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Abstract

Thisdissertatiorproposes an effective numerical method to integrate kgtatac and dynamic analysis

of floating structures. In general, the waterline of floatingcstmes is calculated through hydrostatic
analysis and is used to construct asetface meshes for hydrodynamic analysis of floating structures.
Those are time consuming and complicated tasks, in particular, when various loading conditions are
considered. fis study focuses on resolving the difficultidsfloating structure is modelaasingthe

finite element method and the external fluid is modelgidgthe boundary element method. A single
mesh is used for both hydstatic and dynamic analyses. Adoptimgiorrmatching mesh treatment
technique, the wet surface mesh of the floating structure does not need to match with free surface.
Hydrodynamic analysis considering both rigid and flexible floating structures is possible without
remeshingn various loadig conditions. The effectiveness of the proposed method is déaieds

through several numerical examples.

In addition, we propose an efficient method for calculating the transfer function of stress in the
frequency domain for hydroelastic analysis. Afperforming hydroelastic analysis in the frequency
domain, stress values in the form of harmonic response with real and imaginary components are
obtained. These stress values need to be combined to calculate representative stresses ddisess von
stressand principal stress, which are Rbarmonic responses, and require direct calculation of values
over time to find the maximum value during one period. To overcome this challenge, this study proposes
a method to efficiently obtain the transfer functiorsiwéss in the frequency domain for evaluating the
strength of structures. This method is expected to be a valuable tool for implementing integrity analysis
and reaittime monitoring systems for structures, as well as evaluating the ultimate strengttigured fa

strength of structures in reliability analysis.

K e y w o Strdctural analysisFinite element method;luid structure interactignHydroelasticity,
HydrodynamicHydrostatic
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Chapterl.Int roducti on

Analyzing the motion of ships and offshore structures due to various external loads is a very important
task not only in the design stage but also in the operation process. Numerous related studies have been
conducted focusing on complex interactions betwéoating structures and external flow through
experimental, analytical, and numerical approachéd.[Zor a long time, hydrodynamic analysis has

been performed under the assumption that the structure is a rigid body [4, 5]. Over the past decade, the
enlargement of ships and offshore structures has triggered the development of hydroelastic analysis

techniques, and related research is progressing quite successigly

I n general, the hydrodynamic r espornistem ist actael cald
reference configuration. Therefore, in order to
mu st be perfor med36d]n. aldr amtclee r[ 1\Rafrllbg a3tdit hge swmtart weat
calcul ated t hr oug ha-shwediraocset ameisch amaatlcyhsiinsg wi t h t h
hydrodynamic anahyshe desipgmfof medhi ps and off sh
conditions ar e considered. Performsuagf ahcyedr me ¢ h

cagresponding to each |l oading ccoonnds umiomg itsasak.very

In order to overcome the aforementioned difficu
and hydrodynamic analysis andhosédareisoyyive mepho

mat ching between t hseurviatceer Inmenseh atnhdatt hien ewdtt abl y

sever al attempt smdtoc diemmd mve gt -sruabdd teuose iinn tfd rua cdt
[ 163331

In the frequency domai n, the stress of a struc
acceleration, and ot héyrd rpoaerlaansettiecr sa noabltyasiinse.d Tthher c
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structure are harmoni c gftinotfi oan ss.t rTuoc teuwael,u atthee tc
combined aMddpDevwilulmat edpresent aMi sesesampbkes abdi
stress. These stresses are no | onger harmonic f 1
di vi tedeignoal time interval s, and the maxi mum vVva

used in[#¥Ré design

The goal of this dissertation is to present nove
We propose lat engih % bseltdaftoirc and dynamic analysis of
nomat chi ng mefslhs a,r evad miemttend t o propose an effec
transfer function for evaluating themaitmealgaft ioc

anal ysi s.

| €hp ey We propose an effective method for hydro
various |l oad conditions wusi ng-naatscihn gilge meeshh pmaoodbe
adopt a speaamitelgrmumeorni areelt hod, i n which remeshi ng
hydrostatic analysiswand hgpdhpbdyerbami d naprgltasied.

numeri cdbhsedhemet he direct coupl i ngemeet htohde fsarr u3c

i s model using the finite el ement met hod, t he e
met hod. The direct coupling method can al so be U
Since-shwndidoy naamd ® sarcalnydauct ed separately in engin

the time and effort required for hydrodynamic a

various | oading conditions are considered.

| €hpt eDi3 ect cal cul aitn oy dorfo eslt apseteiscelRafeBest . § Spsnse o
ship or floating structure to unit waves is ref.e
the responses are statistically combi,newlhitcoh caarlec

irregulddrs BvWhebke the stress components for regu



form, we propose a method for finding the maxi.|
har monic function formthéostevatunei nghitbegbkttier

i mprove computational speed compared to convent.

In Chdaptencahdsfonsre works are provided.



Chapter2. 1l nt egrated hydrostatic and hydro

f 1| oasttirnugct ur es

We predeneégrnahteed hydrostatic and hydrodywrhains cc hapltys

The mat hemati cal f.oérnmultahtei onnu menr i Sceaclt. ipormcZe.dpr € s € m
I n Se&ctBiednf ercu me/rei ¢ al integration m2thotse bGeasibi
of the proposed numeri cal procedure is demonstrae
and el astic body cases. Finally, the concluding

21.1 nt edg rhaytder ost ati ¢c and hydrodynamic f

This section provides the integrated hydrostatic
formul ation in Ref. [15] and hydrodynamic for mul
that floating structakens matyobacscobpectWwWa dddop@tre

Ref. [26]

I|<1

FiZ1lFl oati ng broadnyd+at t i mes



211.l ncrement al equilibrium equation

As showmlinaFisgructure floating in the water i s

system withxk cobhdi mnat s n of which is | ocated or

structure Viandeintos esluafsa cSge=9$ G.r ewhSes e &, tdeedn obt ye

dry and wet surfaces, respectively. Thgemaoes ]| al
i sotropi c, and |l inear el asti c.

The Lagrangian description is employed to obta
formulation [26]. Two dr famel+ ®natr eciochédnsgd r as i ankn
(reference) and unknown configurations, respect.i
The structure is subjectterdi to a water pressure f
1+ D — w9 t % + »p; (2_1 )

whermgg " antdt® denote the hydrostatic and rhydrodyr

is the flugdsdehei gyavanati onal acceleration.
The equilibrium equati onfstaodr & hgei fdmaltyi ng struct
HHA%U

r'™ % - kg 4 8000 ATy,

“tm &

J

t+a 45 +* n.[: A+I‘tS o n[+A SS

R L (22)

] ] I

whef“s, i s the Cauchy dtaiergd st emeordeatsitiymeof the

dis the Kromedkdirj datt= of¢ her W)=o&)/d® wi th ti me
varitapdhei s the wunit nor mall vector out watrd , fr om

48 denotes the bbtHdyeXwempte fadr tiimerti a @a@nfd gravi

denotes the s urif isecxec efpar cfeoratt htei meat er pressure.

The principle of+avicathubke worankedt ati me

Ao, =5 dogd “ Y= 23 a)

“fho 7R dd PN - 99 yd TN (23b)

5



+ﬁDSNI,Wgt+AI‘X3 + ntmd 5+-I‘§It_ b@/ A+E a‘+ntddA -i\-/$ (2_3 C)

+ﬁDvst+A tfinqd ﬁ\/sl‘ + b@é &t.ﬁSl‘Md A+§, (2_3 d)

whetedenotes the virtuald,dgispl abemeontrespbdboding

tensor

1

du  pay
dr+ Dﬁj - =

= + 1y,
2(uz+ szj G %r

Eq234d) denotes the inte@Bhb@E3Idyvidenmat e wiolh&k eamtde rEme

(24)

corresponding to inertia, gravity, water pressur
the vari atd#ddeanbtepevatbooval variabl es.

