively small deflections it is sgfaksumed that this effect is marginal, and
thus not further reviewed in this thesis.

Web frame

In a traditional ship structure the shell platircisaas a lower flange for both the stiffeners
and frames, in addition to carrying the lateralsgtge loads. For a floating frame structure
this flange is removed for the frames, reducing stiiness and strength of the frame
drastically, as shown in Figure 4.3.

Figure 4.3: Fixed versus floating frame
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For the web frame investigated on the JumboCahédrtertia moment and lowest section
modulus are reduced by respectively 73% and 69% wmoving the plate flange. It is a
matter for discussion whether the floating framestmeompletely fulfil the requirements,
since the stiffeners will partly add to the bendsiiffness of the floating frame. It is
however shown later in this thesis that the std#fencontribution to the frame stiffness is
small. It is thus recommended that the loss ofrgffs and strength is fully compensated
without including the stiffeners.

The strength requirements for web frames in HSLE s@ction modulus, shear area, and
minimum thickness. Except for replacing the lossadtion modulus no other modifications
are necessary for the web frames.

It must however be noted that the rules for the Wames in HSLC are intended for simple
girder systems with regular geometry, where thendawy conditions are easily determined.
As this is not the case for large parts of the Ju@at 60 a more direct calculation of the
frame system is required.
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5.1

DESIGN CONDITIONS

The studied load case in this report is the Loachd@mn 2 — “Symmetrical Bottom
Slamming”, as found in DNV Classification Notes&8(2.3.2) (DNV, 1996) , and illustrated
in Figure 5.1.

T\

1 1

Lil L L1111 %1

I P 1

LC2

Figure 5.1: Load condition 2 - Symmetrical bottdamsming

The following loads are to be applied for Load Citind 2:
-Slamming pressure on one frame, extending to pipeturn of bilge
-Sea pressure applied on all other frames, extgridithe turn of bilge

-Maximum load on decks

Design Loads

The slamming- and sea pressures are calculatedspread sheet using the rules in DNV
HSLC Pt. 3, Ch. 3.

The design slamming pressure is to be taken agyrbater of the “Bottom Slamming”
(Section 2 - C201) and the “Pitching Induced BottBlamming” (Section 2 — C203). Using
the input data given by Fjellstrand AS, the fornmerfound to be the design slamming
pressure, with a magnitude of 82.3 kN/rfihe “Bottom Slamming” pressure is also found
to be the greater for the local slamming pressorelate and stiffener, with a magnitude of
149.7 kN/m.
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5.2

The “Pitching Induced Bottom Slamming” pressuregfidand to be very sensitive to the
lowest service draught at FP,, Bnd would be the design pressure for draughtdesntiaan
1.88 meters.

The sea pressure is found to vary linearly betwk®s kN/nf at the keel and 32.6 kN/mat
the waterline. Since the sea pressure only extenttee upper turn of the bilge in this case,
only the maximum value is used.

To verify the spread sheet the pressures outliledeaare also found using the software
tool “Nauticus Hull — Section Scantlings”, whichasule check software made by DNV.

Both deck loads are taken from the report “AnalysisTransverse Section of the 60m
Jumbo Cat” previously performed at Marintek (Qklah@l99). The deck load at the car deck
is to be taken as the worst of an evenly distritbysieessure and point loads representing the
actual wheel loads. @kland found the two load tyfzegive very similar results. The car
deck load is therefore taken as an evenly diseihyressure of 4.0 kN/mThe passenger
deck load is taken as an evenly distributed pressiis.35 kN/mf.

The design loads for Load Condition 2 are summenh Upable 5.1 below.

Table 5.1: Design loads for Load Condition 2

Load component Pressure [kKN/mf]
Slamming pressure 82.3
Sea pressure 48.5
Car deck pressure 4.0
Passenger deck pressure 5.35

Design Criteria
The structure consists of two different aluminiulioys:

-Extruded parts: NV-6082 (T6). This includes thelkplating and longitudinal stiffeners
-Cold rolled parts: NV-5083. This includes the sa@rse frames, brackets and bulkheads

In DNV HSLC the allowable stresses are expressetthdynaterial factor;f which vary for
different alloys. Also, the material factors ardueed for welded areas, due to softening in
the heat affected zones (HAZ).

For aluminium alloys DNV defines the yield strength 0.2% offset strain, which is not to
be taken greater than 70% of the ultimate tensikength. The reason for this commonly
used yield definition is that aluminium alloys hawe well defined yield point compared to
e.g. mild steel.

The yield stresses and material factors for theamainium alloys are shown in Table 5.2
below.
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Table 5.2: Material properties

Alloy Yield stress [MPa] fi f1 (HAZ)
NV-6082 (T6) 250 0.9 0.48
NV-5083 215 0.89 0.6

Even though not all parts of the structure arecadig by welding (HAZ), all allowable
stresses in this report will include the strengtbuction from welding, as found in DNV
HSLC Pt. 3, Ch. 3, Sec. 2 — B400. This is to assoreservatism in the calculations and to
account for future reparations and unforeseen asang

The following allowable stresses are established dgnamic loading in the welded
condition, and shown in Table 5.3 below.

Table 5.3: Allowable stresses — dynamic loadingZHA

Component Equivalent stress Bending stress Shear stress
[MPa] [MPa] [MPa]
Plating (NV-6082) 220 105.6 200f 96.0 90f; 43.2
Stiffener (NV-6082) 200f 96.0 180f; 86.4 90f; 43.2
Girder (NV-5083) 200f; 120.0 180f; 108.0 90f; 54.0

Classification Notes 30.8 — 2.6.2 states that thesses listed above do not refer to local
“stress concentrations in the structure or to locatelling deficiencies”. No definite value
for the allowable peak stress is specified by DN¥ these are subject to special
consideration in each case.

The out-of-plane bending stresses in the stiffeviedss are very local stresses. It is however
assumed that these stresses are to be comparethavdliowable stresses as given in Table
5.3. This is based on conservatism and should psrba discussed with DNV, as the
definition of allowable stresses are of great int@ace in the design process.

Another aspect that preferably should be investdjas whether the stiffener webs are
indeed affected by the welding of the stiffenenfla, as illustrated in Figure 5.2 below.
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WEB FRAME - WEB FRAME -

Figure 5.2: Extent of heat affected zones

The heat affected zones are usually defined bexitent to each side of the weld, while the
vertical extent is less described. It should begtigated whether or not a thick flange could
prevent the HAZ from reaching down to the stiffenebs.

Alternatively it is possible that HAZ in the stiffer web could be avoided by welding only
parts of the flange, as shown on the right of igaré above. Discussions with DNV and
experiments could clear off these issues. Howeligz,to available time and resources these
topics are not further investigated in this thesis.
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6.1

6.2

ANALYSIS OF FRAME DEFLECTIONS

In the previous work performed by Jon Englund itcencluded that one of the main
challenges with the use of floating frames is thead-plane bending stresses occurring in
the stiffeners webs due to the frame deflectionss Itherefore essential to know the
magnitude of the frame deflections, and to keepdlas low as reasonably possible.

Effect of Stiffeners on Frame Deflections

Since the out-of-plane bending stresses in thdéesaf webs are caused by the frame
deflections it is necessary to establish what éffiee stiffeners have on the frame
deflections. If this effect is small, the frame ldefions and the corresponding stiffener
stresses can be calculated without involving tlifeser spacing as a parameter.

In chapters 6.2 and 6.3 the frame deflections aterchined by respectively analytical
formulae and linear finite element (FE) analysd®e frame deflections are expressed by the
vertical deflection at midpoint and the rotatiod&placements of the frame. The latter can
be used more directly to later calculate the stéfedeflection analytically.

Analytical Calculations of Deflections
The spread sheet used for analytical calculatibtiseoframe is shown in appendix III.

Vertical Deflections

The analytical calculations are based on formutaevértical deflection at midpoint of a

beam and are associated with several uncertaiatidssimplifications. To transform the

problem into a simple statics case the curvaturhefstructure is ignored. Beneficial shell
effects are thus not accounted for, which will goanservative results. The length of the
beam in the statics case is taken as the interidthvof the hull. Since the boundary
conditions are unclear in this case the resultf@rad by taking the average of the fixed
and simply supported boundary case. It is not cldaether this will under- or over predict

the deflection of the frame. Figure 6.1 illustraties transformation from the real problem to
the two statics cases.

I EEEEEEEER
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Figure 6.1: Fixed and simply supported boundarydibans
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6.3

The formulae below are applied for the calculavbdeflection at midpoint.

Simply supported:
4 2
0= 5bendin +5shear=i+L
? 384ElI 8&GA
Fixed:

4 2
0= 5bending + 5shear=%‘|lEl + 8?_;;0%

Rotational Displacement

The calculations of the rotational displacements agsociated with the same uncertainties
and simplifications as for the vertical deflectiom&e formula for rotational displacement of
a simply supported beam is applied, in combinatwith a beam length of 2.25 m
corresponding to 75% of the internal width of thél.hThis way a rough estimate of the
rotational displacements can be obtained by thadta below.

