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weAderive approxlmatei

‘the maximum amplitude_ k _fnumber -of parameters involved

.tlimpracticability ”

ialmost infinite combinations

'énvironmental parameters

?particular subjecc: The analytical

Iosses;'

an explanation fot capsize=

from the fact that such ”experiments axeff

:1ncomp1ete 1nformation e.g- "because'of the\ffi.;

of :J 1aolat1nq

t:"epatate effecta. It was belleved _herefore_f~:'
"that a‘theoretically oriented project woaldﬂi
x-provide a ‘more comprehensive basis for':‘l
" future stability regulationa, observinq thet
'ot‘ "hu11 'and."

i

Apart“”

at various ldéd.?l:'i

;*directxons. S

results'3'ﬁr;

1t_the experimental data quite_ well, ,bug :4

-expensive‘ and time—consumingf they yield:ffifi=
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adimensxonal roll >anqle A of Lhe nonllnear resonance. In -7particular,

both i

<

tﬁe( theoretjcal 'analysis~'anQQﬁ the

3:equ111br1um

:numetlcal'

Lmulatlons ind;c&te ‘that .the

equations ship posesses.. apart ftom

It can be proved; that (4)

fand (5) are equivalent.;lndxcating thh x

‘other - nonllnear E resonances'n

gulttaharmonxc and subharmonic resonances.

' i.Thei difference between V;the

“:.nonlinear

o The response wcurve i ;

. o'. -
This c1:cumstance brinqs

liffetent we1ght in, the ~effect1ve

?for as>0'becomes lower than that for °3<a B

and consequently lowers the max1ma. -;n;

quadrat;c and cubxc nonlinéeiﬁtie j

_”each other.‘The quadratlc 'nonlinearxty l'

"*‘responsible for an additional heelxng, i e.{

the rolling oscillatxon 18 not centeredf

0,5 Expression ‘(8) indlcatesi

ftis opposite in sign to ‘@

‘:'exactly at.

°, .since aal

,,the sh1p suffersf

fis usually opposite o :0

14an additional blas with the same ,sxgn of
‘theﬁ

. the staticA heel.t a consequence,

:‘The quantitxes c

f:Appendix'

"amplxtude and the width vof' the resonence:

&, (du= T ;" 8y " ; The agreement between ‘the’

solutions

- : s g h [L .

S 2 -2[1 1 og(loz-ne . and t Vi nymcrtca;‘

3 3 2 0" - 8 0. [/ »'computation is found to. be very satisfying-
. ‘(121 R - .

method adopted shows its ‘validity in thel?

'fhere introduced, "plays’ 'erturbation;3

" The patameter 8

2‘the role of

equivalent nonlinearity‘f

“for’ | “the i

forecast of the maximum rolling amplxtude‘?
‘ T 'fexcitation (14 15]

':conditgong}'

 : 4tequency

response Acurve ot a



http://�'posess.es,*

‘ are qenerally in Yy very

P’ur

involved mathematical torm{‘ 8O that

: words. one csnnot handle slmple fonmules to ‘

'fu compute the evolutfon - o£; the * ship's

response. the maximum rolling amplitudes,;;c

~-lthe onset ot nonlinear resonances dlfferent..f

(tom synchronism. etc. The

these toll charecteristics is

best-.conditions to.

exritetion.*’

a Em R.Blnﬂ“ "’1

i

deck, 'unsymmetrical

¢ action of constant heeling moments -due  to

wind or caused by manoeuvring. The
of the present paper is 'to develop an

enalyticsl method fo predicting the

wave-excited motions ‘of . ships which have - a .

heeled equilibtium position ‘and are runnlng

iu regular besm seas. This method je based

hon the linesr wave excitatidh

: the ship response is

frequency domain 'Theuship equat1on

into eccount explicitly the
demping nonlineerities. El:ﬂ;

ITY EQUATION oF MOTION s

: independent
. described ": by

equation

'zun(o o)+n o,t; B'(t)

adimensional'terms'bybusing suitable

= uomplex : and_wt
" they.
cennot be simply used in prsctlce. In other,‘pﬂvbetueeni

:‘introduced Lhrouqh an

TpoWer eeries expansion in’.
;'roll speed for
knowledqe of
particularly-
.;important when’ Lhe ‘ship is not in’ 1?£ﬁf9"93

react to “E;ne' sea’ - -

”Th@“unfevoura ie' s tustion of a heeled

ship csn arise from different, intcrnal and'. ';odd terms in ‘the engle.,
external causee. e.g. shift of cargo,,water ' 'cubic
oh. demaqe,-snd:: the_ ':‘sufficiently

pdrpose o

,equilibrium position and -
'regulst beam sea becomes_

. ) .':z+3uz+ozza*u2z¢u z3
theory, and.
formulated in rheb
takes "7

restoringh and’_f.

» rolling can ‘be .. causes.:

the- following differentislu".i internsl cause {cargo shifting,_

ﬂhowever, che excitstion includes a
f’term which may be considered seé
"i.e.' ' ) s
; z'?ﬁ:?ﬁzz~*u254&“s3

'ﬁheré “z is

,position._f In~.1thef
»instability, it is

anglef

3the tightinq moment is

;5approximation stil ‘to. & “cubic .

E—

B B P

except | (or Qection 'y wnere

roll heave

-.on time. Moteover. it s usual to asaume a

roll
the dissipetive

B both the speed end the engle nonlinearities
*1131

assumed.

Theirighting moment will be expressed
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by a power series expansion including onlY’

polynomial may be used

realistic enalysis

With these essumptione [12}.=: the

equation of motion. for a

':G 008@“‘!‘ N
3 - e

On-the other hand, the. motion of

If the Shlp

.3, :
g 0 3 :'" aofaucoauf

measured from the
csse 5-of:

commonly

no. longern

R R

term. fA

‘_consxdercd as u function of the angle only.'7
‘a. Coupling ’
3u oscilletions - ism

explicit dependence‘“'
engle fendi‘.

- realistic damping model takes into account f”

Here the usuel cubic‘ model vill be'xf

In perticuler,j’e;
_:‘or"}AF-'i
‘coefficient of the cubie term ls chosen. eogj’ N

‘as ‘to give a. "good" fit to the true curve.i;v-

ship in upright‘-

subjected"to ‘&
"'ff(Ji"

f'ship in the heeled equilibrium position cen-‘

be. described by different theoreticels
"models according to the particular nature‘l
: -the ! heeling,i‘i.e. due :;Fb’i initialfr
'instability, r internal jor;:

externslv F
\. heeled by »Entd

asymmetric.'-”

:damﬂge'>'etc.)-:of,,by"sn}rexternal ‘cause . - -
'if(wind, towing, “etc., )"oﬁé 'fstill »itakesfpl'
‘Vf_equation _ (2) into _ considerntion” ’

frepresent the rolling motion. In _his csse.:ﬂ'

'further;_'

constsnt.jﬁ;ff

'”Q(4):“”-:
bigne -

initielhl'
assumed ‘that
-an’ odd:io

'function of the heeling sngle.,Limiting'the L




ngamplttude ot the reaonant eomponent of the =

trin ket - S N

1; oactllatlon to the

‘, ?ormula (9) glveu the maximum amplitude

takes

e eartlad out on ship models

: ‘yav. whlllsallowing lt to roll,

.f.Tha- eqnatlon relatlng Lhe ¥ maxlmum '“.:vlnltlal haal. Untoxtunatelly. ‘this

L °f‘lpﬁ;-coupllng between roll and heave motlona f,
a“;;‘the.toll{ng osclllatlona apoutﬂthe 'dynamic D must ‘be. explicitly considered :

ni4.,INPLUENCE OF THB ROLL’HEAVE COUPLING
into =

';moment haa been conaldered by
L suftlclent details at this -
'lipknowledge and allows

"f~'wrltten in"h”'following form

r.4" - .
% .

:compared wlth the experlmental obaervationn

a Southampton

: The» model waa aultab

University llﬁl

'ﬁsjpropagatlon of the vavaa :telatlve _t‘:,'.

Towl. Ay )nnt’irn\)

ﬂqv;rf-

"cannot. be explained by _méans- of equatlon

P e IR R I R R S e t,-u

"t.(97. the predlctlona ogtwhlch are totally K

B vu*t' ~.-;.,1' BT

"lndependent on the lnltlal ‘heel. To account

Lot v ».';v‘."u—‘ L Rl ‘l‘

i:ffot thla experlmental eVldence the Arclling

equatlon must be f lmpzoved,.ﬁ l.e..;-the

de include thed

B roll-heave coupllng ln the equation of shlp

motlon an explltly time dependent rlghting

vseveral

'.au:hora (1 9, 11] 'l‘hle mathematicdl model ‘
" is still very simplified. but 1neorporates

staqe of the

'1 simple approximate

analysls. In thie caae, equatlon (5) can be

i*s)](-oz+uazs*a;:

heave and ?i

effect f,f eﬁ§~}i

(o]



,3. MAXIMUM-AMPLITUDES

'{ cupdbillties. Thi

" for a ship in

T can be adopted The

’:urv cloee to. those shown in Ref [14}

3o,tillaczon FP;

' cxtitation,

"hcel:i

o approxxmetion. It is of immedlate practical f:”

:claesncal formulas because it
B account both the linear and the

' dumplng effects. The quadratic

£ do«.e

‘.prtd1Ctions, not even in the caee where the
3f'nonllnearlty is’ i lhe'
_tfnonlinearity of
'tfiresponSLble for a bending 1n the

N reepOnSe curve causxng ho

i’trtquency shxft -in “the
":f_rmuximum but does not
"JAcorreapondxng maximum amplitude.\

y thef

ig through

'ﬂ{fnequencx on the amplitude,

':fio[ Lhe

'toxmulaa

'rubulte

'duta. For a- heeled ship a similar

”tht rolling oscillations about the'.

: iI\Ol B

:uoilmathn of. the maximo.‘

One has- possibility ot working

-thh equetion (7} in order to obtain simple .

with hef' eame

' was_done in Refs. [14 15]

4thef upright pOSition.j

fit surprieingly well . both the

" numetlcal calculations ‘and the experimental

approach
detailed calculations
relating ef

The equation

'umplitude of the resonant component of . the.‘
' 'thef

thé

) lntensity ff”

is expressed by'”

36»’)-32

s ("’ o’ 8 8% W

‘lFoxmula (9) gives the mexxmum emplitude of

fengle, jin;< a’ firet

dnterest, giving improvement of the

takee

"Qrightxng ‘arm. nonlinearitiee do 'nec;
-::explic1tly 1n this expression. This
.' not . nvalidate “{th theoretical

% rather ' strong.

_the’
frequency
system to be
oxcitetion‘

“eenSitlve“ to.. the

-f,frtquency range which is wider than that of'/

lxnear .case’.. Consequently.’it causes .
strongly affect the
However,

can be

rlghting

arm nonlinearitiee
indirecty :f' v

the dependence ot

fotmula

prediction

The -

maximum~'_3

rder ‘of

into:
nonlineerfﬁ}
and‘ cubic
eppear“ﬁ~'
facthlk

,righting nf“ is :
in o

location “of - the‘

: The theo etical r dicti DA
L. i e p ° one have heen “i oscilletione belongi g to he eteble region

',l{ yaw, while allowing it to roll,_
_ "amplitude of the rolling oscillations
";l.assume

} propagation of the wevee

‘ﬂ'cannot be expleined by ' means -of

dynamic uAﬁ'

. motion an explitly_time dependent

" moment has

;.18 still very simplified, but -
i sufficient details at - this"

=”methemetical model

”"(11)

. same ‘excitation -

; written in the. following form

, y+2uy+6 I *[1

: extensively

. . ~ r
compared with the experimental observa:;ona

cerried out on ship models fe SOuthamptON’

University {16]. The model was’ 'sultably'

tethered to. restrain it in drlft ‘and  in.

heave .and

sway. The results indicate ‘ that, | for the

inteneity,_fthe', _maximum

‘may
) considerably

differentl :values,

depending on;ﬂfth direction "of . the

relative Lto :the

initial. heel. Unfortunatelly,‘ this effect

(9), the predictione of which _e- totally

- lndependent 6n the initial heel To account;.

. for this experimental evidence the
'_1 equation must be . improved,v{ i, a. f,the
coupling betwaen. roll and heave‘ motions‘,v

must be explicitly considered.“'5'

'A. INFLUENCE OF THE ROLL-HEAVE COUPLING 5%j?_,

A v_Tb ’ include ivthei- effect Qef o the’
roll-heave coupling in the equation of shlp‘
-righting

oeen'fconsidered' by - severalA

This: mathematical model Lf

‘authors [7,9,11].
incorporateS'Q]
stage of

knowledge and allows e. simple

-pcoa(«:*c))(e z*ozz +asx ) ‘

etudied in"longitudinal

waves ..

In the ceae of a

but interested in obteining‘an upper?.

bound for th' rollingfﬂ

emplitude of 'the

equat ion‘ L

rolling:'*

thefpi
approximate.",

analysis. In this case, equation (5) canvbe-ﬁ"
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'AasraAcTA}’t,'

i“!_.rhiQV lnterlm_ report

descrlbes'
ongoing - work. . since - 1982, : Plymouth o
ﬂf:Polytechnlc, lnto .!the‘ probabllistrc”"

ine a representatlve range of. llkely to be
Aencounrered envlronmental ‘and

.condltlons._“p

i&l55 probabillstic

procedures which have.
“ recently ‘been - applied- o" operabxllty-
studies.’ - AThe.'_method wois capable of;i

"lzaccountlng [for ' variations - in seastate{ﬁl
3fvease1 destgn teatures ‘and load condltron;_;
. as well as vessel .speed and headinq subgect*; B

‘"‘-ito master s intervention.

'5‘The: concept 'of'faT
tintroduced as
fpartlcularly for regulatory purposes,
scenarlos . whlch N

'%ixoperatlng should be

4 .predlct, -in’a reallstic manner,_ vessell;
capsize safety., _ “.,nj ‘ )
fThe: preliminary ‘analysia

:'to predxct vessel response and the concept
,of a'”potentially dangerous
vﬁ‘introduced to-
;predlct

roll motion is
avold the
large

‘non llnear _capsize

’f'»angles.f

This work is affiliated to the Unltedj]

'::m:Klngdom Safeshxp pro;ect. W

, -t_.j ‘ '"-mrkouuc'rros

Ship stability is a property whlch lsp'
slmple deflnltxon.,a To -

" - not’ . amenable. to
- naval architecte

stablllty .:means safety

-,aqalnst capsizlng
" land  th

development ~of . the

_.which is stlll far from complete;
iginternatlonal . stability.
_traced directly ‘to the work,
;}Rahola 134] -

Current

who proposed that

{6z} However, in recent. years it

has been argued that these crrteria,

curves.g

'“f“neglect the actron of the seaway, cannot be
a. suffxclent

the
‘assessment of vessel safety against capslzeﬂ'

operating'.-

The proposed risk framework utllises}

tesr track 153;;
.a  means of standardlszng,;»
the

'lncluded in ‘any analysis whlch seeks to_f“

describedrpﬁp-
:;utillses a :linear superposition technxguew

-necessity to -
roll'

in a verydgeneral senseﬂ
underlyingf'
uzftheory has had a long period of. evolutxonA'

crxteria can . be =
in 1939 of”; -
a. shlp s
measure oi safety be related to certain

apropertles of stlll-water rrghtxng leverl:-

whxch'f

1ndrcator of. vessel capsize

LS I3
L

Furthertnore, .
1t is genetally ~agreed . that any. new and

‘ _resistance ln;thewseawayAlér

1mproved criteria .should seek to~'take
accountt( of- the . varlabrlity of  the
. envlronmental condltlons encountered, the

N vessel g deslgn' festures ‘as well as the'

'~varxatlon in load conditxons and master .

- action 122] Ce o T
S LIt is 'inv theA area'fof structural“' _
i;_ design, especially, that there has been a-"
movement T away - from. “the" determlnlstlc

approathes,, where satisfactory ‘rules’ are

T gradually evolved by a process of trial and -
" error,

structural element “to re31st . the

actlons lmposed 15 taken into account [12 o

38] " In such a’ probabillst;c approach it7*

1s recognised that a_ ‘structural .
will have to, wlthstand loads of differentvn
magnitude and freguency durzng lts llfetlme
and similarly that its capability to resist:
a‘these will
"fvalue, Fig oo

1bads. 5notn have . 'a'f81ngle5

determrnist1

L NamAL
pyz#@gZAk; .;netnﬂsnv
" LOAD -

¢Zﬂf’ﬂ31LIfY

* PRABABILITY 'oe.‘u.slrr;?;;_«_'

" CAPABILITY/DEMAND

'Figd
Varratxon of Demand and
Capab111Cy of -a Structural Element

The problem to overcome in such an approach,“'

.- ds to ascertaxn the nature of the tails of.;

5“the demand Aand

srnce ‘it 1s in the overlap reqion that the

‘_.comparatrvely rare hlghn demand and, low

‘capability . ‘may .. occur.  simultaneously- to -

gfcause fallure.ij.f

T An overall strategy for probabllxstic'
stabillty based

assessment,.
1fstructural deslgn methods (12] ls shown in -

Fig la’ and - thrs can be compared wlth the o

”tradltlonal (current) stabllrty assessment

L

to one where ‘the varlablllty in the' B
demands made on” and ‘the capabillty of a: 4:
loadn_

element:

capabllrty d1strlbutxons" g

.-modern,»‘;
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T, A8 vell as being much more pxtensxve. the

: modern approauh :eaturcs expvrxnentnl and
fanalytical models backed up by full ncale
:'trials where approprxate.

The;-main purpose of the ‘work ~at

Pl§mouth'£a to explore the feasibili*y.of
.developinq ‘and - applyan such a probabxlxty
analysis framework ‘as ‘a basxs for ship
.safety from capsize which may léed to
" improved” stability. "design and regulation

: crttetia.' It is -also. hoped -that the-
 gramework will help’ mesh together:‘the
different and. -often highly individual

.analytical techniques for -modelling - the

vatious capsize phenomena, in a concise and

) efficient manper. :

'~l.lffhseeosmen£ of Risk in:tﬁe'
Marine Environment.

The concept of rxsk is. not new. T;n
many instances whnre alela;ge _body~vof
eintormatlon exists, based on accident
hietoky,- an appropriate 1nterrogatlon of
. the’ databasa ‘can’ assign the risk of death,
:Tlnjury or _other loss’ involved ‘in partaking
_-ot a particular activ;ty, eg, Table l

-which are

| risk source .~ - | raer

R Amereée for British"f Y
Industty i S B

: Chemical Induatry 3.5 FAFR=Fatal

) Steel Industry i © .8.. . Accident
-,_Pishinq }5; .T-f' Y35 ,~ f:FreQUency
Coal Mining. . . |7 40 - ‘Rate
Constznction Workers| 67 & - ='No>of"
Ut Latr crew PRI 250 |- ,;deaths
o Staying at home .. | -3 . . per. 108
": Drivlng a‘éar ,_~ff ) GQ‘Ze  . hours of
Rockvclimhing;_: ~laooo. - Criek 5
O L SR :'~exposure

. . (21]

Risk levels by Activity

.exists which

‘_Qof an’ 1ndxv1dua1 Vessel 8 rxsk of capsxze

- Thxs RT3 hardly surpr:sxng qxven the nature-,f‘5A
‘:'of a capsxzal whxch RSS-3 frequcnrly rapxd_n]

wlth lxttle resu:

‘cvxdﬂnno o f Lh( lxkcly '(ausua

nfortunately ‘no database cutrently:-
s, capable 'of provxdlng S

_baeualty wrecyage to

whilst some useful information can be
chtained from the Easualty records, such as
the .general nature of the capsize and the
surrounding circumstances, no suitably

detalled

xnformatxon can be obtained

_regardan the seguence or the probability

of causal . events which would be
particularly useful for a more traditional

risk analysis such as 'fault-tree".(Jl;

"Even if this infoémeéion was available

St would not be appropriate to extrapolate

it to cover 'many of the unique pto;eccs
' undertaken in  the marine

envxronment todgy;

4The alternative is . to develop en
approofiate orediction technigue- which aims

. to 1ncorporate that 1nfotmation which is
- available from casualty records (where it
‘exists) as well as catering for those
casualties which nearly occurred ie, the - -
",“near “misses"

‘Fortunately probabllxty
methods have recently been developed.  [20)

thlch ‘have direct application to the
" problem of asseesinq the risk of a vessel

capsizing in a seaway.- These will now be

" discussed within the’ context of appllcatxon

-to capsize assessment,

~

. 2. - THE TEST-TRACK CONCEPT

S 2.1 ProblemAOdt}ine

Rxsk predlctxon cah . be generally

'stated as’ determlning ‘the - probab111ty that
a pre-assigned event will- occur in a numbér!
- of trialsg’ (or over a period of time) This:-

’ defxnltxon is partxcularly su;ted to games
A_ of chance, to" assess _the” lxkelihood of
obtalning a’partxculat face value of a dxe,. s
'Aifor example, 1n so many trlal chrows.

) "When applyxng probab11icy concepts to'
: ::the problem of vessel capsxzxng, ‘it is more
' 53'appropr1ate ‘to. consxder the ptobabxlity of}
:ia cr1t1cal roll response' being - exceeded
S since this will: determxne the area of the "
.t overlapping .’ taxls in. JFig' 1] 1e, "the

robébility " that .. the ooeraeional ~and

.env1ronmental demands exceed the ‘vessel
"capabxlxty to resxst the demands.

ln operablllty type ;studies such -as

fdtlguo ’ analysxs it~ is- . necessary to
f,oqnsxder every, cyclo of vessel ' response

" during ;ltS : llfUtlmL "since  all _cycles


file://c:/nisi7B

contribute -‘}tb" fecidue: ’feilure; SN .o The maln advantages to the vehicle

(suIVivabilitYl rlsk gyPe §t vdies this isl"A designer of uelnq thxs approach are:=
not the cnse slnce quite often only the '. : .. e
soveresc seastatee ﬁill cause the aeverestﬁ_ . a) The full range of operat1ng
",”motione, and, provided thdt _the relatlvely,',f ) A'conditions, includinq the very.
Ktere catast'fphic responeea in’ mild seas . important_severe cond;tions, can be
. can. be accounted for, - ‘this - suggrsts .that : ' produeed i a manher difficulc to
»f’the amount of computation can, be reduced ln'.ﬁ-_f " achieve on the opeén road, for example,
'1;bome way.- Obviously, At is not sufflcienf'__ : ,*(also makinq repeatability of results
_to seek. the 'vorat cases' on un ‘ad- hoe. . ﬂf‘“_ possible). ’
”;basie and - Hone. ordered approach is . - ; . .
L : ' b) Vehicles are’ tested under tlghtly

deelrable.

Tt controlled conditions where lndividnel

.ff z;zf'tghglr;écxéfénﬂ*vfév;ﬁ§ Ggonnd'_f:";J'ﬂ";_characteristics such ‘as handlinq can -
- TR BRI : I T b assessed, in lsolation if
_ In an’ attempt to 'trap the worst-case«f;l’:z -1;neceseary, and compared aqainst )
lcenariosfflthe 'proposed method consxsts T f‘_ fptevious and other vehicles' results.

'essentlally fesubject ;vesael belnq? _ : .
j'required ep‘ successfuuy e, _ witroue S €) »Attention is focused on individual
_”-capsizing} ;negotiate i fé;-v aeriee of."_l'e . “elements eg,’ vehicle suspeneion'

' represent . 'the,ﬁ,'range .of _eritical - . . ‘characteristic manifests itself. on one -
5(potentia11y _capsizee causing) ‘scenarxos;gﬂ‘.'. ;'particular tesé'track'the'design can".
that it will encounter over lts lifetlme.-!;.: .. be precisely retested after suxtable

lntended use. and type.‘ ;
wlll huve a different set of test tracks tofA’:
'negotlate than an articulated lorry though"
some wil be 1dentica1. See Flg 2L

IThus ., sports: car;t

improves,'LL"eventually --nqn‘; physical
';experlmentation would be requlred (?)

For thxs preliminary investiqation and

‘fwholly analytlcal frequency domain analysxs
fwill be used. Obviously thzs means that
: ertain physical capsize phenomena whxch
'may be’ best ‘suited to txme domain: analysxs
f]such as the broaching-to phenomenon) w;ll

o ~will -not be fully activated inltxally.

4“€”"ﬁ*“r"” .’fllnear frequency domain analysla for what

apsxze phenomen

Tlsome experimental ‘back- up foft certaln'

‘:'-for 1llustration of the’ overall 'package"e"

fnot be modelled and thus the . test-tracks
'~Sertron 4 addresses the basie for uszng a -

1aregfessent1a11y non-linear_ larqe angle'f

>"'test cracks“ which have beon deeigned to ::'ﬂ-u"«eettings ‘50" that if a poor performance L

o S o L modifxcatlon. R
: o th automobile _ industry.» .in-a'-ii I : Q’V,li Lot T
~,particular,: this‘ﬁtype “of - procedure, i :,i.‘,"'The 'authore believe 'rhat ‘these -are”
common., A road vehlcle 15 made to performf‘_; valuable proceduree which can be used to
seriee_o _manoeuvres over varylnq terrain»,l'- assess the capabxlxty of a seagoing veseel
in a varlety of con'itione (environmental ‘;j"to_perform its duty in safety._ -However,
_:loud, speed etc) -where - each - tést-track _';;_1eevingeveelde-'the immense;'difficulry ‘of
'represente one’ such’ set ‘of condxtions.- For?ﬂ~‘; pny51ce1 1: modellxn§ _ ofA  severe .. sea .
enample there will. exist a . handling "and }i‘,‘condltions, ‘sheer expense -would preclude .
srability test-track, 75“ sreep gradient‘:gﬂ; the ‘use ‘of . a’ purely physxcal marine proving
test-track and so on. The total test-track‘ j;ffground for . every szngle vessel. Thus it'is
is termed the groving-ground' and itexil.{'envisaged that ’at fxret the test tracks‘
overall:;naturef reflects ".the:.. vehicle® e]d;_vwill be largely analytxcal 1n ,nature with e

:_difficult aepecte until;  as th ':'theory o

f



- ‘_:':‘Onlx_ encompass ' all “_.’_of h poesible

v

- .‘_-Chofic'e_’of:'_'l'eet‘—rraclri' .(;amount of computation for any scenario s
; - reduced " if . ‘the ordet of severity of

'As with . the road \.ehicie caae, _the ° \_':'.seastates to which “the vessel is aubjected.. '
-7 —venel .type - and _intended - zone or ‘z0nes, of e (everythmg else remaininq unchanged) is

'-:'operation dictate the: nature ot‘ the proving o progressively reduced from.the - most severe

ground, ,‘and thus ; "‘the'--'-. individual : possible AR - the.’ operating zone under

. 'test- racks, that the seaqoing ‘vessel will"- -, .consideration. Once the predicted response -

'.be required to negotiate successfully..ﬂ . ilevel t'alls below the 1im1tmg safe value.
:'rhus, ":for_ example, a. vessel. 'whxch is U the computer program moves’ on “to . CQnSldel"
‘intended for operation in a sea-area which <" the’ next scenario and so ony (Section S) -

fi is well aheltered ‘or- has ‘ghelter. to. hand’ . The : results 'o'f; Multi-variate ' {pattern
will | have " to negotiate ) the more_,-" _V ."-recognition) analysis of casualty date (for'
:stringent test tracks required ot a vessel V the broad vessel ‘type - and sme) is also' .,:
‘intended for extended operation in. high(-v ‘~'_:used to ensure that .no proven (frequently-
;icing latitudes.- Indeed, ‘some’ form of A recurring) capsize scenarioe have been.';

B .licensing miqht be desirahle for individual ‘missed, particularly in mild seas. i These -

'_ operational zones - since “this’ would assist ) A'-_"”positively . identified capsize 'nuclei"_-b .
-'in avoidinq the potential overdesiqn or o (each one representing a distillation of"
) underdesiqn of vessels which the current,_._ 'many similar " casualties) form critical :

S '-'blanket' regulations may encouraqe. Co ‘scenarioa o tor consideratmn -and . are

L : T e R " embedded in the test tracks with respect to
A vessel which i_s intended ufor '7_ ,:time - and location. Fig 3.

international operation vould be subjected -
te the vorst possible weather conditions

- ‘ ons . + resr rznac rzzmwm. Po/Nr.S'
(Appendix 2 2) _":- R : f _

: R IDENTIFIED cmzszze

] By considering 1ndividual test track, S NOCLEUS. .