The internal wBa)uabnwbekrewrEgtef fortthe refer
flo, 55 doRd *X= A5 07 @Y (25)

wi t h

"G =det( ) % L e S

in whijSantdig denote theKisechmdf fPi ot mes sL atgernasnogre an

strain tensor, treiswietcht irveed yyectatt o i tmee ref.erence

_H K
I‘+Atxj - - t)q

M

i's thetiderf otresadenpt andt he difsplnaecaesmuernetd at

from the referencte dhmfi"§xsr pti on at ti me

The sec&«mdad chiholfnrds osrt riess sdetceomposed as

T8ES e ¥ # (2-6)
in wh§=xh angS5is the incremeint@hhaofefcontdr s oltaensor
The Graegrnange strain tensor is also decomposed a
= et e, (2-7)

Whefe”e:Oan;ieUis the inctaeameanglk &6teann tensor.



The i ncr enkeangtraa n gGr esetnr ai n

(6= K
Co 1o _lpu W
teh== +—), b == .
Wiy Z(H’Xj fo) bo2px W

Substitu26)a8) Egs®b) Egnd ( aSSEmeng t he

l'i neari zed uvi tThh er elsipneecatr itzoe d

ﬁ/sl‘+Atde ﬁri,éd & Vsm' g qﬁdSV# " ﬁé‘ijﬂdsﬁ t+v[5 i ﬁﬁsfd_@

It is
Eq23q)
= %,

t+Ahd * %:det( Ail:t)lf)l‘ﬂ-A )ﬁ l‘pdl‘v$’
t he

i mportant to

first23tccdér meicomeg. (
Ao w8 % "N dd "= fwe xtydet( 79,0 x i 0l,L

In BEn2) ( tde™X)}rfmcan be approxi mated
+a . _ KU VIV

det( ij)h )ﬁio‘%{ +Q Wi tt(gj_dj “[)I:k T)]g

by wutilizing the following relations

+a u i
det("™,%; )° 1 +—$;k .and‘x°d B

Substit213)ngi ®ha8) Eqnd( Il inearizing
term RB3dcEgbe¢omes

flog g% “ N dd *'g°
AL rwd'%ndd3+ Awgk Q i wd,s

i, fwos'n dd’g .

i nternal

t e pes)o ra ncdo msdinghtasnteaf t he

(28)

resulting

virtual W 0

(29)

car eX3ucl)l.y 9uibndetailrtli ztveii mgh etr lédi a ts it

(210)

(211)

(212)

as

(2-13)

t htearr etsluée tfiinrgs:

(21 4)



Similarly, the23ce)coinsd Itiewemnrilhaded . Ryiftsh respect to
“flo, R T nayd TGt

-ﬁSN'“ Bodet( %, %), % ndudg “

i, "R +Q) h ¢id g

_FASNI+APD nayd g . (2-15)

Ot her ter23sb)i m3ndty s(ar ¢ si mply 1T¥Vned¥d i“Se-d Shy sett
antsg,- §. Ustxgyin EJYb) (and s ub2dltdi)t 2atrGdn i Etqes . E ( .

3), the following incremental equilibrium equat.
ﬁ],srsui didtvs"' Vsmku% p?dty'*'vs tl’i?lstijddgw
'ﬁSNrwtherj tr] C#'d ﬁ - z%ﬁwrgy ih inV\S +$V +ﬁtDPti nituﬂ/vs
", 7s9 &dVs + [{ o N oud § o+ H T udy
+ﬁ%f“ffi3dqd§-[vsﬁ§fa@dy (216)
The hydrostatic and hydrodynamic equi |2Z1b6r)i umm e g

an integrated6émanpnaesi d&Egs &aWwhi ¢hecanxt benappfoed

structures.



212Hydrostatic equilibrium equation

Ofis tfis
K oV ) : N
v K Vs %
ﬁ_f_t ] OfiB t tf_B
AT IR P i
(a) (b) (©)
Fig22Three equilibrium states: initial stat e, hy
equilibrium state.
Let us define three states, namely, the initial
equilibrium st a22., Tahse sihnoiwni ailn sRiag.e i s an ar bi
structure does not benhwdtoshatexgteqguoinli blFuudt. st
in the external fluid without motion. The struct

equilibrium state.

From a given iMi tweaddasithfediehyadr dsitneet i coelquoughbr i u
i ncrement al nonlinear anal ysi s, all owing | arge

equilibrium equation can be derivgd0 wi ahdthker e
hydrodynami“h $0) esSbheef ol | owing incremental equil

hydrostatic static an&lLlggyis can be obtained fron

A.Cu &dgdY+ s g @y
fL w96 QM ad R - fuwrow howd,S

Sl 7s9 BdVe + g’y hoyd G

Hi, ML fY T dd ST - fFL gdy. (217)
The hydrostatic equilibrium equation involves nc

Therefore, an iterative sofwuei omheprloyedoasttatsihouad

the hydrostatic equilibrium configuration from t

In the hydrostatic equilibrium state, the foll ow



SR, 759 ddVe + [ XN ud §
i, Pud + {1 dd’s - s, gdy o, (213

That is, the rk2g8) hbhaeaodmes deewnd [Em.tlle hydrost at
t i e

10



2.1.3.

wayv

to
The

Hy d

flo

Set

Hy ddryonaenqwi | i bri um equation

Incident wave ----.___

Fi &3 Fl oati ngndterruatncriedent wave.

sho®8, Ftgere is a floatindg. sFErucduf bkbowni $has:

otational , i nvi sci d, and incompressibl e, all o
e comes continuxaslyg Wi bgna miltesa pagnspeltiitvuede i s s |
adopt the |inear wave theory. Only gravity wa
atmospheric pressure is assumed to be zero.

volumes occupied by the ,asntdtuct espeatmidv dlly.i d
umé s surrounded y ftheeSvet s U daud tienfhhoundar

rodynamic analysis is performed in the frequ

ating structure is smal/l and wet surface char

ttk mand+ Dfr tin BER6) ( subs2li&)utiimtgo Etghe (resul tin

11



usi 'MiECft® #f antfs=%% +f° , the following hydrodynamic
obtained
i, /<0, a d°V, + o[ Fico & skdy +°v50ri~i1% a4 &
“f, w9%0Q N A G -, Furow’ nowlS £ C B n ul,S
i, fPaud™ + [/ dd's, (219)
in whifahdf® are static and dynamic part°sarfd the L

‘fSare static and dynamic parts of the surface fc

It is important to note that the reference confi

equilibrium configuration. Tuhiag titse dins ptlhaec ehmedr!

configuraotonthe tomeitqw*'Rat’kxon at ti me

Invoking a harmonic resuoeRsECx)dY; Feddul awe fokegaiel

the following steady state hydrodynamic equilibr
-Vf@s A= VA +0vsmkloﬁ gdy +0VS°n”,-1 sy
'ﬁ%fwo)%ogujor} 04'0'0%/ 'o%ﬁv\/djslo n im6v$’ t%%ﬁinil'wws
i, Faud v+ {P dd’s (220)
wi t h
& =Re[,E(°x) €'}, ,Q =Re{,& (°x) &}, 'R, =Re{ & (°x) &"},
oy =Re{, B(*x)e™}, T2 =Re{F(°x)e™}, '£°=Re{F(°x)e™}.
't is importgnn En0)foite ohtained fromasalysisens

Doing so, a complete hydrostatic stiffness can b

I n the steady staft(t)sz,Re{&"ng)eeﬁ“}/ieisogangrpedelnyiaI

p*F=0 A (221a)
wE W g

- = =0) , 221b
g 0 nS (%=0) ( )

12



= = = ) , 2-21
o ons, (x,= h) ( c)
Jﬁ(u_‘;+ﬁ(ﬁ-§) & ons (R- 1) 221d)
WE_' =0 0

ﬁ_ﬁuﬁr\ o n°s,, (221e)

whe€és the Wava"(t)rFlIRe{lE‘(éw)eﬁ’alhd the velocity potent.
wave.22Bd¢.) (is the combined free swrOacEBf.bounidary
derived from the Sommer f 22 1de)r adde sactri iobnewsh otohtieé tchoemd,

nor mal vel ocities of the structure and the exter

The incident ﬁélsodielfj/npdtblyti(alee, e. g., Refs. |[z¢

E_Fg_a%ﬂ)ﬁ“w”ﬂ”‘)for the finite depth ca@22)
w  coshih

and

B fBeBgftucornsnd ¢ ot he jnfinite depth case(223)
w

wheaeés the amplitude of the incident wave.