Finite Element Analysis

Three different linear finite element analyses@@dormed in Abaqus to examine the effect
of stiffeners on the frame deflections:

-“Fixed” model: Using the dimensions given by Fgland AS and with the web frame
welded to the shell plating (Figure 6.2)

-“Floating frame” model: Using the same dimensidmg with the frame attached only to
the stiffener flanges (Figure 6.4)

-“Frame only” model: Same dimensions as the abowelets, but stiffeners and shell
removed (Figure 6.3)
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Figure 6.2: “Fixed” model Figure 6.4: "Floating frame” model

Figure 6.3: “Frame only" model

6.3.1 Modeling

Since the longitudinal stiffeners are bulb-profileguivalent L-profiles are used in the
models. This is necessary when shell elements sad for modelling. The equivalent L-
profiles are optimized with regards to neutral sl inertia moment, thus giving a good
representation of the bulb-profiles for local asely. The total areas of the L-profiles are
slightly larger than the bulb-profiles, which for global analysis would give non-
conservative results. For this analysis it is galhetess important, and the error in total area
is also less than 1.5% for both profiles. The proge of the two bulb-profiles and
equivalent L-profiles are shown in Table 6.1 below.
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Table 6.1: Stiffener properties

“bulb-65" “bulb-100"
Original Equivalent Original Equivalent
Area [mm2] 423.90 430.00 688.10 690.25
Neutral axis [mm] 44.26 44.27 64.67 64.71
Shear area [mm2] 227.50 227.50 450.00 450.00
IxX [mm4] 1.51E+05 1.51E+05 6.60E+05 6.59E+05
Zx1 [mm3] 3.42E+03 3.41E+03 1.02E+04 1.02E+04
Zx2 [mm3] 7.29E+03 7.28E+03 1.87E+04 1.87E+04

Load

The load used for all three models is the desigmsiing pressure of 82.3 kN/m2, applied
on the bottom structure extending to the upper tirbilge. For the two first models the
load is added as a pressure load on the shellevidnlthe “frame only” model the load is
taken as a line load. Due to the limited extentthi#se models the deck loads are not
accounted for.

Boundary Conditions

Since the objective of this analysis is to exanthreerelative deflections, only a limited part
of the hull is modelled. Longitudinally the modelstend 1m, corresponding to one frame
spacing. Symmetric boundary conditions are usedtershell/stiffeners in the two first
models, corresponding to a case where several fraree subjected to the same pressure.
This should give conservative results for the slamgntoad, since this load does not apply
to the neighbouring frames simultaneously.

Vertically the models are ended at the first criimsis where fixed boundaries are applied.
This simplification is reasonable for the slammiogd case, since these loads are applied at
the bottom of the structure, relatively far awaynfrthe boundaries.

To evaluate the stiffeners and frame at the slip #iese analyses are not suitable.

Element Mesh

All three models are meshed with the element tygie, &n 8-noded shell element type with
reduced integration, and 6 degrees of freedom.o@iljh higher order elements increase the
number of DOF drastically compared to linear eletsiethhey also increase the accuracy of
the analyses. They are especially suitable foretla@slyses where it is necessary to recreate
the stiffener bending in an exact manner, sincalgi@ displacements can be reproduced
by higher order elements. They are also better lihaar elements for curved areas.

All models have an average mesh size of 50 mm, lwléc more refined than the
recommendation from DNV of 3 elements over the Wwelght. The number of elements
varies between 1184 and 6993 for the three moaeath, the fixed model as the largest
model. The number of DOF are in the range 23 0Q2&000.
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6.4

Comparison between Analytical Calculations and Firte Element Analysis

Vertical Deflections

The vertical deflection at midpoint found from theite element analysis and analytical
calculations are shown in Table 6.2 below.

Table 6.2: Vertical deflection at midpoint

Model Finite Element Analysis Analytical Calculations [mm] Englund
[mm] Fixed Simply Average [mm]
supported
“Fixed” 6.5 4.2 13.3 8.7 6.9
“Floating frame” 12.4 - - - 11.4
“Frame only 14.0 10.5 44,7 27.6 -

The difference in deflection between the “floatirgme” model and the “frame only” model
is found to be 14% by finite element analysis.dh ¢hus be concluded that the stiffeners
only have a small effect on the stiffness of tlzarfe.

Further the results indicate that the boundary timm$ correspond to a case far closer to
fixed than simply supported boundaries. Howevemef the over prediction of the
deflections in the analytical calculations may cdnoen the ignored curvature of the frame,
which undoubtedly will have a limiting effect oretideflections.

When comparing the deflections found by the fimtement analysis with those found by
Jon Englund the results seem to agree reasonaliiywité differences of respectively 4.5%
and 10.5% for the “fixed” and “floating frame” mdd@&his verifies that the simplifications
in the analysis are realistic, since Englund penft a more extensive analysis of the
deflections by modelling more of the hull.

Rotational Displacement

The maximum rotational displacements found fromfithiée element analysis and analytical
calculations are shown in Table 6.3 below.

Table 6.3: Maximum rotational displacement

Model Finite Element Analytical
Analysis [rad] Calculations [rad]
“Fixed” 0.0054 0.0051
“Floating frame” 0.0114 -
“Frame only 0.0122 0.0193
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6.5

Again it is seen that the presence of the stiffemerthe “floating frame” model have little
influence on the frame stiffness, as the differeimcetational displacement is 6% between
the “floating frame” model and the “frame only” nmeld

There is a good agreement between the FEA andnifgtizal calculations for the “fixed”
model, while the results for the “frame only” mo@deé more deviant. However, for a rough
estimate of a complex structure some deviancepeagd. The two maximum rotations in
the FEA are found to be 2,18m apart, symmetricaliyput the centreline, indicating a
similarity to the “shortened” simply supported beased for the analytical calculations.

To illustrate the deformed geometry of the struetdhe floating frame model is shown in
Figure 6.5 below, with a displacement scale faofdO.

Figure 6.5: Deformed floating frame model

Possible Solutions for Reducing Frame Deflections
The methods considered for increasing the franfilmeasis are discussed below.

1) Fitting pillars between the frame and the criosscould be a very effective way of
decreasing the frame deflections. The pillar walllen act as a support for the frame at
midspan. Due to the space available in the engiomthis is not possible for the JumboCat
60.

2) A similar solution would be to fit a centre gardbetween the bulkheads, acting as a
support for the frames. However, previous calcoteti performed by Stig Oma at
Fjellstrand AS have shown that the centre girdeuld/meed to be very high (1,5-2m) to
obtain a sufficiently high stiffness to support fin@mes, due to a span of 9 m. This centre
girder would also need secondary stiffness and bleeeme both heavy, costly and space
demanding.
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3) Fitting a flange to the lower edge of the frameuld efficiently increase the frame
stiffness. Also, the neutral axis would be lowergHich again reduces the horizontal
deflections of the stiffeners, since these aretedl@o the rotational displacement and the
distance to the neutral axis. To reduce the weltimg the flange can be fitted on one side
of the web instead of the lower edge. This willueg some space between the flange and
the lower edge, due to necessary welding accesgibil

4) Increasing the area of the top flange woulddase the stiffness of the frame. However,
for a beam with the neutral axis located as asymaoadly as in this case, the effect will be
small. Also, the neutral axis will move upwardsucteracting some of the beneficial effect
from the increased inertia moment. Increasing tipeflange will be much more effective in
combination with a lower flange, as described above

5) Increasing the height of the frame is an effitimethod to increase the frame stiffness,
since the Steiner’s contribution to the inertia neoitncontains the distance from the neutral
axis squared. However, with an increased heightklmg of the web can become an issue,
and more tripping brackets may be necessary. Thessgy for tripping brackets is not
further investigated in this thesis.

6) Increasing the plate thickness of the web wautdease the inertia moment of the frame.
This is however not an effective method of incregsihe stiffness, since some of the
additional cross-sectional area will be locatedelto the neural axis.

7) Another method for decreasing the frame defbastis to decrease the effective length of
the frame by using a larger internal radius of fitzane at the bilge. In the formula for
rotational displacement the length parameter erntetise third power, suggesting that this
may be an effective way of decreasing deflectiddso, since the FE analysis shows that
the highest frame stresses occur at the bilge ntiethod may have an additional beneficial
effect by reducing the highest frame stresses.

8) The frame deflections can be reduced by incngashe rotational stiffness of the
stiffeners. This will have a limited effect on tdeflections with traditional stiffeners, and
the increased stiffness would lead to higher stiesa the stiffener webs. A possible
solution could be to apply closed profiles, whicvé a far higher rotational stiffness. This
would however produce several new challenges andti;wvestigated in this thesis.

9) Jon Englund (Englund, 2009b) concluded that ssipbe solution would be to fit lugs
between the stiffeners. This would greatly incretiserotational stiffness of the stiffeners
and partly also tie the frame to the shell plate.athieve acceptable stresses the required
frequency of lugs turned out to be very high, timeseasing the welding time drastically.
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6.6

Proposed Modifications

As an approach to reduce the frame deflectiongnabmation of methods 3, 4 and 5 are
applied, as illustrated in Figure 6.6 below. Thdofeing modifications to the original
dimensions are proposed:

- Adding a flat bar 100x15 to the side of the wela é&swer flange
- Increasing the height of the web by 50 mm
- Increasing the upper flange from flat bar 100x1@abbar 150x15

In addition, the web thickness is decreased byr0rg since the increased height of the web
provides a larger shear area.

The corresponding inertia moment is found to be?4 D38 the original fixed frame. Since the
neutral axis of the frame is located higher tharttenoriginal fixed structure the minimum
section modulus has moved from the top to the botd the frame. The minimum section
modulus of the modified floating frame is 124% bé tminimum value for original fixed

frame, thus satisfying the requirement from DNV.

With the modifications listed above the cross saai area of the frame is increased by
103%, while the total weight increase for the bwottstructure is 24.5%, when the
dimensions for shell plating and stiffeners aré deichanged.

Figure 6.6: Changes to floating web frame
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6.6.1 Deflectionsfor Modified Floating Frame Model

A new FE model is created with the modificatioretestl in chapter 6.6, as seen in Figure 6.7
below.

Figure 6.7: "Modified floating frame" model

The results from the analysis of the “modified flog frame” model are presented in Table
6.4 below, with previous results as comparison.