':performance the effect on: the performance . R

of-. deaign and operational features can be ‘

_considered in detail whilst overall proving .
'-_'Lund performance’ will allow comparison of :

total perfomance and safety levels across,,}.'
" a fleet of. vessels- for" example though this -

YesseL
IN PO&T

IDEAIT/EI_EDZ
CAPsIZE
 NUCLEUS

A NUCLEII EMBEDbEA
© N TEST TRACK
“w.ark BorH .SP_ACE

‘ ‘.'average» N value : shoul‘d oe ‘treated- with- ‘:‘_. AND WMC
) » typical subject : vessel can-'f be" oo IR
,>‘-"'e'xpected to operate, ‘over. its lifetime, in.. - HMAREA‘ o
. Cwide! -, range of  environmental. and. EORUURREEREI C '
displacement conditions and to be subject‘:' o : S
s to, dlfferent masters' action.’ 'rhe correct e "-_’.'»_'_ f.‘.&.}. ST
"_~choice of _test= tracks -_‘_t'o,_,' iaolate Tthe S Y+ vessel Steamms to Patrol Area
:.potential capsize scenarioe from emongat o ;Teat-’l‘rack contammg 2 idennhed capuze nuclei

~all - poasible o operatlng scenarios_‘:' =
'encountered by 'the{'_} vessel dnring I its- o

"llfetlme . is _wvital” i certain eritical !
'operations are ‘not to be overlooked alonq_.
"'the uay..._ Whereaa it is computationally_‘;
-"desirable that the prcving ground ‘should

RN T APPLICATION op THE: METHOD

j:l* nana‘g_'i'ngh the:'Litetime ;“a"fv_ Risk -

’rhe method of - handling all' _the -

:-s"enarios which could cause capsize, .it is
'-""obviously not possxble to pre-define them,'v S
and it is.- thus necessary to inltially"f‘:— '_"fvessel which ,-.ha»‘s_-"-van?" operational‘
-'i‘consider that all scenarioa are potentially i
"_-_,capsue causing. However, if an initial '-"

North’ Eastern Atlantic An the. region of. the_"‘f-

'j,assumption is made that only the 'severest:.. ._"100 fathom line around North Hest Scotland. N
seastates cause the-‘ 3 re .

'scenarios comprising a. lifetime of- risk is
best illustrated with the aid- “an -
Jexample. 'l‘he sub)ect vessel being used for"“_r"
the | present study: is a fisheries. protection'_'-';"__."
‘area” -’
"'e"°°"'93351n9 the' Northern North Seéa. and’ B

"'l‘here are also occasional sorties ot‘ up to . .



Jote |70 | 18y

Fig.5:7 North-Atlantic-Basin Climatology. Regions [81:- ~ .7




: :iOO“m;}ee inﬁo‘;he‘openfﬁorthfhtlantié; .

To. ; i

gdn Table 2 and FJquxe 4 shows hé qenera!

'ﬂf'atrnnqement

?Length OVLrall tﬁlij; m

. Length b.p. - 64:00 m
| Beam .m1d. 11,60 m

':Desxgn Displacement 1532 tonnes

hﬂTable-2T— PfincinalﬁParticulats

The predlctxon
ca)culate P(o <. ?). -the cumulatlve
probabzlxty of a 'cr1t1c31 roll motzon

. the vessels lifetlme of operation.t' This -

'. value 15 of course tepleaented by the - )
. Additionally the
probabxlxtles of exceedance durlng certain

provxng ground result.

individual vessel operatxons, represented

: sought.;'

'.?he critlcal "roli :motionﬁn 4.0 is

”’defined [in ‘the- f1rst 1nsbanoe, as the
value of roll angle beycnd which there is
anreasxng concern that the ‘vessel will be
Sdn. danqer ‘of cap3121ng

to as. the potentxally dangerous roll angle,

_,xnclude velocity ‘ox, -acceleratlon terms.
(These aepects are dxscussed 1n Sectxon 4)

j The cumulat1ve probabxlity P(¢ 7< 6)

density funct1on P(¢) Thxs 1n turn can be

;xndependent single trial probabilxtles of

Toccuttence.,“, These . 1ndependent tr1a1

'results are “then comblned usxng Bernoullx
trlal procedutes. (Appendix ll.

determxne the vessel & ‘1ntended mlssxons

U Ref - [8[
. ) ‘has its OWn - dxst;nct climatology . and that -
Ptxnctpal vessel partxrulars a;e qivnn_“;

méthod ims'V to_

(9} being exceeded, at least’ once. du:xng

.by indlvidual test track results,.is being

This 18 referred.

. 'though it may subsequently be deflned to .

can. be obtaxned from a. knowledge of ‘the . -
underlying leetlme ,response‘ probabil;ty'g:

found by taking (ie, computer-predlctxngr

independent txxal samples of roll responseﬂaV;
. over’ “the’ vessels lifetxme togethet thh ‘the -~

-'-_2 separate

A prellmxnary a alysis 13 necessary toff"‘

(ope'ating practices.and operating areas)va
"For ease of.. lllustratxon lt is assumed that ,"

-Econdxtxons . are

IL 15 assumed that each sea- area"

S thisz. is homoqenous (unxformt within the
”‘axea boundazles shown o

. Thus the sca-areas 2 and 4 together
comprlse the grovxng ground fot thn sub)ect
vessel.

Typical ‘missions’ identify " routes

“within the provxng ground which form the

1nd1vidual test- tracks One of these is

shown 1n Fxg 6

W ",—*.- ebAAw-.A
Do.maw T SeemENT
£3000VT>%€Y' ——

- bonﬁ!ﬂ .
SEGHNEN1i
Mon
.STHT70A/ C
<cllh;iéxogy Climatology" g

Domain (Code 2) Domaxn (Code 4)

Kéy:' . Test—Tcack = ABB 'C

Assumption: Dlsplacement is. constant between legs
- : . AB.and BC. Leg BC crosses the domain
‘boundary -at B'.
. trxal sampling potntsL -

. _ Fxg 6.
_Eglxcatxon of the Nethod

typlcal _mlsston is’ flnvolved lnjﬁ'

~_proceed1ng from the home port (Posi;;on”nv
Sin .th
_p051t10n C wheré t1me is spent on- station’

_Figure)  to-. the patrol ‘area = at-

'»before returnxng to A by the .same route.

It~ can. be. se&en that the 1ntended track 15 

. ABB’ C whxch crosses the” domaxn boundary ‘at

B Thus the test- track is subdxvxded ‘into

_patxal ‘domains: where _the

”Qc]xmatology is. assumed homogeneous. anh‘”
'fspatlal domajn s Eurther subdxvxded 1nto

“domaxn segments 1which are segments along]‘

“the  'intended . track ;where . the .vessel's "

'ldisplacement condition (s, k ’kyy’k :)fcqn.f

zz

. be assumed constant Thus in’ ‘Figure 6, .
Q:between i.ABS: and, _BC.7 @he'
.constant _cand .

ulsplacement'
dssumed

“dlffereut (Foz" Lunvenxenoe. ’ and .- to

"faC{lxtete comparzson of porformunce Wlth.“ -

* indicates independent B




'

- distribution for -seastates
. nearby times or. locations but the influence*',f
. of the conditional data diminishes as one

. represent the

"seastates

" information _concerning  the’ seastate

f_eventually_".the

the exieting ltability criteria, the actual

* load conditions which are used are . taken
gfrom the vessel's
_compléte

range of vessel

capability)

3;2' Independent Trial SamplesT

In order to be able to use the simple_'
for manipulating probabilitiee_

proceduree,
whic¢h are given in Appendix 1, for risk and
operability studies, it is’ necessary to
ensure that all the predicted
~{trial samples “0f the’ underlying 1ifetime
response probability density function) are
independent. This; .necessitates
not- have been . influenced by any previous
. responses obtained along a domain segment

'f ie, the response obtained should have no

'memory S

Thue it .is required to know how manyt

independent trial eamples of the underlying

. response distribution can be taken in each
‘domain segment since this has. an important'

bearing .on. the - probabilities
. {(Appendix : 1). 'For - this
independencei.interval.'das

Hutchiaon [20].
‘the minimum distance in time and/or space
that a.

- obtained
'ipurpoae an

vessel ‘must- travel

responsea)

VThis is an

" concept *-" since.

strongly " alters. ‘:J_the*

_moves, further. away An time or space until
underlying.
(response) | probability
again dominant.

. Hutchison proposed a. simple form ‘of

v metric for the number of independent ahip_-
. exposure cyclee, N,'where N

[vr 2 lzol
’.

;_stability. booklet to’

" observations to be independent.
. Further work is required in this area but

reeponses

that the.
response obtained from one scenario shall =~

~rCOnditions is used.

.introduced by
This 'interval' represents - .

before the - -
‘{and by inference,the resultinng
can -be considered 'independent-
o trial samples of the’ underlying seastate”
. probability density function.
important © ;conditionalﬁ .
(and -
_thus the responsee ‘obtained) at one instantf: )
probability.”
(responses) at .

seastatex
_distribution ' is’

- Thus .

where T, = independence period, hours

L, = independence distance,
’ nautical miles - ’
T = exposure time, houra‘;'

-V = average vessel speed
» The .independence pericd/distance is
the time/distance required . between two -
See Fig 6.

values for the

. independence period of

_ between 13 and_26 houre have been quoted
" based on some available sgeastate process

sampling ratea‘onfa scale significant to

. ship routeing [20}.

In fact a simpler measure

N = bxposure distance'R'

VT,
i5 more appropriate if vessel | speed
relative " to ~the  advancing .

weather

" . 3.3 Applied Probability’Concepts
A particular design which is operating

in a domain segment . (ie, of a particular

" load condition) will have a motion response

dependent. upon the 'combination of broad
factors route,. climatology and seamanship{

'fThese factore are considered in detail in

Appendix 2.
.It.ie.apparéntfthét.tne singlestrialn

probability of obtaining ‘a roll response

‘level (4) is equal to the single trial :

7probability of encountering the particular

load condition,,'route, climatology and

1 seamanship giving rise to the reaponse.

' Thus the - single trial probability of

,iobtaining -the - predicted roll response ¢,
* given the ‘load condition YR location L and
‘ season, S.. : T o -

: P ( o/ 'Y L S), where Pl .indicates the
single,trial_probability.

' singlea.trial probability of encountered
. . gseastate (H, F), 'relatiye_ heading"to
" waves.. (u )' and speed ‘(v) - given

'load .
condition (A). location (L) and season (S) )

p! (O/A L, S) - P (H ,T F.u,V/A.L S)

-7 =

is equal ‘to the A



: The value'otfP (H"'“T ,F.u,V/A L,8) is
f:obtained by’ manipulation ot the component-
tfprobabilitissA given - in :Table ' 3 £rom
’Kppendix 2. '-‘Thers are several ways of -

" ..combining ‘these’ probabilities but in’ the
,'[ﬁpzesent study the adopted procedure is as

e tollowsx' P,

1

' (a) For a given domain ssgmen .

.,(A kxx’kyy'k constant), the relative -
heading to waves, before any modifying.

: aeamanship, is given by {uy=C"* Loy *'i
‘where C'is the. course’ and_o the '} f-f}“‘}

o predominant wave‘directfon;' ce
. . " L~>. S '1'i<

: 3,-5Now, the joint probability of seastate,}
' heading, wave apectrum and speed (prior
“to- seamanship) given the location and
'-seaeon is o :

8 m'F Hor Ve /L s) R
w BAC,V /L 5. P(HB,T ., o/n 8) L
'_.. p(c Vs /L S) P(H 'rm,r [c s l/L s)j'_ o

‘ :'_.-Pm

f}:(b) Incorporating the aVOidance'type R
'””:[seamanship P(H '/H ). givea after T
.'avoidancs: .

- P(HB jT :FyuO.V /L B) - B -
E fP(H ./ﬂ ). P(H IT IF!uolv /L S)

_Incorporating the pacifying type %"'- N

*A-seamanship, P(V,u/Hs ,T B V "y ).
’yields the required joint probability

- of seastate, héading and’ speed (after'

H“.seamanship action) given the location.b

2.:and season ie, Lo T

'“?;{iei“

N ’p(n;',ra,r,uQV/L.sr‘i-;J,'_; ORI
C RV MIH T E V) Tl
'frm-m,er/ng;ffq_“gt?
A;,P(H ,u,V/L §) s

'T‘p(v,u/a e FrVorup) v RUH, ‘"/H ).”~
CR(EV /L s) p(s . m,r tc.-w )/L s):

"ﬂThis is the aingle independent trial';

':; probability of . obtaining the- predicted roll -

response ¢ resulting from this scenario in.
a given domain segment ‘for 31.
”,conditions.- There. are . ‘many, such sets or
1'combinations of- conditions which must bet

considered.».i N o i

'J'An_ﬁe L

o

y:possible combinations,

'the independence period - Appendix A2 4)

'='1constructed from:-.'lmﬂ

Probability Description °

IR}

P(L,8) Joint Probability of V/L’
oo location and season. -

P(C,VO/L,S) - Joint Probability of L
' intended course and ‘speed|
given the location and
season R
P(H ,T F 0/ Joint Probability of S
L o5) " e encountered signiticant

. period, wave family . _

sl

'“spectrum angd' predomina t
1o

wave direction-given
»location and season

S RETITRE KV RPN
P(H

- .

s THg) .. ;Probability of it
A -“encountering a seastate
of severity-H ‘after = |
. taking avoidafice ‘action
given that H_ would have
been encountSred if no
.bad weather avoidance had
been attempted

. T -
P(Y'V/Hs,’T ’ Joint Probability of new’
.F,Vo,p6)4~ ~ speed and new heading to,
L . waves after master’'s - | -
‘ “alteration in response: to| " .
' "excessive motions caused
by seastate severity and: | -
original speed and o S B
heading.- R

‘rables
C mponent Probabllities used R
_>1n the Analygis (Appendix 2) ’

- At this stage of combining all the e
the" opportunity is-ff
taken to obtain directly the single trial
probability of roll angle ¢ exceeding Lhe

critical - value o ; P (¢ <°).; To. every

‘scenario’a response level ¢ is predicted

" such as  the expected maximum roll angle'”
. which has .a value dependent on the duration s

“of . exposure - ‘to each seastate,

,(ultimately

-lfli.‘a ‘ counting - VrunctionalQJ.}ia

‘ .yo' ; 1 foi ¢ of -
o (] otherwiae

T the cumulative aingle trial probability of
set offvfi"

exceeding the critical roll L “in the

_ domain seggent (for a given load condition,
n location and season) is given by o T




Pliecom,sy o
. 2n @ 2n Paf R e
[ I I P(V,u/HB'STmP,Yo,uo).P(H"/HB).
o 6_ =1 - .
RCAABO R ACRAUR
' duo.dH'.dCﬁF N .
further counting
functionals can be added to. this equation,

.eg:

If ,'reguired,

Ta o '- u'_.' TR Tt
Yo ® i for ¢ < ¢
0 otherwise
_would give thej cumulative single trial
) probability of roll angle é: exceeding ¢
with ¢ roll acceleration o exceeding o

P(o<m$<w.."

The number of independent trials in

iithe domain segment is found from

' ﬁ'i'f": 3 ':f3"'<-f

'_where R is the'distance along theicourse:
1»track between entrance and ‘exit” boundariesy

. of 2»a'

_domain . aegment ; eg,
AB,&B',\ ’ |

q_in Eigure 6 -

if—v‘”"a vessel speed relative to weather '
o apeed of advance I

'tT,-fe7independence.period;

Then the - prbhability'vof (¢ < ¢) in N -
_";independent trials in the domain segment is.j
- given by. (Appendix 1)y

Py (¢ <¢/L 5) = i - [1 P1(¢c<¢/L s)l o

'Since'v:the'z N (o NS
-'independent-- processes h intf each

" segment 'L, . domain- D and .season S the

probability that ¢ exceeds o -at least once:-A
'on a;single~independent test track is given,_‘

by

i?f(QCSO)‘T

nnnll p (oc<¢/L s))}

f?'thisf:is the» reguired single utest-track

T

- igj;

-‘distances'

" essentially a. . large “angle’

processes ‘Aareﬁ*-
‘domain -

For Q repeated identical test-tracks'
in a lifetime of operation:

% <o) = 1 - (1-pP (e ) )@

Since the proving ground involves
several distinct tyE of test-track

E°1(¢ <¢) = 1 - n[l -p! (¢ <¢)1°

_where Q; = number of test-tracke of type i

gives the proving .ground result ie, the

overall risk that ¢ exceeds éc for a .

lifetime of operation.

Thus»p:Qi(¢c<¢) . S

R SH}']]Qi'f

. R L . B . 'Q'
Te1 -_n[1-[ -{nnﬂ[l (1 ~(1-p! (¢ <¢/L,8)} )]}]] ’
- : LDS - .

where p1(¢c<¢/L,S)‘;

2n ® 27 F.{vb' R, ) -

[ J' [ : l PCVL/H, T BV ) PO /M)
.0 o F=l . o . . )

o

P(C,VO/L,S).P(Hs,Tm,F,[C—uollL.S).v¢;duo.st,dC,dF

4.  SCOPE oOF THEiPRESENT wonk -

* The previous section has oUtlined the
method of manipulating: probabilities of
independent. response ,samples.vso~ that the

probability of excéeding, at least once, a
' critical roll. motion can be- found for each -
‘of the test-tracks and the proving ground.

. Of equal importance is the prediction

‘of the 'motions themselves—_in ,what is

_ non-linear
phenomenon. ' S

Poor stability ' . :
(operational or, icing effects)

}Wave amidships caus;ng stability loss

Mathien effect” -
(periodic resonance with waves)

'Broaching-to (directional instability‘
An following waves) - .

Heavy seas from one side

Breaking Waves M,-“f:

»Cargo Shift“‘3~ SR

Water on Deck

Table 4 [39] Capsize Phenomena_



T Inveetigatione of casualty dats and
".experimente'vith scale models has led to
the categoriee of capsize shown in Table 4.
Especially - for smaller 'vessels physical-
wave effects can.be critical, especially in
“ .some . local ' conditions which ~may be
* ¢ncountered .off" the .Norwegian -coast for
"_example [39]

It followa' that -every

" of " all

. eepecially when smallet veeeele are under
-inveetigation.‘ .Consideration should also
. be ‘given- to the

possible. capeize phenomena,

.. techniques _ (time " domain andv frequency
‘ffdomain) and experimental techniques at. this

'time. ' The ‘largest roll motion ' obtained

'ffrom all these proceduree would ‘be - carried‘f

i‘;forward in- the calculation. - However “in
:'theee early . stages, for: illuetration, only

1Qinveetigated, through the use of the linear
';euperposition theory. The baeis for thie
"choice ie now explained N

K

4-1 “The: Potentielly Dangeroue
i Roll Angle : s

”-cauee,,-itf

_iIt followe that ‘the meaeure of the veseel‘
foverall capeize' safety

~.motion during 1ts lifetime.-

‘ﬂcoupling of ‘roll;’ eway,
nlrise to coneiderable roll motion damping:

load condition._
eimultaneouely predict pitch and heave

7computer eimulation .bécause -the : magnitude
“of the vertical motion. *and’

teet-track”
'-faegment should be analysed to take account=

. non=- linearitiee. 1;“fn

“ certain of the capeize phenomena are being- -

‘agsumes  a larqe angle 'f”'

finclination ‘from which it cannot recover;

should ‘be its -
o 'cepability to 'reeiet thie ultimate roll7f
Thie requires:t.,rf
'*f;a reliable method for predicting the largedf‘
f,roll anglee which can properly handle the:'
'flnon—linear nature "of the roll damping andf
','reatoring moments as well as the importantl5f
. yaw motions giving S

:-ﬂ”>likelihood of cargo: shifting!®

3jbecome availab,e{“

'fits capabilitiee ‘in order to estimate theu

fmotions would be particularly’ueeful in'a__' 'occurrence

together with aeeociated'phyeicalyphehomena

"~ guch as slamming may cause the  master toj
' change speed/heading to seek ecceptable

motion"limite.

Unfortunately Buch .a. general theory_

for - non-linear eyetem -reeponee " to
stochastic proceseee'which ie_suitable for

a risk analysis does not currently existlf

“‘Methods which are.available tend to either .

give accurate prediction of unCoupled large
roll angles for an intact vessel stopped in:f

.:beam seas,. for example [35] or else to have

the scope for a risk analysis study but not: N

-, the capability 'to. predict the large roll
poeeibility -ofﬂ‘one f
phenomenon giving riee to another eg, heavy'

' seas ‘from - one : side caueing cargo ‘shift:

‘.AJThie . would - lead " to’ | the’; ideal_
'demand/capability assessment oOf " Figure 7
" ‘which is’ ‘necessarily a mix “of. analytical . -

angles. The linear superposition principle

h‘oflst Denis: and Piereon [16] falls’ underh..

the latter category.. Whilet it can give
reaeonably good results . Tfor : coupled pitch"

and heave motions the prediction ‘of. largev:-'

. amplitude coupled’ lateral motions: is. lesei::f
'satisfactory becauee of the inherent motlon,

Thus' a “further important':feature” of

the present analysia is that - the prediction"'“'”
of the actual large angle capsize is- not:¢f=

attempted» per .se., - '
angle termed the !

Instead a leseer roll =
potentially dangerouef

. roll angle" is choeen beyond which it is

assumed that a. capeize is’ likely.. Thus the. -

) potential for - dieester i being predictedf

rather, than the disaster iteelf i This*lfﬁf

. . Lot T :' novel approach can be Juetified for the’f.
"When a veseel capsizee, from whatever Ve : ool

3following reaeons:-_i

-'a) Long before the veeeel reachee its
- -capsize angle there is often great

.Simultaneously there is great o o
likelihood of water downflooding as 7ﬂ¥
”well as water trapped ‘on . deck L

: “ThiS' would neceeeitate fthe_?accuratei

prediction of large angle damage etability _-:

‘=iand roll’ taking account of poeeible cargo'.:
5hIn addition. for - riek analyais purpoeee,; -f
the method ehould ideally ‘be capable of- v

' taking account of . the key-- parametera euch";
as ;the” environment, epeed and.’ heading to'.fﬁf
'wavee ‘as well’ ae changee in hull foxm and ,7
‘A method which could aleo"?

shifting:’ effecte and water on deck and 4¢:‘
‘further complicated by large changee in';

”33hydrodynamic coefficients as” the .deck" edge;g?

Until euch :methodologiee,in
t:. is propoeed that the'7f
linear: theory 'be - etretched ‘to-the limit o£7

is immereedrj

bf ‘. ,' E1T e e ,' - .j“dqed R
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discussions _ " and
'“.correspondence with ~fleet ..operators and
«fserving commandinq officers {33] an angle
“from. the - -upright of 30 degrees has been
- selacted for the subject vessel (length of

Based " om

60 m) as the potentially dangerous roll.

:Li .angle. This 'does,'not imply‘_that vwhen' a
" vessel rolls to 30 degrees it will capsize.
‘:It does, however, reflect ‘the view that

: 'beyond this angle ‘there is increasing cause

"l for. concern by the vessel operators snd,

that a vessel. regularly rolling to . 10

- .degrees " and beyond  should - be. considered

Vf a particular operational'scenatio;‘ Thrbugh
the SAFESHII{:

":angle in question it is more- important, for
" roll prediction, to include coupled motions

1;:thtough linear theory rather than to use ‘an - -
. uncoupled non-linear prediction method. He

- alsd demonstrated ‘that in' somé cases the

,coupled-linear roll -angles Were" greater'v
" ‘than the’ coupled non-linear roll angles and .

n'sometimes 1ess.. (See Table 5) .

“suspect. This would be reflected in a high
" probability of 30'degreesfbeing exceeded1in:
. " where the
i project Brook [11] - has :
- demonstrated 'that}' provided the righting .. -
. lever curve-is approximately linear to the

) Fave Direction}_ _30 degrees

Y e max 2 hrs-ﬁ

...foupled, Non-linear ‘- 18.1 - 11.7 . 9.9
“ fcoupled linear -~ .i7.14.6--.9.1.°7..7,2
"luncoupled Non-linear -« ¢ -i o v oo

' 'ﬁgye Direction 55 degrees

- -how the

hip 1. -2 . 3

¢ max 2 hrs’

:»4boup1ed;ANon“iinear ;ff33.3;l”l9;olf¢éln7'
boupled linear ”“-'40.5;}116;2 26,0

< estimated

" . been proposed : that . every .

ncoupled Non-linear E 25.2° 54;2ff 5.2 -

:;t Ship 1 = Offshore Supply V/L (53 m)
: Ship 2 - Stern Trawler (60 m)
f;f;Ship 3 -’Coastal Tanker (67 m)

" where vessels "are};sub;ect to

f'-ptocedures ‘and assumptions.;

The linear nature of the subject
vessel's G2z curve is illustrated in Fig 8 -

" for angles up to well in excess of

30 degrees. .