The corresponding boundary integral equation is
s ~ HG(X:X) E _ ~ ¥ )0 5

a%x)- PV — 1 R)d’g = PV X 24 s a+E (.

)~ PVAY, © oo S fEX ) 8S #E (D

f ox on’s,, (2-24)

i n whiish the sprMiefamgleo the CauGlxy)ipsi Gcepal Y
functi onl,ocwahtiecdh gittsnpogiemieomt ed by a sod4oraered pot en
angul ar ir eTghuee nsgugbhsacwsi ptthat t he integration is pe
x on the wes,. shetfaicleed proceddrfunotiobn aiim ftihei tC

depth cases is described well in Ref. [ 28] .

Mul tiplying ca':;‘x)ttecstE-a‘AJ)n(:ahdni ntegrating, ovehethe

foll owing equations are obtained:

- 05. ARy SHEOGX) & x g
i, 2% Bnds- OQVPVO%&@WE(YQX)‘&(X@ASE(XWS

13



4ofy, Fx) BAAS £ ox o nvs,, (22 5)
wher e t hedsewnmoscersi gthat the integrati ononi st hpeerweotr |

sur f°g,.ce

Using the loiuhdariegadtBeomn tff%cagdbedgmpmésspdeas

k= fwvg, E (22 6)

Substitebhgi RZROD)ER.RE(LEY. i @2D) Eqt hd folblupopwiendg d

equati onsobarad nfeidnal | y
W, Gk W+ PRo® g dY £ Of Ky
i %o & A’ - Ao wl s Ej wirnfutl g
A, Faudw+ fE gds, (227)
i, 2 %) ®ds

f PV ) By L ax B )R 98 By difS
£ °

OS’VQ u°n(x)

4’0ﬁsN E?()g) '%/X/)dOQ f ox on°s,. (22 8)

14



22.Di screti zati on

I n this section, the hyd2lo7s)t aitsi cdiesqcuridtiibzre du mu seignu
met hod f or hydrost-atiupl eadatgs BiI7F@-T&)ei ali €Egdit s¢r e
using the fi ndmentannetbloauchsd afroyr eHydr odynamic anal

224 Finite el ement discretization for hydrost

: Dry element : Fully wet element : Partially wet element

(€)

FiZZdFinite el emefat dydcost@a)cii mintail ylsi st ate; (L
equil sbai em

The floating strucMiuirei i e @l co¥ wttd zietlelmedihmgg f ac
wet surface (including partiabkdy Bor fal f(@gniwee el

the increments of the structural di spl acements &
U@ =HOUO, ou® =HO g,

€9 =B, d, /= uPTNu, (229)
wheuv®is the incremental nodal(edH®ips aclkeeedt spleat
interpol atiBffi améN®rdrxe tamed | inear-dang|l acemémear e
matrices, respectively.

Substit229)ngi =@ ) Egqnd( appl yinngdg et red esneaatd pmrd cfedur
incremental equilibrium equation is obtained
‘KU= *PR- F' (2-30)

wi t h
15



‘K= SK +SKN 'S—m -S-:D’
“PR= - CR, o+ RL 4RO 4RY

g

b
[

f

n whkiich the tangenti al stiffnesss matrtike i madluid
eometri ¢S 9ti fafnmleshe( hydr étantdsSgresuttnegs fr emms
urface change and buoyanicsy tchheanigrecr eamemtex!it i ved
ector for the whole model "PRmnnaddidtiyo't®rRe)t lye ae x t
uoyancy rfOrceody "fosrcend sutPRagc evefcarberéss ( tamel

nternal forces,vg¢t & - $Niod et hdhacompl ete hydrost a

l oating structure.

Assume that the wet &L emadtshaereemamhengdell ement

M+1t hr oMghThe matri ces23a0n)d avreec teovrasl uiant eEdg .b y(

‘g, Ae-lz rB(e)TCukl Bod \¢, (231a)
‘S, = Ailﬁb N s‘ ) \, 231b)
‘s, =A2/|:1ﬁi$(i) rog %HOT DOd §,, (231c)
‘S, :AL%) rogHOT HOHPd §, (231d)
t+oR =Ae—1n, gH(e)Td VL, (231e)
t+ DrRHSZAL%) ryg % fPHOTd g/, (2-31f1)
teoR Aell HOT *p5ag v, (2-3149)
t+oR Ae—lrtlss HET #PHdg g, (231h)
(E= Ae—ll BT sz_e d\, 231i)

whePeis the finite el emergsy déRF&E) esasskebwet oper &an

elemélﬁtls the mat erHPails |talwe tiemtserpol ati on matri

compouoendsdis the Cauchy sfn[{sta—%{k—e-q%éH DNbte tha
M % X

S used t»31dce)r.i ve Eq. (

From2B@®) ,(t he i nberrieunme netqaulateiqouni liis obt ained for tF

16



[ 15]

(R = *o& (232)

wi tth=y" 5,¥, U=yU =fY, + oy, "°R=y’ "R,

in wlyi ¢h1,2,..,6)i s the basi gt-hectiagn df @rody htenedemat r i
cont ay,rtiopg, @ag o o o o OGRTEis the generalized co

for six rigid body motions (heave, sway, surge, |

The incremental equR30)r2EmRd @qeatsioo we di msEaqg. t (e

Raphson method until an energy criterion is sat.i

17



225.Fi@and boundary el ement discretization for

: Dry element . Fully wet element : Partially wet element

Finite element for floating structure

<—— Boundary element for external fluid—
(@) (b)

Fi gc.Fic2nite el ement and boundary el ement discret|

el ement; (b) partially wet el ement

The floating &dtuancftpumiet 8 selmomderdtes and thdédf extern
boundary el ements (corresponding to the aweet el el
connected through the @8t FThe fhiceldasofdepi ctuedu.i
fluid velocity potential are i nt)eranod attheed nuosd anlg
potenti &, veespectively.

For an (@) emeetstruct &rand dti rsq)l\aeleﬁﬁ(eanrttg/ iprott eernpt a lad

as
18



i =ersm=._(e, (233)
o = ploge, (23 4)

wheP®8is the velocity potential interpol?atnidon mat

& are the nodal displacement afed welsmpeicttyi vpedtyen!

Substituz3i3ng Z2Bdds .(i 6 2-Dd7)Eqg2@n8d) (( respectivel vy, t he
coupled equationbfiem ttchee dtee @y as ha@etde pr o

ew's, ¥ %3, Fws 85 o¥R R,

é . 8é (235)

é FWOFG OFM' oFc-;n G:E gé 40'R,

wi tOSLH :OS(N- 0$|N -O$D’

whetfean®# denote nodal di spl acement and velocity p

modée&g,,is the mas%, mat rtihe, compl| et e hydrostatic st
hydrostatic %y iafnfdg e s)s atnedr mtshe( geWelt ri blotse i f hate

superedenptes the configuration Wisthédehydroema

nodal di spl acement vector for the whole model
Submatriecdsoras@bnvy Eaop.e (obtained using the foll owi
°s,, = Ai@f’ °rgHEOTH®E O, (236 a)
"Sc = Aifie "B G B\ (236b)
°S,\ = Ajﬂﬁée) "N® %s{9d 4 . (236¢)
°S,,, =Af=1r”as<;> ryg°%H®T D.d°S, , (2-36d)
"Suo = A aflyy rwIHE NOHACS, (236e)
o5, =A2A:1ﬁ$(Ne) 1o, HOT 'n@pogos | (236f)
Fo = ALt PUIALL (B0 HOdS| ¢ 5, (369)

Fu =ALA,a9PITPd s, , (236h)
o= AL PU{A YL i BO0GOPa"S) &' s @36i)
'Ry = A0 HT RO, (236] )

19



tRS:AN ﬁ%)H(ie)T tﬁ(@doss’ (236 k)

e=11 (e
'R = AL, PUFd°S, | 2361 )

wheG@E:;x)i s G efemngit s onhe eIexinéstdieﬁiléwilesijcmmendveloci
potential for an incident wave. Note that the h

properly constructs,twhi gleomedclridesttiliéd netssess sc

hydr osalaytsics28® ) ,Eqt.h ga“siod i idntaemgp @l (tf @b m r tel enmedn

values using the finite element shape functions.