Table 6.4: Frame deflections — vertical and rotaabdisplacements

Model Finite Element Analysis Finite Element Analysis
[mm] [rad]
“Fixed” 6.5 0.0054
“Floating frame” 12.4 0.0114
“Modified floating frame” 6.2 0.0062

It is seen that the deflections found for the miediffloating frame model are close to the
deflections found for the “fixed” model, with diffiences of -6.5% in vertical deflections and
+14.8% in rotational displacement. The proposedifivadions to the floating frame model
are investigated further in the stress analyschapter 7.
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7.1

711

STRESS ANALYSIS OF THE 60M JUMBO CAT WITH FLOATING
FRAMES

This chapter aims to evaluate the stresses ocguimithe structure when subjected to the
loads corresponding to Load Condition 2, as deedrib chapter 5. Analytical calculations
and extended FE analyses are performed. A compabstween the analytical- and FEA
results are presented in chapter 7.6, where alsctiiesses obtained from the simplified
FEA described in chapter 6.6.1 are included.

The focus is on stresses in parts of the stru¢haeis not sufficiently covered by the rules

in DNV HSLC. This includes the frame structure doeats complex geometry and the out-

of-plane bending stresses in the stiffener websvéver, for the extended FE analyses the
stresses are reviewed for all parts of the strectwith emphasis on the modified floating

frame structure.

Analytical Calculations of Bending Stresses

The analytical calculations shown in chapter 7drd based on basic statics formulae for a
beam with length 3 meters, while the calculatiohshe stiffener stresses in chapter 7.1.2
are based on equilibrium equations and the franfleati®ns found in chapter 6. As for the
calculation of the deflections, the boundary cdondg are unclear, and the results are found
by taking the average of the fixed and simply sufgzbboundary case.

The general formula for stress is shown below.

For the traditional fixed frame the neutral axidl\generally be closer to the plate than the
top flange, and the highest stresses will thus ootihe top flange. For a floating frame
structure the situation will be opposite if no lowigange is fitted, making the highest
stresses appear at the bottom edge.

Frame Stresses
The following formulae are used for the calculatafrihe moments.

Fixed boundary conditions:

2
M ends = l
12

_a

middle 24
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Simply supported boundary conditions:

ql?

M e =

8

The results are shown in Table 7.1 and Table 1@whe&ompressive stresses are defined as
negative values and tensile as positive. The apalytalculations performed here do not
differ between the “floating frame” and “frame ohlynodel, since no effect from the
stiffeners are accounted for in the calculatiothefframe section moduli.

Table 7.1: Bending stresses in frame at midpoint
Model Analytical Calculations [MPa]
Fixed Simply Average
supported
“Fixed” -21/+68 -63 / +205 -42 | +137
“Floating frame” -219/+112 -657 / +335 -438 / +223
“Frame only -219/+112 -657 / +335 -438 | +223
“Modified floating” -55/+39 -166/+118 -111/+79

Table 7.2: Bending stresses in frame at ends
Model Analytical Calculations [MPa]
Fixed Simply Average
supported
“Fixed” -137 / +42 - -68 / +21
“Floating frame” -223 / +438 - -112 / +219
“Frame only -223 / +438 - -112 / +219
“Modified floating” -79/+111 - -39/ +55

7.1.2 Stiffener Stresses

The stiffeners are subjected to two separate Ié@dthe Symmetrical Bottom Slamming
load case:

* For the frame slamming load the stiffeners areextibfl to both a lateral pressure
and the out-of-plane bending caused by the frarfleatien.

* For the stiffener slamming load the stiffeners audbjected to a higher lateral
pressure, but no additional out-of-plane bending.

For both cases above the stiffeners may get a tiedum bending capacity due to the
concentrated contact force acting in the intersactbetween stiffener and frame, as
described in chapter 4.1.

In this chapter only the out-of-plane bending stessare considered. The stiffeners are
separated into bottom stiffeners and side stifienerthe following chapter. This is done
because different effects cause the out-of-planéibg in the stiffeners for the two different
areas. The calculations of the stiffener stressesteown in appendix IV.
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Bottom Stiffeners

For the bottom stiffeners the out-of-plane bendiagmainly caused by the rotational
deflection of the frame when this is subjectedht® éxternal slamming pressure. Due to this
rotation the lower edge of the frame is displacediZiontally by the rotational angle
multiplied by the distance to the neutral axis. uas1g that the shell plate resists this
deflection the stiffeners are subjected to a netatiut-of-plane displacement.

The relative displacements of the stiffeners aumébby:
A=6*y[ mnh

The corresponding out-of-plane bending stressefoareal by:

6EI ,
227 _BE*y*A 3Bt A
EE

[MPdl

Applying the rotational displacements obtainedhapter 6.6.1 the following displacements
and stresses are found for the bottom stiffeners.

Table 7.3: Deflections and stresses in bottomesiifs

Model Analytical Calculations
Deflections Stresses
[mm] [MPa]
“Floating frame” 2.34 240.9
“Modified floating” 1.31 134.7

The deflections and stresses are drastically rebltarethe modified floating frame. This is
due to the increased stiffness of the frame, asal thle lower location of the neutral axis.

Side Stiffeners

The side stiffeners referred to here are the suffe at the outer ship side. Similar
derivations can be made for the inner ship sidéesgrs, although this would require more
simplifications and evaluations because of the ncoraplex geometry.

For the stiffeners at the side the frame bendinffhess has less importance. The main

contribution to the out-of-plane bending momentsnes from the sea pressure being

transferred from the frames to the shell, throughstiffeners. It can also be described as the
vertical stiffeners at the ship side acting asmgjwithat balance the global forces.
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When neglecting the forces transferred longitudynéd the end bulkheads through the
stiffeners the following force equilibrium equatioan be established:

SF=3F SF 4ou= ZF qiene=0

pressure stiffeners

2F 2F 2F

stiffeners pressure dec

The spring stiffness of one stiffener is establishy setting the displacemerst, in the
following formula to unity (See also Figure 7.1).

_12E]

\% A

L3

Figure 7.1: Deduction of stiffener spring stiffness

By setting the effective load bearing width to 4@th and the height of the web to 50 mm,
the following spring stiffness is found for oneffetner:

*
1oE 12*70 000*400123"36 N
k= = ~ 9600
B 50° Wn]

Assuming a homogenous distribution between thdesgfs the total spring stiffness
becomes:

K, =17*k=163200 [ ]
mm

This simplification implies that the frame is petlg rigid, which of course is incorrect.
However, for the stiffeners on average, it is aosable simplification.

The unbalanced force is taken as:

Fo = ZF pressus ZF qec=82.33*1500- (4¥3008 5.35*5500N
~82000N ]
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Thus giving the average out-of-plane deflectionthar side stiffeners as:

A :Mzo.SO[mm]

tot

And the corresponding average out-of-plane bensliregses:

6El
—-A
2 * % * * *
U:M: L :6E 2y*A:3E zf‘AZB 70000 ;3.5 0.5 —147]MPa]
Z 1 K L 50 —_—
y

Several simplifications and assumptions are applethe calculations above. The most
important are the effective width of the stiffenetse simplified rigidity of the frame and the

global transfer of the loads.

7.2  Finite Element Analysis

So far in this report only simplified FEA have bepresented. However, to get realistic
results for the stresses more comprehensive asadyseneeded. Three extended models are

created, based on the three simplified models dfixéfloating frame” and “modified

floating”. The larger models are extended both tdjnally and vertically compared to the
simplified models, covering a compartment of 9 meteetween bulkheads, and extending
up to the car deck. All models are prismatic, arnitlthws exclude possible effects from the
double curvature of the structure. The “modifiedafing” model is shown in Figure 7.2

below, with the deck plate removed for illustratjpurposes.

Figure 7.2: Extended finite element model
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7.21 Modeling

The models are created in Abaqus, and consist @fdifferent parts. The first part includes
the shell, stiffeners and deck plate and is madexbyding the cross section imported from
AutoCad. The second part includes the frame, flahgeackets and bulkhead. The frame
part is copied longitudinally with frame spacingk lIo meter. To tie the parts together
master/slave constraints are established. Thisoisnacessary for the simplified models
since they are made as one part.

The bulkheads close to the centreline are in gedliffened and contain cut-outs. To

simplify the modelling the cut-outs are neglected #he stiffeners are “smeared” out over
the plate by adding an additional 1.6 mm to théepillaickness. These simplifications have a
small influence for the load case in question.

To achieve a smooth structure at the bilge, aestdf is fitted in the transition with a height
corresponding to the average height of the neighbtfieners, as illustrated in Figure 7.3
below. This transition was highlighted by Englumaldound to give stress concentrations at
the bilge due to a sudden change in geometry wherstiffener height changes.

G | i
o |
. 4\ /’H\

|
|II
/

[ / \
| o |

| [ /

f I| / | ! | |

i

Figure 7.3: Transition stiffener at bilge

Element Mesh

As for the simplified models outlined in chapteB,6higher order elements (S8R) are used
for the element mesh due to their ability to digpdpadratic displacements. The average
mesh size in general is set to 150 mm, while theé& exposed to slamming is refined to a
mesh size of 80 mm. The mesh is finer than thagestgd by DNV Classification Notes

30.8, since the purpose is to understand and dedaloa effects of a floating frame structure.

The number of dof are in the range 446 000 to 409 for the three models, with the
“modified floating” model as the somewhat most heav
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Boundary Condition

Since both the hull geometry and the loads forstuelied case are symmetrical about the
vertical plane through the centreline, only onef ludlthe cross section is modelled and
symmetry boundary conditions are applied at théredime.

Longitudinally both ends of the compartment aredixagainst displacements and rotations,
representing the end bulkheads. According to DN&s€Ification Notes 30.8 a local model
should extend between the middle of two compartmahius having the bulkhead in the
middle of the model. However, for this analysissitmore relevant to analyse an entire
compartment since the objective is to study thecefbf floating frames. This is also in
compliance with the previous work on floating frasvoarried out by Jon Englund.