It is envisaged that . in due course

better motion prediction methods,  having .
‘»the required . scope for risk studies, will- -

become available and the linear spectral

_analysis used in this work will be
' superseded. This argument - will . not be
" pursued here any further since the.primefy.ﬂ

aim of this work is to synthesise thé«
components of demands made on the vessel
and the capability of the’ vessel 1tself,'

demand and.. ‘capability is

‘congtantly changingu'over the “vessel's p
_ lifetime, . - s i B A
GZ(Q B l‘ .‘-A- z
i j\ . - -
-0 |~
ok{ * T L -
O b9
L+ oo T
/ i . 821532 Yonnes;
o2y s S 6Nz 0TI M,

v v v —
© 1 1o W 4o g 60 Yo 2o &
Fig 8

GZ curve - Fisheries Protection Vessel

" . 5. THE COMPUTER SIMULATION =
. The foregoihé sectionsrheve Outllned,?=
' probability 'of - exceeding a -
"potentially dangerous” .roll motion can be
fyindependent_f
;It_has.also

making ’ use 1-
(Bernoulli) trial concepts.

standsrd’f

] WOrk is continuing on the computerfa»
: program which is;ﬁ
.implementation .of..'the- _method;’

however.
Figure -9 indicates the oversll extensive -

. nature of .the program as far. as it can- beh:?
'envisaged_ -etu:_this}f time.’ -

The figure_

. vessel: be |-
- subjected to a. set of (mostly) analytical‘
" test-tracks . which ‘together -~ comprise “the =
proving ground apprdprietevinfnature'to thelg‘f
- vessel- being -considered... This aspect is -’
e particularly'suitedlto regulatory'purposes

required Tl,forv~
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.illustrates how a complete'study would seek

.

. ‘the . compbnent‘

’»amplitude )
tirespectively:
- RAO database - is that it
sensitivity of motion response to internal;_
.ship parameters such as hull form and load

'probability

to. -encompass the time, frequency . and
domains

frequency and probability ‘appects are being

'.considered in the present study.

s

’liThe"figure' also indicates

probabilities " relate.

' Essentially the computer simulation reduces‘_‘
to  the
”:,containing

‘manipulation = of- 3 - databases
climatology;'
probability and complex functioned response
. operator information

-An important feature of the

'condition as well as to external parameters

master are

" -scenarig

" . such as encountered wave conditions {36)
) for example.'

L.

condition and

season, _theA appropriate

,.climatology and RAO information is combined’
'~Ato assess -the’ degree of added resistance in
'waves ) once ;.any

avoidance seamanship
(Appendix A2.3) has been carried -out. With

. new vessel speed as- argument.the,vessel's
‘.. vertical ‘

responses .:are?" predicted

crutinised for resulting severe. motions

_“vand sealoads which are likely to- .cause the
”afmaster to alter speed or heading (Appendix-

If these motions
acceptable the
response is~ then evaluated (Appendix "2.4).

K"fHowever, in the event that critical motions
'fi'are exceeded the heading and/or ‘speed, is“: B
’fvaried (conducive with best’ progress in the jf
: jl'desired direction)
vimotions are again ‘within acceptable limits, -
:The vessel may have "to ‘assume a’ hove-tof”'
“c attitude- at this time but. in any: event the
',Aroll response is still evaluated, taking o
'"g'account '

‘until- the perceived

of “the

Provided that the roll

"the scenario probability is carried forward

E-for inclusion “in the calculation to find.

thef cumulative._probability, £ critical

o

though, - only the

- to which'
stagesVin'the‘freguency'domain calculation

" component. .

reflects - the :

‘conditionsL
" reduced

Once a particular scenario has - been
'established ie, . the load
intended speed and heading for a particular’
'location - and

_a recent

perceived, by .the_uj
extreme roll

exposure. time to each . -
_ _through .- the . usé ‘oqu theA
'f'independence period (Appendix 2.2) .

motion is 7

flarger than the potentially dangerous value i,._ dangerous -’

"the .statutory’

motion exceedance, as outlined. in

Section 33, Thus the * method’
proceeds through all possible'combinations
of:~ N

prediction

a) Wave spectrum family members (max. 11} "~ .

‘b) Courses - : }Heading : (N
¢) Wave. primary heading)to waves ' - C
d) Significant waveheight o - (10)
e) Modal period L oo 10

f) Speeds = - . A V)
o : - £77,000

for a given single load condition, location
and season. - ’ : .

~. It is apparent that the ' amount ‘ of
computation for the several-required load
_ locations‘ and'_ :
potentially enormous, and whiledthis €an be
“(from 77,000 to about 8,000) by
excluding certain.

'physicallylzimpossible

seastates and by assuming__that - responses

vary linearly with significant waveheight -
"for the samé modal period,

‘on the other '
hand these aspects also 1ntroduce their own "
data handling difficulties :

At the present " time ;,the.. main -

calculation has not been carried out, thus;f"

it is difficult to makevestimates of the
eventual computing requirements.’
roughly equivalent .

computer. time for around 1 300 calculations

the cost of ‘which can be expected to. fallf;
.~ as the processing capabilities of computers N

continue to' increase.”. = It should
emphasxsed that .this ) is' -a-

survivability calculation which it is being -~

. proposed. should -be carried ‘out _in . _thet
design stages before -a vessel ‘is - eveni~ -
launched - No further .assessment . would ‘be: '

required'unless_the.vessel is subsequently -
3 ' . operate . in - different-

required- - to ]
‘zones . or’ . it'ﬁ

geographical

alterations which materially affect its

. esponse to waves. -1’

CL.SUMMARY‘AND'REQUIRED FﬂkTﬂER'WCRx
Vi enterprise,_@'

In . ahj[ engineering

:particularly where "human 1i£e is exposed to ﬁ

‘responsibility ‘of the designer as well as
.authorrties*
ensure that the .vehicle, structure etc, is

—24 -

seasons . is ;

:However,7?';
perability(, -
study [5] used about 2 hours of mainframe,;J'

once-only"

undergoes '

conditions, RS it --is . the -

cohcerned to -



.ﬂsafe judged by the scientific knowledge °f,cl'
g,the day - o

. B In’ this interim report a procedure has
.}‘been outlined. ‘which - is intended . as a-: -
'once-only calculation, to evaluate by using,lfi
hindependent (Bernoulli) triel concepts .the =

'f'probability that & potentially dangerous"'"'
froll motion will be exceeded at least once-*ﬂ
missionsi”

in"fajf series ¥} - typical . -
" {test-tracks) which have been identified as
" 'being representative'”‘of_' a.. vessel's
. operating lifetime,] Lo i
“'In:f_thef; preeent pilot ) study " the "

interpretation of the term ‘test-track' is
;»that it represents ‘an’ identified tzpical"
'fmission of the subject vessel. This is®
W;necessary because it is not known a priori ;
iwhich scenarios could cause’ capsizing and’”’
" “thus:. the -marine. - equivalent of the: ;.
: automobile’ test-tracks, indiVidualfﬁih
'jcharacteristics are exclusively tested, are
not derivable (until, possibly,\experience,f
'has been gained with ‘the method).. However,vﬁ :
:while this causes difficulty at present “for I
-novel vessel types,

ﬂwhere‘

’ scenarios which historic casualty data have.3
findicated ‘ recurring nd
Apotentially capsize causing.

frequently

*_ while the results}
~ likely 'tb :?Abeu
;the,; ‘proposed

:mathematically
~overa11 framework isv of vital importance.i

rigorous,

”) The ptoblem of vessel"capsizing is a
pressing one which cannot wait untils
‘every aspect of,every analytical
technique has !

LThere exists a. .patchwork" of analytical-p
”’and experimental technigues ‘for . - -
predicting the various capsize :
phenomena and these ultimately need to
.be fitted into an overall risk frame-“f

ﬁLack of mathematic.l rigour does not
‘prevent the results- generated being
:used in a’ comparative manner in these f
”early stages.

- manner,

")

ST

RRXETEN

the proposed present‘-;t"i
_ nalyeis ise able to incorporate specificvfﬁﬁf‘i

(using pattern.f s

:U,a»
_;reflect the ‘risk .of " a large roll motion L
.~ being" exceeded by all. of the mechanisms’“

~ .- which -

d) It ‘will highlight areas for further
research..

Thus the proposed method is primarily‘
‘a framework for evaluating, in a. realistic
the effects of the variation in

»fdemand and capability which will enable the:"'
-f{comparative risk of a critical roll motion

r\being exceeded while accounting for likely
-tyoperational scenarios.

‘There 'are 6 basic

elements ‘to consider;-’

Identify the critical scenarios_>
: '.which give rise to large roll;
- ‘motion and possible capsize.,3f_

:Assign the probability of o

encountering each of the critical:
'l'scenarios which have been. - K
" identified in'(i).

Predict the 6 degrees of freedom
_I,motion response for’ each
‘foperational_scenario.;,Tt .

Manipulate scenario responses and
] associated probabilities using

" independent (Bernoulli) trial
'procedures to find the probability
" that a critical roll response will

(iv)

fp“be exceeded at least once during
‘an individual typical mission as

. well as during a lifetime of-

’“.operation.--,i e :

B

-:'ivl;-MCompare the probabilities obtained
- 3{‘against an accepted risk level

:‘(Qi), Adjust the operational procedures e

fand/or the design to improve the

'risk levels (if necessary)

.-»-‘

Unfortunately hev procedure raises'

,more questions than it answers.a Given'that_}
full .treatment, s_ proposed, would

_have:, been . . identified :eq,
‘:;broaching-to, dMathienlueffect etc, etc,
‘;there', still .remain . .some . fundamental’

" unanswered 'guestions which .would . form

"Aresearch projects in their own right, eg--

Is roll angle alone a- sufficient
description of the capsize.“;
potential? i Tl :

Ji):

PP



wnat assurance against capsize risk Ll do . the same for bulk carqoes let dlone to 5§=
'y ecceptable to the industry since - consider sliding 'liquefaction' xnstability:*ef.
1per!ect safety is. not possible? L

B

of damp fine grained. minerals for example:
l17) T ’vsi- i hee o

How may the risks b ;reduced‘to the' , LT R
) Qacceptable standard? ;1”7 R . s Assuming’that'the”capsiae phenomenonf
g Col T T . can be quantified»the.issue of.. acceptable **
UACan the method yield a set. of - - risk levels is- a‘vexing:one., Essentially
;stability criteria as - simple to ., the analysis of costs versus ‘benefits, such‘:

.:enforce -as those_currently_in use?,:_.j .4 measure. of. acceptable ‘risk : seeks., to

. . S : . L incorporate the 'value : of a.. human life

Al large angle prediction method to~_ - [21] and tof assess - how . ;an individual; .
incorporate all of the’ non-linearities and.. - . accepts '_risk whether : consciously roruiv .
to take account of ‘the associated dynamicﬁ-"L'unconsciously.. it. seems reasonable. that a ,:hf

Qeffects will probably be’ jé, long timevﬂ “ 'starting point | is to demonstrate that an :."1
_:indiv1dual 8 risk of . fatality “has. :been

‘3that ‘a’ method which seeks to predict the H " reduced by appropriate measures Wthh arise -

fcoming._ Thus, it s’ particularly important;::

%onset of capsize has a proper measure oka‘pi-from the. type of analysxs proposed w1thout,
: potentially dangerous motion, . which mayji 3._1nvolving oneself An: absolute ‘values of,
‘. contain velocity ‘and/or’ acceleration terms. ‘. risk (provided - that they ‘are comparablej“
';”1he . illustrationv}lof,,_such - Joint-fﬂ: w1th the majority of current equivalent':
e probability process 48’ shown . ‘in Fig 10. f';'f industrial risks). [ In. any eVent _absolute-
(By assuminq “narrow bandedness"of the*'“'

i safety cannot ever be guaranteed and an;;
.}response »th roll angle,"velocity dtzu"‘appropriate acceptable risk level is needed_f
f;acceleration can be shown to-be independent_:jiy as the measure of survxvsbilityi Casn]

" processes ‘and- the probability of a criticalhf A S DT T e
angle/velocity combination being .exceeded _f;_ i ‘Ultimately, through refinement of.the¥

can’ thus ‘be . deduced.‘ This is represented . method it may be possible to formulate a\e-
_;by the shaded portion in Fig 10) .

set of stability : criteria - ‘which takel_j
realistic account of. the enVironmental and.j

. operational variations'land yet ‘aS'.;”:
simple to. apply as ‘the current regulations.v
'However,' simplicity of application 1s no 17”
"'longer": strict : necessity given ,'theﬁ.JV
‘;]potential speed .and" capacity of - the news

generation of parallel—processor computers,_
“ooand thus a standard agreed procedure wouldﬁ
f-sseem most . appropriate for future stability'
.Q‘requirements (w1th an appropriate risk.GE
g capsize. as the desirable aim) L Indeed it
iis more:. important that one. builds into the -«

f: procédure. the. experience of serving shlp s:”

-f'gofficers and crews

- ‘;; The proposed method is: very much a’
“first attempt and contains many areas- for'

" Further - research., Ein addition “the-
~sobvious uncertaznties inherent within thef
: ere. " is . a1s_o
h




e éf&tect1on vessel it is actually suitable?f‘
"+, for any. fixed .or moving ocean’ vehlcle or_j
hstructure. Perhaps ‘one . day these might-j=A.
© " even indxvidually ‘be licensed to operate in v -
“:specifxc ‘areas’ with known risk levels grom
vboth an: opezability and survxvability pointﬂ;l'
of view. ~ o
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' NOMENCLATURE

Vessel (true) course

e
D " Domain e T _
.F i”' :_Wave spectrum famlly member . _ ‘
;»HS,HS? o S1gn1f1cant Wavehe1ght before/after avo1dance seamansh1p
”4:k'-;k' .ki '5-;‘4A‘ Rad1us of gyratxon ‘with respect to axes i

“flGeographlcal locatlon ‘

L, ”; . 1‘7:',;A;;‘3Independence dlstance

_N;N* V['::Number of 1ndependent tr1a1 samplesv -
qQ ;tﬁ3Ident1cal test- track number
© R 5'“ "u1;f?;  " Domain segment length

" Season

’;'AIndependenceuPEfidd _—

‘ﬁZMean wave petlod
:iShlp speed before/after pac1fy1ng seamansh1p
[5Count1ng functlonal with respect to roll angle/accelerat1onfli_~

o Dlsplacement

Relatlve headlng to waves before/after pacxfylng seamanshlp‘“'.ﬁ"

' g;Random varlable :

f“'cr1t1ca1' random var1ab1e -
”"'Roll angle/veloc1ty/acce1eratlon
o Cr1t1c81 (potentxally dangerous) roll angle/veloc1ty/

ST LA accelerat1on'¢il -
i Ptedomlnant wave d1tect1on R A L

‘W.Probab111ty dens1ty f},_‘

:Slngle 1ndependent trlal probablllty

‘ Multxple lndependent tr1a1 probab111ty

;Cumulatlve sxngle trlal probabxllty of (o <o)

.Cumulatlve multlple tr1a1 probabxllty of (o <0)
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APPENDIX 1: INDEPENDENT (BER&O&LLI)_,l

TRIAL CONCEPTS

. ’ B 1 ’ " «-‘..»~"-""‘-4 N
a) Independence of samples or ‘random -
processes  is ‘anll important.’ concept.f

Independence, can be defined.as ekisting if .-

either of the following two conditiona are'},‘

satisfied {13]:—‘ <o :‘. e il

1) P(A/B)_ - s_’(A) ('A_ha "gua/m elpfﬂ('a)j-_-

is the probability of A given that B
has already occurred is the same as
the probability of ‘A regardless ‘of

e v

whether B. has occurred

ie, the joint probability of a and B
'occurrinq is the product of the
probabilitiea of A and B occurring

separateiy._“j.f
Another way of looking at (i) is that"'
for an ninaependent trials process the
sampling - process - does;',not ‘.alter> the -
underlying  probability . for  the ' next
- individual trial, thus knowiné that an

event has occurred has no bearing on the
next event to occur. .- *”,y

¢+ b)- In"general, the probability of at
least one event (o) in N- independent trials
is - T

jp“(o-‘) a 1 - [p (m

_'where P (a) = probability of at least one 2 -

. .event o in ‘M. 1ndependent
‘**trials.. PN (o) varies not )
-quite linearly with the value,'

"-F%(qf := probability of not obtaining '

value
trialsl



»Ii:PPEN.DlX 2: ‘mc'r'ons FOR CONSIDERATION. ~  which is convenient and has been chosen for

_ S ) o _ ~~use in the present study. It. contains

Fundamentally each test track reduces..dh'clinatoloqical - data ifforh - different

”into “the four _ onsiderations of 'Route, - . geographical areas-and seasons of the year.’

‘vﬂclimstology, Seamanship and Response. A . An imPortant'recent‘development'hes been a

f-full treatment of ‘these aspects is beyond . (method for correcting the masses of raw

.ﬁthe scope of the present work.v ‘However, an. - visual’ . observations ' -held -~ ‘in | . many
"aunderlying aim. is to render: them useful for . meteorological archives [6]. o

;{regulatory purposes, through simplification' oo L N T . .
'7*without undue loss in realism.g_”ﬂ”7'ﬂt"’v, - . A. further- conSideration ”.is how

' frealistic are the predicted responses if we

Ai{l.Routeniv' “use  the commonly available 31mple spectral

: A '5,formulations _such.. as. Pierson-Moskowitz,

. The vrou : embodies con51deration of ‘-}'vBretschneiderfs'two-parameter,zDarbyshire s
“:ygeographical location . (L),, season (S),'Q': fetchéiimited":etc{f"whiCh_*ghavéﬂ been
_ initial or ntended course (C) and initial B f deVeloped forpsome idealised conditions’ In
. speed (V ) 'rhe problem of determining the" ‘. reality.the shape. of w’ spectra- observed
‘Troute is to‘determine the’ Joint probability>Af . in the ocean varies con51derab1y (for the
distribution f ~the-- location,' season, - same waveheight) ' depending ) upon the

8 ginitial course and initial speed 1e,,, ;‘1__}‘:'geographica1 location, duration‘and fetch

“ of wind, stage of growth “and decay of a

B u-storm,,and existence of swell

test~trackv L T e ,
segment being used will govern the joint”-‘g-.fz' Unfortunately data is.'very' scarce
lprobabilit‘ of location and season,,P(L S)_ﬂﬂﬁf'regarding the occurrence -and severity of
ﬁhere L is actually representing a distance . - seévere seas and this data is particularly
along the vessels intended track for which:”'ihzimportant in ‘an extremev»risk'”analysis.

Conszderation

1the displacement condition (A: xx,kyy ko) :j' Ochi’ [29]. presents a method to estimate the
'ssumed constant.:_ ‘Thé test- track*»i . frequency of occurrence of seas of various .

: "'governs. . the' . conditionalv; ¢ severity from available data based on the

probability distribution of initial courseﬁ.u' underlying«probabilityvfunction. ‘He also

and speed given the location -and season, S :jfpreSentsga method to.predict“the‘severeSt

«P(C v, /L s). " sea condition'likely‘to be encountered.

tThen»the fequired probahility, T "Inf order:'to:_cover“ a variety " of
: 'spectral : shapes Q‘Which‘ a' - vessel may
jé.Vb/LLS),P(L;S)ﬁh 15;encounter in her’ lifetime two families ‘of

5'_wave spectra are used .in the: present work

" A2.2.Climatology " . One -of the familes conSists of- 11 members
: '[ ) . . ) _*ifor an arbitrarily spec1fied sea severity
This aspect;is of. vital 1mportance in 'bf 1and ig - ‘called the
the analysis and despite increased effort,,?';f spectral family‘ a
iis still far’ ‘from- resolved.s it is requiredl*;
to determine. the conditional probability of_'
significantf waveheiqht '
period (T ),’ wave: spectrum family memberf:
AF) .. and predominant wave, direction (o)'
,given a: location (L) and season:(S) ie,.vv

Ochi-6 parameter wave

(H Yo .mean. wave

§ JUNE S
.m L . ;higher frequency components respectively

) An example is given iR Fig 11 foz a’
eignificant waveheight of 3 m usxng the -
"values, "*which'-%were~mfder1ved*:ﬁfrom 800'
RS available 'spectra‘ observed in. the North:
vt“Atlantic Log32). - ConSideration 'of" the




K underlylné\;gpsctrum .parameter 'probability
. functions yields the - required probab;lity
- of. encountering in a given -location and "’
?'season the particular wave spectrum family:

member, P(F/L 8).n,‘_-?"

. cac

.OCHI S‘aARAnETER VAVE SPECTRA

T rw waTanTte oata.

S1.vave 1t 2, T

32 ¥ ¥

O i o i e

P Y

(Y S

-Pe‘rame ter "Speetru}n .

'?}t that

should “ﬂhe‘-Tnoted ..

S

used spectra-'and that some have double
- peaks- indicatinq'the co-existence of swell
and sea waves.- X ’ :

In using the Ochi 6 parameter famxly
»a} . wave spectra :Qfor ‘;the»i
: predlctlon for. each .sea’ severity, one. of
_the. femily membere, yields. :h largest
©0:95. while another yield :

"fresponss with confidence coefficxent 0. 95.

PROBABLE-EXTREME ROLL

;Athet, for a range of vessels and oftshore
! structures, . the bounds obtained by - usinqp.
“ the 6-parameter family wlth N Atlantic data
‘reasonably-

i respectlvely.'~

- "short crestedness»
"follow1ng the recommendatron in (81-
: };.‘4twh1ch the _wave climatology 1s extracted,
he'.v>
-parameter wave epectrum family ‘covers a.”

. wider variety of‘shapes than other commonlyit"-attention by oceanographers.ng>'37'”‘

short -term .
: response with confidence ;coefflcient of:t,j_g

the smallest ::.ET

Hence by connecting the points obtained inﬁ”'

Lo

;'avoidance senmanship.

' Ochi and Bales ({30] have demonstrated -

. coversg- tne-ﬂ variatxon Jof -

'_responses computed using-measured_spectra

in various locations Of the world.- Fig 13, -

sOA similhr‘analysls has~been‘performed

" for ‘a family = of . Jonswap 'weve spectra“

suitable for fetch limited eeas, to coveri'
the variatron 1n expected spectral shape v
[311 SRR )

. The current investigatxon 'uses both S0

6= parameter and Jonswap spectral famllp
.for open- sea “an d fetch

limlted N seas‘.’

account

'order‘ ,
.of .

he".‘.-~ seaway

cosxne squared spreading of wave energy is

assumed.’ " This aspect requires further

i

SIGHIFICANT nvi NEIGNT e omereas | G

1y s v m g w T

’ PITCN ~. LITUDE I8 OECRELS

" ‘Mariner Probable Extreme Pitch Values (head séas)

"?i"né;3°3S§amanan;p-

. This factor can have a large influence
on both the motlon probabilities obtalned-;
and ‘the motions themselves once the sevete
Firstly,

e

‘seastates hsve been encountered.

=jfby manoeuvrlng to. avoid ‘a storm area {or lnfi;;
~the’. case of * certain particularly small'i .
. vessels by not salling at. all until the >

storm has passed) the vessel usxngj:'

f_his is_ a funct1on”

'torecasts *and -




‘the 'skill of the ship's officers.' Secondly

" a vessel experiencing excessive motions and

sea loads ‘may be manoeuvred to reduce these

. to perceived acceptable levels. The vessel
..is using’ what might’ be termed gacifying
. eamanshig which -is a’ function of . the

:'»motion/sea loads . information available to .

the,-ship's officers and their’ skill " in
Wfreducingpthese{motions and sea loads.
’ ."\.'.'- < .
] Avoidance type seamanship vcan be
represented by a Markov" mapping [20] ie, -
“P(lfj) from: the’ probability of encountering

“each seastate in the absence -of - av01dance'

'*seamanship to the probabxlity of encounter
with' avoidance tseamanship, An example
_transition'-matrix7,P3Hs'/H§? is - "given in

. Table .6 where - Hs'_ ie - the

encountered after avordance action and HS

seastate

n-the seastate which would have been obtained

”.1n the absence of avoidance action.-

-'seamanshipg,;n:

'Pacifying
Zprimaiily i'

_kchanges’ﬁof::speed' ‘and/ox

"‘heading once ‘a4 severe seastate has been

These can be - represented as

'conditional properties of speed, V. and
Ai;relative ,heading to waves, e given - the
‘seas actually

fiencountered

. encountered '-after
i avoidance (H ,Tm,F) and
'bunaltered speed V and relative heading 1

. ie, P(V,u/H T _rv

T : o'“o
jﬂfunctions"of _ship

) where n ,u are

_direction TR

Seastate which ‘would’ have
' been encountered

° Encounhtered’
- -seastate " -
- after o o .0
avoidance . o
' seamanship 0.5 -0
,'-‘,__‘""—v .
;Hsiif 0.5 0.6
) 0. 0.3

: ! Shlp speed in a seaway comprises the
'involuntary "speed reduction due to the

added - re51stance and reduced propuls;ve_:_;
. based upon slamming at 0.2 L bp abaft the’

'"~?efficiency»

o voluntary ;reduction " due ‘to “the

primarily

" change of. - heading

"motions and © loads from  his

consists®

" being imposed
‘critical

‘course | C-. and :waveﬁ

f'bothbf& merchant '5fand‘
©{1,2,10,15,23) - into”'

'criteria for different types of vessel, but
1.0 .1.0-

g}in_'waves ‘together vw1th"the;l
aster .5 action to reduce excessive motions ;ﬁ;_lthe amplxtude of“acceleratlon—

' : ’ »'perpendicular 121. To .
~def1c1encxes Lloyd and Andrew [24] proposed

Although  the present study  is

concerned with the  higher
seastates where master's voluntary action
overrides any consideration of - natural

speed reduction, nevertheless the

‘approximate increase in added resistance is

accounted for by using a conveniently

" available method due to Marue [26], to

estimate.the initial attained speed of the
vessel on any heading.. This' is an area

requiring further work but recourse can be

‘made to experimental'results if necessary.

‘

The problem of voluntary slowdown/
‘criteria to_ ‘reduce
motions and loads is no less aifficult. It
is inevitable that any proposed criteria
will be subjective ie, based upon the
master's previous.experience,”will depend
upon how well the master perceives the
conning
position, _ and will “also be vessel
dependent, o ‘

Once criteria have been agreed a more
objective response from the master should
be possible, if suitable instrumentation is
provided, to indicate the motions and loads
together uith suogested
motion/load limits and even
possible optimum. courses -of action to

. reduce these to acceptable. levels, ll4}

Inithe'meantimefband for the purposes
of ‘the preSent study, it has been necessary

o a551gn a set of criteria which it will
" be assumed the | master will ‘adhere to in :
. order that his vessel will be rendered -more
ﬁ;seakindly.‘

The master 1s ‘likely ‘to take

.action’ to avoid damage to  his ‘vessel's

structure, engines, ‘or cargo and. to avoid

. undue . discomfort_ to his. passengers and

crew. There have been .several studies with
tvuarships., eg,

limiting . motion

?several of,the proposed criteria suffered
‘from the drawback'that they could not be
‘readily assessed from the master's conning
- position and were also not relevant to the-
o env1ronment being experienced by the crew.

For - example Conolly proposed a criterion

fore perpendicular [151 and Aerttsen used
t—the- fore~ —~
addrcss “ these
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. motion

the following measures of ship behaviour in
connection with predictions of voluntary
speed loss in rough weather:-

i) slam-induced whipping vibration
acceleration at bridge not to exceed
0.05 g in a.15 minute sampling

v

period.

it} Subjective motion magnitude (sM)
‘ . weighted according to perecnnel
location and averaged alonq ehip
length ‘SM = 15
{11) Average deck wetnese_interval at
A F.P. not less. than 100 secs, ’

-iVi Averageé propellerAemeréence interval

- to be greeter than 30 sécs.