It is computationally efficiddt t8,u2é]théemods
generalized eigenvalue probl em
°s.y,=/,°S,y,, i=12,...,N, for the floating strucft28Br7e,

whewygei s the ei/giesavebeor®drresponding eN,genweéeleues

number of degrees of freedom (DOFs) for the fl oa

The nodal displacement vector of the floating st
Gody, &y, + &y Y& M<N, (238)
in whiicshthe eigetpivectttoe anmtmeéesxpondi ng geﬁaeralize

is thernwm ei genvectors for approximati on.

Substit@38ngi RP8&) Eamd( prglyonghe structur al part

235), the following reduced equation is obtainec
e wits &, Fw'’s, oF a& (‘R+'Ry)

é g o o @ Té . , (2-39)

6 PRy Fi- °R. & aé 4'R

whet e ant, = gwi tifi=1,2.,N . Nof&, itnhaBg§9) (i s the com

hydrostatic stiffness °ch=ytT%@y 9eneRiagliidz ebdo dcyo ohr ydd

analysis can be conducted only when the 6 rigid
Eq239) .

20



S e

v

>

Computes , 's.., "*R,, "™RL, ‘R, Rladd F

B!

v v

Solve incremental equilibrium equation

Hydrostatic
analysis loop

Elastic body case Rigid body case
g[SK_}_ I‘S:H &J :+IDFQ _F[ [KU: ﬂ-DF_Q"

v

UpdateU (or U )

No

Yes

Compute®s,,,°S.,°$+.°$.°E.°F.°E,.' R, R and R

v

Hydrodynamic
analysis

Solve generalized eigenvalue problem
°Sy, =/,°SuY, 121,20

v

Detg:rmine number of modes to be used
Gody, &y, + Gy, V&
N <N, (B, =6:rigid body case

v

Solve direct coupledquations

e wivs &, Fw'cs, o

Fi geln2 eghgtdedstatic and hydrodynamic

o

21
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Fig6 shows the procedure for the integrated hyd

structures, see Ref. [11]. The integrated anal ys
static equilibrium sttet & iardd thhyed rdoychyanmd mi o gaun d li ybs
hydrostatic equilibrium state is the reference c

22



23. No-mat ching mesh treat ment

Hull geometry
A Hydrostatic panel modeling

v

Hydrostatic analysis
v
Hydrostatic response
(wet surface, waterline, pressur
é é)

NAPA,
ORCA3D,
etc.

Hydrostatic paneinodel

o

Hydrodynamic panel modeling
w.r.t wet surface

v
Hydrodynamic analysis
v

Hydrodynamic response
(motion, pressure, €€)

) 2

Structural mesh modeling
(pressure mapping)
v
Structural analysis
v

Structural response
(stress, strain, ¢éé¢)

AQWA ,
HYDROSTAR,
WAMIT, etc.

Hydrodynamic panel mode

Commercial
FE software

Structural mesh model

Figg7Hydr ost aytdirco dayasndahty si s apprdo d e ié § ufeocre d v e mrtiiga nda |
body hydrodynamic anal ysi s.

23



The procedure of the conventional ri2zgi d Thodvwghy
hydrostatic anal ysi s, water | iqei lanhd i went sé at acs
Commerci al software such as NAPA and ORCA 3D ha:
analysis [29,30]. The rigid body hydrodynamic a
only the wet surf acaen.d ANMAWA, T HYDER QSOTPAUIR ar commer ¢
body hydrodyna3md]c. akharl yshiss [@8dnventi onal proced

(hydrostatic and hydrodynamic panel model s) ar e
strucablbyal sans necessary, a structur al FE mesh
and hydrodynamic pressure mapped into the model

24



Hull geometry
A Hydrostatic mesh modeling

v

Hydrostatic analysis
v
Hydrostatic response
(wet surface, waterline, pressur
éé)

A 2
Hydroelasticmesh modeling
w.r.t wet surface
(matchi+ng mesh)

D

Hydrostatic mesh model

Hydroelasticanalysis
v

Hydrodelastiaesponse
(moti on, pressu

Hydroelasticmesh model| , |,
e’ stress, e ée)

(@)

[ ]: Dry element [ ]: Wet element

Norrmatching mesh Matching mesh

I

Initial state Hydrostatic equilibrium state Hydrostatic equilibrium state

Hydrostatic mesh Hydroelasticmesh
(b)
Figg8Hydrost gdrodgandimhsi s apprde stiodlerlees) ufichrgedr oel ast i c

analysis: (a) analysis procedure and (

25



I n the hydroelastic arR8(gwdi saphgdedatat shomashnr
hydrostatic analysis and a hydroebbhgsis. mesahhwmad
anal ysi s, the structur al flexibility needs to

hydroel astic mesh models are obtained from the s

remeshi28d.b)Fishmewshit hg required to prepare the hy

remeshing is performed along the waterline so th
model s al so have meshes for inner stfrnwedt wmrce,r dan
to the outer hull mesh fitted to the wet surf ace

: Wet surface

Loading case 01 Loading case 02 Loading case 03

FiaaWet surface change according to stat

Mesh modeling and omnesmens migin gatnan ¢ iabéomeas ks, depend
skill |l -bBow|] , akdowndi vi dual abilities. I n additi
performed for multiple sgaand 1 eomeasmigng askesyl dne

many times as the number29of static | oading cases

26



Hull geometry
A Integrated mesh modeling
(nontmatching mesh)
v

Hydrostatic analysis

v
Hydrostatic response

(wet surface, waterline, pressure, Integrated mesh model
éée)
. 2
Hydroelasticanalysis
v
Hydrodelastiaesponse
(motion, pressure, stress,
(a)
[ ]: Dry element
[ ]: Wet element
v
Initial state Hydrostatic equilibrium state

Integrated mesh (nematching)

(b)
Fizalo0l nt e dhryatr eertiytdinnom aam &l ysi sf qafr loewsidlmliue g iam ¢

Si nigntee gnreativedde I( a) analysis procedure and (b)

27



FizzZl0 shows the integrated hydrostatic and hydr o
In the analysis procedure, a single integrated n
Doing swsmatchbng mesh tr eattnheentmeissh niesc erscsta fmat cSH en
surface, as 22sb6pwn, inhe&igumeri cal integration s
calcul agj dgsamd®rR,,in BO), °sarfsl, ’S, °R °FR, °R, . and

‘R, in E35) (over the wet surfleamengasr.ts of the part

We present a speci al numeri cal i ntegr-aaatachi hgchr
mesh problem in the integrated hydrostatic and
[ 15] . I n particul are, itshepipht egr atoi othh et esthrnfi agc e

submerged finite elements agtlboWe dae nneoadee msind e r

4node el ement s.

28



DN

e : Wet nodes o : Dry nodes
e : Assumed nodes

2 1Q > z
1
3
3 1
(a) (b) (c)
& f?\ — v

(d)

Fizl13-node -rmondle 4wet el ement <c¢cl assification

29
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FiZgll shows all -noaseswmaip d@hembhnB8s are in contact
themolle el ement amddé¢ edemenfor At hed®r ¢te@catrefdadbde
a wet node and at | east onerodé& ehemehemenhhenbdbdksb

is employed for numeri cal i ntegrations in the we

Figll(a) shows the meadge iisn pahitéal i lye welte and

connectivity of the w23 bBwyrifatctrogacitng st e fa

and 2°' at the free surface. The assumed node
numericalamnadtelguatibere i s no increase in DO
hydrodynamic anal ysi s. Usi ng t he el ement c

performed over SPhehrwegh sthktaccepavent iGamuslsi &
quadratur e.

Figll1(b) shows a partially wet el ement with
el ement is dividegagPud”t &Y aa gPtarriea ndgelfeisn e(d
1-2-3 anrdd With assumed moodenst 1Ga uasnsd az2n' .qg uTahdrreaet L
in each subtriangul ar areas.