Loads

The loads corresponding to Load Condition 2 in DEIssification Notes 30.8, are applied
on the structure, as described in chapter 5.1.

This is the same load condition as previously itigated by Jon Englund. Due to different
input data, the values for slamming- and sea presate however not identical. The
differences are small, with values of respectiviedys % and -3%.

A more significant difference between this analymisl the one performed by Jon Englund
is the presence of the passenger deck load, aapghesars to be excluded from his analyses.
Smaller stresses in the stiffener webs at the sitips are thus expected for this analysis,
since less of the force will have to be taken up Bending moment by the stiffener webs.

Since the models only extend vertically to the aeck, the passenger deck loads are added
as point loads at the frames in the ship side,ialkde centre. The loads from the passenger
deck are assumed to be distributed evenly betweeiship sides and centre pillar. Due to
the symmetric boundary conditions at the centrelifseof the passenger deck load is added
to the sides, while 1/6 is added in the centrenBheugh there are no pillars at each frame,
the pillar loads from the passenger deck are evedistyibuted between the frames in the
model, due to the longitudinal bulkhead in the ent

The loads applied on the structure are illustrateleigure 7.4 below, with the omitted parts
of the cross section shown as dashed lines.
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Figure 7.4: Applied loads

7.3  Original Floating Frame

The results from the FE analysis of the floatingnfe model with original scantlings are
shown in chapters 7.3.1 and 7.3.2 for respectifrailye stress and stiffener stress.

7.3.1 Frame Stress

The equivalent (von Mises) stresses for the wetmdraf the original floating frame model
are shown in Figure 7.5 below. Only the bottom pathe frame subjected to the slamming
pressure is shown due to low stresses in the tdppéd surrounding frames. A deformation
scale of 50 is applied.
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5. Mizes
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Figure 7.5: Equivalent stress in web frame (oridiftaating)

Large parts of the structure have equivalent steesgceeding the allowable stresses of 120
MPa. The highest stress is found at the upper etijee bilge, with a value of 145 MPa. In
addition to the upper edge of the bilge, also tveel edge of the bilge and the middle span
display high stresses. Although there are somd &igess concentrations, the stresses are in
general nominal bending stresses and can not begdisled. The highest stress in the
middle of the bottom frame is found at the lowege&ddemonstrating the effect of having
the neutral axis located close to the flange.

The bending stresses are found to exceed the dllevs#ress in the same three areas, with
an extreme value of -155 MPa at the middle spattdivoedge). Due to higher stress values
and lower allowable stresses, bending is even ertreal than the equivalent stresses.

As shown in Figure 7.6 below, the shear stressesnainly within the allowable limit of 54
MPa. The only area exceeding the allowable ste$ésund at the bilge with a value of 57
MPa. However, this is only in a very local area ahduld therefore be evaluated specially
by DNV.
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SHEG, (fraction = =1.0)

(Avg: 75%)
+5.6672+01
+4.000e+01
+3.9342401
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+2.200e+01
41, 334a401
+4.66924-00
-3.9972400

Figure 7.6: Shear stress in web frame (originaifiog)

7.3.2 Stiffener Stress

Since the studied load case in this analysis idriiae bottom slamming only the out-of-
plane bending stresses are presented in this chd&ue shear stresses and longitudinal
bending stresses the local stiffener slamming pressould be the design load, which is not
covered here.

The results are split into three geometrical regjiowith the stiffeners exceeding the
allowable stress level marked in Figure 7.7 below.
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Figure 7.7: Stiffeners exceeding the allowablesstes (original floating)

Outer side stiffeners
The allowable bending stress of 86.4 MPa is exatdue four stiffeners, with values
ranging from 99 MPa to 144 MPa.

Bottom stiffeners
Due to the large rotation of the web frame allfstiers except for the three middle stiffeners
display stresses above the allowable limit, witreatieme value of 163 MPa.

Inner side stiffeners
Stresses of 87-147 MPa are observed in five sgffen

The allowable stresses are exceeded by 21 stiffeinetotal, with a maximum value of
189% compared to the allowable stress. It is fothet the bottom region is the most
critical, although the side stiffeners at both sidéso exceed the allowable stress.
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7.4

74.1

Modified Floating Frame

The results from the FE analysis of the modifiexhfing frame model are shown in chapters
7.4.1 and 7.4.2 for respectively frame stress &ffdreer stress.

Frame Stress

The equivalent stress for the web frame of the fremtlifloating frame model is shown in
Figure 7.8 below. The lower flange is removed fribra plot for illustration purposes and a
deformation scale of 50 is applied.

5. Mises

SNEG, (fracton = =1.0)

{Avg: 75%)
+Z. 348a 01
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4+3.0002401
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+1.000e+01
+0.000a 400

Figure 7.8: Equivalent stress in web frame (modifieating)

It is found that several areas in the frame extkedllowable stresses of 120 MPa given by
the rules, and an extreme value of 235 MPa is fotfmvever, all stresses above 120 MPa
are very local, and thus not comparable to thigigon. The extreme value of 235 MPa can
be disregarded altogether as it appears to be alrdeticiency, as seen in Figure 7.9 below.
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Figure 7.9: Modelling deficiency

When disregarding this modelling error there aikk sther local stress concentrations of
values 160-190 MPa in the model. Common for allgtness concentrations is that they are
located in the intersections between stiffenergamand frame, as shown in Figure 7.10
below.

5, Mizses
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. 40,0002 4+00

Figure 7.10: Stress concentrations at intersection

As stated in DNV Classification Notes 30.8 (2.6 local stress concentrations are subject
to special consideration in each case. The locak ptresses are likely to depend on the
width and thickness of the stiffener flanges, dmelweb thickness of the frame. It should be
cleared off with DNV whether or not these locakéstes can be tolerated.

When neglecting the local stress concentrationdidpeest stress is found at the inner edge
of the bilge with a value of 119 MPa, thus stillfifling the requirement for equivalent
stresses. The highest overall equivalent stresseda80 MPa, as seen in Figure 7.8.
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142

Both the overall bending stresses and the shezgssts are within the allowable limits for
the entire structure.

Stiffener Stress

The results of the stiffener stresses are spliv ithiree geometrical regions, with the
stiffeners exceeding the allowable stress levéiligbted in Figure 7.11 below.
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Figure 7.11: Stiffeners exceeding the allowablesies (modified floating)

Outer side stiffeners
The highest bending stress is found to be 70 Mith, w0 areas above the allowable stress

level.

Bottom stiffeners
Two stiffeners exceed the allowable stress leva@@®@#i MPa. These are found close to the

bilge, at each side, with values of 99 MPa and $aM

Inner side stiffeners
Four stiffeners exceed the allowable stress, walhes ranging from 85 MPa to 99 MPa

45



Master Thesis - Spring 2010

Structural Strength of Work Boats and High SpeeaftS€with Pre-fabricated, Floating Panels in Alumam

7.5

The stress levels in the stiffeners are above tloevable levels given by DNV for six
stiffeners, with the inner side as the most critiegion. Stress values of 115% of the
allowable are observed in two stiffeners.

Effect of Modifications
The modifications referred to in this chapter arplaned in chapter 6.6.

The modified web frame has a section modulus $ligifteater than the traditional, fixed
structure and fulfils the requirements of sectiomdolus from DNV. This ensures
acceptable overall bending stresses, which arecegbitom 155 MPa in the original floating
model to 75 MPa in the modified. However, since #téness of the frame increases
drastically, high local stresses are obtained @nithtersection between frame and stiffener.
These local stresses are not present in the origiadel, since the frame is less rigid and a
softer connection is ensured.

The stresses in the stiffeners are closely relaiatie deformed geometry of the structure.
The deformations are shown for the two models gufé 7.12 below, with a deformation
scale factor of 100.

EERENE,
oy

Figure 7.12: Deformed models (original - left, mioelil - right)

It is seen that the rotational deformations are hmiacger for the original model, causing
large out-of-plane bending stresses in the stiffevebs. For the stiffer modified frame the
rotations are decreased drastically, and the higdtdgener bending stress is reduced from
163 MPa to 99 MPa.
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75.1

While the decreased stresses for the bottom stiffecan be ascribed solely to the decreased
rotations, there is one more aspect to the sifferstirs. In addition to the rotations almost
vanishing at the sides for the modified model, #x@l stiffness is also increased. This
causes the forces from the bottom to be transfaodtie shell through the stiffeners in a
more uniform manner, meaning that more stiffeneesadble to contribute to the resistance.
For the original model, however, only a few stifen contribute due to the low axial
stiffness of the frame. The same stiffeners areaddition subjected to bending, thus
increasing the stresses further.

There is no doubt that the original scantlings @meuitable for a floating frame structure,
due to high stresses in both frames and stiffe\difsen modifying the scantlings of the
transverse web frames the stresses are reduceficsigthy for the frame itself, and also for
the stiffeners.

Acceptable stress levels are obtained for larges mdrthe structure, with exception to local
stresses in the web frame and bending stressemria sf the longitudinal stiffeners. It is
possible that the stress concentrations in thedream be accepted by DNV, due to the local
nature of these stresses, which opens for an amoept the allowable stress levels. The
fine, quadratic mesh applied can also be a reasaodept these local stress concentrations.

The out-of-plane bending stresses in the stifferames very local in the longitudinal
direction, but they are still pure bending stresased can most likely not be disregarded.
However, since the stresses are local it mightdssiple to avoid heat affected zones in way
of the largest stresses. This would increase tlogvable stresses beyond the actual stress
level in the structure.