The actual estimates for the limiting

conditione were based on eeakeeping trials -

with destroyere [10). ‘and the cargo ship
JORDAENS (2] .. e '

The Slamming Criterion (1) has been

. ‘because it -is
possible. by ueing the original criterion.
to - apparently . imptove the  seakeeping
performance by moving the bridge to the
fegion of a node where there is no whipping
reeponeezand thus no speéd limitation. The
anended 'slamming criterion refers to the

' average whipping acceleretion experienced

. over the entire  ship”

" subsequently - amendéd

- trials’ with, 2 trigates [4]

meanwhile in the diecuseion to (4] propoeed
:a value of .0.20 g for the bridqe whipping
- ecceleration besed on’ triala with ‘the

trawler Belgien Lady [1]

The Subjective'ﬁotion Megnitddepisﬁ)
concept [24] attempts to quantify the

Aenvironment uswithin-_.theah ship

.experienced by the crew and to relete thie

© to human. response to ship “motions. . The
: original ' concept was -
?{Schoenberger (37] *'-”:f* 53

Whilet eubsequent tull ecale triale
Z'and reeulte ‘of queetionneiree have borne
out the original proposed SM value of 12-15

over - a 12 hour period in heed eeae, and it
- is therefore expected that - higher values
-might be. tolerable in the’ short term, it ie

'g'generally ;.aqreed - that .. a __subjective

_ multiplying

magnitude criterion -should not -be .baeed
solely upon vertical accelerations in head
seas but that ‘rolling and lateral plane
motions should aiso be accounted for in one.
gingle SM value if poeeible. Hosodo et al
{19] proposed a method based on reliability
engineering techniques . by treating the
human being as a series system and obtained
an  overall "human ettectivenees“ by
individual affectiveness
appropriate to -each motion level being
experiencedl Baitis ‘et al {7] also
reported studies to determine criteria for

‘limiting motions based on vertical with

lateral forces.

The average deck wetness‘intervel has.

- been changed to 40 seconds following full

scale trials -[4], ~although .this fiqure
takes no eccount of sensitive equipment or
men on deck.‘ The above represente a great'
deal of ongoing work which, for the reaeone
outlined, ' are inconclueive except for some
particular :full scale trials results;
mostly onbzvfrigates.' For this reason the
following limiting motion criteria will be
assumed in the present etudy.

which should not .
".exceed 0.18 g and is’ based’ on full scale

Rertssen; -

. celculation

proposed by

- 34 -

. Fisheries - .} Stern .
Criterion Protection .- | Trawler:
{64m) o] 158M)

No of slams + | 60 per hour '_‘ 60 per hour

sw . 4fiz 0 s

No of deck - & |90 per hour . | 90 per hour

wetness . T P .

INo of - .7 ] 120 per hour . | 120 per hour
. |propeller = ST e S
‘.. |emergences

[Arl .- f these'f valuee ‘ reflect »'thel:

T eeeumptions ffend“ do- not

" therefore’ neceseerily reflect the physicall'_-
,eituation observedl R

EE',-* For this lenqth of vessel slamming

'whipping is not coneidered a problem.'
A elam is deemed to ‘occur when the
impect velocityﬁ>no,093 (g/L)1/2 1201,
N + Eepecially televent in a aurviv-'"
o ability study when the master will aim;{'
1'to keep the sees on the bow.: s

N ('! Method of calculation takee no\
account of- distortion by hull of )
incident waves nor. static/dynamic_' -

'ewell—up. ’ ; B

o




If the eubject veelel exceedl one or’

“more- of thedge. motion criteria it will be. "

' caused to alter leading/speed conducive to -

‘ ”-,the continued 'eueceee“' of the. 'misaion; .

" ‘which will reduce the motiohé to’ eccepteble

.'-:“?"Ai;l; ﬁeepoﬁee '

'inttoduced. Thie was stated to be a’ pte-'

Aepgocesev euch “eeffth e:
ftetponee,'

whereas when

.maximum is requited.

;exceeded
ptobebility,

'deeign-extreme velue'

fextreme value q

"zeroth, eecond end :
fourth moments ot the
:reeponee pzocess;

1’1eve1., otherwise the ve-eel will achieve a .
A_lhove-to poeitionf. fr motlone " and loads Sl
':”cennot bs reduced to eccepteble levell.,a,ff; LY

v“'“eeaiqned roll _angle (30 degreee. in the -
- present . eaee) beyond which it EA . be
'nieelumed that the’ veeeel will be coneideredid P
'botentielly unsate from a- capei:e _point of,;ifa'
‘view, - efote the requixed probability of -
iexceedenee of_ the potentially dengeroue,=
'roll mot:l.on o can ba eecertained Ply> %) .
apprOpriate response etatietic ¢ is .
fequired. For. operebilicy etudies this 9 .
"reeponee is. likely to : be ‘an - everage-type,
eiqnificent roll;
coneidering'q
3eurv1veb111ty eome measure ef the expected,.

pre-aeelgned emell?

;Thie is. neceeeary becauee the moet ptobebleﬁ
Ly which can be used tor'

: In terml of expoeure time. the mont}
probeble exereme velue °T 1- given by (21].

where: T = exbeeu:e time 1ﬁvhohte; (it>ie

argued in Ref’ ,120] that T ehould ‘be the .
lwfindependence ' ’
e L eI L s exntreme valueu is similarly" given in tefms
SRR In Section 4 1" e'ﬁcdncebt.;et o

- potentielly dengeroua roll. engle- wee5:‘

period T, )-;}*;T ".design

- .of . numbet of obaervetionef and exposure
f:timezf:55['.'_,}§_y,-~:l TR o

',for Bmﬁll:eeehdffof_:i:dgyf'ﬂ->f"

_‘Chooeing a ee 0 01 for example,_ ihﬁliea
- that ‘only one" vessel in 100 sister vessels:;i
,ﬁopereting _under ‘etetietically identical':_3
:fenvironmente may euffer ‘from a _reeponsei'
" greater than: the - predicted velue in a givenA
‘fperiod of_tlme' : ‘ : ‘
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' TH! lNFLUENCE OF LOAD CONDITION IN THE CAPSIZING OF SHIPS

ABSTRACT

.'The?eeuattona soverning llnear‘ehtlejmnetrig.:;"

untione of a rigtd uhlp ere formulated and the

"nature of a complete eolutlon of them s explored. . »

"The poeelblllty that motlon in vevee can be both
-;_reeonant and dynemlcelly uneteble 18 refterated and

veusgeeted as an explenation of ship losses. It‘vae.t

found that ‘the hypotheela produced vhat eppeer to

be lllumtnetlng teeulta, even on the basis of a
.fmuch elmpllfled theory, for the coaatel tanker )
a EDITH TERKOL wh1Ch was" ectually loet at aee. ;h-h

11.\ INTRODUCTION

E The loeeee of fiehlng veeeele ln recent yeare

".heve been dlecueeed by Rellly [1] The etatlettce _"

. are not difftcult to come by but, a8 that’ vriter
: polnte out, thalr lnterpretationle not at all

atrelghtforverd.' It is not’ propoeed to dtecuee the\_-f .
'-_:detelle here but “the generel plcture that emergee )

“fie fer from reaaaurlngx 7

E tl) The 1ncreaae is: mainly ettributahle tof
. .‘~, founderlng of old ahipe' that is to eey

:the maln cenee of 1ncreaaed loeeee ie'

'entry of uater 1nto hulls.

“"It 19 vorth nottng that uhlle veter 1neide the

: ﬁhull may .cause capsize, Rellly found no particular o

1ncreaee in the lncidence of intact capalze. L

_,éreateruattehtion.neeue to be paloftof‘

epprnximation we are concerned

th the antieymmetrtc not'one of. roll, yav end
: ' Flmpoaetble for one. to occur vlthout

1) Total losaes heve rieen 1n recent yeare; .

fﬂ:ihte euggeets-thetjtyojfactora_are fundamental'

".motions deflned by'reference to them.

'equatlone ere

" Remlp. B_iahop'- R
W.G. ] _ ;
P. Temarel

~

"the other tuo,-eo all are coupled'together. (1f it
'ie aseumed, that motion occura in one degree of
'freedom only - l.e.,tn roll,-ait ts llkely that
'predlctione.will be groaaly lnaccurate.) There are
‘two poaelble cauees of large entlaymmetrlc motions, .

. 80 far as linear theory ie concetned namely reso- -

’ nance and dynamic lnateblllty. These two phenomena

. ralee very dlfferent conslderatlons.

- ReGOnance;‘ The phenomenon of reaonance is lmport-

ant becaueevite effect {s to increase the range of -

) ‘ encounter frequency over which responses are signi-
. ficant, In prlnclple, there is no speclal diffi- .

R culty_ln determining conditiona of reaonence. -

- Dynamic Instability. By contrast conditions of

.lineaf dynamic instability appear never to have

been adequately defined in the llterature, let

" alone determined for a particular vessel. The

motion. 1e comparable to flutter or dlvergence of

v;aircraft but the presence of veves ratses special

. difficulties, (The naval archltecte' tradltlonal ,'
”eeparation of directional stabllity from hydro- f

. static stability is probably quite unjustified; the
_latter ie'likely to be aspeéialcaae-ot the former,-
‘:”it vould seem.) What is lacking is the abillty to
; determlne a boundary of 1natability. ;-{ R

A The purpoee of thte paper 1a tvofold. It is

fiflret to draw attentton to a hypotheais that has,
iln fact, _been advanced by the’ vriters before [2 3].{:?
TIt is thet a helmemen can. counter the effecta of :
h resonance or dynamic 1netabllity “but cennot cope

‘with both together. That 18 to eay, 1t is eusgeet--"

;neouely resonent and dynemlcelly unetable 1n & sea--
_'1.way is inherently capeble of belng uncontrollable
"f:uhlle executlng lerge motione.’ Thla hypotheete -
vintroducee the eecond alm of thie peper, nemely to :f

define lineer dynamlc inetebllity in a eeevay.

»;squanons or HOTION _

If conventlonal body

origin.at the centre o! maes. of

‘The

ed that 'a veeael which 19 capable of betng simulta-

es ere fixed vlth thelrf~f,
‘rigid’ uu" the < - -
fequetlone of motlon may be wrltten down in terme of.'




U m(‘\"{"rﬂ) - &Y e ' _ - "»'eo'tha't‘, 12 9(t) = Qoex\t:'.',’ V '» Lo
’ r,“,ﬁ-x“e.m o C ST T e e
= l .- I e AN o R ‘V(t)' p(t)-, r(t)) —' ('o' Mo 1o "’ e
when n is thc mau. I“ nnd 1,, are momanu“af mf iuth thase admi.tted mouons. lot us takc a typleal
inercia, l" is a product of inertia, Uits conlunt:' B convolutton intesral- .
{or\urd vdoetty, v 1s svay veloclty ‘and Py Tare. . e : d RN
. ’angnlu volocltico of toll. and yaw rupecuvoly. e r (t)[pv(t-i) - p(t-')]di
" The componaente AY, oK, B are compononu of any SR :‘-"
“force, roll moment and yn moment due to fluld _.., ' S A S'eme_try'p('t)'e-_w-"_'dr

o londlng.

- o

e The ‘most scnlnl oxpruelona maihble for the - P ~.? "_,

-;

- Y (lu) e*““.- Yp(k) p it

.

'-.:'ﬂuld loading’ compontntc are those _Antroduced by . IR . ) e

'.,Cuﬁnungo L4) and gmnnlhcd hnr by Bishop et: nl.‘

vhere Yp(iug) md'Yp(k) are teapecuvely, tha
Fourler transfom and the anlace tranefom of the

(s5,63. They -mploy the moncapt- of convolutton and;,’ e HRLRLISNE

"-.'tmllke ‘dsrivtuvec', v_nake allowance fvot‘memory_,

B impulae reeponae functton Yo (1)

effect. \vhh.h are \mdoubtodl’q pt:elaﬁt.' When tha L ’: A The aquauono of motlon may now be put 1n a _'

expreuiom are introduced into the equatious of ) Lo conveniet\t matrix fotm. They become )

- '»motlon, the lattet become: UL (P

R e .-?f.;"_ v . : $x+vv(x) ikfp(x);v'r,-f-mu§¥r(x)" s
o m(\hrU) - ry (')—[V'(E"") a_.v(gif)ldg'- : n e IR :
S e : SRR AL MK ) .
Jc; (1)[p (t-T) -~ p(t-x)]dt g :: R xv(x)‘-.f“+pgvcn _J:'gxl*z+xr(x)
e ryr(')[t"(t-ff) - Ke0lar R F XS AL AR () IR )
X rk k})['v (t-t');é ;,(c-'_t)]d’;_'_ o [atiee s vptee)  vtiwa v, ) 6™t
rk (1)[9 (m) - p(t-t)]dt o RGGee) Rpliwe) . Keltwel B |
" r" (z)[r (e=1) = r(t-t)]d‘l‘ . S e B (ee) N (ued || F

">A':whero the aubactlpt w .lguifiea
E:‘Ihut ‘ie to uy the ﬁ.uid actlons depend on the :
_btclauve mtlonl o! the'\utet and t.he hull. The.
"quantity $(t) is roll Angle #0’ that o(e) g p(t).-
The quanti.tlu y (f) ‘

'x Ry .fn (f)[v (:-r) - v(:-fmf
o rn m[p (m)

;;, r,ﬂ i(x)t,_r‘-.(:-f_) =i pe-v) e,

P(t-t)]dt .

' Qﬁgté_v 9, ;'(v;mt’;; »ré);ax'_\'d‘ :8(1@5:,'):‘“9‘3" column "
cvegtorss | 1l T T

‘of ‘thab\’ute‘t" FORCED MOTION

A oteady state . fotced mot.ion. ouch that = '-I ’
wet ’

- q e ts Eound as the aolutlon of

) q(t)
. nre impulu reponu . B

'lhe ruonance eonditi.on 15 found ae th,‘ mintm\m of
'ID(tme)l though ‘the sharpneu of ita magniftcatlon
~depqnda on the flutd damptns. .

-
g



© . 8.0 FREE MOTION /' R For each of the flvc drnughtn. valuoa of GH = 0.2,

L 0 4, 0.6, 0.8 and 1.0m vore taken %o as to produ:e4

o more cvoﬁpl‘et'a'- ablutilolun of tﬁu étiuatiou of a r-nge of reaonance t‘requenciel.
v"“’“"‘ m.y b. tound fm the eondltlon q‘,(t) -~0. - : '

&matdernblc effort waa made to. auembls &

', conshtent set of hydtodynnmtc dut‘ on this -hip. .

';“Ruult- vere omputed for both slov motlon derivn-
tivea and oseulatory coef!lclcnta and' compartaona X
were made with results’ published by van Lecuwen -

- 191 Inoue’ et.al. [10] and Gerrltem [11].' (Thg

- .slow motton derlvatives pmvlded means of correct- )
i.ng the osctillatory coafflclent.a for lov encountar .

; . frequencies.) This auemb!y of data was a major
'x'undartaking in 1(3 own tlght and,’ when it was -

‘ thought that adequately reluble reaulta had ‘been

- found, the ouclllatory coefficlents were used to
.-detetmlne nglons of dynamic Lnstsbulty as aug- =
":-4:‘.geeted by epproach (b) menttoned above.,

o :,'nu ehip uuffets dynamtc inotnbility if any of
these mnta hn o poutive rul part. R

_-Poaotble cdincidenb'e of dynnmtc_ tnatahllity

' and. resonance was investigated in the manner

It vill be noticed that the condi.tlon of dynn--‘ ' plnined in ref.2. That ts to eay, shaded'

’mic tnotabiuty cannot be: found dtractly. Thle e i
<'becnuse . chcractarutlc equatlon, [D(x‘) |- o say,‘ Lo
unnot be fomulnted untu 1t| eolutton Ae N 1s

o reglons of inatabiuty were found on uultable polar

’ chartu and resonnnce loct were plotted colncidence

_.could occur when a- locus fell lnude -e shaded .ares

n gmenl, uome fom of iterative proce--v' of 1nstabillty. l-‘ot a Froude Number of 0. 2, auch

T dure vould appent to “be. rsqulred. ' There are,. plots were made for each of the 5 selected draughts

howevér, certnln deaenernte (though aot. unfamiuar) and the varlous GM valuee gave 5 regonance loci on',

] each. 1\10 examples of the polar charts are ahown
'ln Fls.l. ’ ’ v

- The m{;m:c;n. be. iummaﬂsed a8, followa

',.The deeper the draught the smaller the N

resion of - instabllity.: The region wa‘ the

lnrgeat for the ballast conditlon.

In general the aumller the GH value the~
. ’mote llkely was cotncldence of resonance and~

N ) tnatablltty to occur :

‘n the full load condlti.on only the GM-O 2m
- locus fell tn the area of lnotabulty, _'. el

vhereaa EY the .ballast conditton onl.y con--
- 0. Bm fell. outslde Lt N

i-toura f or GH

. inga with those found by enploying other criteria. !
'»‘l’he tesults of model teotl for thta veaaal were | s




:can be fomulated.

) C\nrvel B nnd C are derlved from M0 criterla.
"l'hat of curve B shows GH as etated by IMO Res.167
. while curve C follon from mo Huther Criteria.

(The 1IN0 dltc were kindly supplied by Mr H. Bird of

. the D.pt. of 'l'rnnaport London. )

'497.‘_ concnusxous - i v

) Thio p-per lnvutigatea the condltlona whlch
'llnonr theory susgesta vould present a helmsmn
vlth dlfﬂcult problems of control.

‘bo written, ,l.e.’equattona the form of whoae solu- - .
* tions do not have to be known before .the equattons o

It s demonstrated that even .
‘}' linear. theory preaenta ‘a serfous mathemeticel

: .4obstecle r.o prosresa.

1t 15 suggested ‘that thsre are ad hoe v

e approachea for getting xound tha mathematlcal dlf--
S ficulty.: ‘One of. theae ia employed with data '

- _.reluttng to e parucular ship, the coastal tankor )

EDITH TBRKOL whlch vas loat in a seavuy. ‘It wae’

j-._"iound thlt, although ehe appears ‘to. have complied
- with e.xlsth\g atabutty tequirementa, thoae orl- R

: t.erio my be optimietie.- Moreover, the computed
* results. nre more cloaely m asraommt with the
-'"j_rasult.a ‘of model ‘tests than the IVD curves or
‘.grecent pubuahed studles [lh] Hh!.le the writers :

_:‘-'.vould accept t'har. theae reaults are far trom con-"

_cluslve, they do euggest t.hut they can scatcely be,' .

: lgnored. e

- Renly, H s. J. The safet:y of UK fiahlng
veuela 1961-80 J.of Navlgation, 37, 1984

.E. D., Prlce, H G: and Temarel P"
3 On the role- of enc
capetzlag of shtpa.

'_ :.er f.",' ¥y in’ the

In part iculnr '

- 1! is explalned hov loglcal equuttona of motlon can -

,Second Internat. Conf.on‘

SME Stablutz, Tokyo, 1982 Paper SIII Za,-

. C\m:ni.nga H E. _‘l'ho impulae reeponse function
~Sch££fatechn1k Ty 1962

of ahlp motlon

K thop, R E D., Butchet, ‘RiKa ‘and Price H.G
The u-e ‘of. functionul anquoia l.n ahip dy
Erzoc.noz.Soc., A332, 1973, :23-35

. Blohop, 8 E D., Price, H G. and Temarel

A funccionnl teptesentatlon of fluid actiona :

Intefnat Shlpb Ptogreu, 31 19810

0.
.

2.

©13. -

'lluv

_'Btahop, R.B.D., Burv.her. R.K." and Price W, G.

Applicatton of functional unulyais to oscils’

_ latory ship model :eaung. Ptoc Roz.Soc., .

A332, 1973, - 37-69

T’mshop, R.B. D.._Prloe, W, nd remarex p. -

.-General linear antiaymmatric motions of a

. ri.ald ehip. Ptoc lntemat.Conf.on The SAFE-

" SHIP' Project 3. Shl.p Stebillty and SAfety,-_
"1986

: van Leeuwen, 0. Th‘aA loioﬁl d&ﬁping.‘ anci adi‘lod

- mssa of an osculatlng .ship model. . Ship- .
_ buildlng Lab.Report 23, Deift, 1964, -
5., Hirano, M. and Kijima, K, Hydro- :-

inoue,
. dynamic detivatlvea of ship msnoauvring.
Internat. Shipb Progresa, 28, 1981 112- 125. :

Getritsma J. Hydrodynamic det-vatives as 8 .

fum:tlon of draught ‘and ship apeed. Ship- - A
building Lab.Report 477 Delft, 1979. '
‘Bishop, R.E.D., Price, W.G, ‘and Tematel P. .
The 1n£1uem;e of load condltlons “in the cap-
‘sizing of éﬁiés{ Report S8 on ‘the SAFESHIP
Project, Dept. of Transport London..
Kure, K. and Bang, C J. -The ultimate ‘half

“'roll. .First -Internat.Conf.on Stahllltj of

:‘ Ships and Ocean. Vehicles, Glasgow, 1975. .

Vassalos, D. A critical look 1nto the deve- . e
“lopment of ship stabillty criterla based on’ ‘
work/energy balance. “Trans: RINA Paper Hlo




il
=
Lt s

SR R R AR L LR RN S A
AR T e e e e

Sox=0°
Draught = 3.8 m

" Polar Charts for the EDITH TERKOL travelling at Froude number Fne0.2 in -
seinusoidal waves. - The hatched area shows the region of instability and

_--;ha _ot.hgr ‘lines give the resonance conditions for . :
(GM = 1.0m (==-); 0.8m (-.-.-); 0.6m (=—=); 0.4m (~-.==)j, 0.2m(=..ani) o
S (x -»_1800 corresponds to head waves; £ E Lpp and X = wave length).

Q Fallure to capsize in model basin N
O : .Capsiie'in model basin = L 7
'SAFE'REGION ~ . - . . .
"‘.QA S
L S R e 1 S ©
-1000 -+ 1500 Displacement
- o e (tonnes)
& Limits of safe operation of EDITH TERKOL ~~ - ‘. =~

“ ‘predicted by : . - ]

. A ftthe: present calculations
‘B .IMO/Ref.13 .
s ) Weather Criteria = -

- 41 =
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- SEAB'Ee

L A COHPARIBON or VBBBBL BAFBTY ASSESSMENTS BASED ON STATICAL BTABILITY
CRITBRIA AND ‘ON SIMULATED ROLL RESPONSE CHARACTBRISTICS IN EXTREMB SBA

STATES

" A.K. Brook, M8c, CEng

- " The' u!e opetating condltion of a vessel is "
R cutrently detemined ‘from stability crlteria which
"/ are based - on ptopettieu of a vesasel's statlcal

'v tutoting curve, . No allowance is made explicitly
" for. environnent conditions, vessel motions .and the
'roll demping properties of the vessel.

i The safety of a number of-
. vedsels ln extnm aea-utatee has’ bsen assessed’
" using this technique “at operaung conditions which -

correspond "to the mlnimum ‘GM specltied by the IMO-

) ltabillty critula Al67. The abillty of existing
'ctnbiutyi eriteria to specify - safe operanng

. ,coh@itiona for theu_ veaao_lé has been evaluated. '

'rhe rolling motion ot a veuel in an lrtegular ¢
- sea-wsy can ho deternined from a tims simulation. of
the coupled uny. “roll and yaw equatlonl of mtlon.

L Appendlx 1 deacribes aquatlona ‘of motion which are

based on thoae used for & linear oeakeeping analysis
:,bnt incorporale the non-llneat ¥oll - teotorln; and .

.roll damping affects. Detaus of how tha lrngulur
'-f__-nvc ‘and wind ef!octc can . be reprcuntcd are ;l-o

y uven m Appenun 1..-_-»3_- :

: !ton a -inulatlon thc u!oty of a vuul can be
- oueued fron the statistics of the. roll responsge of -

_"_ the vesael. _The probability ot nx:reme roll -motions -
.. occurring csn be determined by Htting a sultable .

_ probability distribution to the histogram-of the
‘roll: tesponse. .

: .In .order for - 1 _simulation to be used to vnlldly

predict the’ occurtence of a. capalu the equ-tlona of 7

sich as water

on deck, down. flooding aml lhlfttns cargo. and 1in j_

extreme aea-ot-tel ‘the effact of bruklng waves also-

. needs’ to be given conslderauon- .* These" affecto have

“'not ‘been represented i the present ‘analysis.. It 1s .
" obviously dulubl. that the probablllt.y of ‘large

: 'notlon nsed to acc ‘for pheéi

. ‘roll- angles occurring should be: mll and this ie’
eonaidsred lnr thlc paper uthcr than ‘the - quuuon -of.

~cap-lu. The ufcty of & vcuel ‘can be assessed by
‘determining the probability. of. exceedence. of a given
- angle, vhlch xn this “study is ‘taken. to be
T 30 dagueo. S ST e

) This paper

_.~.. describes how vessel gsfaty caa be assessed. from the
e ‘etatistice o! the Toll raaponu o( ‘a 'vesgel obtained

. ] from a tlne aimlatlon ‘of the couplad non-linear
. equationu ot notionn.

~ vessels. '
. extreme sea-states at- the minimum GM for which the

] However a distinction needa “to be -
"t 'made . between ' uuulng safcty in terme of " ccpsiu
and in terms of . exceedence of large “roll angln.

. lccurately.

British Maritios Technology Limited

- Currently aﬁxp‘opéi’étoés and designers deter-
mine the aafe operationdl condition of a vessel for

Ca range o!gv’eua_l displacements by calculating. the

oinimui GM which satisfies

. statical stability

eriteria based on the non-linear restoring charac-

teristics of the vessel. . The IMO Al67 criteria for

_merchant vessels, which many - governments require

operatora to comply ‘with, are described ‘in Appendix

‘. II:; . The IMO Al67 criterfa have been supplemented

with similar criteria for certain classes of veasels -
such as fishing and offshore eupply vessels.

Recently- IMO has recommended that vessels should

comply with a weather criterion which:- is alaso
described in Appendix II. This criterion takes into
account’ the respotse: of the vessel to a beam wind
‘and the roll of the vessel due to wave action.

. Details of other existing and propoaed stability'

critaria are given ia Ref. [1]

Thie paper describes the results of an aasess-

" ment Of the’ roll response of a number of vessela

‘from 'a aimulatlon of “ the coupled non-1fnear
equations of the .sway, roll and yav motions of the
The simulations have been undertsken for

vessels satiafy the IMO A167 and weather criteria.

', An evalution of ‘the criteria has been made by asses~

sing the sate:y ot the veuelu fron the statietics
uf the roll tuponu. : . .