Fizll(c) presents a fully wet el-goemtt Gauwdhi &
gadrature is performed over -2hgf)wet surface
In the -tadge@adf iedaetneernatls , numeri cal i ntegration

di fferent cases according2lb(dhe Whaenb eonloy avred m
integration over the trianglla(rd)ar elahd sweterd wrrfmea
divided into triangular and/or quadril ateral sha
[ 15] for details.

Using the slpechaaégmatmeomnctaechni que expl ained in
in BR8DHD.) @35 (are effectively performed without !
prepared for the hydrostatic agnualryesdi o.e gTahradtl eisss, ¢

change due to static | oadings.

30
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24. Numer i cal exampl es

In this section, the validity and effectiveness
is demonstrated through vnaurmeoruisc agr opbrloecnesd.urlen tth
model ed bkynotwhne MieTld3 and MI TC4 s3h9]l.l Tfoi niinttee replod n
velocity-aphodheddei bun8ary el ements are used.

Two hydrodynamic probl emsl]Jarandsod vedol em@ dHiom.t i
hydrodynamic analysis is performed using AQWA, a

and the results are compared with those of the p

The density ofr,ithel fOC@addk dwmat enni}se ra sdseupniehd t o be

The gravitatiginal92a&cm/leration

241.Fl oating hull probl em

We here perform both rigid abnoadyy sheysd rodfd yan afnhioca ta nnc

to an incident wave [11]. Hul | l ength is 100 m
and height is 421m,(a3ds dhewn hicwkRiegs 6i3585304 03 m,
kgtat t he bot5t0016 kgyrPfaia tame ot her areas, which res
hydrostatic equilibrium s amedeHaWGPaered r P@i sis dm d

ratnE®. 3 are used for hydroelastic ana)ysefs0 Wedc

45 degrees and with periods of 3 s to 12 s.

31



Figl2Fl oating hull probl em: (a) problem descript
mesh), and (c¢c) i ntneagtrcahtiendg mmeesshh )mo d e | (n

32



The numbers of shell finite elements used are 80

respti vel y. Initially, the integrated mesh model

analysis. After 5 iterati onwse i gthhte wbiutohyiann ctyh ei se nbea

meshes are considered:

angl2he) i netge at krat mels

1.0310°. For hyamadymsamictwo

in Ziyg(b) as in Ref. [ 11]
mesh modedmahadhiagnomesh, while the hwygrmedhmstic

Figl3Hyrdodynami ¢ @falnedt mogetbtul | for

A QWA

33



2.0

Surge RAO []
[ -
[=) o

o
&)

0.0

2.0

Heave RAO []
- -
o 4l

o
3

0.0E=—"T

2.0

Pitch RAO [deg/m]
- -
o &l

o
&)

O Proposed (Rigid)
® Kim et al., 2013 (Rigid)
—— AQWA (Rigid)

4 6 8 10 12
Periods [s]

O Proposed (Rigid)
® Kim et al., 2013 (Rigid)
—— AQWA (Rigid)

0.0

4 6 8 10 12
Periods [s]

O Proposed (Rigid)
® Kim et al., 2013 (Rigid)
—— AQWA (Rigid)

Fial4Response

wheg=0.Ri gi d

Periods [s]
amplitude operators
body hydrodynamic

34
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anal ysi s
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We perform integrated hydrostatic and rigid bod
model . The result de aabet acionepda ruesdi g tAQWAh casnd repo
ri gi dhybdoordoydynami ¢c analysis of AQWA, the numbers
surface of the floating hull are 80, 10, and 4 i
as showaal3d.n TFhheg.anal ysis i n chenngh| 242 Fdpdbll4dy e¢gd t

shows the calculated response amplitude operator
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 Stern|

ImEITE N
(a)
20
Stem O Proposed (Elastic)
_ < —e— Kim et al., 2013 (Elastic)
g= A0 Kim et al., 2013 (Rigid)
15F

Periods [s]

20

Ce nter O Proposed (Elastic)
_ AO —e— Kim et al., 2013 (Elasti¢)
qg= Kim et al., 2013 (Rigid)
15+
Periods [s]
20
O Proposed (Elastic)
BOW . —e— Kim et al., 2013 (Elastic)
q= AO Kim et al., 2013 (Rigid)
15F

Periods [s]
(b)

Figglisverti cal
points, g MA@ ndvhEea)y Wiben
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lua

20

15

20

15

2.0

15

di spl acement s

Stem O Proposed (Elastic)
_ Fe —e— Kim et al., 2013 (Elasti
g= A5 Kim et al., 2013 (Rigid)

Periods [s]

O Proposed (Elastic)
A 5 —e— Kim et al., 2013 (Elasti
Kim et al., 2013 (Rigid)

Periods [s]

O Proposed (Elastic)
BOW L, —e— Kim et al., 2013 (Elasti¢
g= A5 Kim et al., 2013 (Rigid)

Periods [s]

(©)

at ste¢(a) me

aseringr



In the hydroelastic analysi s, we consider the d
natur al freqO®nadeés-lBbElrgwr esérnus atled vertical d

stern, center, and bow; the results match wel | vV

using the rigid body hydrodynamic analysis are c

We here confirm that the proposed meathohli rug i megs h
provides al most the same accuracy as the hydrody

with matching mesh.
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242.Whol e ship problem

i

eas]

19 m

-
f

AT
B
i

Incident wave

32.2m

FiggleWhol e ship FE model
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T | No. 4 i No. 3 E
] § Port Port i
Q) No.4 § No.3 § 1
X HT : . § Stbd. § Stbd. § '
X,

_ ol i Looooa IIT I~ |y
P ) ;LJ L No. 6 0 0. 4 0 0 (“ :H P D
L
D }_A i Port PO PO PO PO Port O j)
—[‘*q | No.6 | No.5 | No.4 : No.3 | No. 2%0. o4
Pay I Stbd. © Stbd. | Stbd. - Stbd. - Stbd. WV
2 XT‘\ L T L O L LT T L LT L T -
. (b)
g | RN JTTTTTTITTTTTT]
,,[;,L rt No. 6 No.4 © No.3 [N[eRw ; :
ril:l }j l I IPIOIr“It T ] = IOIrF N DI lPIOIrtl T 1: T IPIOIrtl T T --P-o-rl---li-P-o-rl--- —\\}
—[q | No.6 | No.5 | No.4 | No.3 [ J No. 1 _ NI
X, Stbd. - Stbd. - Stbd. - Stbd. i eNm
2 XTﬂ I Rsa s RN EREAANANANNN AN RE RN [
1

()

cempytank [ - tuny filed tank

Fizl7Tak filling conditions: (a) LCO0O1, (b)
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We consider a ship wilteh L1L2ntgamks bremadwrm,i mnkEi di.ei
181 m, 3292 mm, resgectivel y. The d%n¥idst pngoodfu |tuhse
E= 210 GPa,&Bandt P0i3sohhe tanker ship is subjec
(LCO1, LCO2epandi bg0B8h dwhether or not the inter:
tank filling2tdondTheéonst enm®dli gigl/inihdi densi wavies act
degrees and its period ranigresr dileemt18(sQ) .t o 26. 0 s

The whole ship structure is modeled wdibng The, 02

internal fluid is modeled by simply increasing t
shipemohas finite el ement meshes for inner str uc
connected. It is a very difficult task to const
mesh connections. Howevet, relgeaiproposadepd ¢ oed ma
I nitially, the iisntpeogsriattieodn emie stho nhoadveel a dr aft of

The buoyancy i s -Wwail amtc ewdi twh it h tt hG® 108./F & #H24Le schroiwtse r i
the hydrostatic equilibrium states calcul ated fc
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Tab2tle Hydrostatic

anal ysi s

r e & uhidtesa doif n gv hcod see ss.hi p

Loading cases LCO1 LCO02 LCO3
Number of iterations 10 9 9
Displacemenfm?] 52,525 27,025 25,750
Radius of |  Roll 12.3 12.2 12.6
gyration Pitch 40.7 40.9 46.6
[m] Yaw 41.2 41.0 46.9
C X 94. 35 91. 489 112.03
O y 0.000 2.573 0.002
G
(m] z -1.400 0. 588 2.1915
C X 94 . 35 91. 489 112. 03
O y 0.000 2.573 0.002
[ri] z -5.385 -3.543 -3.518
Trim angle [] 0.0 0.0 3.6
Heel angle || 0.0 29.9 0.0
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q