Effect of Passenger Deck Load

The FE analyses discussed in this chapter inclbdeptssenger deck loads previously
discussed in chapter 7.2.1. These loads are asstongive lower stiffener stresses by
bringing the structure closer to equilibrium witkegards to forces. To confirm this

assumption, which also the analytical calculatians based on, the FE analysis of the
modified floating frame is repeated with the pagsemeck loads excluded.

At the outer side the stiffener stresses are fdandcrease from 70 MPa to 100 MPa, and a
total of nine stiffeners exceed the allowable s@ss Increase of stresses are also observed
for the inner side stiffeners, although not as drienas for the outer side stiffeners. The
largest bending stress is found to increase frorMPa to 105 MPa, and five stiffeners are
above the allowable level. No practical differemcebserved for the bottom stiffeners.

The out-of-plane bending stresses in the sideestffs are found to increase when the
passenger deck loads are omitted, thus confirntiegbasis of the analytical calculations.
The effect is by far most pronounced at the ouige,ssince the forces are transferred
through the stiffeners to the shell plating in tla@gion.
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7.6

7.6.1

Comparison between Analytical Calculations and Firte Element Analyses
The results from the three different analyses agegnmted in tabulated form in this chapter.

Frame Stress
The bending stresses at midpoint and ends of tiefraeme are shown in Table 7.4 and

Table 7.5 below. For the FEA results only the nominal begditresses are presented. The

local stress concentrations are omitted, althotighn be difficult to separate these in some
areas.

Table 7.4: Comparison of bending stresses in frabmaidpoint

Model Extended Simplified Analytical Calculations [MPa]
FEA FEA Fixed Simply Average
[MPa] [MPa] supported
“Fixed” -15/+60 -40/ +90 -21/+68 -63 / +205 -42 [ +137
“Floating frame” -155/ +75 -210/+100 -219/+1172 -657 / +33b -43323
“Frame only - -230/ +90 -219/+112 -657 / +334 -438 | +2p3
“Modified floating” -55/+30 -100/+ 50 -55 / +39 -166 / +118 -1H4179
Table 7.5: Comparison of bending stresses in frabrends
Model Extended Simplified Analytical Calculations [MPa]
FEA FEA Fixed Simply Average
[MPa] [MPa] supported
“Fixed” -70/+20 -80/+30 -137 /1 +42 - -68 / +21
“Floating frame” -130/ +40 -210/ +100 -223 | +438 - -112 / +2]9
“Frame only - -170/ +40 -223 | +438 - -112 / +21P
“Modified floating” -30/ +40 -60/+ 90 -79/+111 - -39 / +54

It is seen in the tables above that both the sfira@liFEA and the analytical calculations
over predict the stresses in the frame. Some sfddun be ascribed to the longitudinal effect
in the extended FEA, where loads are transferreth fthe frame subjected to the high
slamming load to the neighbouring frames that ass loaded. This effect is not accounted
for in the simplified FEA and the analytical calatibns, as these assume a uniform load due
to symmetric boundaries.

For the stresses at midpoint there seem to be smmsistency between the analytical
calculations and the finite element analyses. Theengled FEA agree well with the
analytical calculations obtained for fixed boundariwhile the simplified FEA correspond
better with the averaged boundaries. It appearstiigaboundary conditions in reality are
closer to fixed than simply supported.

Less consistency is found in the results at thesefthis can partly be caused by the
complex geometry and the fact that it is diffidaltdetermine the bending stresses from FEA
in an exact manner due to large stress variations.
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7.6.2 Stiffener Stress

The tabulated results for the stiffener bendingsstes are presented in Table 7.6 and Table
7.7 below. For the analytical calculation of theesstiffeners the results are identical for the

floating and modified frame since the axial stifeef the frame is neglected.

Table 7.6: Comparison of bending stresses in bo#bifieners

Model Extended Simplified Analytical
FEA FEA Calculations
Deflection Stress Deflection Stress Deflection Stress
[mm] [MPa] [mm] [MPa] [mm] [MPa]
“Floating frame” 1.29 162.7 1.74 246.3 2.42 249.0
“Modified floating” 0.70 99.0 1.05 197.8 1.31 134.7
Table 7.7: Comparison of bending stresses in differsers
Model Extended Simplified Analytical
FEA FEA Calculations
Deflection Stress Deflection Stress Deflection Stress
[mm] [MPa] [mm] [MPa] [mm] [MPa]
“Floating frame” 0.83 144.5 1.03 191.6 0.50 147.7
“Modified floating” 0.59 70.4 0.66 111.0 0.50 147.7

It is seen that the stresses are over predictethéysimplified FEA and the analytical
calculations for both analyses, compared to thereldd finite element analysis. This is due
to longitudinal transfer of forces being accourftadn the extended FEA.

For the finite element analyses there seem to b soconsistency between the deflections
and stresses, compared to the simple beam thebrgditin the analytical calculations. This
can be caused by rotations of the shell plating stiftener flange, since the analytical
formula assumes these faces to remain normal tetiffiener web after deflecting. Another
aspect is how the stresses are interpreted inEnanélyses, since some of the stresses may
come from compression in addition to the pure bagdbntribution.

Since the FE models are made of shell elementsnwitinickness, the effective height of the
stiffener webs are not completely correct. When efiody with shell elements the plating
and flange are located at their neutral axis (neidtth achieve the correct section modulus
about the strong axis, see Figure 7.13 below.
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Stiffener height - real
Stiffener height - shell mode|

Figure 7.13: Inaccuracy for shell element model

This modelling procedure gives correct results foost analysis, but introduces an
inaccuracy in this analysis since the effectivegheof the stiffener web is important for the
out-of-plane bending. The inaccuracy is amplifigdtioe fact that the real stiffeners would
contain radii that would reduce the real effectiegght further.

Although decreasing the stiffener height of thellstmedel would underestimate the section
modulus, it would perhaps give the overall bestiltedor this kind of analysis.
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8.1

EFFECT OF RADIUS FOR EXTRUDED PROFILES

Changes in geometry over a cross-section are o#ssociated with large stress

concentrations, which may lead to local yieldingd dractures. In the case of extruded
panels with stiffeners, the corner radii can beselmomore freely than what is the case in
traditional ship building, where the stiffeners arelded to the plate. It is therefore relevant
to study what effect the corner radii have on thess concentration occurring in the corners
of a stiffener subjected to out-of-plane bending.

The study is based on the T-profile “T88x5x50x10thwdimensions W78x5 / FL50x10
[mm] and original radii of 5 mm. By altering thedia the peak stresses are found for radii
of 1-8 mm. In addition to the stiffener a platetbickness 6 mm is included in the model.
The same radii are used between the web and pafier dhe web and flange connection.
The model with radii of 1 mm is shown in Figure 8dlow.

Figure 8.1: Cross section

The horizontal displacement is set to 1 mm infadl ¢alculations.

Analytical Calculations

The out-of-plane bending case for the stiffeneedgivalent with a beam subjected to
translation while fixed against rotation. This casshown in Figure 8.2 below.

Figure 8.2: Out-of-plane bending
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The formula for the corresponding moment is:

=5

Since the objective of the analysis is to studyotes radii, a reduction of length depending
on the radii is needed to establish the effectaregth of the beam. This reduction is taken
from DNV HSLC Pt3,Ch3, secl, | 101, where it istaththat the two thirds of the radius is
to be deducted from the effective span, as showigare 8.3 below. The length reduction
taken from DNV is normally applied for beams, huthis case the stiffener is regarded as a
beam by strip theory.

[F5]
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q
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|

1
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ks

q

Figure 8.3: Effective span of a beam

By applying the formulas above the nominal benditrgsses for the radii of 1-8 mm are
calculated in a spread sheet. Stress concentratwesomitted from the analytical
calculations altogether.

8.2  Finite Element Analysis

Two-dimensional models are created in Abaqus, thighelement type CPS8R. This is an 8-
noded, plane stress element, with reduced integraf fine mesh is created with average
element size of 1x1 mm.

The lower edge of the plate is fixed against tratnsh and displacements, while the upper
edge of the flange is given a prescribed displacémiel mm horizontally.
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8.3 Results

The results are summed up in Table 8.1 and Figuteb8low. The analytical results are
nominal bending stresses, while the FE resultpea& stresses.

Table 8.1: Stresses in web for various radii

Radii [mm] FEA — Bending FEA — vonMises Analytical —
[MPa] [MPa] Bending [MPa]
1 201.1 202.8 178.6
2 190.3 190.6 185.0
3 181.1 183.5 191.7
3,5 180.9 180.4 195.3
4 181.6 183.4 198.8
5 183.3 186.2 206.3
6 188.0 189.8 214.3
7 192.2 194.4 222.7
8 197.6 200.1 231.6

—=— FEA bending
Web stresses ,
—e— FEA vonMises
Analytical
230 =
220
g 210 -
= 200 B
[%]
[
S 190 \
(%)
180 -
170 I T T T T T T
1 2 3 4 5 6 7 8
Radius [mm)]

Figure 8.4: Stresses in web for various radii

An additional model with radii of 3.5 mm is analgzeshowing a vonMises peak stress of
180.4 MPa. This confirms the location of the minfmualue as indicated by the plot above.