2 DETKRMINATION OF VESSEL ROLL KESPONSE AND

SAVETY ASBES: JYROM SIMULATION TECHNI

'rho contlnuous nvay. roll and ynv tesponse of a

" vessel. can be obtained frod a time simulation of the

coupled non-linant equation- described in Appendix

', ‘1. Ref.[2] describes s compsrison between the RMS -

‘roll- response fron a slmulatlon with ‘the wmeasured
"RMS roll from model tests and tull-scale trials on
. the Hahery protectlon vessel. 'Suliaker « It was
- found that reasonable agtcmnt was obtained between

‘llmlatlonl "and model - tasts :or ‘full-scale trials,

provldlns tho non-linear: roll danping is detemined
" Reference. [2] also’ presents results’
- from simlaclons vhich have been undertaken for six
lelected vuull lt tvo 1oad conditions. . The signi-
" ficance of the’ non-unenr roll .damping, coupling,
frequancy variation -of  the - lddcd nass -and- davping
coeftlclento md the of.’.act of wind gusting has been
lnveszlgutnd to: uch of tho vuuln snd u was
found tlut: . - -

s By R e



N coupung vith nvny 1n
fot some von’elo. s

: _"rho.' !toqhonby.‘ynht(én-a! the added mass and

"-dawptog coafficients can iu‘n‘ag”l‘aéted and eimu~ -

lntlom can be untlutaken ustng constant coof-_
’ Meiontl at tho utunl roll frequcncy. e

: t_hoout_luL néthod- or nodel' .lp.l‘hnelitl-r

A ntaudy ntum ‘wind -can cnuu uom vouell to

hul aignlﬂcantl.y. :

c m e!fect. of vlnd gu-tlns 1- uignlucant fot 5
some vusel. evan if the hsel nngle, due to the

S nm utnd'. 1is nmll.gm.;_, o T

" frow ‘the even keel poaitlon..»

(WM8) of the continuous ‘roll record.

;- can be obtnined: ,', R B

'o_ Proabtiicy of ‘the Roll Auplitade nemung 'y
- Glm uu Aqutnd. Qm S i

‘ ‘e npociﬂod roll auplitude 0

(los N)

vheu tha R!B ro
- la-plltudn. e

- '; . o1l dmpiitate wen
© o Racesded

'l'ho roll -plitnde vlth (3 petc-ntngo chnnco P.
"ot being axceeded in ll anputudn 1s givnn (for'

- 'mll P) byt

' .HAX ‘; - :ns ﬁ (log

A ueond huzogu- can

.tmpu of M roll
15~20 upluudu (ll - mu ).

doublc upomnthl du:rlbuuon can lse fiet

cnl lnlor-uon can bo obnined. B

an sess 'n qiﬁi\illcnﬁt '

‘l'he. A'RHS ‘rqll ,reiponu ..l- -lg_nlltl'vuﬂ to the
" magnitude of the non-linear roll damping which ' .
" needs to be accurately dstersined from reliable

. _The roll respocae of the vessel ¢an be analysed '
Fto glve a hxstogran of’ the roll amputudes mssured -

A" Rayleigh
dlcttlbutlon can be fitted to this hlatogtnm vhere .

‘" the dlatrlbutton depends .on the root mean, squara" .

; From this .
- dtetribution the . tol.lovlng a:au.ucu informatton

'rho prohbluty of the ton amputuda cxccedins o
18 givan by ’

"""-ms /2’ ((log u)"+————‘) (z)v

_1. obtained fron N rollvf -
: : : o A_,atudy a vuul'in
. than 30 dasteea

 Percentag 'c&u,' of Befng i

"be . formed . !ron thc}f
’ Adutrlhution of 8 pnk roll. mln pccurring oW
plitudes; vhon K is . typte-u;' -

- to. thu histogram from which the foumdng ltatlctt-‘

C . Ptobabuuy ‘of thc !uk A-putndc !u«dtn; n

’ exceeding a upeclfied toll amplitudo 0

cinn Roll Anpl!tudu ’HA.!
';‘ The probablllty “of the pelk roll lmputudn.
h.g_(van

by:

o : ‘ "',-:ui<¢',iA~,-‘fu) TSP
‘ o(o > om) “1-et ERE Lay o

‘:vhnu a- nnd v - are the pgrauter- ot the ntted""
. dutrlbutlou. - . i R

- @ Expacted __u.i;-n-_ Roll "A-p"s'u:ud'.' T

[ _Penk Roll Anputudo vith . Porcnntngo Chuncc o!

" agreement but in some cases -the double exponential
. results.
.. vessel,

‘Rayleigh distributlon which afe based on“the EMS of s
the conunuouu roll racotd. g B .

. na—-ntate and for a givnn 1o-d£ns coadition can” bc
) obtained. from the roll anplitude 'y

E .conditlmu nt thn linim: M. vclu

3 . o" G xnonnonmocn '

- IMO snbiuty cr!.tcrh. :
_II). do. mot ' take ‘ago ; nccount the - cuviromnnl
‘_otfect- or toll dulpua propcruc e

_oécurrlng ln N gtoups ie. given ‘to a- good approx!-"“ -
. mtlon by' ; “ : :

- (fot small" l’) byx R

“ both. the Raylefigh distribution of roll amplitudes _

“.an uvenge v-l

GH of fivé sanple Vessels have’ been obtnlnad from

The expectad ot average mxlmun roll Anplitude' :

Bung Bxcceded

The peak roll. 'angl‘.f 'uhm\ \has ‘& péfcen‘tag; -
chance P of being exceeded iu N groupa ie given : '

100 8-

o log —5 B o0
owax,p T "’.“'—‘—. a3
E(oM Ax) and QHAX can thue be calculated from .

and from the double exponential distribution of CRn
group maxima. For many vessels these are in 'goéd B

distribution was found to give more reliable.
This is consistent with the statistice’
being derived from the ‘extreme motions of the
in contrast to : thn .tati-ucs _from the

fety in L given_

;P vhich has -a

percenuge ch.nge P of beins enceeded. o For thin

. 'l'ha expactad nxim :ou nnputude gi.ves “an
1nadequa:o : ',°€.- ] 1 utety unce, belns'

In the £ouov1ng uctions the sntutory ninim

the IMO criteris which are delctibed in Appendix II. "

An uununt has' beén- mide of the safety of  the

‘Vessels vhan nubject to’ extrou bean vlnd and vnvo

) The u!e opoutiu conditlon ‘ vuul a: )
given load candtuon “can -be. -v-lpce:lucd n- terms of .
the unlm oM vul\u vhich u-un the extsting '~
'l'h. A167 ctit‘tll (Appem‘llx, e

'th, :

nul. o




LT A167 and weather criteria.
“sige fron 50 to 135 metres " and 1nclude a supply
- vessél,
v vehicle carrier .and container -vessel.

""" Table 1.

Miniaunm G h;;nircn_dnn_ to s.:thfy MO A167 and Weather Criteris

] SUPPLY . BTERN PISHERY | VRHICLE. - | CONTAINER |
. VESSEL TRAWLER PROTECTION | CARRIER , o
- fiee (w - 32.6 56,9 64,0 80.0 135.0
* . | Bean (a) " 12.2 122 11.6 - 16.0 23.0
Speed (knotu) ;2 12 ) 14 14 19
nx-pxs(gonn..) 2122 1299 | 1881 1382 | 1332 2706 1943 |17620 10439
Draught () 49 34 | 48 a3 4.6 3.9 31 |82 5.2
Trin () 0.0 - 0.58 0.2 1.9 0.0 0.5 2.3 Jo.0 1.3
Blige =~ _ o o "
Breadth (a) . o0 0.3 0.37 0.5 0.5
Length (m) - | .7 13.0 - 12.6 16.0° 24.0 40.5 .
(@) . . 16.07 - s.86 6.15  6.33 | 5.43 7.48 8.10 |9.84 10,48 | .
oM (m) - 1.72 . 1.16 0.72  0.46 0.78 0.38 0,60 |1.70. 2.33) 7 -
Operating - S S RV (R
{a @, - 1.52* ‘0.28" [. 0.35* -0.45* [ 0.314 . [ 0.304 o0.308 o.azé.i,o.szﬁr'r."
aer S Rkt ! o R
cu,,(m)' . 1138 0.1 | o0.27 . -0.37 0.44 . .|.1,18 -1.88°|0.59 - 0.19
Weather Criterie : . T P - o
Mean Wind. S . e o o :
Speed knots) 90. 16 |.74 ' n 73 60 . 60 68 65 :
[Ret.3 - A S -
m‘,(n)" R SRS C . SR
(Mean Wind - 1.30 ° 0.24 0.32. . 0.48 0.52 2.14: 3.38 | 0.69  0.35 -
-8peed ¢ 80 knou) SRR S . AR TE ST S
‘Recomended 1.52" "0.28" | 0.35% o.a5t| o.aaf - | 1.18f 1.88f0.828 - 0.528
:_!(i.nimm e * .o S I
o - 1.52* 0.28" | o0.35% o0.48%| ‘0.52% | 2.14% 3.38%] 0.824 ' 0.52
. o'ftshér'g. Supply Rules .
+ Pibhlnj Boat Rules ' .
5 A67 _
01 @ to mu: hesl due to nteady wind to _'10~ae'greé-' ﬁoin ﬂutﬁég Ctiieti,;: ce ol ol
Sl (wu:h ‘variable vind lpud) : i ' e . - - -
& ' GM to’ umi: hecl due :o -teady vind to 10 degrees trom Huthor Criteru )
C (nodlﬁ.ed for ‘fixed mean: w!.nd speed ‘of 80 knou) o e

véather criteria however takes _ _
‘effects and relates it ‘to the roll angle of the

: 'vvenel due to wave action and an allowance ‘is made
: for the roll dnpins propertien of tho vusal- ~_.v BRI

" for five selected vessels to utilfy both. the ™0
- The vusela tange in
utem travler, tishery ptotection vessel,.
“Two load
" ‘conditions have been considered for: each Of the
"7 vessels excep:‘ !6: thc'fiahery 'p'téte'ctton "veu'el'.'

R 'rable ¥ ohovc that for . sone‘ of the veasels the
lntutory niuimn M from Al67 is° “considerably less

= than the openting m ‘'whéreas tor some of the
. vessels tha opeutins GM. 1is close to the IMO mini.--

m ‘The minfmun GM. vhich is’ lhown in Table 1 for.
- the- vuthet criterton is such that the ‘heel angle
dua to he atudy ‘wind. will not exceed 10 degreel. -

The ninl-un GH culculuted !ron the’ exutlns

Table l -hon tho mintmm e:. | whtch 19 requtted ’

‘;.\'COther crlteuon il baged ‘on & constant wind
. ‘pressure per. untt ntu for. all vessels as described
"+ -in Appendix I1.aid 0o _.llovance is made ‘axplicttly -

for a design vind spee

’ correopon.ds ‘to that mpned by the weather criterion

~has- besen calculated . f£rom. avaihble ‘wind ~ heeling.
: coofficiom:l vhich are rapotted in R.f {3].-
~vind apaede are shown 1n Table' l and’ they vary

- conudarubly accordins to the venel type. T

‘GM for ‘two of the vessels,'

'l'he veathcr cruetion recomnds an increased‘
nanély the - f1ghery

i'.protectton venel And vchicle carrier, . but the cor—
R uspondina wind speede are only 73 and 60 knots .

recpectively.

‘However, ‘based on oburved vind data,

| - ‘a désign wind speed of 80 ‘knots 1s° ‘desirable and the

" minimum GM from

the weather eritcrion on the basis

_;'of this wind epéed is also. ahown in Table 1 for each

“vesael. -
is required tor “the - vehicle cart!.er in this ‘case. .

A conlidernble 1ncreua ia the noinimum GM

An foctéesse 1n' GM 1s also obtalned for ‘the fishery -
protectlon vessel but for the  other vessels the GM.

s _still lass than the A167 criteria. axcept for the»

'ltem tnvler at ona condition

o Table 1 1s the .vnlue grom: A167 unless the weather

.'cu:erion ucomendn a Mgher value.
“case of the vehicle carrier does. the minfmum GM -

‘Only {n the

,.;45 -

‘rho'mun vlnd syoed which

'l’hese .

dhown fn



-'-;‘beinon this theoretical approach and ‘experimental
‘roll dmpin'a coefficients for the Flshery protection
" veasel 'Sulisker'.

'-f', lpeclﬂed. :

" knots. -
- amplitudes and the Rayleigh and double exponentisl .

. véssels.
~ vessel 1s also -hovn 1n ng.z., .

lxénd” tho oxiutng ‘o.pc'u.tins ﬁlu- for the vessel.

4 VBBSB& SAFETY AT HINIHUH oM !ROH BIHJJLATIO

n- ntlty o! ‘the nluh shown {n 'hbh 1 has’
been sssedved at the. minfmum GM which satiefies the
" IN0 A167 or cqunhnt vessel -class criteria. BSimu~
lations have been undertaken for a duration of ome
~hour real time and the irregular wave and wind
" forces and msomsnts have been g-mnnd such that
- they tun & repeat tima cqul ‘to the dunuon of the
llulauon. : . :

N

The "ddd'u'l‘ nass and daﬁfinﬁ cosfficients and- the’

. regular wvave forces, from which the irregular wave
" forces ars genarated, have been calculated from s
| seskeeping. program which ie based on Ref:[4]. The
: non-linut roll dmpins effects have been calculated

theoroucally from methods dovalopcd by BMT. based on
Recantly .a coumparison has been made

The thedraetical method was found
to give good ngruunt with ‘experimental results for
this vuul and also for hull forms derived from the
paront hull lon [Ro! 2] o ST Ceed

'rh. ™0 A167 critern does not tnke into
t  envir tal condltion but 1in order to
lnvutignto the safety of a veuel from a ninnlatlon ,
the .eéxtreme wind and wave conditions need to be
Significant wave heights of 8 and 12
aetres have been coneidered which represent gale and
udm candltionl-, A mean wind speed of 80 knots has
been used which ullovu for guuo in excess of 100
. A emph ‘of . the 'histograms of roll

dhttlbutlonu ‘are shown in ug.l for ‘one of  the
The effect of wind g\utins for tha ~8ame

S10 WWE
,mmrg

K

' - UAVE [ g’ggnou

The RMS roll response and the peak roll angle
'.KAX 1 which has a 1% chance of being excaeded 1e
shown in Table 2-for each ol the vessels &t the
ninfounm GM specified by IMO Al67 as given in Table
1, The resp of the 1 to waves and to wind
and waves 1s shown. . The safety of the supply
velul, stern travler and flahery protaction vessel
is not satisfactory since ¢ 1 is m excess of 30
degress which has been chosen’ 4 8. ropreuntatlve'~
gate nngle of roll. ¢ ‘exceeds the vanishing
angle LT of the rucoring curve for the supply
vessel and stern travler at some of the. ses-states :
and load conditions and hence the vessel iu at rhk. .
. of capsising in theu condition-._ -

. * The action o! the vlnd ruults in an increase
of up to 20X in § depcnding on the vessel type
and GM. llovevar the vchicle .carrier, which did not
roll significantly due to wave actlon. heeles exces-.
sively up to 67 dasrees in the ballast conditlon and
'°HAX 1 is 1in axceas of 80 degreea-.‘ . oy

'l'he "IMO veather crltotion has’ been lntroduced‘ :
to improve the aatety of such vesgels. - However in-

its present fom it doed not recommend that the heel a

angle of tlie -vessel should be limited.v Table 1
shows the minimun .GM obtained from' the weather
criterion for each of the vessels such that the heel -’
angle will not exceed 10 degrees.. As mentioned
previously this’ results 1in an ' increase in * the
minioum GM only_.for the fishery protection -vessel
and the vehicle carrier. . Table 3 shows a comparison
between the response of these vessels for the GM

values - from IMO Al167 and from the weather criterla,‘

for a 12 metre signif;cant wave height and 80 knot -
mean wind. The {increase in GM resulta 1in an. '
~improvement in § ; but the values are still’
considerebly in excess” of 30 degrees.” The vehicle
carrier heels- to nearly 20 degrees.rather than the
expected 10 .degrees because, as. shown in Table 1,

1 'éi“‘“

MON-LINEAR SYSTER o L e
ST 7 HISTOGRAM. OF PEAK: ROLL ANGLES i

YR

-, OCCURING IN GROUPS OF - 1§

10.00 ]
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' _nléaﬁﬁhé of Vessel Safe.t‘y from Simu-

“lation ‘at Minimum GM - Comparieon between

"+ IMO -A167 -and Weather Criteria (Beam Wind

and Waves - 8ig. Wave' Br.. um; Mean vund

o Speed 80, knots)

81 AV - Men |Draught (=)} 4.9 3.4 | 4.8 43 4.6 3.9 31 |82 sa2{ .
- Iweve veve Wind {Q(( | 152 028|035 045 o3 | 03 o.50]|oe2 os2|
- |Batgt Period Speed | T (sec) | 7. 17.6 [163 133 | 160 1223: 168 [18.6 23.7
| ) - (secs) Qumots)| g (de) | &2 0 |73 72 90 B0 %0 | 48 47
:g- ~‘,-_.1’.;'_ o B8 (deg) J12.4 9.8 |97 74 124 |11 17 |38 as
S T S i S A R N S
. RS (deg) |15.8 13.4 | 148 103 | 84, |8 2862 59
S0 S , s . ST
| g o) ot sf [t st| 0. 15 |3
Lo [ ms ey |127 123180 153 187|436 67.2 | 63 8.4
9.5 . 80 |mm (e | L7 7.0 9.4 127 125 |48 6.0 |48 7.3
T | g e) e o [e* st Wt et wt [
©oo s | me(des) {161 154 [18.2 168 | 222 [436 672 | 81 07
12 . ,u.sj 8 |mEmL(deg) | 23 7.5 9.9 27| 1.7 |42 61052 7.4
: [ 2 [ | & o | e * * 3
, Qm'l(deg)ﬂ' &' e | % a" 106" | 40" - 36
"V"Vaaelmfe mlﬂlo' 'V@l‘w-mJ’%.
lhmtal!ollped.d "4 - Vanishing angle of ‘restaring curve <
. . PERCENTACE DISTRISUTION o
.'-"'.1 i
NO

. ﬂlNﬂ VEL 80 murs

»nsmm. L
_ | PROTECTION | VERICLE CARRIER
JvesseL-. | . . -
Draught (a) ° 4.6 3.9 3.1
o (degs) %90 .».>90' - %90
Toua) - ale7 . 0.31 0.30  0.50°
T lmes v (dege) 22.2 .. 43.6 " 67.2
| BEBL  (degs) 1.7, 42:6. '67,0
'.m‘l (“8')_ . 9% |- 82 106
GM(u) - Bxisting - |- . e
Weather Criteris . .. | 0.44 i.18 "1.88 "
fans . (degs) . | 19.8 | 19.2 - 20.7 .
| BEBL . (degs) - .. 9.8 - 17:8 19.0
hiax,1 (dess) Rl 66 B2
'GH(:) -kwuther ’ T
Criteris - : : 1 .02.14 "3.38
) (Wind Specdaokuon)' :
; ;_ﬁs " (degs) . _ 12,0 112,
HEEL - (degs) 10,2 -.09.8.
’w 1 (degs) - 50 .48

-‘b - % —% &
: e et UL NLE CEGEED) .
Eistogran of Roll Angle - Bffect of wind
Gusting S e RN

“the assuned wind presaure 1n “the” weather ‘eriterion

only repregents 8 mean 60 knot wind. Table 1 also
shows the- ntnim GM from. the weather criterion

vhich has been mdified to utilise an 80 knot mean
" wind for these vessels and to limit the angle of

" heel ‘to 10 degrees. Table 3 also shows the response
.. of these vessels at these GM values, the response. of
.. the veliicle carrier being improvéd congiderably such

_that ¢ ‘18 50 degreea. vhich for a. high aided

vessel may be acceptable. )

R1 ]

v. Fig.z

" The eafety of the fiehery protecnon vessel has |
not been improved signiucantly ‘through application .
‘of the weather criterion ‘because - the vessel 1is un~
sife under the. action of waves. The results in

“Table. 2 dmnstute that there.-1s .a need fot etabi-

~'1{¢y criteéfia which take accountof- the reaponse of .-

-a vessel to wave action as well as the vessel's
opeutlng conditlon, veathcr condition and roll
| danping chatncterlaticu. . ’

C. 47 -



Table 4

Assessment of Vessel Safety from Simulation at Operating
GM in Beam Waves (Roll Response Statistics)

SUPPLY STERR PISHERY
VRSSEL TRAWLER PROTECTION
81g.  Av. Draught (m) | 4.9 - 3.5 | 4.8 4.3 4.6
Wave Wave GM (m) 1.72  1.16] 0.72 0.46 0.78
Height Period 'l.‘R (sec) 6.6 8.9 | 11,1 14.4 9.7
(o) - (secs) ég (deg) 72 90 90 72 . >90
RMS (deg) 11.7 8.0 |} 10.0 7.4 ]  10.6
8 9.5 o
se” - 3" | as” 3" a"
dyax,1(des) )
RMS (deg) |14.2 9.1 |12.7 10.3 12.3
12 11.5 : ) '
: degy| 757 40" | 63" so* | se”
ow,l( eg) i
'S : . - ° p - )
Vassel unaafeh _°HAX~,1 > 30°. # ‘Veseel capsf.ze :‘HAXJ > 90.
Tﬁ - Natural roll i:erio.d. QO - Vanishing angie of restoring curve. v -

Table 1 shows that the operating GM of most of
the, vessels exceed the minimum values specified by
Al67. The safety of the three vessels which were
judged to be umnsafe due to wave action has been
agsessed at their operating GM and the results are
ghown 1in Table 4. The increase in the GM has
rasulted in an improvement 4in the safety of the
veesals,but'o is still in excess of 30 degrees.

" TMAX,1 .

S CORCLUSIORS AND RECOMMENDATIONS FOR IMPROVIRG
VESSEL SAFETY

The safety of five vésaels has i:een assessed in

extreme beam wind and wave conditions. The safety

" of, the vessels at the minimum GM values which
satiefy il_le' IMO Al167 stability criteria has been
_evaluated from the roll response gtatistics of the
vessels which have been obtained from time-domain
simulations based on the coupled
equations of motion.
vessel, stern trawler and 'ﬂahery protection vessel
were judged to be unsafe since the maximum peak roll
angles considerably exceeded the chosen safe lHoit- |
ing angle of 30 degrees.

‘non-linear’

The effect of-axtreme“ﬁind resulted in the vehicle
. carrier heeling up to 67_degreea and rendered the
~véssel unsafe. ‘Wind effects on the other vessels
resulted in higher roll response. The IMO weather
criterion .recommends a higher GM for the fishery
protection veseel and vehicle carrier.
ghown that ,the existing weather criterion could.be
improved by limiting the allowable heel angle due to
the mean wind to sgome chogsen value, such as 10
degrees.  .The speclfieétlon of wind speed rather
" than wind presaure is desirable since it wag found
that - the vind pressure can represent mean wind
'Japeeds as low as 60 knots for eome veasela. K

e i T Ui

Hhi.lst the application of the weather criterion

. can mprove the eafety of a vessel auscepuble to
wind action there 18 clearly a need for a criterion
“which ;takes account of the wave action on a vessel.
Modifying the existing IMO A167 statical criteria to
impose a aignificantly higher GM for the emaller

Three vessels, .namely a supply ‘

It has been

damping characteristics.

. satiefactory, as at present.

"vessels in order to improve their safety in extreme ’
sea-states 1s clearly undesirable due to the
‘implications
There 1s also a need for vessel safety to be
undertaken in a more rational way and for allowance
to be made for.the extreme environmental conditions
and roll damping characteristics of the vessel. It -
i8 undesirable that vessels should be specified as

. safe to operate only in limited weather conditions.

However a practical way of improving .vessel safety
would be to provide criteria which take into account
a vessel's roll damping characteristics. This vould
allow designers to evaluate vessel safety subject to
specified extreme wind and wave.conditions and, in
coajunction with the existing IMO requirements,
determine the required damping characteristics of a
vessel. - The designer could apply the criteria in -
such a manfier that a trade~off between metacentric

height and the roll damping charactetiatics ‘of the : .

vesgsel could be undertaken.

The procedure by which.a vessel's safety is
evaluated subject to extreme -environmental con-
dittons,
-motions - could be undertaken- with -the simulation
techniques described in this paper. An alternative
approach, which is less demanding in terms of the
design process 1s to determine roll bounds from
mathematical techniques vhich also tske into account
the environmental 'e_ffects, vessel load condition and
.References ' [6] and [7].
describe . the ‘theory - and | applicauon of such an
approach baaed on Lyapunov techniquea. The advant-~
age of these techniques is that the improvement of
the vessel's safety can be undertaken at the design
stage and the* vesael's master acd operator need oaly
ensure that the load condition of his vessel 1s :
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- APPENDIX I

BQUATIONS OI' MOTION OF VBSSRL IN IBBBGULAR SEA-WAY
) . 'l'he ltneat equatione of the coupled swey, rou

and yaw motions of a ship in.regular waves are given -
" in Ref.[4]:. The equations can be expressed, with
. the origin .at. the centre of sravlty. as - follows
"‘where the roll equation has been extended to include
- the non-unear ron and teetoting -terma:

““"zz’”’zz”"za"*"za“"zs“"zs" - Xy(8)

42”"52”"44‘*}“%%44&%(0 o) + Agczm

+a“¢+b“¢ - "a(‘) a1y

z’"’ z’*‘ A“"" A““sa, 66 P*Dged = Xg(t)
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" 'The Role of Simulation in..
Determining the Roll Response of a Vessel in an

" 'Wind Coefficlents -for Nine Ship
-Hydro-0g Aerodynamisk Laboratorium

. " Rolling Motions of a Ship by Lyapunov's Method'.

'A Prediction Method for Ship Roll

‘where A 1e the ship s dieplncement' é

are the
added mass and damping coefficients o% reeponee 1
coupled with response j (calculated from a seakeep-
ing program), I,,11gg are roll and yaw moments of
inertia; GZ .is the restoring curve; )(.‘,,Kl.,)(6 are the
sway, roll and yaw forces and moments and F(o 4) is
the non-potential roll damping. -

¢ HNon-potential Damping

" The non-potential roll damping includes contri~

. butions from friction bf, Vi,ot"tek shedding from the

- obtained by summing,
_cles,

naked hull be' and appendages such as bilge keels.
bbk’ and a 1lift contribution in the case of a ship
with forward speed b « The friction and 1lift con-

‘tributions can be estimated from theoretical methods

described in Ref.[8] whilst the vortex shedding from
the naked hull and appendages can be determined from
the BMT method which has been based on Ref.[5]. The
friction and 1lift components are linear terms where -

‘the friction term depends on frequency and the lift’

term is independent of frequency. The vortex shed-
ding terms are non-linear 'and are taken as pro-
portional to the square of the roll velocity and are

independent of wave frequency. Hence:

F(b) = [hL(v>+bf(m.v)]o v (v)+bbk(v>]o|¢|

(A2)

® Excitation Forces and Moments

The irregular wave forces and moments can be
over a range of wave frequen-

the regular wave forces which are calculated
from a seakeeping program. The wave amplitude at a

. particular frequency is related to the spectral

ordinate by:

a(wi) - /ZSZwi)&nib (a3)

_ where S(w) is the wave specémm.'-

Eence the wave force or moment at a given time

t 1.9 given by:

’ :X(t) - 2 R((ni) lzs(mi)ami cos(wit +. QF("’i) +
T = . o B
* elwg)) (4d)

vnere R(w,) is the force or moment per unit wave

. amplitude, 0F(w1) is the phase angles of the force

_ also be randomised. .

or moment with respect to the wave, and e(mi) is a
random phape angle. - The_‘ye‘fe amplitudes a("’i) can

e Wind Gusting -

&

The steady wind moment 'actiné on & vessel can . '
be obtained from® non-dimeneional coeffic!.enta CK o

'given in Ref.[3] where:

2°A x“l.“vz (a5)

L

-where "A is the denaity .of air, AI. is. the _transverse

windage area, H 1s the distance above the waterline

- of the cencre of area and V is the wind _speed in’

mecree/sec._ Wind gueting is generated in the same ~



ynf as for irregular wvaves where in equstion (A4)
R(o)t)'and [ (wl) are not fncluded and a wind
- spectrum is uaeq. ’

_The effect of changes in windag

area due to

the motion of the vessel has not been tncluded. \
APPENDIX II
IR0 CRIYERIA
e A167

The opentlng condition of [ veuel needs to

satisty, with u!erenca to Pig.Al, the following
‘eriteriar - ’ -
A - area under curve up to 30 degrees to be not

- less than 0‘.055 retre-radian.