(@

urﬂ—ﬂ‘!”
X3
Xq
(b)
<< ‘L J:T»I\K.“»«J[ e
FEETEIEAY
i EEEEmEEEEmEEY
X3
Xy
(c)

Fizzlsl ntegrated mesh model in hydrostatic
LCol1LCOrR) and (c) LCOS3.

equi |l i
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Fizzlo9Three different hydrodynamic panel model s f
Lcol, (b) LCO2, and (c) LCO3.
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20
O Proposed (Rigid)
—— AQWA (Rigid)
15F
o
<
Ta0f
3]
j=d
=
)
0.5 W
00 1 1 1 1 1 1 1 1 1
8 10 12 14 16 18 20 22 24 26
Periods [s]
20
O Proposed (Rigid)
—— AQWA (Rigid)
15+
)
<
X10F
g
S
)
0.5 W
00 1 1 1 1 1 1 1 1 1
8 10 12 14 16 18 20 22 24 26
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20
O Proposed (Rigid)
—— AQWA (Rigid)
15F
o
&
° 10F
@
5]
T
0.5
00 1 1 1 1 1 1 1 1 1
8 10 12 14 16 18 20 22 24 26
Periods [s]
Fiz20OResponse amplitude

hul | s hi

p fgea5.L (ROilg iwdh ebno dy
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Pitch RAO [deg/m]

Roll RAO [deg/m]

15

O Proposed (Rigid)
—— AQWA (Rigid)

=
o
T

o
T

Periods [s]

O Proposed (Rigid)
—— AQWA (Rigid)
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6.0F
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50F
45+
4.0
35F
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25F
20F
15F
10F
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T
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N
T
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anal



I ntegrated hydrostatic and rigid body hydrodynai
model , as Xlh6o.wa#E Bgna FR-PT.aMmloev t he hydrostatic equi |
for the three static | oading cases. Unl i ke the
hydrodynamic panel model s correspondi 249t oFt be t
220r @sents the calculated response amplitude op:¢
when incideingd wWaveeagmegee. The analysis results o

in good agreement with those of AQWA.
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Fig21Verti cal

(d)
di spl acemg=-Mb's
LCO2,
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Ch) wimebheushng mwhiemt s

(d) LCOS3.



Stress

(b)

Fi22 Nor matlMizsed wamess distribut iTens: f otramwho(lke) shi p

t=mT+}with anm.i nteger
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I ntegrated hydrostatic and hydroelastic anal ysi s
ship sttucburesphad to the 008t adAs221Fipgesrai ss t
calculated vertical di spl acements at bow and ce
LC0O3) when incident wave angle is 45 degrees. Tl
hydrostatic and r ingildfali cald/d ify2Ada roschyonwasivhii tsheesa vsad m e s ¢
di stribution normalized by the yield anriemscesi d8rbth
wave comes with angle 45 degrees, amplitude 1 m,
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https://en.dict.naver.com/#/entry/enko/2e6df6c55a64480a82ddc6d481054dda

T a b2l2eModeling aad computation times estimated for hydrostatic and hydrodynamic

(hydroelastic) analyses of whole ship model.

ORCA3D/AQWA/ANSYS Kim et. al., 2013 Proposed method
(Procedure in Fig2-7) (Procedure in Fig2-8) (Procedure in Fig2-10)
Hydrostatic parHydrostatic rlntegrated me
30 min * 20ni n * 20 min *
Hydrostatic aneéHydrostatic eHydrostatic a
313 min 3115 min 3115 min
Hydrodynamic peHydroel astic

3130 min * 3160 min *

Hydrodynamic arHydroel astic Hydroel astic
314 min 3112 min 3112 min

Struct umoad e | mensg

3160 min*

Structur al FE ¢

32 min

Total time: 327Total28l min Total tih80.D
* Manual operations are involved.

49



Finally, we have measured ther gmpuiarl e dnofdeerl i mygd raa

hydr
foun
t he
such

esti

The
for
stru
hydr

The
hydr
Re me
on a
to c
sign

engi

odynamic (hydroelastic) analyses, taking int
d 22. TWel eonsi dered three approaches, as shc
CAD andeF& @mbdebdywavail able. The time and
as mesh modeling and remeshing, vary depe

mate the time required for manueadi @gmpeegmdii maes

first approach is a traditional met hod t hat
rigid body hydrostatic analysis, AQWA for r
ctur al FE analfyglilsowghtthesegpoondeadappe oasdd by
oelastic analysis, while the third approach

itable for transferring information between

requiredftmmdsel cbnpgsanstdt calcul ation ti mes. M
ostatic panel / mesh model , hydrodynamic pan
shing is performed using Altair Hypewmemesh [ 4
personal compuB8g00(PEPUNI Ghadl ®t4e IGBCRAM. i Mo d
reate the hydrodynamic mesh model is not nec
ificantly reduces tamaubnttiomke redwdcticeadn waat.i

neer's skhdw. | evel and know
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25.Concluding remar ks

we proposed a mettlhedi comntahgshgdrconsi dering vari
the dobuepting method wasucdmpladyenmbtti ®mncsowamlde wsatt rer

cargo |l oading condi uriesnscidngteh e tfhleo awd tn gs wsrtfraicd
changing t he hydrostatic equilibrium state. TI

hydr odynami ceaaxrhallyosaidsi nfgorcondi t i on.ionT hmae tshpoedc i wad s
adopted to -matsohivegtihesmomr obl em Twh & hporua p o seenrte snhel t

was verified through numeri cal exampl esi mA$ enu me
barge and whole ship model with an incident wayv
numeri cal eriefsiuéd st me ehivgh fidelity of the prese
experiment al results anidngheommeneci alal coeéss |l base

formul ati on.
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Chapter3.Di rect calcul ation of the stress

domai n

We predDémtectheal culation of the stirbehsiss tchhaanpstfeerr.
stress response for hydr oien aS&citkn oaBnéc|tieadbnhise d tni f a e
stress RAOsmet Abdgl atrieoni nt 2 g8 utcheed .f elansi $é ¢ ti it gn of

numeri cal procedur e i s rderhcemsst.r aFtiendaltl hyr, o uchhe waorn

gi ven.

31.Stress response for hydroelastic an:

Fil.A sum of many simple sine waves makes an

Il rregul ar rwapvwreess ecnganredbeas a | inear super®losiAion
met hod for analyzing the response by introduci ng¢

anal ysiisusetolti® dllows for the mathematical estimation of tsporese and loads in
irregular sea staspt 1L
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Modeling

v

Hydrodynamic Analysis

;

EDW selection

v

Regular wave analysis

v

Load transfer

v

Structural analysis

v

Yield/buckling evaluation

(a

Modeling

v

Hydrodynamic Analysis

;

Load transfer

v

Structural analysis

v

Stress RAO

v

Wave spectrum

Short term analysis

Wave scatter data 3

Fig2The

Long term analysis

;

Fatigue damage calculation

(b)
eval uati on
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By inputting sinusoidal waves with unit ampl it

amplitude operator (RAO) is obtainetlerkMab-hdmbhbing
term responses using st atiadtlioowasl fdat & hfeorc ail rcrud @
|l oads i n [i5BBf dwnl aort hega wor ds, RAO for wunit ampl i
the design of ships/offshore structures. The eva
obhips is il{2ustrated in Fig. 3

31l1Hydroéhgstriogdyegmiat i on

In the steadgosplaced, eqghat i domecare usedcofuoprl etdhi s

equations are finally obt didmMeldl,,8 t he detail ed pro
Invoking a harmonic rewguaRedCf) e fer/gu) arwérehgee

obtain the following steady state equation:

W, G AN+ B gAY % R sEd Y
A w0 A S -, @ el s Bl wrn b g
i, Faudv+  f{P dd’s, (31)
wi t h
6 =Re{,8(°1) €}, ,Q =Re{,G (°x) &}, B, =Re{ (°x) &},
oy =Re{, B(*x)e™}, T2 =Re{F(°x)e™}, '£°=Re{F(°x)e™}.