Two effects are shown in the plot above. The pdsdsses decrease with increasing radii
down to a minimum around 3.5 mm radii due to desirgpstress concentrations. After 3.5
mm the peak stress increase for increasing ratlis & due to a shorter effective length,
which creates larger bending moments. The two &ffare shown in Figure 8.5 and Figure
8.6 below.
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It is also seen that the analytical solutions agédr than the FE results, except for the radi
where large stress concentrations occurs. Thisatel that the effective lengths used in the
analytical calculations are too short. The différsiope of the curves also indicate this, as
the analytical stresses increase faster than ttessss found in the FE analysis, for
increasing radii.

| =

Figure 8.5: Radii 1 mm — Stress concentrations

Figure 8.6: Radii 8 mm — Shorter effective length

It is concluded that the optimal radii for this fie subjected to out-of-plane bending is 3.5
mm. There may be a beneficial effect from redudhgradii of the bottom stiffeners. This
should however be evaluated closer, since thesssesiay increase for other load types
where the effective length (height) of the welriislevant.
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9 FATIGUE ASSESSMENT

This chapter aims to estimate the fatigue life loé tmodified floating frame structure
previously described in a simplified manner. Them® several uncertainties in the
calculations, and estimates are performed in a etwave manner throughout the
assessment.

Since the long term distribution of the stressamisnown, it is suitable to use an equivalent
stress range based on the Weibull distribution. ddpgivalent stress range obtained can be
used directly with a SN-curve, thus predicting thiigue damage expected. The formula for
the equivalent stress range is shown below. (B&@@1)

Sy

— ASO |:r(1+m)}1/m
(ln no)llh h

ASeq Equivalent stress range

ASy: Maximum stress range in the load history (175 MPa
no: Total number of load cycles in the load histdyX0)

h: Weibull shape parameter (0.8)

I': The complete Gamma functiof((+5.4)=241)

m: Crack growth exponent (4.32)

For a total life of 20 years, i@ycles is commonly used. This corresponds to alrapns
load cycle every sixth second for the entire perieor a passenger vessel this would be
extremely conservative, since the vessel is nobparation all day and night. The total
number of cycles @) is set to 5x10 which still is a conservative estimate.

The Weibull shape parameter is a factor governihg tonvexity/concavity of the
exceedance spectrum. For h-values below 1.0 a verslaape is obtained, while values
above 1.0 means a convex shape, as illustratedyureé=9.1. In this case both slamming
loads and pressure fluctuations from waves areideresl, in a simplified manner. Since the
slamming loads are rare, but with high stress mar@ed the pressure fluctuations are
common, but with small stress ranges, a concavpesim assumed for the exceedance
spectrum. The Weibull shape factor (h) is set 8ad3. an estimate.
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Figure 9.1: Example of Weibull spectrum

The maximum stress range is taken from the stresdysis in chapter 7. Stress

concentrations in the range 160-190 MPa are obder@&nce some of the stress

concentrations are very local, and may originatenfmesh deficiencies, the middle value of
175 is chosen as the maximum stress range foruatpurposes. This should ensure
conservatism in the calculations, since nominasstes normally are assumed for the S-N
curves in ECCS Recommendations. (ECCS, 1992)

The equivalent stress range is found toAf&~17.1 MPa, when applying the formula and
values listed above.

The structural detail is taken as D3 in the ECC80oRenendations, see Figure 9.2. This is a
discontinuous longitudinal fillet weld, and the @adategory also includes intermittent web-

to-flange connections. This detail is analogoush®oweld connection between frame web
and stiffener flange for the floating frame struetuldeally several other details should be
checked, for instance longitudinal stresses irsttiteners due to local slamming. However,

a full fatigue analysis is not part of the scopghis thesis.
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Figure 9.2: Structural detail D3 — ECCS

When comparing the equivalent stress range withS#i¢ curve for detail D3 in ECCS,
which is based on mean minus two standard devstithe predicted fatigue life of this
detail is found to be above 1{16ycles, which is the largest number of cycles shawthe
S-N curve (cut-off limit).

It is found that there is no risk of fatigue fagufor this structure within a total life of 20
years, with the assumptions described above.hibvgever noted that the fatigue assessment
in this chapter must only be seen as an estimatenat a complete fatigue analysis since
there are uncertainties related to both load histod choice of detail.
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10

10.1

NONLINEAR FINITE ELEMENT ANALYSIS

While the FEA in chapter 7 give a good impressibrthe stresses in the structure, more
detailed analyses are required to evaluate therstif behaviour in the welded condition. In
this chapter nonlinear finite element analyses (BA) are performed in Abaqus to
investigate the effect of HAZ for both cyclic loadiand ultimate capacity.

Both geometric and material nonlinearities are anted for, but for the cyclic analyses the
geometric nonlinearity are in reality neglectable do the relatively small deflections. The
material nonlinearities are however very central foth analyses, as shown later in the
chapter.

The T-profile “T88x5x50x10” is used for this studyhich this is a “standard” profile used

by Fjellstrand AS. This is also the same profiledu$or the study in chapter 8, but not the
profiles used in the stress analysis in chapteSihce the motivation for this study is the
nonlinear material properties, and not the exaesses, this is an acceptable approach.

Modelling

Due to the complexity of a NLFEA only a limited paf the structure is modelled, as shown
in Figure 10.1 below. One stiffener is modelled rotem corresponding to one frame

spacing. The extent of the shell plate is takearasstiffener spacing of 235 mm. The edges
are given symmetrical boundary conditions, repritsgna case where the structure is
continued over a larger area both longitudinallgt r)ansversely. A small plate in the middle

of the stiffener represents the transverse framegghis is of less interest in the analyses.
The deflections are prescribed to this plate, tliegseating the real interaction better than if
the deflections were added directly to the stiffene

.

Figure 10.1: Finite element model for nonlinear brs&s

"
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For the analyses that include the effect of weldthg extent of the heat affected zones are
taken 25 mm in all directions from the weld, aswshdn Figure 10.2 below. Since the
transverse plate representing the frame is noiestuthis is given the original properties of
NV-6082.

Figure 10.2: Heat affected zones

The element mesh is built up of 4-noded lineaatetdra, a geometric shape consisting of 4
triangular surfaces. The mesh is quite coarse fwstraf the model with average mesh size
of 12 mm. However, in the areas with HAZ a much en@fined mesh is assigned, as shown
in Figure 10.3 below. The average mesh size imegfieed regions is 1 mm. This is to assure

accurate results in the area of most interest.tdtad number of DOF in the models is ca 41

000.

Figure 10.3: Element mesh
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10.2 Material Properties

The material data used in this chapter are basedaberial tests previously performed at the
Department for Structural Engineering at NTNU, shmyvthe engineering stress-strain
curves for NV-6082 (T6), including the welded prdpes and NV-5083. Since only the
stress-strain curves are available, representatiiges are manually read off from these
curves. Figure 10.4 below shows the engineeringssistrain curves created from the
material tests. NV-5083 is in reality used for th@me, but since the frame is not studied in
this chapter the plate representing the frame idathed as NV-6082 for simplicities sake.

Engineering stress-strain curves —o— NV-6082 (T6)
—m— NV-6082 (T6) - HAZ
NV-5083
350 |
300 -
,4_‘_/'
—_ i —
= 200 +— I —
° o L/
@ 150
et
¢ 100 A
50 f
0= ‘ ‘ ‘ ‘ ‘ \ T T T T T
0O 05 1 15 2 25 3 35 4 45 5 55 6
Strain, € [%]

Figure 10.4: Engineering stress-strain curves

It is observed that NV-5083 has a smaller yieldigahan NV-6082, but display a relatively
larger strain hardening than NV-6082. Although ttasnot directly relevant here it is a
useful observation when considering the whole stnec

More relevant for the nonlinear analyses is thatnetly large strain hardening for the
welded NV-6082 compared to the original materiadr Btrain values of 2 % the heat-
affected NV-6082 show a stress level of roughly 76P4he unaffected material. This is
large compared to theg-falues used by DNV in the elastic range. Althotigé effect of
hardening is most pronounced for very large straims can be relevant for the ultimate
capacity analyses. Substantial hardening (50%ses @served for strains around 0.5 % for
the welded material.
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The engineering stresses and —strains are transfiotontrue stresses and logarithmic strains
by using the following relations, since the laiteused as input in Abaqus:

&, =In(1+ £eng)

g,

true = Ueng(1+ geng)

For the strain-hardening input in Abaqus only tHaspc strains are used. These are
separated from the total strains by subtractingetastic strains, as shown in Figure 10.5 and
the formulae below. (Mathisen, 2009)

 J

my

A A
h J

Figure 10.5: Stress-strain relations

el

pl — tot __
‘gl - gln gln

n

— tot O-true
=& -

In E

The stress-strain data referred to in this chagterthe corresponding input data for Abaqus
are shown in appendix V.

An isotropic hardening model is used as input ftwladus, meaning that the yield surface
expands isotropically (symmetrically) about thegori The choice of hardening model has
little influence here, since the loading is notyfukversed.
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10.3 Cyclic Analysis

For the cyclic analyses the bottom slamming presand a prescribed displacement of 0.56
mm are applied simultaneously in 4 cycles betwe@dPd and 50% as indicated by Figure
10.6 below. The load increment is set to 0.1, nregatihat the load and displacement are
added/removed stepwise 10% at a time. This givestad of 80 steps, since each cycle
consists of both loading and unloading. The tenmét on the x-axis can be misleading, but
is used by Abaqus as an expression for “step”. $t@ps (time =2) is the same as one cycle.

o440 - | / \

030

0,30

Displacement [mm)

Uil PI; T-88 (3M)-1 N; 21

00D 1 1 i
0.0 2.0 4.0 6.0 BD

Time ()

Figure 10.6: Cyclic loading

The displacement value of 0.56 mm is taken fromlitnear FEA, but since the modelled
profile differs from those in the FEA, these anal/san only be taken as examples.

Cyclic analyses are performed both with and withélAZ in the areas previously
illustrated. The results from the analyses are shmwform of stress-strain plots in Figure
10.7 below. Total, logarithmic strains have beesdus
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Figure 10.7: Stress-strain plot for cyclic loading

Although there is some numerical noise in the a®syit can be seen that the model
unaffected by welding operates solely in the atastgime, with a complete reversal of the
stresses when unloading. The model with heat &ffleecbnes, however, is subjected to
stresses above yield, and display strain hardeisghe plastic strains develop the yield
stress increase, and it is seen that the lastyaslexare completely elastic.