' B = area undat curve up to x degrees to be not less
. than 0.09 metteﬂ'sdlnn.

.', c - ares between 30 dégl"ees and x degrees to be not
legs than 0.03 metre-radian.

] i..f 40 degreés or any lesser angle at which the
" lower edges of any openings 1in the hull,
" superstructure or deckhouses which lead below

 deck and cannot be closed weathertight,
- be iomersed.

.

* B -~ gaximum GZ to occur at angle not less than 30

. degrees and to be at least 0.20 metres.

"I F - tnitial GM to be not less than 0.15 metre.

Staticot ntubll\ty curve

- GZ. {metres)

B
. c
A_ X
T
s E
. - 4 R _\»
e . 1 20 30 0 s0 37 gg

" angle of inclination {degrees)
" ® Weather Criterion

‘ It fs recommended that the ability of a ship to
withetand the ‘combined effects of beam wind and

_ralling . should be - demonstrated for each normal - -

condition of londing, vlth refarenca to Fig A2. as

B ~ follows:

I . The ship is subjected to s ‘steady vinﬂ pressure .

..: acting perpendicular to the ship [] eentreltne

., which results in'a uteady vind heeung lever
L)y

L te an angle of toll (91) to vindwnrd.

would -

-"_Pron the retultunt angle of eqnilibriun (90),«-
‘ the -ship 1s assumed to roll due to wave action'

3 The ship is then subjected to a gust wind pres=
sure which results in & gust wind heeling lever
(2w, ).

4 Under these circumsatances,
equal to or greater than area a.
The angles {n the

figure below
follows: LT

. 8y = angle of hcel undet sction ot stendy wind -

T sngle of roll to windnrd due to wave

action

8, = angle of dovnflooding (9 ) or 30° or 8,

whichever s less, vhetet

o8 = angle .of heelAatv'vhlch openings in
supdrstfuctures or deck-

the hull,
-houses which cannot be.
" weathertight immerse.

closed

8y = angle of second lntercept'.
Bxptesslons for the wind lever lel and the
angle- of .roll. 8, to windward due to wave action are
given in the criteria.

tonnes/m?.

keels are included.

. 4
w GZ
&
-t B
N
ANNARNMANIAN ' - .
. Wa
NN L
% . & e
. " ANGLE.OF INCLINATION
e\
Fig.A2

area b should be

are defined as R

The wind lever iw, assumes a - . ;
constant wind préssure for ail vessels of 0.0514:

The angle of roll 8, takes into account
vessel particulars, load condition and whether bilge
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COMPUTING CAPSIZING FREQUENCIES OF SHIPS IN A SEAHAY

S

H, 38ding, E. Tonguo

- ABSTRACT

As part ‘of a research  project aimed at

‘v1 comput1hg the probability of capsizing in a
seaway, the question 1is dealt with how to
::deriVe this probability from simulations or
}¢gmode1”>experiments. To ' establish the limit

";"‘betyeén ssfé and unsafe ships, gquite low"

i]:.capsizing-igtes_are of interest which cannot
" - be directly determined by counting the num-

. - ber of capsizes duting the simulation, be-

cause this would require too much simulation
~time. Therefore it is proposed to perform
ilmulgtions or measurements ' in a steeper

.. . seaway and to extrapolate the capsizing

:fiprobabillty “to " more moderate seaways. For

_': this extrapolation, two methods are proposed
_f {which‘ are based on a semi-empirical rela-
‘H-tionship and on numerically integrating the

“f'Fokker-Planck equation, respec;ively.v

" INTRODUGTION
>‘\.' . K N N
) A major résea:ch project'of our institute
JALmS at .a computational method to assess the

hanget of cgpslzing"of ships in a natural .’

.4:eaway - by " means -of excessive wave-induced
‘_motipns. Causes of ~capsizing 1like cargo

A l'qhif;,"louh_ of deck cargo on one side, se-
-'j:vére, unqymmetxical flooding etc. are d;sre-,"

- - garded, as are motions ‘due to breaking
- transverse waves. However, included into our

-finvest1Qationv is a toiliné_mctipn analysis
" of ships with symmetrically or asymmetri-

o " cally flooded compartments. '

- f:;'Thgxmain tob;Ztor this investigation is a

R detailed roll motion simulation. We are con-
. 'vinced that; at least in many cases, motions

in  the other. five degrees of freedom are
. coupled -to . the xolling motion to an extent
that necessitates the 4inclusion of all six

rigid-body motions into roll motion simu-.

lations.. In case of damaged ships or ships
with substantial ﬁartly filled tanks, fur-
ther degrees of freedom are necessary to
describe the fluid motions within - these
spaces. We expect also that it is not appro-
priate for such simulations to d1sreqatd all

hydrodynamic influences, -assuming a hydro- -

static.presaure'distfibutiohvalong the hull.
Thé reason for this is that a larger ship
of, say; 100 or 200 m length with deck load
up to the capsizing safety margin has makif
mum still-water righting levers in the sige-
range of 1 % only of the ship's breadth:
(Fig. .1}. Thus, because. hydrostatic and

' we;ght :orces nearly cancel each other,

relatively small hydrodynamic influences be- -

' come - important.’ Even if the hydrostatic
" pressure. distribution were appropriate for
the rolling motion alone, for heaving -and
‘pltching motibnslhydrodgnamlc-influénces ate>’
‘definitely .necessary to bé taken into ac-
- count; and because of the above-mentioned
."coupling between all theqe.motidné}Lthe in- .
clusion ‘of at least some hydrodynamic terms

is held to be necessary for adequate;ro1l

_motlion simulations.

Fig. 1 Relative size. demonstration of G2 °

and ship's breadth .

a5t e

.oy



- £fluld motions

- mine,
‘__meen capsizing frequency f or its inverse,

?.safety measurés: -
7 ship capsizes at least once duting a eingle

"On the other hand,

ehip’ motiona by means of solving a three-

* " dimensional boundary.value problem to deter-

mine fluid motions and pressures around the

R ship in each time instant is clearly imposs-
‘ible today. Therefore we use an intermediate

between these extremes, epplying analogues

"of the strip method or the strip method it-

self for certain parté of the procblem. De-

"tails  of these simulation methods are shown
~ in  the papers by H. B8ttcher, P. Kréger and

F. Petey presented to this conference.
BSttcher describes an accurate, quite in-

" volved motion simulation method which, how-
- ‘ever, will require extensive manual prepara-
© tion work and computer time for its applica-

- tion; it is still in the development stage.
. A‘- much simpler method is described by
Krdger; it 'will hopefully, nonetheless be

accurate enough at least for -computing rela-
tive fiqures for capaizing safety of differ-
ent ‘ships, loading cases and wave condi-
tions. Finally, the paper of Petey presents
several methods and results of computing
in tanks with a free surface
or in damaged compartments, including the

-inflow and outflow of fluid through openings
 -and the generation of free-surface jumps
ﬂ‘ ceusing eubatantial
r cedures mey be combined with the afore-men-

roll damping. The pro-
tioned and with other methods of ship motion
simulations to determine the mutual influ-

ence. of ship and’ internal fluld motions.

The'aim of these simulations is to deter-
ae a measure of capsizing safety, the

the mean time between successive capsizing

-.eventa, PR R . ,

JURE J S - (1)
B A o

. for-ie ship with a certain speed and heading
"in .a given loading case and sea state de-
_fined by a wave spectrum. These ‘guantities

are related to two ‘other frequently-used
the probability ‘that the

”'ytﬂroll period of duration b S

< As gor;reeiLEtic~cese§iP§

Cmiieegg

or durin&_anotherfﬁerbitrery time interval T

Epel-emim G

is small compared

[

caloulating nonlinear

abilities,.

to 1, we can epproximate (2) by
Py = £.Tq R T T

Inserting this into i3) gives a relation

batween PT and PR applicable for Pp << 1
. . PLT :
Pp = 1- exp(- T ) : - 5}

PROBL.EM

The problem treated -in the rest of this
paper is how to determine P " from simula-
tions; the otaer three safety meaeuree fc'T
and PT follow then directly from the above

formulae. In principle; PR may be determined‘~ a

simply by simulating the roll motions during
N successive roll periods. In case that the
ship capsizes during this simulation, both
the roll angle ¢ and the roll enguler vel-
ocity ¢ are changed to 0, and the simula;_
tion is continued. If, during N roll cycles;
the ship capsizes K times, the best estimete"
of Pp is

p. = K - o o (6) .

R N
The formula requires that Pé is << 1 be=
cause otherwize the unrealistic starting
conditions ¢ = & = 0 Thave. too

influence on K. Fortunately, this condition
is satisfled automatically in cases of prac-
tical interest. To avoid excessive random
deviations of the estimate (6) from the true
value .of P, , K should at least be 2 or 3.

R
That means, if we want to determine P

values corresponding to a mean time between.j.

capsizes of T = 1 year, the simulation has
to cover ebout 2 to 3 years of real time. If
the investigation has'. to be repeated for

several sea states, loading conditions etc.,
we clearly arrive at unreelistic computing i
times. oo ‘ '

SOLUTION 1

EXTRAPOLATION OVER SIGNIFIGANT

" WAVE HEIGHT

' THEORETICAL CONSIDERATIONS

To attain reelieticvsimulation’times even _
for estimating 'quite emaii capsizing probh~-
ve ‘investigate as well theoreti-

- 52 -
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© cally as numerically the dependence of Py
“ upon significant - wave height H, . leaving
‘constant all other parameters of the seaway
- aven -iflgthis' leads to en,unrealistio wave
steepness. The idea is to simulate the ship
motions with a relatively large valus H, of
.significant wave height to obtain several
_capsizing events within tolérable computing
- time; to. estimate Py (H;)l = K/N in this
.. seaway; and then to estimate the capsizing
probabilty Pp (H) in a seaway of smaller,

S general extrapolation rule\for Pp (H).

v'ro'findasﬁch an 5extrapolation» rule,.we
‘assume provisionally that a ship capsizes if
git‘»hits waves which exceed a certain criti-

. depends . on the significant wave helght H of
~ 'the seaway. !
oo i;»f - tion, the

' 'i‘in» seaways .
i .. - . height corresponds to the frequency ratio of
o exceeding h in both seaways-;'

DR fmE)
> (E;T TERED 7

'From the above assumption follows also that
the mesn frequency of - exceeding h is equal
;Q to the mean capsizing frequency.~

L o Eg(H) .
R f(h H) = f (H) ——E;__— _(8)

Qhere "the 1ast“ex§ression follows from (4). .

- AL corresponding relation holds for H1
R L Pp(Hy)
U f(h H ) = £ (Hl) = .TR .
) The 'ratio ' PR(H)/P (H1
these relations

."f(h,u) = (10

- ~ih/2
'exp‘ ‘é?nLn’n—

Here f designates the mean zero-upcrossing o

period of the seaway, and m, is the vari-
: ance - of the’ see ‘surface. height, which is

fh' related to . the significant wave height by

(10) and (11) follow'

o From (8),
e e Cap? L BpE)
v ‘ f(h H) = f -exp(- sab i %R - (12)

and'a corresponding formula for H; v

-5

' realistic ‘significant height H by means of a

~ cal  height h. The mean frequency of occur-'*
. rence of waves exceeding height h, £(h,H), -

According to the above assump-
- ratio .of capsizing probabilities
differing only in significant

(9"

follows from'
if we use the well-known -
Rayleigh distribution to determine f£(h,H): -~

.-

P, (H,

. . 2 ) :
2h R 1 ;
f(h,H,) = £ _.exp(~- 55~ ) = -2—=~ (13)
1 ) o - Hi T
Solving (13) for h? results in ~
2 1. 42 - Ro _. ;
n? = 4 . uf : 1n( 'EETEIT-’ (1)
From (12) and (13) we get the desired ratio
P, (H) . 2
—§§T§;T- = exp (- 2§7 + —93 ) asy
" from which ‘vh2 can be eliminated with the
aid of (14): 2 .
. . Lot .. H
PR(H) ¢ PplH) y —F -1 .
) (TR?—)' u’ 1)
o o
This. is the provisional extrapolation

:rule which allows us to determine P (H) from

R KH ). It may be written also in the sym-
metrical form :
“Po(H) . 5 - PBg(Hy) -
u2-1n(Be ) = #2-1n( Rl o

o ) . R0 .

" = ¢ (constant over H) (17)

_ Stated in WOrdsa_-The: logarithm of PR(Hi,
plotted over ™%, is.a linear function
with slope - € according to (17). Due to the
approximations this relation is ex-

. pected to hold only for sufficiently small.

" values of Py (H) (Fig. 2). ‘ '

used, .

-ln(P )

Fig, 2: Dependence of P on H
(schemsticly) :
Now we generalize our provisional assump-
about ~ the -capsizing conditions as
follows: The ship is assumed to capsize ‘with
_probability p if n successive waves encoun-

' tions

. tering the ship all have heights exceeding
h. Under this assumption, the previcus equa-"
‘tions change as follows: :

~
-
~ .
[
- .

PplH) ' £(h,n,H)
Po(H,) = £(h,n,H;
. Pp(H)
. .p - f(h,nH) = £ (H) = —— (8a)
_ e g )
S 'n(%)z
f(h,n,ﬂ) = fo . exp (- —ZXTO—(T'I-) ) . {10a)




2 2
£(h,n,HB) = 20 ¢« exp (- = ) =
. - H
P,(H)
R .
= ({12&}
p Ty
£
2 1 2 R o
h® = * H] - 1n( ) (14s)
2n 1 PR(HI)
le.
R‘H) ( PR(H].) ) "'H'-z - 1
(H 5 P TRf (16a)
' P (H) P, (H,)
2 R 2 1
H -ln(f——*g—— ) = HT+1n(
pTR o 1 pTRfo
=C ' (17a)

{17a) shows that the number n of waves
necessary to capsize a ship has no effect on
the extrapolation. The logarithm of Pp(H),
plotted over H2 , is a stralght line as
before; however, its slope C now depends
upon the unknown and poorly defined quantity
p. Therefore, the slope ox, correspondingly,
the guantity pTRfo has to be determined by
) numerical computations. pTRfo is related to

the quantity A in Fig. 2:

A=-ln (pTg£) (18)

This fact ¢follows f£rom (17a) foxr H ap-
proaching infinity.

NUMERICAL IXXPEREIMENTS

' To test these ideas, we used the follow-
ind»severely simplified rolling motion equa-

" tion which allowed to simulate large numbers
of roll "pariods, but which nonetheless is
expected to show the same éeneral tendencias
as the. real rolling motion of a ship:

= C

4 5

(19)

LI¢ + Dd| + (Cy + Cla)0 + Cyel0| + C

Here ¢ deslignates the roll angel, a the
.wave'slope. The latter was determined as a

superposition of at least 30 sinusoidal os~ -

.cillations with irrational frequency ratio,
random phase and amplitudes corresponding to
a given wave spectrum. I and D model the
moment of _inertia and a quadratical roll

~udanipin'g,- resp. C1 corresponds to the mean

initial stability, whereas ci "defines a
change of initial stability due to the sea-

. way, leading to parametric excitation. Nega-

tive ch values are used to obtain a parabo-
lic righting lever cuxve . (Fig. 3) which
allows ‘gapsizing. C, defines the direct
wave excitation. Cg is a constant heeling

mowment. 10.3

Fig. 3: Righting lever curve used for the
simulations; G2 = ¢ - ¢|¢|

A large number of simulations was perfor-
wed with different sets of constants in (19)
and different spactra of a by means of a
4th order Lange-kutta integration of (19)
over time with constant step size typically
of 1/12 natural roll period. (Each step in-
cludes four evaluations of (19).) Figs. 4
and 5 show the results ¢(t) , including sev-
eral capsizes, for two cases without and
with parametric excitation, resp. The number
cf roll periods simulated per run exceeded
200,000 1in some cases. By counting the num-
ber N of roll cycles and the number K of
capsizes for simulations with different sig-
nificant wave heights, the probabilities %gﬂ
were determined. Fig. 6 shows four examples
of In(Pp(H)) plotted over s;l =constant K™%
Disregarding random fluctuations due to the
finite number of capsizes observed, the
curves correspond nicely to the expected
linear trend for Pp < exp(-3) or (in one
case) exp(-4). The quantity A of Fig. 2 is
ralatively constant, ranging from 1.0 to 1.5.

otherwise Sa;o
Fig. 4: Simulation of rolling motion, (Eq. 19
e e e =1
ANAANS NN~~~ D = 0.1
AN 2
/\/\/\ﬁu\/\ﬁv\ﬁu\}uxnfu\,-,_,4 'C3=-1

- ANASANANANNNANNNN,  Cg= 042

W\VAANNNANNNNANNAN - Cg= 0
© for 1.55ws2.25,

otherwise s -0
Fig. 5: Simulation of rolling motion, (Eq. 19)

o 54 «

for 0.5sws1.25,



'jrié} 6: Dependence of capsizing probabiTity.f"

PR upon the excitation spectrum s
'essumed to ‘be constant between_ “1

‘and wy and zero outside of this in- -

tervel, sccording to motion simu-

Vfollowing oonstants:‘

leurvej T b‘ Cy 92! Cy :. Cq.iCq fuy | wy
slex l1:0.371§03-140.1265/0 {0.5{1,25
lrr o laiteaiapy i-i1loe.2 lo.:1.5/2.25
Erz_}1i0.1] 131 0-1 i1 0 $1.5:2.25
‘tv [1i0.2l 1{0 :{-110.1 jo.10.5]1.25

~:Agpﬂchi;onﬂ,‘».

i

X éstimate smsll capsizing probabilities from
3.,;relstively short motionvsimuletionsx :

B Ieads ‘to a cspsizing at ebout every. 30th
: roll cycle.-;: IR
- 8imulate about 400 roll cycles. ..

. 1
<,into a plot like Fig. 2.‘ni;g

:-_2.

,This:'plot,

be attsined:

and Hz leadinq to. capsizing probabilities

estimated by procedure 1.)°

‘by a straight line.

lations using equation 19 with the B

* due to the seaway. g

'ferenCe between, -

:Thus, two procedures csn be proposed to R

P : ' t,"'. uccelerations,
l. Choose a. significsnt wsve height Hl which"

. Estimate the capsizing probability P (ul)'_
in that sesway as Number of- Capsizes over. .

‘ Number 'Of . Roll Cycles and: enter. 1t asPy quency-dependent . masses -.and -damping com- = .

:stants. On the other hand, (20) is more- gen-fl"

L. eral. thsn strip theory -in allowing nonlinesr;f‘“
fldamping -and restoring as - well as coupling,,g"
restoring and ex-igl7

j; Choose A =1.25 and -congtruct the straiqht-;
‘“5-1ine through the points Po and P1 of Fig.‘d,

- e. g., between ’ dsmping,

then. qives P (B) ior arbitrary *ffpbetween position x and excitstion e is tesi:‘

.siqnifioant -wave’ heights H. .With more com- .’ %'ponsible for'ths psrsmetric encitation which

‘putinq effort, a. better approximation couldg.i&;is of psrticuler importence £or roll mo-=

Choose two siqnificsnt weve heiqhts Hl;ﬂ

of about 1/30..and. 1/250, resp. (H2 msy be

Determine PR(H ). snd PR(Bzi by simulationf
.ss described above, using about 400 and ;
2000 roll cycles to determine Hl end Hz,'~‘~‘

1'Bnter PR(HI) end PR(HZ) as- Pl and Pz into‘.:‘;
a Plot like Fig. 2 snd conneot P1 anszlif:

. SOLUTION 2

APPLICATION oF 'I!-lE FOKI’.ER~PLANCK h

- EQUATION

THEORETICAL 3Acxdneunn

If we describe the ship ] position and,;

‘orientation. by means oOf = the . 6-component=:
N vector'fg and its trahslational anhd rota-
. 'tional ~velocities‘by i, the motion equation’ -

can be spproximated by

.
.

+‘2(5,i) =-s(x,g,t)“ e 'h1(20)if

-ix‘

The ‘G-component vector function b describes-'

dampinq and - restoring forces (snd moments,ff”
. a8 .is understood also in the following).tj_
whereas @ ocontains ‘the -random excitation. -
) is presupposed to have - -
' the mean value 0 for all x,. K3 thus, a aif-"
. still water righ-
1‘ting levers and mean righting levers in a:l
' seewsy is included in b ‘hot in . oo

e.g.,.

“In (20) it is aesumed thet acceleration- vfi
dependent - forces are proportional to the-. .’
. and that-all forces and.mo-- " "
~ ‘ments  upon the ship depend only on position
';””5, velocity' X, acceleration x and -(in case
. of éxcitation) 3
i history is -assumed - to have no influence.aAy
- This. is in contrsst, e. g.; to strip theory
,-which .- regards ‘the motion history by fre~;f

time t. The. previous motion

citing foxces and- momente. ‘Such s coupling_i

By this we mean thet ‘the i-th cam="”
(i=1,...,6)

.hi = lim
LT bwe0
'-wl*o

n,("”

Here, Athe”'spectrum S(; ’d

We further assume’ thet'for'x and X fixed Sl
' Té is a. ststionary, Gsussisn, white random;,
iprocess..
ponent

of e ‘can’ be written as_:“ij
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:~"excitetion - (the seiéiyy"aﬁa 'the'fransfsi R P&(O 6) & o for b - o : 1¢i;,;bf'
-,funotion emplitude Yi (%;X) - - and. phase .. : N .
'dci(g,r) are presupposed to be independent . ..Beeeuse es well the di!!erential equstion«

~of w at leset in the trequency range whiohf-. “and the boundary oonditions are. homogeneous
. is of ‘main. -importance for the roll motion . ‘we . fieed one additionsl condition which de=. e
o i>0X¢1t3t1°h- However, they may and, rormally, ~  termines _the absolute size of the solutien A
will depend apon: the ship's state of motien . Instead o! a condition like S
... % and x. c 1A :endom~phase angle equally - . . . - -
'i“{,distributed between 0 ahd 2v ¢ i€ depends on;-f:_:s ]? I p(o 6) - 1
i = but is equel !or the 6 components i.--- S

e

o . . : : : .ﬁy;'we use the simple condition
- As»-is_shown~in the Appendik; undet‘thesef';' . :

s conditions ‘the .joint ptobehility distribu~ - - p(o 6) -1
-~ tlon p(;,x) of 2 and X satisfies the ste- ~'~‘. SR

vftione:y Fokker-Plenck equation

U (2287 l 1on,
el tsining second-orde: derivetives in
“3~The;efore,. the  numerical - solution in ° di

_i.aefa, the ‘indices xi;:iilshq ijAdesignete - rection is- essily‘ 'found by the .
- partial de:ivatives.A This,  (22) is a homo- .*'.linesfzzwé-write .
'3.qeneous linesr psrtisl dif!erential equetion"."- . S
: - for ~the ,one unknown - function p dependihg e1f' pk(o) & p(o k AG)
Vf_supon -the 12 unknowns x§ and xi. It will beA- ;
"! extremely di!ticult to find accurate numeri-» " and correspondingly for S end b. Then. the
jé.oal solutions of (22) in ease of .6 degrees. . derivatives- (223) may be sproximated by
S of freedom. However, at least two ‘degrees of":w'finite difference ratios: :

freedom ‘seém to  be: amenable to numerical -
'f}i.solutions.A Here ‘we will desl only ‘with one
. degree  ‘of  freedom: the roll motion 0(t) '
‘V'-'I'hen, (20) and (zz) simplify to

o_'+ b(o 6) e ew 6 c)_

- 3 1 to R. The velue px+1 occurtinq_
o _here is set to_ zero' snd?the alué p° is:
"}‘ approximated as

(s p)“ - 690 + (l:p)‘> =0
A’Effﬁwhere s designates ith . specttum ot zo11 gff'
h;;'exeitinq moments, aqein essumed to‘be inde-‘
‘jf;pendent fromafrequency W -

‘ which follows sfromb(24) 1f p:is approxime
© ted locelly by & second-ordet polynomial,

.nnnqnnz:caub turrnuuqxrnur1c>_ cﬁr'ﬁ dhﬁb)

We will restrict further upon the oese of (28) “1a
a _ship rollinq symmetrioelly to both ‘sides.
In - thet cqpe, the solution p of (22&) will

be the same in a1l tout quedxents (t ®, i 6),

Pio '-“if‘"
‘condition - poto)-i
islso to use (29
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k = K.’

< . To derive thacapsisinq probability P, from

with

" which the ship's state of motion crosses the
‘hatched area in. the: ¢- 6-plans.of.Fiq. 7.

p. we consider the time rate £(¢,d)a

' This rate is ,related to p(o,4) and to the
time . - o i -
ot =_%?- B (30)

lﬂfhatched area. ‘once in 6he limit A@*O A6+o,

p(o é)AoAé = f(o 6)A6At
: Using (30), we obtain 'v

6p(o 6) = f(o 6) S

ﬂIntegrating’.f over. all  positive & values
the time rate F(®) of upcrossings of

_'?-oives
P 2 :‘f‘ﬁ

'r(,o)'- =j 6 p(o; &) dé

o -

For e lightly damped system like a rolling
o even in white noise excitation there
T 1s normslly ‘just one roll maximum between

c ship,

':'twoﬂ"her6~upcrosgings. L Roll maxima with
yuegatiye ‘value amount, typically, A to not
"<more”‘then 2%'of all roll maxima.- If'we omit . .