i, a %) ®nds

PV ) & g aor B )R 88 Roydfs

'°$Ngu°n(Xi)
4ofy, F(x) BAAS f ox onvs,. (32)
The following discrete coupled equation for the
i s well ddsficribed in |
ew's, ¥S %5, Fws 85 ¥R +R, 33)
é = = Bé -
é FWOFG °Ri - °R., éﬁ gé 4p'R,
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Wi tOSn:H:OSm' 0$|N -O$D’
whetBeand®# denote nodal displacement and velocity p

modée&g,,i s the mas%, mat rtihe, compl et e hydrostatic st

hydrostatic %} iafnfdg,es)s atnedr mshe( ge®me)Noitenhadhtei ffne

superoeadenpttheesnf i gaft ABleyidrnosq @it li Ebaw em t he i ncr eme
nodal di spl acement vector for the whole model
The condensed structur al e gqguagtriodbd efmsr;, t he st eady
g (°s, ¥Su) PS8 °S § Ry, (34)

wher e

OSMA:Re{O%(Oﬁ-OEn)_lOE} . added mass matri x,

0 _ 0 0 0 ) . . . .
SCW—WRn{SD(FM -Ign) Ig] radi ated wave damping matri x,

-1

S =in’S,(°R -°R,)

40 R . wave excitation force matri x.

3.1.2.St rreesssponse

The responses obtained from the motEQqo3d ¥eqnu adbtei on

expressed in the form of complex numbers or tri
number for m, it can be expnested as Tt aalgemadal
function form as the followingWequation, assumin

= & (35)
u, (1) = Re{iF €™}

=i cosut " sinut, (36 )
i n which

i & = Gcoswt -5 sinut
For the stress analysi s,
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=g 4FEn, (37)

‘ﬁ?e = C[jrs %e,ﬁm :ql'rs %I

In the frequency domain, the compahsaoatexpfessees

form of harmonic response.

s, ()= B°cos tw-E%sin t (3-8)

I n order to evaluate the yield bametdfeads gue 86
Repr esenbihsetdree scsoens -Mi rscelsu dset rvesrs and -pMisBrsi palk esct

is a representative stress for eval-omdéemngdeéewnieati

stress invariant. TheMegeaatibmwedomembdomanhnngst he

the coefficient terms are organized by the follo
2,

S (®) = J 250 = dud) ¢ (3-9)

The concept of principal stress is commonly use:¢

or def drerhatviimmr of materials and structures, SuC

engineering, and solid mechanics. Understanding

predicting how materials aedt stoadit ngesomwdi ti drmr/
safe and efficieBdac ae®wngd neread k gg rsowttlremss cl osel y
stress, principal stress is often used for fatig

and both stresses change according to the angl e

where the shear stress is zero and the nor mal S t
pl ane, and the maxi muem pnroirnntail p aslt rsetsrse siss. <€Tahlel epdr i
di mensional stress state s¢igipl,)beadeffalnleaddwsdy t he s

p =l é(ﬂ/l © 3I2(t))cosf,
- %(qh © 3l (t)) s%g 2'0 :
_ Ilét) é( IRORE, (t)) s% 4;0 , (31D
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wher e,

1,(t)=s; @),

1L,©) =§{sn 0350 -, , 6},

3 I]k § Z]s(t ka
1 a2k -9, 21
=008’ @ o g
G 1 2

32.Theoppsmeedt hod RAIO stress

In this study, weproposethe method tocalculate the transfer function using the corresponpergpd

and maximum value in order to directly compute the stress RAO. We describe the methods for
evaluating the strength of ships and offshore structures using two types of stress that are commonly
used in the field of structural analysis of ships andhaife structures. Since most ships and floating
structures are thin shell structures with thin thickness compared to their length, we assume a plane stress

state for the analysis.

100 - s

80 - xy

Stress [MPa]

=70 ) PR IR NN EE RN RN [ U R R N R
0 30 60 90 120 150 180 210 240 270 300 330 360

Degree

F i &3. Thevon-Misesstresgesuls obtainedfrom conventionamethod.

Fig. 3-3 shows theonventional methodhows a conventional method for obtaining the stress RAO.
The following is the method commonly used in practical design to determine the maximum value of

stresg[42]. For the derived neharmonic von Mises and principal stresses the following values are
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relevant for presentation:
A The str ess twephasel]gofitheiacomingwavel e o f

A The maximum stress found B§t Gtepping through t
A The value of the phase of the incoming wave gi

321.voMi ses stress

Thetress componenB8) expmebsesedubsMiEdqeis EE@D g © t he

and rearranged using trigonometric identities fo

s, (0) = J—Wsin(z W+ ﬁ;—B , 311)

wher e

34 =~ 1 p OB 1 =
A=— p— P - ,

38 .- 1 -, 02 1 -~
B=—= mo = i =

a s 1 en 08, 1 =
CcC=3 i A - ,
sinf, = (A 5) =, = -C2

(A- B)? +C (A B> &

The maxi mum value and corresponding tifrmeemcBm. be

311), as follows:
f _ 2 2
maX(SvM(t)):\/ (A-B) *C A*B heowut ap & _'fz(, (31 2)
2 2 4 2
322.Princi pal stress

By substituting each st.(389s imdrmp anheente geuxaptrieosns efd
principa@Blé)rassd E@arranging using trigomometr i c
calculating the principal stress in the time don
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p =l é(ﬂ/l © 3I2(t))cosf,

= %(«h ® 3l (t)) s%g 2'0 :
Ps(t>='l§) Z(WIFO sLo)eo 0 % (3-13)
wher e

l,@t)=s, () =°cos tw E%sin t,
120 =F{(£°§° -E8EYoos” ¢ k" £ Yoin?
g wpes grp SEMEYsis teos §.
14(0) =6, B E¥ETS0s® t PEFHES §E,E " &8, Jeing cas i)

”k{($|?2'$E§s+E;mE;E§“ B°E;"E))sin 2stcos t " eri}l?‘,('amsén?’%,

£(t)=2co iZl LO-9,6),0 327 0
3 ¢ 270)-3,¢)

Since -1B3g). c(o3hsi sts of t he-hawumo rifc hfau mMmotnii @n sa n di t
anal ytically obt ai n -Rahpeh snoanx i mmeut nh ovda hi ese nmeaniel motiywendv afl

In the case of pl ang sattr eas ss,petche ipcr itncriep acla ns three s

Y = 8aF-G %5 H° Q F 4G !
P =+D? +E?cosit *¥) \HWQ % EEDS(ZW 2+ (1%

wher e
1, eme — 1,
D:E u$ E_Edu%?
18 e 1 ,ope Bbe 1 =
F:— ¢ = 0O —_ H
4(;‘"5“';_1R A 9%% 20
18eam 1 L=m 08 1 o
G:— m - ) - 1
4?’;Lﬁ ; & O i #
18 e 1 ,ope B8y 1 =
H== e _= pre =
28 A Qﬁ% 21 W
g - D o E
cosf, = o=k sinf, = ==
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As EN.81@) repnemdaemmaeniac f faodtchgonhe maxi mum valu
chall enging. Therefore,-Raveh aadn [6angditdedainta solutios.e t he
In numerical analysifNewton's method, also known as tdewtori Raphson method, named

afterlsaac NewtorandJoseph Rpghson is arootfinding algorithmwhich produces successively
betterapproximationgo theroots(or zeroes) of aealvaluedfunction We sear ched for t |
where the first derivative becomes zer o, ai mi ng

derivative of the function can be expressed as f

- Fcosg sin ¢+ sin gos gH (cds n
Ll Dsing Ecosg —+ Hsng ¢ é ( Gl )é. (316)
dg JFcogg+Gsit g-H sin gos g
By utilizing the relationship that the maxi mum v

occurs between the maximum value positions of t|
the maxi mum value will poseyrtwalh tussty amaei mFpest h

term on the righndi seasetd &srthaei maki smbm value

33 Numeri cal exampl es

In this section, t h eth eviardiei cdti tcya lacnudl aetfifoenc toi fv emnterses:
anailsysdemonstrated t hrtohpeglo pva md pureoalerddaleesss.r ulcr
are model ekknbwnt MeT@4I| $he3BPLfinite el ements |