The permanent plastic strains are shown in FigQrg telow.
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Figure 10.8: Permanent plastic strains

The plastic strains are developed during the fivst cycles, and are permanent thereafter. A
final plastic strain value of ca 0.08% is found.

Substantial strain hardening is found even for tkahi strain values (ca 0.16%). This
indicates that cyclic loading leading to stresskesva the criteria will increase the vyield
stress for subsequent load cycles. Some of theanatignaterial properties have been
regained through cyclic loading.

Ultimate Capacity Analysis

To evaluate the ultimate capacity of the structanel the effect of HAZ, analyses are
performed with extreme displacements. In addition the full slamming pressure a
horizontal displacement of 40 mm is prescribechtodtructure.

The load increments are again set to 0.1, but adleet larger extent of the analyses the step
length is not fixed at that value. This means tAbaqus may increase or decrease the
increment based on the number of iterations ne¢ale@dach equilibrium in the previous
step. A quicker analysis may thus be performedoutitompromising the accuracy.

The results of the analyses can be seen in the-ftisplacement (B) diagram in Figure
10.9 below.
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Figure 10.9: Force-displacement curves

The same effects are seen for both the modelgugthnot for the same values. Two effects
can be read from the diagram above. First thenssf of the structure starts to drop at
displacements values of 3-4 mm due to yieldingjl uhé middle cross section becomes
fully plastic and the stiffness is almost singuldr.hinge is then formed and as the

displacement continues the stiffness increasestaldengitudinal membrane action in the

surrounding structure. This redistribution can bersin the longitudinal view presented in

Figure 10.10 below.
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Figure 10.10: Redistribution of stresses afterdiiag)
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Due to the lower yield value of the heat affecteatenal, the HAZ model looses its initial
stiffness before the unaffected model. Also, adatgnge is formed which can be seen by
the relatively larger segment with almost no séffa (at around 18-30 mm). At even larger
displacements the stiffness of the heat affectedainaould increase as there seem to be a
shift between the two curves. This is partly cangd by an additional analysis where the
heat affected model is displaced 60 mm, as showfigare 10.11 below. At this stage the
stiffness drops again as yielding starts to takeght the end boundaries.
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Figure 10.11: Shift in force-displacement curves

The final deformed shape of the two models candsn sn Figure 10.12 below, with the
heat affected model to the left. Pronounced hirrgeseen for both models.
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Figure 10.12: Plastic hinges

Due to the forming of plastic hinges there is cdesble reserve strength after yielding for
the structure, regardless of the local softeninthenheat affected zones. It should however
be noted that occurring fractures are likely touethe effect due to excessive strain levels.
At a displacement value of around 30 mm, strain8%fare observed, suggesting that this
might be a more realistic value for the ultimatpaaty, as 8% is the elongation value given
in DNV HSLC for NV-6082.
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11

111

WEIGHT CALCULATIONS

Of the total cost for building catamarans at Fiedlsd AS the aluminium fabrication cost
has previously been calculated to 25%, while thenatium material cost only amount to
3% of the total cost, according to Stig Oma (Fjedisd AS).The motivation for the ongoing
project “Alubat” is to come up with more cost-effint ways to manufacture aluminium
hulls, of which the use of floating frames is a ibke solution. When applying a floating
frame structure the welding time is greatly redysgdce the shell plating and stiffeners are
pre-fabricated by extrusion, and only welded towled frames at the intersections.

The increase in weight when applying a floatingnfea structure is found to be quite
significant. For the bottom structure the framegheiincreases with 103% when modifying
the frame as described in chapter 6.6. The werginease for the panels (stiffeners and shell
plating) is found to be 6% when complying with thedified DNV HSLC rules outlined in
chapter 4.1. This gives a total weight increas238f for the bottom structure compared to
the original, fixed structure.

Reduced Stiffener Spacing

While the number of stiffeners in a traditionalustiure has a large impact on the fabrication
cost due to welding time, this is not the caseddloating frame structure. This gives an
opportunity to optimize the stiffener spacing widgards to weight, without increasing the
fabrication cost to the same degree as for a ioadik, fixed structure.

In this chapter the weight of the bottom panelakalated for various stiffener spacings,
while still meeting the requirements in DNV HSLCitimthe rule modifications proposed in
chapter 4.1. The out-of-plane bending stressesedaby the frame deflections and the
proposed interaction formula for bending capactgtact force are kept out of the
calculations, and may prove to limit the potentiaight savings to some degree.

The local slamming pressure will generally increfasalecreasing stiffener spacing due to a
smaller load area. However, in the rules there msiimum load area of 0.002T that is
already active for the stiffener and plate slammmagd, making it even more efficient to
reduce the stiffener spacing in this particularecas

The required properties for bottom plating and ifesters are shown in Table 11.1 below
for 6 different stiffener spacings, with 235 mmitlas original spacing, see appendix VI.
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Table 11.1: Required properties

Stiffener Local Minimum Required Required Required
spacing, s slamming plate plate stiffener stiffener sec.
[mm] pressure, p thickness, thickness, shear area, | modulus, Z

[kN/m?] tmin [MM] treq [MM] As [cn?] [cm?]
235 149,7 4,7 6,4 55 34,6
215 149,7 4,3 5,9 5 31,7
195 149,7 3,9 5,4 4,5 28,7
175 149,7 3,5 4,8 4,1 25,8
155 149,7 3,1 4,3 3,6 22,8
135 149,7 3,1 3,7 3,1 19,9

6 different L-profiles are established based onrdmgiirements above. These are “smeared”
to obtain equivalent thicknesses, by dividing ttifemer area by the corresponding stiffener

spacing. In Figure 11.1 below, the plate thickngssguivalent stiffener thicknesses and

total equivalent thicknesses are shown as a fumciidhe stiffener spacing.

—e—Plate
—u— Stiffener

Equivalent thicknesses
Total

=
o

O P N W » 01 O N 00 ©
Equivalent thickness [mm]

235 215 195 175 155 135

Stiffener spacing [mm]

Figure 11.1: Equivalent plate thickness

It is seen that the required plate thickness deeeeapidly for decreasing stiffener spacing.
Even though the contribution from the stiffenerrease, the total equivalent plate thickness
decreases, showing that there is a potential fagiweeduction by decreasing the stiffener
spacing.
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By applying a stiffener spacing of 155 mm a weigdduction of 13% is obtained for the
bottom panels. The total weight increase for theobo structure will then be 15% when
including the 103% increase in frame weight. Thaginal weight increase of 29% has
almost been bisected by these changes.

Additional considerations should however be takefote reducing the plate thickness
drastically. The minimum thicknesses given by tbkes may turn out to be too thin in
practice, and new problems may arise. Vibratiomsnfithe engines should especially be
considered, since the engines are located clabe tarea in question.
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APPENDIX I: DNV HSLC - DESIGN LOADS (PT. 3, CH. 1)

Input

Length, Lpp 54 m
Reduction of Cw (restriction) 0%
Fully loaded draught, T 2,24 m
Lowest draught, Tl 19 m
Number of hulls, n 2
Displacement fully loaded, A 580 t
Maximum speed, V 35 knots
Stiffener spacing, s 0,235 m
Frame spacing, | 1m
Frame span, S (for slamming area) 3,8 m
Effective frame span, S 3m
Acceleration of gravity, g 9,81 m/s2
Deadrise angle, Bx 13 deg
Sec. 2, B200 - Design vertical acceleration

Acceleration factor from type and restrictions, fg 1
Design vertical acceleration, acg 4,54 m/s2
[Minimum design vertical acceleration, acg 9,81 m/s2
Sec. 2, C201 - Bottom slamming

Long. slamming pressure distr. factor, ki 1
Draught at L/2 in normal operation condition, TO 2,24 m
Plate area 0,52 m2
Stiffener area 0,52 m2
Frame area 3,8 m2
Slamming pressure on bottom, Psl - plate 149,7 KN/m2
Slamming pressure on bottom, Psl - stiffener 149,7 KN/m2
Slamming pressure on bottom, Psl - frame 82,3 kN/m2
Sec. 2, C203 - Pitching induced bottom slamming

Wave coefficient, Cw 4,32

ka (plating) 1

ka (stiffeners/girders) 0,73

kb (plating/stiffeners) 1

kb (transverse girders) 0,95
Slamming pressure on bottom, Psl - plate 116,4 KN/m2
Slamming pressure on bottom, Psl - stiffener 85,0 kN/m2
Slamming pressure on bottom, Psl - frame 80,7 kN/m2
Extent of full pitching slamming (from FP) 29,7 m
Gradually reduced to zero at (from FP) 39,15 m

Sec. 2, C500 - Sea pressure
Longitudinal distr. factor, ks
a

7,54 (@kland)
1

Location from keel 1m
Distance from WL, hO 1,24 m
[Sea pressure, p 41,4 KN/m2




APPENDIX II: DNV HSLC - HULL STRUCTURAL DESIGN (PT. 3, CH. 3)

(General input taken from sheet "Loads")

Additional input

Radius of curvature, r 48 m

Yield strength, of (plating/stiffener) 250 Mpa NV-6082 (T6)
Yield strength, of (frame) 215 Mpa NV-5083
Factor f1 (Plating/stiffener - HAZ) 0,48 NV-6082 (T6)
Factor f1 (Frame - HAZ) 0,6 NV-5083
Plating