. 'these casel, we obtain an approximation for
| the cumulative probability of the roll angle

'gmaxima as:

By (o) = —{—}
:‘Then the capsizing probability is
[-p = p (0 )
- :‘.As 3-1. S
__4 L__ 8o

.)Fig. 7: Motion state plane o= 6

'wAPPLIqAxION;

Ry Apblied‘toltheTIinesr5ﬁbtion-eéustion

E e ecese T

'“the inteoretiou ofvthe‘?okkeffﬁlanék equa-

. which the motion state needs to cross the

(31)

(32)

(33)

- (34)

(35)

L (36)
- . Fig.

tion (Fig. 8) gave accurate coincidence with
simulations as well as with the theoretical
normal distribution

2 2
ps—t— exp (- <. & ) (37)
© 2mel d 202 282
with
— S 1 —_
o = 5%, % = co? (38)

In case of nonlinear motion equations, we
‘compared results (Fig. 9) with those of simu-
lations and found differences which could
- not yet re resélved. Fig. 10 combares, e.g.,
_cumulative probability distributions Py(®)
roll angle maxima found from simulations with
those determined from the Fokker Planck equa-
tion together with (34).

" p(e,$)/p(0,0)

0.2 0.4 0.6 0.8

Fig. 8: Joint probability density p(9,$) .
for the linear motion equation

o + 0. 16 + © = ‘e with 5,=0.005
1.0 p(o 6)/p(0 0 1=1 .
D= O.l

0."8.' C1= i
0.6f C= 0

' CGy=-
0.4} 4= 1
0.2 Cs= 0

* S = 0.002

0 2 0.4 0.6 0 8"

" Fig. 9: Joint probability density p(o,d)

.57 -

for the linear motion equation (19)

I=1
0.8 - ) D= 0.1
o Fokker-Planck _ -
0.6 . - €=
C, = 0
0.4 c3=-1
’ c,=1
: Qf? c:= 0
=— o' S,= 0.002-
- 0. 25 0 5 0 75 1.°
10: Cumulative probability distribution

of roll angle maxima for the motion . -
equation of Fig. 9 :
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we : plan to apply this method for th2
extrapolation of the results of simulations
9or,' perhaps, - also -of model experiments in
‘heavy seaways to lower seaways and, corre-
spondingly, quite small capsizing probabil-
"ities -as follows: The 'motion’ history is
" passed .thrOUQh a’'low-pass filter to remove

high-frequency excitations which have prac¥”

~tically - no ™ influence on the roll motion.
Then for a ‘number of motion state classes
o:88/2, $248/2 ,the mean value and the vari-
ance of- the filtered roll acceleration are
determined from the time"history, giving
estimations of b(®,$) and Sg(®, $). For a sea-
i’way with a lower significant height but equal
period and .angle of encounter, Sgl9, by is
changed -by multiplication - with a constant
" factor. Using these b and se functions,
p(¢,4) and p_ -are determined as described
above. . : B 3 ) )

. Due to the very stablée numerical results
' of the described -integration method of the
. Fokker-Planck - equation and to the extremely
" small computing effort for 1 degree of free-

dom systems, it seems possible to extend

. this method. if worthwhile. by explicitely

deeling ‘with more degrees of freedom and/ox

tovexcitetions with non-constant spectra.

.=Part of the work was financed by the German Af
'45'Federal Ministry for Research and Technology.~

g e o P

strnumns

A

_;'see”Fig. 2 o .
- forces and moments upon the ship

- constants in the roll motion equa-
~ tion (19} '
.- xoll damping constant

- upon the ship
- .capsizing frequency

Afseaway .
. rate of upcrossings of P
' wave height :

,significant height used for simu-
“lation S ;

" . roll moment of Ainertia S

. ‘index referrinq to .= kad
';number of. capsizes simulated
_7variance of . sea surface height

=

due to position x. and motion X '~

wave exciting forces and moments»'

”-fmean zero-upcrossing period of the'

'Atbrusnnorag‘f'ff'T‘ﬁtv
:7significant wave height of a seaway':f

'designates components of ‘a’ vector .

-~58Ve o

n wave component index
number of roll periods simulated
P " probability that the ship capsizes

after encountering n

; successive
| waves exceeding height h '

TP probability density of ¢,%
PM *  cumulative probability distribution .
" of roll amplitudes : R
PR probability of capsizing during‘
) ‘time '1'R . : i . .
PT E probability 'of‘ capsizing durino_
s ‘wave. spectrum R
Se spectrum of roll exciting moment
scl spectrum of a ; :
T - time interval S »
T . . . mean time'between _successiue :capf-
' sizes : : i
Tﬁ . mean roll period in a seaway .
® -, 6-component vector. of position - and
L orientation of the ship - ]
Y ' ttanefer function amplitude betweenv
C seaway and exciting forces and mo-. .
" ments ' : T '
£ phase angle betiween . wave and ex-
citing forces and moments .
a - " wave slope = . - »
ad . -stepsize of &
® . roll angle S
. . designates time derivatives
_ designates a vector . :
rzsnrsnzsnicns

/1/Caughey, T. K. _ o L
' Derivation and aPPIication of the li‘okkel:-"'i

.Planck equation to discrete nonlinear<ﬂa

dynamic systems subjected to white random
: excitation. el S o

Journal of the Acoustical SOciety of
'»America 35 (1953), No 11, p. 1683, .

‘We define a motion state vector X(t) as~a
12-component ' vectotr consisting of x (1lst to

6th component)'and X ,
Wwa further’ write similar -to /1, pc(x|z at)

for the. conditional probability density ‘that
5.f'the -ship has ‘the motion . state Z at time_'
e A At if it had the motion state X at time-
* t,' We further define for i j = 1 to 12- Am

“(7th to. 12th component ),



(x)=11m - j--I(zi-xi)pc(mg_,mdzl..—1212

ats0 8% )
- and ) ©® o - -
LBy (X)=1im i I f (2,5X,)(2,-%,)+
P13 T B 171777

(&Ig,at)dzl..dzlz

“.‘aasuming that these 1limits exist and that
L corresponding higher-order quantities invol-
I-j ving . three -oxr more factors: Z;- X, are zero.
_Thus, Ay and'B1
change of the state vector. with time.
with these - .definitions, the probability

are measures of the average

' ”density " p(X). “satisfies the stationary
. Fokker-Planck equation -
12 12 e ’:_' .12

5 z Z (Bijp)x x 2 (Aip)

1where indices- xi and xj designate partial
"‘derivatives.‘

"o apply this 'to our problem, we have to
determine Ai -and Bij' ‘using (20) and (21).
‘For i e 1,...,6 -we- have

B arm e

B - X, (t+at): xi(t)
- (g)-lim j I ——
4 AL0_ At
§_“3 '_ Q L pc(x|z At)dzl..dz12 xi
:ﬁ, and ©
Ry (R)=1im J f"i““t)"‘i“’ -
e At+0_

At

. pc(xlz At)dZ 1--02yy= <% >

'f..where < =S designates the mean value over

':‘different - realizations, i. e. different
" phase angles & .in (21). The mean value will
- depend on X and x and is, therefore, not a
;temporal mean.‘ 4' : : :
' i“ - Inserting into the above equation §1
<< from’ (20) 1eads to ; : :

. A6+1<x)= <ei(x t)-bi(x x)> = 'bi‘ g>

: corresonding1y, for i, j=1,...,6 we obtain

I f xi(t+At)-xi(t) xj(t+At)-xj(t)

B, =1im At
. 1?’ 0

At . At

.pcdzl.'dzlz_iéTo At xi j =0 ;

,‘ lim At <e -b >x
At»o . i i

'.‘_'j.:becau'se‘<bi' "'bi 'is finite and <e1 =0.
'*_vCorrespondingly, Bi j+ &0 '

In the above formulae, writing xi and e

18 ot exact because what is feally meant is

'the temporal mean value of xi or e, ,res- .

;fé (cos(en) )2=> ié j;;(Sin(sn) )2:; = ii_

. angle

pectively, between t and t+At for
Due to the white-noise assumption, e
unsteady time

At=+0,
is an
function with zero mean and
infinite variance. The last fact requires to
be_more cautios in determining B

1+6,3+6
t+at t+at
. 1 N . .. .
B =1lim ——'<J'xdt-jxdt>
A+6,3+46 T, .0 AE. i 3
3 13
t+at t+at
- b I
=im 2 < [(e,-b )dt-j e,-b,)dt>
ptoo O TR RA (e4-by) :
: t t . -
t+at t+At
1
=1lim -——-<Ie dt'J'e dt >
sevo  AE T LS T8 007

With (21) we obtain.

t+At N

: —— Yi -
f e, dt = lim /sbe, L.
HE Awh*O n=1 ) . n
, w1*0
. mn+m

i

{sin (wnkt+At)+ei+en)esin (mnt+s +cn)}

N
4,

=1lim v 28b0_ ZSAw
Aw +0 =1 n .

2cos (wn(t+ B)re e )sin( L

n

Inserting this . into the expression for
Bite,j+6 Yields.
' N N
B =1im 1lim 2 sV Ao Aw_ -
i+6,3j+6 z i n m :
4 At»Q Amn+0 n=1 m=1
YiY .

w0 At

: © At - At -
sin'(wn —3) cos (mn(t+—5)+sj+gm )

. at.
-Vsin‘g“ =) >

' ___1._4_f (ee AT
» <cos’ mn(t+ ,2)*Ei+cn )

¢

Terms. with m= n are zero becausect_ and Em. are -

¢ n
uncorrelated. Further, we have
_<°°§(en) sin(en) > = 0
and
1

1:Using these relations after splitting in the

cosine functions the random phase
from the non-random angles leads to

A

above
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: Y,Y
‘B slim  lim 28 dw; ——-’=-—1 4,
146,346 At+0 Awn*o w? it

nél n

i{l'cos(w At))0<{cos(w (t+—-)+
ci)coa €n sin(mnft+A§)+;i)sin éé}-
{cos(mn(g+é§)+ej)c;s E;-

Bin(m (t+—-5)+e )si;x ‘er;}>"

_ Y, - - .
C=lim 2 S —t;i cos’(:i'-aj)- '
t*O . d

I -coagwAt) dw
0 (l). .

Because the 1ntegral is equal to Até" , we
obtain :

Bi+6,j46v= m 8 Yy Yj qos(si— ej)

Inseréing A1 and Bij into the Fokker-Planck
equatidn leads immediately to equation (22).
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. <curse and direction of approach of waves are of any size

SHlP M[]TION CALCULATION

Sﬁﬂlﬂlil@3

N A SEAWAY BY MEANS OF A

COMBINATlUN OF STRIP THEURY WITH SIMULATION

L PETER KRUGER

1 Abstract’

". This paper deals with thenaimulation of the rolling motion .

‘of aship in-an irregular seaway. The angles between ship’s

. -desired. The seaway is approxlmated by a substitute wave.
Surging can be considered. :

", even in heavy seaways for heaving and pitching motions. .

2 Introduction
Strip théoi{y is known to givé relativély reliable résults

For other motion components, however, results are hardly

' acceptable or, notably for rolling motions, unacceptable for
practical purposes. On the other hand, strip motion sim- .
“ ulations are.either unreliable -(because couplings or hydro-
o 'dynamic-gﬂ'e‘cts are disregarded) or extremely complicated.
Therefore, if we are interested mainly in roliing motions and
" capsizing, a mixed strategy may be the best choice: The

" rolling motions, being highly nonlinear, have to be treated by

{ - simulation. Fortunately, hydrodynamic effects are less im-.

drostatic calculation method fof the righting moments may of freedom.

. be used. Coupling with the other motions, however, influ- : o .

 ences the rolling motion severely by means of inertial terms - .

: and of the position of the actual waterlme along the ship z.(t) = ERC [z, ¢ ] - o »(1) :
which has to be used to compute ‘rigthing moments. These o=t B o
other motions are less nonlinear and influenced less severely ’ S
by hyarodynamlc forces; thus they ‘are treated best by the - : .h(l) = ZRe [Yk 52 e ] _ (2)

' stnp method ' S . o oo R

o Doy B
S OISR 7,(¢) RN |
. [SUPERPOSTTION N L,. . X(t) T Rt) o STATISTICS
OF HARMONIC . ) LINEAR - ‘omd NONLINEAR | NONL INEAR OF THE X]
OSCILLATIONS - =1 SYSTEM ~ - i SYSTEM - - . SYSTEM . . - .
I B ST I - - : S o] AND Y
[ewases ~ 1. - [response : S r - -
| FREQUENCIES 1} - -AMPLITUDE DIFFERENTIAL ALGEBRAICAL
ANGLES OF |- - - OPERATORS- } EQUATIONS EQUATIONS. . -
|_ENCOUNTER - e ) . . i
FIGURE'Y -0 - ;

"portant for rolling motion alone, so that a predominantly hy-

3 Method of Slmulatlon

Th|s paper deals with the simulation of the rollmg mo-

tion of 2 ship in an irregular, stationary, short crested sea,

Le. solving the time function o(t) starting with an initial

state, The problem is solved by means of ‘a method, which .

has been developed by S5ding [1] for the solution of contin-

uous, stochastic processes. This general applicable method _

is shown in-figure 1.

- . The method combines a given exciting process 2z;(t) with re-

sponses which are linearly dependent (z:(t), k = 2....,NZ),
and those which are not linearly dependent (z(t), = 1,...,NX
and yn(t), m = 1,...,NY). The definition of the exciting pro-
cess is given in (1). The equations for the other z(t) are

. givenin (2). Y4, 7 are the response amplitude operator which =~ -
" are used during the rolling simulation to determine the cou-
_plmg between the rolling motion and the other ﬁve degrees

- 61 _‘."
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The dlﬂ’erentlal equatmns for the definition of the x (t)

. are given in (3)

..... Jznx(t), 21(t),

H(t) = A2,

-

evs(t)t)  (3)

inx(c)=f~;(=,(o. ..... el i ens @) Q0

" The definition of the y.(t) is given by the algebrmcal
equation (5)
- Ymlt) = Gm(@(8), oy 2 (), 218, onee .m(t) z) (5)
The differential equations are numerically solved with a
Runge-Kutta-Method of fourth order with constant step size.
_ The s'toc'hastiq se4 state is approximated by. the superpo-
sition of regular wave components with random and constant
distributed phases, frequencies-and angles of encounter.

~ The linearly dependent brocesses are:

2y wave elevation at the midship section
23 heaving motion at the midship section
- L% heaﬁng acceleration at the midship section
%4 pitch angle of the ship - -
L I pitch angle acceleration of the ship -
- % " sway acceleration of the ship
L yaw acceleration of the ship
"%  exciting moment of rolling
g C &% amplitude of the mean lowering of the substi-
7 tute wave in the region of the ship’s length
210 amplitude of the mean inclination of the water

surface (substitute wave)
complex amplitude of the subst:tute wave with
" “crest or trough at the midship section

O L

23 to 25 are calculated by the strip-method, % {0 2y are

dmcnbed more prectse in cha.pter 4.

4 Seaway and Substltute Wave

The seaway is represented by the superposmon of wave

’ components which are computed from a sea spectrum. The

. wave components have random phases, directions of run and
~ . inagiven range, ra.ndom clrcular frequencies.

_1In the computer program  the above described seaway is

subsmm.ed by a substitute wave. This substitute wave, is
first dmcnbed for the case surgmg is neglected.

The water level, dependent on the length_ coordmate x

V and the tlme t, is given m (6)

(z,t) = Ere [; v(w...l h,.uuy.)] ‘ (6)

st Bl (o ()]

The lever of the righting moments which are used for
the simulation are calculated hydrostatically. The righting
arms are highly non linearly dependent on the parameters
of shape of the underwaterbody. Therefore the resulting °
righting arm cannot be calculated as a sum of the righting -
arms of the regular component waves. The actual water
contour is approximated by a similar acting, substitute wave,
which is regular in x-direction and stochastically oscillating
in time. This is glven in (7) :

o) = g;l-,g,[(a"-;_a;m+_enm(%;z))té~_mf] o

Each item in (7) approximates a corresponding item in
(6). In (7) én is the amplitude of the mean depth of the
trough as a result of the regular wave components in the -
* region of the ship’s length; b, is the amplitude of the mean

inclination of the water surface and &, is the amplitude of a o

wave with crest or trough at the midsl.ip section. The &,,
b, and &, are computed by using the method of the least
.. squares of errors:.

/ (g(z,t) ez, t)) dz——*Mm! SO

Using the symmetry %: and 9‘1

, &re real, 5? »
Then (7) can be written as (9).

L8 imaginary..

o)
So a,, b, and ¢n can be computed as (10) (11) and (12)
-with the abbreviations f (w) =fne, o= 2k and
= bk cog y,,.
J
_f (fn) [1 + f (29)] -

U('r'é)ﬂ(rn%s)lﬂs)
1+f(2a) f(2a)2 T ‘(m)A_

! (rn —0)+f(rat8) = 3 (ra)f (8)

(u),"; '

C = 1+ [(2) - f2e)
E 6 |cosr, 'smr,.
: ““?z.[*“rn ]

1f surging is teken: into consideration, the amplitudes of
‘the wave components at the midship section are different -
from the amplitudes which were computed without surging
" _because the ahxp now is moved forward by the extent £ .

If surging is consndered the complex amphtudes of the -
waves at the mlds}np sectlon are computed by (13)

09

; ._g e‘b.-eco-nu
Puttlng (13) mto (6) nges (14)
talz,8) = 3 Re [E..e‘*~“’_"""e,“‘_“"_"""‘f"'""’]-' (14)
with (18)
M'z-z+£

- The coefficients ay, by ‘and € of the substltute wave
change to (18} - (18) if surging is considered.

v
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(1)

Clla= z-“v'n.dn:,: Ene_“t“g‘v“'.an ‘
&n = z."”bq - ;i,._é_“"m"'bu

)

g

= Bint = Bipe bttt

5 Equatlons of motions .
) Rollmg ls slmulated nccotdmg to the nonlmea.r equatxon
of motion (19) : ‘ ,

10.p+dLso+dqp|cp|+AR M+MW T 19)

: mon’ienf of inertia about x-axis
*" linear dampmg constant for rolhng about x-
" axis
-roll angle about x-axw
- quadratic dnmpmg costant for rollmg about
S XeBXiS
- ‘eXciting moment about the x-axis mdnced
-~ by waves and- -sway and yaw motion, com:
puted by a strip method :
" constant. heehng moment

s rightmg moment acc.-to (20)

AR (g»z)mh(tp,T t)+|90,,amtp

grnv:ty acceleratxon

-l . vertical scceleration of ship at midah]p sec-
S tion computed by stnp method ) :
‘M - mass of ship - : .
< ks . righting lever dependlng on posltlon aﬂoat

3 . " computed by simulation e
’ B pitch a.ngle a.cceleration R

L deviation moment_

computed following Blume [2]..

: The attuel dmught and trim are determmed by (21) and

(2i) |

el el (29)

- . ;76 Surgmg

- Linear and quadra.txc dampmg 'covnstant of rollmg are -

e s L

T mean draught in smooth water

R actuel heave of ship '
St mean trim in smooth water
A __sactuel pitch angle .

A

The righting lever is interpolated quadfatlcaliy'betweeh '
the levers computed hydrostatlcally for crest, '.rough and
' plane surface - ‘

h(Tt W) hp (T t,P)'f'—'(hc (T t,P) hT(Tt 10))+
Csa 5 (ho . w) e, o)+ b (T, «o)) S
) wnth
R : amplitude used for o*nputatnon levers
" hp lever in smooth water )
ke _lever in crest wave
_hr . lever in trough of wave:

- ~ Test comﬁutatibns:show a small dépendénce of the re-
sults of the simulation an wave height and length used for
. hydrostatic lever computation. This is given in table I .

' wavelenght Waveheight Omaz

Pmin
E 1275m | 83m |-23.08 | 20.93
102.0 m 85 m -22.46 | 20.70
153.0 i 85m |-23.37 | 21.00
1275 | 12.76m | -24.59 | 21.58
1275 m 638 m |-22.33]20.T1
TABLE . 1.

" This justifies the introduction of the substitute wave. = -

@)

) -The equatlon of equxhbnum for a surgmg ship is (24)

R-—T,+.6R+~m£=0 ,(24)
R - 'Résista.nce of ship _
A AN ; " Thraust without. thrust deduction
" AR - . added resistance by waves and ship motion
- depending.on position of ship_.relative to
- _wayes i
: m . mass of ship mcludmg hydrodynamnc mass
. " for surging
COE _ acceleration of ship i in dlrectlon of progress
oo B°" " anglé between ahip’s course and direction of - -
o " ... approach of ‘waves mensured from stern of
L <"sh1p NN :
¥ : '
- 63 -

T



Constant thruat h mumed Thus E is given by (25)

. {3R(w), Rlw ) . k
= ( vom* e_ o+ mJ (?5)
with . ' ' ‘
T Noid - oo
AR= S efpmremd)emt T e
=t . o Lo . ) . .
SR ."4 A .
- -. Rq &k, 508[4,.3“"""5“““"9' / A(I)e““’"‘f"‘f"dz

R 211

7 AR’esuli_;S‘ '

. Computed results for thie contaiier vessel E.L.M.A. Tres.
are given in the figures 2-8. The seaway is represented by the ‘
superposition of 25 wave components. The significant period

: .- i8 12.64 8, the significant wave height is 8.5 m. Figure 2 gives -
i ; the speed of roliing and the rollangle. Figure 3 gives the

change of speed in' direction of progress in the seaway and

- the additional way caused by the surging motion. Figure 4 -

gives the righting lever and the accelerahqn in the direction
parallel to the deck. Figure 5 gives the amplitude -of the -
mean lowering and the amplitude of the mean inclination -

: + of the water surface (substitute wave). Figure 6 gives the

actual draught and the amplitude of the substitute wave.

* Figure 7 gives the actual trim and the wave elevation at the
‘mldshlp section. Flgure 8 gives the freqnency curve of the
" roll angle. -

[y

C FiouRe 3

~ 64 »-_l : .
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lfS-Schrlﬁ Nt 2327 1982 -

[2] Blume, P_. S R : : ' :":_.
.. Experimentelle Bestlmmung von Koefﬁzxenten der wnrk- . 8 A'uthor D

' ‘samen Rplldampfung und lhre Anwendung zur Abschatzung
extremer Rollwinkel. . I

3 Peter Kroeger, Instxt\xt fuer Scluf{bau der Umversntaet
"+ .+ Schiffstechnik, 1979; sa/zo o ‘

Hamburg, Federal Repubhc of Germany
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fNVESTlGAIlON'OF THE STABILIZING MONENT
 GENERATED BY PASSIVE STABILIZING ~ TANKS

V. Rakitin, P2, T2vetanov

1. ABSTRACT

- The problem of |nvestigat1ng the stabilizing o
" ment generated by passive stabilizing tanks with the
aid of model tests is rather 1nteresting from the
_viewpoint of improving the methods for calculation
- of stabilized ship's motion and creation of methods
for stabilizing tanks design This, however ’ re~
quires the conduct of a large- -volume cycle of model

.~ tests of the ship- tank systeni.

" The paper presents part of the results from
: __mod_el tests carried out.on passive stabilizing tanks
“in conditions of forced rol1 motion with variable

: ampl itude and frequency. Graphic dependences of the

stabilizing moment on parameters varying during the
~ tests, e.q. metacen;ric height, water level in ' the
- tank, etc., are quoted. With the aim of obtaining

':'re'l iable experimental data on the stabilizing . mo-~

_ment and horizontal and vertical fcrces, a  three-

" components measuring system was specially designed -

" and mnufactured; 1t 1s designated both for model-

" ‘tests fn experimental tank and for carrying out of -

g ~_madel investigations on a stand.’
’ 2. INTRODUCTION

e The model tests of -the ship-tank system for -
© 'vestigation of the stabilizing moment built by pas-

) - “sive stabilizing tanks is connected with consider- --
able preliminary préparation. This preparation in-..

" cludes desfgn and nanufacture of suitable tank and
.. ship models as well as set up of rel iable and ac--

- “curate force-measuring system. - -

- In order to meet’ the requirements for clear

measurements of this moment it is often necessary '

to built compIex my1ticomponent _dynamometers ‘which
" need sophisticated static-and dynamic balancing. It
should be noted that considerable attention should

be paid also to the internal. damping. coefficientsof °

the tanks considering the scale effect. The  ac--
"-curate determination or setting of the damping co-

¢ efficient is separate problem, which has to ©  be

:states

solved during the preparation of the tests. Hence
the reliability of the experimental results depends
considerably on the factors stated above. .

The present paper discusses the approach ap-

“plied at BSHC for conducting model tests with ac-

count on all these considerations. The tests were
carried out with flume-tanks and free surface tanks.'
A reliable three-component force-measuring system?
was designed. The behaviour of ship model equ{pped'

with stabilizing tank was investigated in both regu-
- lar and irregular waves. In addition, force- roll-

ing tests of the system ship-model-stabilizing tank '
were carried out. On thespecially des1gned' single
component stand, tests of isolated models of the
investigated tanks were carried out as well.

3 TEST PROGRAM

The- investigation of the behaviour of the - ship‘,

‘mode) -stabilizing tank system 1s carried out in the

BSHC manoeuvring and seakeeping tank, at two tank‘

- "off" tank state - the tank was dried up and -

“the water in it is replaced by a rigid cargo equ.'lv- :

alent to it in weight, which is located so - that
the mass inertia characteristics of the model- tank .
system are preserved; N
- "on" tank state - the tank is fﬂled ‘ wi’t’h'
water to the level necessary for the 1nvestigat10nsﬁi
The following exper‘lments are realized:
- regular wave tests with wave parameters:
xe=2.04 -6 0 %M5°
- irregular wave tests at two spectra with the
fo]lowing character‘lstics 1n mode1 sca'le

h1 a 1005m
h1/3-Q§sm

11’1559(:.'
.‘ Tzz=205ec

- forced rolHng tests by gyroscope oscﬂlator- )
carried out with the aim of comparative analysis;
for .the purpose harmonic heeling moment is gener-
.ated in the fr‘equenc'_y range of the regular waves;'_

- 61 -



In the course of the investigations the water

o Ilevel in the tanks is varied, as well as the coef-
‘r"ficient of their internal. damping and the

1+

meta-
fcentric height. The coefficient of internal

-_,ing in the two tanks is varied by means of - per-

]g:fﬁrated bulkheads located transverse to the water

' “.flow.Regular wave tests, irregular mave tests
;i forced rolling tests'are carried out at-zero speed.
;r . During.the ‘experiments the following

.'1-;system are carried out in &' test tank in
Tor irregular waves without speed aiid under the ac-

d";forced rolling oscillator at necessity for.
- model movement. The follouing values are measured "

and

values
are ‘registrated:
- roll amplitude;"
stabilizing moment amplitude'-
horizontal force ‘ampl {tudey. .
vertical force amplitude;
~.heeling moment amplitude;
. - wave parameters in the tank.

P The experimental data are recorded and
_:cesSed by a computer

4. EXPERIMENTAL SET:UP

: The experimental investigation of the roll

nistabililation is performed in two basic directions:

... - = investigation of stabitizing tanks . effec-,
. ‘tiveness in conditions close to real ones; .
’.{p:}, - investigations of tanks' internal  hydrody--

"i'namic characteristics which imposes the carrying
" out of two type of tests;
. + tests of ships models equipped with passive

“.“Tstabilizing tanks and

- tests of separate nndels of stabilizingtanks

' ';on a ‘special stand.