Two problems for ahewsobv-biieephetcredas ecal cul at i o
principal str esasntdbrae scaul¢teasnp asme dnet hode of the prev

331.voMi ses stress

I n order to validate the effeaht aiemedsf ndmtthlee pc
met hod paog onsebtdraaceo mp aTrheed st ress components obtai

anal ysis wild be used for calcul ations.
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https://en.wikipedia.org/wiki/Root-finding_algorithm
https://en.wikipedia.org/wiki/Numerical_analysis
https://en.wikipedia.org/wiki/Root_of_a_function
https://en.wikipedia.org/wiki/Real_number
https://en.wikipedia.org/wiki/Function_(mathematics)

The stress components are given bel ow

guége g§28g ém?’f rg@-ng
=Re e u =im e u
E ug0y & uelly
€ Ué o U egr uéo u
€ e Be o MPA], €5 Ge  [MPa]
e ue28 & weé S
efre U€ Q U egm ue g u
€T uel i &% el
eEr 0e0 o e5 péeo o

In order to utilize the conventional met hod, t he

T. The stress componenMissasndsthessofforspaanii nigme

The maxi murm nvga lounee dcuy c | e ,Eqc-4 I ¢3uilsa taesd fuoslil nogwst.h e
A=4236, B=250, C= 30.

(A-B) 0.9999", cosf =———C  =0.0075:

J(A- B? +C? J(A- B)? 4C?

2 2
maX(SvM(t))=\/ V(A E;) < +A;B 65.085( wiF®.4974

sinf =

Wit hin o0tée doyclteh e( vMil suees ost rveosns an d a ioebst aci onrerde sapso
shown above. I't can be observed that the maxi mui

stepscomvedrmtei onal met hod.
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0 ¢ Proposed

1501 —=— Conventional
S11

100} S

Stress [MPa]
) g

oT AT 24T 24T 34T 1T
Time [sec]

F i 84. Thevon-Misesstresgesuls obtainedfrom conventionamethodandproposednethod

The Fdisghow tMhsegsomstress results obtained from

met hlbidss. confirmed that the proposed method all oy
cal cul ati on, compared to the previous method whi
met hod i s more efficient and faster in finding t
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3322Principal stress

The validity of the proposed method is demonstr&tdethe principal stress casghe stress components
obtained from elastoplastic analysis will be used for calculations. The results are compared by using

both the conventional methaahd the proposed method in this study.

The stress components are given bel ow,

E™ g 15

ef 280  of] o 4
“re U@ u €xzm UE u
£, 1690 y £, 0g10 g
&gk Ué 0o U édm uéo u
51 g6, MPal, 5; g . [MPal
& ué?8 & uéS
efRe UEQ U egm Uuépg U
e= ued u e uel u
ety géo o éE 0eo o
100 —e—Conventionagl
I " Sn
S22
— Si12
T
o
=3
[%)]
(%]
g
%_
-60 |-
-80 N 1 N 1 N 1 N 1 N ]
oT VAT 24T 24T 34T 1T
Time [sec]
F i &5. Theprincipalstressesultobtainedfrom conventionaimethod.
In order to wutilize wtahpee r¢ildmavse ndii winchd d menthm d3 6 t da

fromT0 Tlhhe stress componepnrtisnsdmasshd ocormmaehpdrd

calcul at ed, and the -bbesults are shown in the
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The coeffEqB8l4dentasefobtained as foll ows
D= 39, E=12.5 F=905 G=31.25 H =335,
D E

cosf, =————— = 0.952, sinf,=———= = 06.305:
" D +E? " /D2 +E?
cosf, = F-G =0.933’, sinf, = H = 0.358(

J(F-o) {h)’ J(F- o) {H)

Weu stehe previously computed coeffi c3lelnt JmMdo.(det er
The initial val ue of , whi c h -hcaomrd essipdoen,d si & os @th et c
valts8.4508), and tHRepNeswnhomet hod is employed to ol
value of the entirse peqRoirimizmle dhiestiteg ametomod c ¢

through 36 calculations
Pl_maX:69.43Ol,t =0.4840

, Whereas the proposed me

100 * Proposeq
I —e— Conventional

S11

Stress [MPa]

0 " 1 " 1 " 1 " 1 "
0T AT 24T 24T 34T 1T
Time [sec]

F i 86. Principal stressesultobtainedfrom conventionalmethodandproposednethod

The results obtained PkygB&We hhaned hobs eamrwe & htolwant i
prinsestpabks value and its corresQfddldi)ng Whii he wih
conventional met hod wutilized the result cal cul a

max i mumt kpaloype,sed met hod mbtewactarabdobt maRri mgmayv e
calcul ati ons.
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333.A floating barge probl em

Longitudinal bulkhead

v

@)

(b)

Fi%7Fl oating barge problem: (a) problem description

Let us consider the filRoZl7i]iige bEBa ggenegmaeh loamm samew!
with the one used in theL=1@imer ehedBbfsbait mt hatndi :

depbis R Imongi tudinal bul khead is additionally in
Tab3ls.hows the thickness and density of the fl oaf
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Tab3le Thickness and densilgrglé. stributions

Top de:' Bottom S de h Bul k h

Thi ckhemls 0. 005 0. 02 0. 02 0. 005

De ns {t[yk ¢/ n 1.0 16 3.3389 10 3.3389 10 3.3389 10
For the barge model |, 100, 10, and 4 shell finit
directions, respectivel vy, and 100, 10, and 2 b
respecWei vedheel ast i ¢ EsDO0GP:uBoi $ss omat0.d wave period

T=4 -16s,and

stress and principal stress RAO aréromthydedelas
anal ysi s
X1
|
xzi
@)
5E+07 -
. AE+07
(S e
3 /\
= /
O 3E+07} b
< \-
04
” \
§2E+o7- \
1E+07| / .
/ \'\_\
0E+00 1 1 1 N 1 1 1 1

Fi &8 Vo-Mi ses

10 12

Wave period [sec]

(b)

storfe stsheRAQ oéheasgrbaggeoint
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Tab32e WMames RatMoenpst at ioofnatlhet ifMeoati ng bar g:¢

Previ Propocs

Computatio 19.3 1.47 (
[ sec]

RAO usThg RA@agtuio@oscent enet
compandidsi wi t h
ng me

Fi 8. 3 howsMithes votinr es s

t he b dtatr@eb s h®lwes t he results

of
itskee uc &ldc wposarire. dd 86 dc iotmee e X i st i

confirmed that
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T
NN AN

Fi%voMi ses stress oRAQ®@ hki StlL.roiakutnigormar ge

Fi g9 S£SBhow-Mihsee svosnt r esswaRA2AOpwhaeamdt Beconds. -1 n thi

Mi ses strespomRADtfher cwmaaclksponding wave can be cl

Xq
|
X, i
(@)
5E+07 -
. 4E+07} -
=
: Lo
'C_)' 3E+07} \\
<
m L
m L]
g 2E+07} \
) /' \
'\
1E+07| .
: a ~.
o \.
—
0E+00 1 " 1 " 1 " 1 " 1 " 1 " 1
4 6 8 10 12 14 16

Wave period [sec]

(b)
Fi3%LOPrincipalofsttrtees sf [IRAO@I) ngnelanugeé nRAPoi nt and (b
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Tab33ePri ngti mREM@o mput at icofnatlhet ifMeoati ng barge

Previ Propocs

Computatio

sec] 19.7 5.42 (.

Fi gl.@Bhowprtmet pasds RAO usingThlee RpO®aahed cmett eo d
of the bdtatr@eb B hdlwe t he results compandidsi wi t h
confirmed that itskeduc2B4c cloatpiacre dt itme t he exi sting

FigllMaxi mum princi padf stthree sfsl adatsitrrg bbua ri goen

Fi gl b Bstwhper i neti pads RAvW vveh epreirshod seconds.
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