Basic stiffener spacing, sR 0,308

s/sR 0,76

t0 (bottom) 4 mm

k (bottom) 0,03

t0 (above WL) 3,5 mm

k (above WL) 0,02

f 0,85

Sec. 5, B101 - Minimum thickness

Minimum thickness, t (bottom) 4,7 mm

Minimum thickness, t (above WL) 3,8 mm

Sec. 5, B202 - Bending (Applicable when aspect ratio(s/l) < 0,5)

Sea pressure, p 41,4 KN/m2 (At given location)
Allowable bending stress, o 86,4 Mpa (Static - 180*f1)
[Thickness requirement, t 3,64 mm | (At given location)

Sec. 5, B302 - Slamming

Slamming pressure on bottom, Psl - plate 149,7 kKN/m2

Allowable bending stress, asl 96 Mpa (Dynamic - 200*f1)
Correction factor for curved plates, kr 0,98 -

[Thickness requirement, t 6,41 mm |

Stiffeners

Bending moment factor, m 85 (Continuous longitudinal members)

Sec. 5, C101 - Bending
Allowable bending stress, o 76,8 Mpa (Static - 160*f1)
[Required section modulus, Z 10,76 cm3 | (At given location)

Sec. 5, C201 - Slamming

Slamming pressure on bottom, Psl - stiffener 149,7 kN/m2

Allowable bending stress, o 86,4 Mpa (Dynamic - 180*f1)
Allowable shear stress, 1 43,2 Mpa (90*f1)

Required section modulus, Z 34,61 cm3

Required shear area, As 4,2 cm2 (Original formula)

Required shear area, As (floating frames) 5,5 cm2 (Adjusted for floating frames)




Frames

Sec. 6, A301 - Minimum thicknesses
f

Basic stiffener spacing, sR

s/sR

t0

k

0,90
0,308
1,00
3 mm
0,03

[Minimum thickness, t

4,88 mm |

Sec. 6, A401 - Allowable stresses
Dynamic bending, o

Dynamic shear, o

Static bending, o

Static shear, o

Sec. 6, B401 - Strength requirements

Bending moment factor, m
Shear force factor, ks

Sea pressure, p

Slamming pressure on bottom, Psl - frame

108 Mpa
54 Mpa
96 Mpa
54 Mpa

100 (Web frames)
0,63 (Web frames)

41,4 KN/m2
82,3 kN/m2

Required section modulus, Z (sea pressure)

387,99 cm3 (At given location)

Required section modulus, Z (slamming)

686,10 cm3

Required shear area, Aw (sea pressure)

14,48 cm?2 (At given location)

Required shear area, Aw (slamming)

28,82 cm2

NOTE: These rules are based on a regular geometry
which is not the case here (for the frames)



APPENDIX Ill: ANALYTICAL CALCULATIONS OF FRAMES

Input

Effective span (for angles) 2,25 m

Span, S 3m

Pressure, p 82,3 kN/m2

Stiffener length, L 1m

Line load, g 82,3 kN/m

Youngs modulus, E 70000 Mpa

Shear modulus, G 26000 Mpa

Cross-sectional properties

Neutral axis, na 74,1 mm

Inertia moment, Ixx 1,1E+08 mm4

Section modulus, bottom 1,5E+06 mm3

Section modulus, top 4,5E+05 mm3

Shear area, As 1860,0 mm2

Moments

Simply supported (middle) 92,59 kNm

Fixed (ends) 61,73 kNm

Fixed (middle) 30,86 kNm

m=10 (case in between - ends) 74,07 KNm

Stresses (Compression)
Simply supported - bottom (middle) -63 Mpa (Tension)
Simply supported - top (middle) 205 Mpa (Tension)
Fixed - bottom (ends) 42 Mpa (Compression)
Fixed - top (ends) -137 Mpa (Compression)
Fixed - bottom (middle) -21 Mpa (Tension)
Fixed - top (middle) 68 Mpa (Tension)
m=10 (case in between) - bottom (ends) 50 Mpa (Compression)
m=10 (case in between) - top (ends) -164 Mpa

Vertical deflections

Simply supported - bending 11,4 mm

Simply supported - shear deformation 1,9 mm

Simply supported - total 13,3 mm

Fixed - bending 2,3 mm

Fixed - shear deformation 1,9 mm

Fixed - total 4,2 mm

[Deflection at midpoint, & 8,7 mm |

[Angle at end (simply supported) 0,0051 rad [




APPENDIX IV: ANALYTICAL CALCULATIONS OF STIFFENERS

Calculations of deflections/stresses for bottom stiffeners

Youngs modulus, E 70000 Mpa
. Modified

Floating floating
Rotational displacement (frame-FEA), ©: 0,0114 0,0062 rad
Distance to neutral axis (frame), y: 205 211 mm
Web height, L: 84,5 84,5 mm
Web thickness, t: 3,5 3,5 mm
Maximum deflection, A: 2,34 1,31 mm
[Maximum bending stress, a: 240,6 1347 Mpa |

Calculations of deflections/stresses for side stiffeners

Unbalanced force, F_unb: 82000 N
Youngs modulus, E 70000 Mpa

"bulb-65" test 1 test 2
Web height, L: 50 55 50 mm
Web thickness, t: 3,5 3,5 4 mm
Effective breadth, b: 400 400 400 mm
Number of stiffeners:n 17 17 17 [1]
Spring stiffness, k: 9604 7216 14336 N/mm
Total stiffness, K_tot: 163268 122666 243712 N/mm
Average deflection, A: 0,50 0,67 0,34 mm
[Average bending stress, o: 147,7| 162,4 113,1 Mpa

Stresses proportional to L and 1/t"2
as found by formulae



APPENDIX V: NONLINEAR MATERIAL PROPERTIES

Youngs modulus, E 70000 Mpa
NV-6082 (T6) Yield (DNV) = 250 Mpa
(Input Abaqus) (Input Abaqus)
€_eng [%] €_eng [-] o_eng[Mpa] €_In[] o_true [Mpa] ¢_In_pl []
0 0 0 0 0
0,36 0,0036 230 0,0036 230,8 0,0000
0,46 0,0046 250 0,0046 251,2 0,0010
0,64 0,0064 260 0,0064 261,7 0,0026
15 0,0150 270 0,0149 274,1 0,0110
3 0,0300 280 0,0296 288,4 0,0254
4 0,0400 285 0,0392 296,4 0,0350
6 0,0600 290 0,0583 307,4 0,0539

NV-6082 (T6) - HAZ Yield (DNV) = 120 Mpa
(Input Abaqus) (Input Abagus)

€_eng [%] e_eng [-] o_eng [Mpa] €_In[] o_true [Mpa] ¢€_In_pl []
0 0 0 0 0
0,18 0,0018 100 0,0018 100,2 0,0000
0,29 0,0029 130 0,0029 130,4 0,0010
0,57 0,0057 150 0,0057 150,9 0,0035
1,71 0,0171 180 0,0170 183,1 0,0143
3 0,03 200 0,0296 206,0 0,0266
4,71 0,0471 210 0,0460 219,9 0,0429
6 0,06 205 0,0583 217,3 0,0552
NV-5083 Yield (DNV) = 215 Mpa
(Input Abaqus) (Input Abaqus)
€_eng [%] €_eng [-] o_eng[Mpa] €_In[] o_true [Mpa] ¢_In_pl []
0 0 0 0 0
0,34 0,0034 220 0,0034 220,7 0,0000
0,45 0,0045 240 0,0045 241,1 0,0010
0,53 0,0053 250 0,0053 251,3 0,0017
1,36 0,0136 270 0,0135 273,7 0,0096
3,24 0,0324 300 0,0319 309,7 0,0275
6 0,06 320 0,0583 339,2 0,0534

8 0,08 330 0,0770 356,4 0,0719



APPENDIX VI: PANEL WEIGHT FOR REDUCED STIFFENER SPACING

Requirements:

Spacing p t_min t req As V4

235 149,7 4,7 6,4 55 34,6

215 149,7 4,3 59 5 31,7

195 149,7 3,9 54 45 28,7

175 149,7 3,5 4,8 4,1 25,8

155 149,7 3,1 4.3 3,6 22,8

135 149,7 3,1 3,7 3,1 19,9
Dimensions:
Spacing 235 215 195 175 155 135 mm
Plate thickness, tp 6,4 59 54 4,8 4,3 3,7 mm
a/b 2,6 2,8 3,1 3,4 3,9 4,4
C (from table) 0,76 0,8 0,85 0,87 0,92 0,94
Effective width, be 179 172 166 152 143 127 mm
Web thickness, tw 5 4,5 4,5 4,1 4 3,5 mm
Web height, h 100 100 90 90 80 80 mm
Flange thickness, tf 10 10 10 10 10 10 mm
Flange width, bf 22 20 22 20 22 20 mm
Neutral axis, na 30,25 30,23 29,55 30,84 30,47 32,48 mm
Inertia moment, Ixx 3,0E+06 2,7,E+06 2,2 E+06 1,9E+06 1,5E+06 1,3,E+06 mm4
Section modulus, bottom  100792,5 90399,7 74554,6 62476,6 488258 38770,8 mm3
Section modulus, top 35398,9 31900,5 29044,6 26055,6 23310,5 20573,6 mm3
Shear area, As 550,0 495,0 450,0 410,0 360,0 315,0 mm2
Total area, Atot 720,0 650,0 625,0 569,0 540,0 480,0 mm?2
Weight:
Aluminium density: 2700 kg/m3
Spacing 235 215 195 175 155 135 mm
Plate thickness 6,4 5,9 54 4,8 4,3 3,7 mm
Eq thickness stiffener 3,1 3,0 3,2 3,3 3,5 3,6 mm
[Total equivalent thickness 9,5 8,9 8,6 8,1 7,8 7,3 mm
(without frame)
[Weight pr m2 25,6 24,1 23,2 21,7 21,0 19,6 kg

(without frame)