The tests of* the ship model - stabilizing tank
regular

"~ tion of a harmonic heeling moment generated by a
. ship

."in the course of the tests:

o - roll motion amplitudes of non stabilized and '
' _fstabilized ship model; v

~. = harmonic heeling moment amplitude.

A ‘stabilizing moment generated by the passive
" stabilizing tank; . i

-i - horizontal force generated by the fluid mov-'
. ing .in the tank;’ :

S vertical force generated by this fluid (only

'3':during tests ‘in waves).

_The data are recorded on a minicomputei, uhich
'is part of the automated system for acquisition

and processing of experimental results.'A : prinl
ciple scheme of the experimental set up is given

in Fig‘ | EE _ - '\.. .

e stand (roll simulator) tests. .- AN

damp-"

pro-‘

" bilizing tanks are conducted on a special

sta-
stand
‘creating harmonic oscillating motion round a fixed
axis. The following values are measured during the
investigations

' - stabilizing moment amplitudes of the tanks'

: - horizontal force amp)itudes of the 1iquid mo-

The tests of separate models of passive

B tion._ .

- verse force and vertical force generated by
.stabilizing tank at different test conditions (1) .

- oscillating mot fon amplitudes. .
The measurements are performed at different co-
efficients of internal ‘damping in the tanks and at
different levels of the liquid in them. The data are
recorded on a minicomputer. The principle scheme of
the experimental set-up is shown in Fig. 2.
In both test types a three-component force
measuring system is used., '
The principle scheme of this system is shown in’
'Fig. 3. It is three-component one and allows measure- -~
ment of the stabilizing moment, horizontal ‘trans--
the -

" The whole force measuring system is mounted in-
to the ship model t, where the tank 2 is located on

the platform 3. The force loadings (Y, Z, M) ~are
measured by the transducers 4 and 5. The roller
connections 6 and 7 and the shafts 8 and §  allow,

on the one hand, transmitting to the pick-ups of

the forces and moment being measured, and, on the
other, protection of the pick-ups from ’ parasitic’
loadings The unit 10 serves for feeding of the

»pick-ups and ‘output of the signals from them.

5. TEST RESULTS

As mentioned above, the processing of the data’

-"from the tests conducted is done by a computer.use¥

_ - ing programs based on FFT. For the sake of conveni--.
© ence the results from the processing are

system-'

- atized in tabular form. Graphic dependences of the . -

‘experiment_preparation. the coefficients of

values being measured on the varying parameters are
developed’ as well. ;

In the first stage of the investigations. the
inter-

- nal damping in the tanks are determined by the me~ -,

" .thod of freely decaying oscillations at

different

levels of the fluid in them. On this stage ~ the
permeability coefficients of the perforated  bulk-
heads used for varying the danping are determined

-, as well;

For the sake of convenience, in the course . of

 the work the. period of natural oscillations of the

vater in the tanks is discussed in the form of a
fuction S :
T, = f(hs-; s¢) .



of T,

" 'the moment amplitude Mi and its phase angle - 8 - J
o rcorrespomiing to the circular frequency W. of'
L " the external disturbing influence, are determined..
o ..*A.'The "frozen Tiquid moment MF , hecessary for the‘;

.pure’ calculation of the stabilizing moment, is _ob=
. tained from a "off tank" tests. The corrected va- .

' 'lue of the sunmed up moment MT amplitude and the

o ;;(4):

\ E = arc fg_I_sJﬂ__

where

CL nature. ‘The moment m,~ "
- tank will have two components - heeling moment and .
- the moment generated by the. shifting of the fluid-
in the tanl: The lather can also be assumed to 'be' .
;Aharmonic in" the frequency range of interest _,(3) o
Al’aking account of the allowances, the equation of '
roll mot{on assumes: the form " " i
oy X zv,d; . n.¢ =a(m n, smul’ . msf
- cwhere: - . 7 or——e '

, O ; msf }l‘ " ng SInUf '

,-and the intemal damping coefficient as a i’unction

" These dependences are presented in Figs. 4 and

-5 for a free surface tank,

l’he second stage of the investigations ..covers -
"7 ithe carrying out of all tests, the '
: data acquisition and fnitial processing A typical

experimental

example of the time histories is shown in Fig. 6. In

" "the course of the experimental results p_rocessiing.
"~ the amplitudes of the values béing measured and the
. phase differences relative to the external ‘» “dis- -

“turbing influence are obtained. . .
" During the’ stand tests the basic harmonics of

‘phase angle 8 are determined by the formulae

\IM cosE M.:)2 + (M smC)2

- My cosE'-Me

,The characteristxc thus obtained are - exempli-

: i.fied in Fig. 7 for a flume stabilization tank. _
The same theoretical approach is used in. the . -
processing of the - results from the forced - rolling'

itests and the regular wave tests. For convenience s,

. sake, in this case pure rol1ing motion round 'a'i k
'longitudinal axis, passing through the ship’ scentre‘
xof gravity, is discussed. In first approximation the

L equation of this motion has the form | :

o Eeambiengeem o

. S | (S distuvbing moment ; o

‘ In the problem being discussed the disturbing
moment appiied is assumed to be strictly harmonic i
in this wvay the resultant ‘motion will have the same.
_6f an "on stabilizing

-f(T) ‘ (

where ) ) : ’ i

o oilizing tank system in regular and irregular uaves,

"-fioment from the shifting of the fluid in the tark.

This dependence for the stabilizing moment = 1is
used as a basic one in the dfawing up of analytical

" expressions taking.account of the varying -para-.,

meters' influence, with the aid of the regression

analysis, In Fig. 8 are presented part of the in-

itial resuits illustrating the influence of meta-‘

~ centric height; fluid level in the tank and ampli;'
" tudes of motion on this dynamic moment. The general

" form of the approximating expression for the sta-
bilizing moment is the following: ’

Mst- rg ih,) TN BT I T
cJ - coefficients of transformation.
” - calculated power values.

Usually, for convenience's sake it i%s assumed to

' 'pr_'esent the dynamic moment from the tanks by nxeans
"oi’ two components Mgy C0SE  and  quadrature-
component Msr. sin € » depending on circular fre-' -

quency W . This arbitrary division is done in the
.course of investigating the effective work of t.he

stabilizing tanks and plotting of the amplitudefre- -
- -quency characteristics of the stabilized ship.

In conclusion, it should be pointed\ out - that

““the comparative analysis performed between the re-'

' fsults from the regular wave tests and the _ forced.
o rolling tests in still water gives a good coi_nci-; )
;- 'dence.'This allows the assuming the forced rolling] =
 tests, as basic in- the investigation of the. - ‘ship.'
Emodel -stabilizing tank system s behakun Lo

6 FINAL REMARKS

The model tests. carr'led out with the ship- sta o

H

the forced roll'lng tests in sti11 water and - :thef

; vstand roll simulation tests with isolated models of
“-ithe tanks aided tne obtaning of a large volume - of
L experimental results. These results afford- the pos- "~
.. .sibility to determine the dependences of the stabil-
_.izing moment on the parameters varr1ed m thecourse
“‘of the tests. It should be pointed out that the prob-
'_ lem formulation and tne main conclusions -are drawn ;...
-'assuming linéarity of the oscillating ship- stabil-; . i

izing tank system- 4n the frequency range of inter< :

: - est. This allows the discussion of the’ . ampl {tude-
"'frequency characteristics of the values being Cin-" " 4
‘vestigated as linear transverse. functions in the: . "

prediction of the tanks' effectiveness ana. the sta-,’

' .bi14zed ship’ s behaviour 1n real sea waves. The data
from the lrregular wave tests with specified wave

spectrum conf irmed the correctness of the expen--_ L
nental set-up : IR




‘As the end results of the 1nvest1gatlon. the 4 - mximl wave slope angle,

. cm’tion could be pointed out of an . empirical” - ' a

_method ¥hich. nny be used-at the prel tminary it.a‘-- e _ - phase angle, -~ . R

' '-bﬂiuﬂon tenks design stage., P o ¥, '~ dimensionless coefficient of internal
: B el - .+ .  damping in the tanks, :

weignt displacement, - ~°°

- ST . i ~1“.’a? - proportionahty coefficient, L oo
' The authors vould er to express their ' "ebfi . s -~ static characteristic of the tanks.
preciltion and gratitude to Dr.‘lng. 1. chybek from @ T - circular frequency . ' o

10 - Gdansk for. their va'lueble directions concern-
1ng the roll sinulators experiment conduct t;ech-._

I
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THE INFLUENCE OF STABILITY CRITER!A
ON. TLP DESIGN

A.S. Schafsrnaker. D.P. Peaoce

e

1. 0 INTBODUCTION

: The ain of this psper is to introduce the reader
‘to the stsbility aspects of the design of a .
Tension Leg Platform (TLP) and to {llustrate the
various requirements influencing the geometry and
subdivision of the vessel.

The TLP is an established concept for the
development of offshore oll reserves since the .
“installation of the first platforu of this type
io 146 metres of water 1in the North Sea Hutton
Field. . .

The plstform consists of a deck supported on a
buoyant hull which is moored to the sea-floor by
vertical tethers which are in tension by virtue
- of excess buoyancy of the hull. The tethers
‘provide a high degree of stiffness in the |
vertical direction and suppress roll, pitch and

" heave while allowing the structure to undergo )

. rslatively large horizontal excursions.

Subsequent to the installation of the TLP there
are a number of temporary phases in which the
platform floats- freely and the appropriate intact
and damaged condition hydrostatic stability '
criteria have to be fulfilled in these .

'conditions. Likewise, it is necessary to ensure
the.stability of the platform in the installed
;condition. In the latter condition the platform
stability is governed by the tension in the
‘tethers and the concept of stability changes to
one in which the basic requirement is fotr the
installed platform to maintain positive tension
‘in.the tethers. .-
for the installed condition differs from the

- .usual concepts for freely-floating platforms

'involving familiar criteria as area ratios, down

- flooding points and limiting heel angles, it is L

worthy of some discussion..

_The paper begins with a concise,introduction to
" the TLP with emphasis on the influence of the
functional requirements on: the general Lt
arrangement and subdivision of the platform.‘

Havins been familiarised with the TLP, the reader. p

.18 then introduced to the temporary and installed -
conditions of the TLP-and to the corresponding .
stability criteria used in the assessment of the
design. B : AR

Next, after identification of the design s .
_criterie, the paper continues with a description
-of the design methodology for TLPs, which {is*

" applied to @ parametric study presented in this-i_:

paper. The objective of this study is to, . .
-11lustrate the effect .of the geometrical design
parameters ou the characteristics of TLP's. for-.
different payloads, and ‘to demonstrate the
applicstion of design constraints. to the )
selection of a configuration for a particular'
.payload. - The North Sea has. been assumed as the
operating’ environment for the platforms since -
this {8 a hostile environment for which the TLP
18’ particularly well suited. The parametric
stndy includes an investigation into the :
interaction between the free—floating hydrostatic
stability requirementa with the

Finally, the paper concludes with's summary of.
- the findings and makes recommendations for the
TLP design procedure. o : .

Since this concept of stability .

1

2.1

INTRODUCTION TO THE GBNERAL ARRANGEHENT OF THE

TLP

THE chx'

- The TLP deck supports the. platform payload which
" normally consists of'- -

Lo production and drilling facilities
- rigid riser system for transmitting fluids

between the platform and. sea-floor

- support utilities

- accommodation

Deck design is principally dictated by facilities
space requirements. Many types of decks have . -

_been proposed and these include the Hutton type -

- orthogonal system of plate girders or a modular

truss deck construction inte which’ pre-fabricated

and equipped modules can be installed. The decks.
may be constructed with a double bottom but there

is no stability requirement which makes this, . '

. necessary.

" 8.2 THE. HULL -

- The hull consists of 'a number of columns whichIﬁﬂ»

are braced at. the bottom by pontoons, and Fig.'1 'j
shows three possible hull configurations adopting :
four, six and eight- columns respectively. r

The primary function of the hull 1is to aupport
the deck as well as to provide the platform.

" buoyancy ‘and the anchorage for the top of the

.tethers.

Additionally, the hull carries a
payload consisting of such items as:- :

L= heating and ventilation
- ballast - RS
- tether handling equipment
- . diesel, fresh water

A discussion on the advantages and disadvantages
of different numbers of columns for supporting’
the deck is outside the scope of this paper,vwith

"_the exception of one of the aspects of TLP..

fabrication i.e. mating, which is diecuesed in.é;f
this paper-" o :

r_The fabrication method used for the world's first

- . separate parts-‘

.TLP (CONOCO Hutton) ‘and proposed for most . .-

subsequent projects 1is to build the vessel 1n two.:
a hull, and an integrated deck -

. which may be outfitted to an advanced stage e“';

S before being joined to the hull..

"_The two structures are. "mated“ afloat, with the

hull ballasted to a suitably deep draught, -when

“'the deck 1is floated into placeé on a suitable

" transportation barge.

_._.eite _and install;
/., Two design const

';."mating" ‘procedurs
“operation is-only

The two structures are . .
initially joined with temporary restraints until‘b

8. welded connection ‘48 effected at each column-

top. .Once welding is- completed and various

' gystems within.the two structures are connected

and commissioned; the TLP veasel can be -towed to’ f

ts on’ tha hull configu
arise from the adoption ‘of ~the above describsd
ti

Secondly, the - columns have:

. to be sufficiently apart to allow.a barge of - ‘
" -adequate stability to float into placs in—between
" the, ¢ulumns of the.hull.” .. AR

“.;{731;:',; .

or six column hull:’



housh the. eontigurntion o! the hull io pre-
determined to & degree by the constraints imposed
. "by the deck sise and fabrication nathod, there N
_are additional considerations in the form of : P
.~hydrodynnnic. hydrostatic and structural _~ i
requirenents. The effect of column draught and ¢
- the distribution of hull displacenent between i
the columns and pontoons, are amongst the factors
. '4nfluencing hull configuration vhich are
dincussed in Section 6 O.- » -

>

- A specifie teature of the LR is thnt the deck ia ;f,
. poaitionod at a congiderable height above the
> water—line and consequantly the vertical centtes -

. of gravity of these platforms tend to be very -
. high. The redson for this s the need to - B
- minimise the impact of waves on the underside of

~-the deck and still vater-surface. The air-gap 16’
usually deéterinined by combining the maximum wave |
crest elevation above the still surface with the
" variation in water depth due to tide, nnd the
"set—down of the platform. P

-:The set-down of the platform 15 the increaae in
column immersion due to the motion of the-
-vplatform as it moves along an arc des¢ribed by
},the motion of the tethets.; See Fig. .

.i__ TLP uoomc smm

The nooring syaten consists of four groups of SLb
vertical tethers which are attached at the top to ‘
each of the four cdrmer ‘columns’ and at the-
" bottom, to a foundatton template on the sea—f
tloor.~,' . . V U

- dependent on the size of the platform, magnitude .| °
" of _extrene tethet loads and installation o
' constraints.aﬁ;k~"._\,_,-;; o . o

-The Hutton TLP uses tethers made up of 9. Sm 1ong

"forged steel elements with an outside diameter of i
260mm. ‘. These. type of elements are suitable for ’

»ahallow water application but because their

- welght. ini water contributes. towards the buoyancy
_requlrement of the hull they have been found to

be unsuitable for deep water.d_ e

.Tather weight may be reduced by vnrious methodn'
but the use of buoyant tethers bas been found ‘to”
bo nost effective.~f T AN

Typically. neutrnlly huoyant tethera are thin N
walled, large diameter elements, having an’ '
cutside diameter of about 1000mis, ‘and their .
aj lication significantly reduces hull size.

,Tnthern'nny bo installed by

TLP tow-out vith on—bonrd tather storage

and :installation by free-stabbing ot
tethers deployed from a mooring
'conpartment uithin tha hull colunn )

On-site pre—installation of tethere from
: suitnbie vessel followed by connection to

Tou-out “of tnthers themnelvea to uite,
uprightiag, pre-inntallntion ‘and -
connecrion to TLP

“The first nentioned ‘method; vas -adopced: for th
_Hutton TLP. - The second and third methods are '
,only uuitnble for tethers’ vhich are buoyant‘

One of the nspecte ‘of hull-design when adopting
the Hutton-type installation is that of storage
_space for on-bonrd tethers. “This may be on the
. veother deck or within the colunnn.t- e

.'the deck by providing an adequate aif-gap between fﬁl E

-\ survive a summer storm, for example, ¢ould be the

"‘the installation site, which may not be met due .
“to the tether weight and its effect on the e
" The use of pre-installed tethers which can’ be

" subdivision are described in the follouing
. sectlon. . L

. The number of etringa in ench tether group is"_ o

- TLP's to show how they are compartmentaliaed to

. As described in the previous section. the tetherd
"- may be anchored on the mooring flat within the
.. mooring compartment. . . . - K

- The mooring flat is a horizontal bulkhead vithin
- -the column on which the tether installation and
" tensioning equipment is located..

" In the case “of TLP'a with moor ng
_ various: options are avnilnble for
‘--of the internal column structure,' The o

" subdivision of the columns nay be, Y

Fig. 3 - 6s. o

.~ 'compartments, gshown in L
© Fig. 3; are known as . the dnnnge control_ ing

'_denage at the waterline.
. derermined by applying- the rules-and = .

"recommendations of the regulatory bodies in
:fplatforn 8 operator

- All figures show n centrn _shaft nround vhich are )
“drranged smailer :shafts.

,respectively. ‘;

: The nccees nhntt, 1

s . . -

v

For lnrse plntturnn in ohnllow vataro, requiring -

" short tether elements, storage within the mooring. '

compartment may be considered. The mooring
compartment is a watertight compartment in the
column located above eea-level and houses
dedicated equipment used in free-stabbing and
tensioning of the tethers. =~ . .

In -the case of deepuator TLP‘a, having tethers
made up of longer alements to simplify ) i
installation and reduce costs, storage may be '
posnible in the central pnrt of each column.

The nunber of tethers carried on-board’ is
dependant on installation criteria which are
based on anticipated eanvironmental counditions fn -
the installation "weather window". A requireément * o
to carry a minimum number of tethers to secure

the TLP to its foundation so that it would - 7".u

eriterion adopted for setting the aumber of
tethers carried. In deciding this, it is ' . -
necessary to consider; for example,” the

requirements of tow-out stability of the “TLP to .

platform’s centre of gravity. ':;'

anchored to the column base; averts -the problems
of platform stability. caused by on~board tether -
storage as well as removing the necessity for a
mooring compartment. . These -aspects of hull: "

HULL SUBDIVISION
This aection describea the hull structures of

meet the functional. requirements.

} An alternative
48 to attach the teéthers.to either internal or
external nnchorage ‘points . located ‘at the column.
base. - ‘

.compartments
the arrangement’

The annular spaees -around. :he nooring

(d.c.r.) The ‘purpose of the. d.c.r., which
itself fiay be subdivided, 18 to protect” the
moaring compartment’ from flooding as a8 esult

The extent of the dnnnge control ring ia

conjunction vith the’ requirements inposed y the

These- ehnfta are_the -
column access shnft and’ tether ‘shrouds

diameter, gives eeeess to equipnnnt 1ocnted nt
the column bottom nnd the pontoonn. .




. stored,

The tether shrouds, which are about 2m diameter

. for buoyant tether moorings, are conduits in . -

which the tethers pass through the hull structure

" to the outaide--

The sixe of the access shaft, tether shrouds,
spacing of tether strings and fabrication
considerations, obviously imposes a restriction
on the minimum diaweter of the corner column.

Pig. 3 géhows the internal arrangement of the -
column as in the Hutton TLP in which the
structure was subdivided by horizontal watertight
bulkheads.

’ Recent deaigns adopt vertical eubdivieion of tha
" ‘columns which facilitates the storage of longer
" elements.

Vertical compartmentation.of. the’
columns enables tether lengths of up to 30m to be
. The number of vertical bulkhead
subdivisions is dependent on the diameter of the

- column, number of tether strings and damage

stabllity considerations. Unlike in the case of
the Hutton TLP columns which are ring stiffened,
‘vertical bulkheads serve to support.ring

- stiffeders and the external shell plate which

" leads to lower column steel weights.

. to the bottom of the column.
columns provide more redundancy in the structure
" since they provide alternative load paths for L
In the case of this option,

Fig. 5 showa an option ta which the double ahell.“

which forms: the damage control ring is extended
Double-sgkinned .

column axial loads.

" the subdivision within the double skin is

--watertight compartments required within the inner

 designed to satisfy damaged condition stability

requirements- thereby removing the number of

shell.

Fig. 6 shows the’ internal arrangement ‘of a TLP

column in which the tethers are_anchored at the
column base. In this case there 1s no

' requitement for a mooring flat and tether shrouda

" but a damage control ring may still be introduced

' to obviate the necessity of denser compartment

g aubdivision in the vicinity of the demage ‘zone.

Figs- 7- 9 show the internnl aubdiviaion of
column—pontoon nodes.

- Fig. 7 shova a node arrangement ds in the Hutton .
- TLP in which case the main vertical bulkheads are

provided in line with the pontoon sides, dividing

" - the node into inner and outer cores, the inner

core containing the access shafts and. ‘tethers = -
shrouds and the outer core tanks. for ballast
adjuatmenta. .

The aection of a pontoon is’ shown in Fig. 10
showing the pontoon access tunnel at the centre. .
The distortion of the pontoon is resisted by veb-
frames which gupport longitudinal stiffeners.

The pontoon is subdivided by’ vatertight bulkheads”

as necessary to-satisfy damage condition

requirements and to provide ballast compartments.

', TEMPORARY 'YREE-FLOATING STABILITY CONDITIONS

| INTRODUCTION -~ . TR

Doring the construction and installation of a TLP

' ‘there are several vessel conditions all of which

o wust be checked for hydrostatic. stability. and all -
o, of which will atfect the design and geometry of
'the veaael.' -

.-'The several conditions ariae bacauae of the uaual
: wethod of fabrication for TLP's and the change

) installation._ B

from a free-floating to a tethered atructura at

|

L5 -

3.2 DECK AND HULL TRANSPORTATION

The requirements for mating are for a. sheltered
deep water inshore location. Since suitable
mating sites do not exist close to many suitable
fabrication yarda, it may be necessary to plan
for an extended open-water tow of the TLP hull
and barge/deck before they arrive at the mating
site. Since the hull will later be required to
meet stability criteria with the deck in place
(higher VCG and wind heéeling moments), it is easy
to understand that the hull alone will not pose
any stability problems.

The deck transportation however poses signi!icant
problems since the requirements for mating are
detrimental to barge stability. Mating requires
‘that the deck 1s carried.as high above the water
surface as possible (to reduce the draught
requirement of the hull), and on a barge that is
as narrow as possible (to allow adequate
clearance between the hull columns). Both these
factors will reduce the stability of the L
barge/deck and the latter factor demonstrates how

" the temporary phases can effect the geometry of

the structure. The TLP designer must allow an

" adequate gap for a suitable barge and arrange the
number, diameter and distribution of his columna
accordingly. :

38 HULL/DECK MATING

Durins mating, (See Fig. 11) ballasting the hull
to below its normal operating waterline raises
the problem of impact damage prevention. 'The.
normal hull subdivision provided to protect the
vessel around the operating draught (damage
control zone), Fig. 3, does not provide Lo
- protection at this deep temporary draught and the
very large mooring compartment normally protected
at the operating draught, becomes vulnerable.
The risks involved in operating at this draught .
are therefore minimised by' :

= -minimising the duration at which the
vessel stays at the mating draught,
- protecting the column shell with .
.~ . elastomeric fenders, -
- - excluding all vessels, other than the deck -

barge and attendant tugs, from the atea.

: Aa soon as the deck 1s in place on the hull
" column tops the hull is deballasted to a veid-out
draught within the damage control Zone. . -

"'9.4 PLATFORM 'rw-out aND msml.unou

After “the completion of the various post mating
“. "hook-up commissioning activities the hull {s
towed to the installation site.
--£loating phase the TLP can be considered as a
‘ Mobile Offshore Drilling Unit (MODU) for the : -
- purposes of stability. The maximum allowable
‘vertical centre of gravity (KG) will determine.
how much equipment (tethers, risers and drilling
" equipment for instance) can be carried out on the
"vessel. This condition will also provide one
limitation on the maximum allowable compartment
size i.e. a compartment which when damaged allows :
.. the same mnximum KG as ‘the intact criteria- R

'One apecial Eeature of TLP'a must be conaidered
_..during the vessel tow and -installation, that is’
-“the presence of tether shrouds passing up through
. the ‘base of the column_the mooring compartments.

During vessel tow the tether shrouds must be
- sealed to prevent the top of .the shroud being a

down flooding point into the dooring . L

compartments - During installation-these seals -~ - .

must be removed thus lowering .the potential

dovnfloodins polnt from the column top to the -

- mooring flat and impoaing limitationa on wind ’

'atrensth during the iostallation operation.

During its free -



_Qo TEHPOBARY PEASB STABILITY CRITERIA

: ll INTRODUCTION

vThe TLP heing a reletlvely new eoncept and with
. only a eingle vessel in operation, is not yet
‘covered. by detailed rules and regulations.

" Preliminary rules and recomeended practices do
.. exist and are actively being developed by the
--bodies concerned. Détails of these documents by
. Lloyds Register, Det Norske Veritas and the . B
N Auerican Pettoleum Institute are given in Refs.

s 2 and 3 respectlvely. L.

Z.All three,documente egree on the need to.exemine ;é

both the {nstalled and the temporary free-
- floating phases, and consider that MODU type - -
‘_Vrulee are. applicable to -the free floating TLP.
3 CRITERIA FOR TBMPDRARY CONDITIONS ; a

2.0 Hull and Vessel

" be subject to-MODU -type codes suitably-

" interpreted for the marine operation under -

- conaideration. A comparison of the various -

.. “existing MODU codes can be found in Ref. 4 from
" which 1t can be seen that most codes are broedly

consistent. Theé current U.K. Department of-

Buropean Conference on harmonisation of .rules 1s
-consistent with these rules and the DaV and NMD
" ‘are similar except that théy require the loss of

‘the buoyancy in one complete column to be '
-lconsidered. . . .

:For the examples given in thie papar the U.K.. -

" Department of Bnergy proposed guidlines have been

'+ used, with some noted modifications (see Section
6). : . .

';'All the relevant»codee_quote two windspeeds_fot .
tha iatact vessel, these being for maximum -
operating/transit and the survival condition.

" applicable to the vessel tow will depend on the

* such marine operdtions final agreement must be
- obtained with Marine Insutence Surveyors covering
. the operation.v-

'Deck Ttensgortation _f‘

:  MODU (surface vessels) rules are generally. :
applicable although some criteria (perticularly:a
‘the range of stability to the second intercept) '

.used in the case of Conoco Hutton and Table 2

' Regulattons for surface veseels.' Lol

5,0 msm.nzn s'run.rrr connrrmns e

5,1 mnonucuou

'Once the tethere ate instulled end pretensioned

.'_veeeel is completely governed by the cethers.,';

— If 1t is’ conaidered that following the 1oes of
...tether tension in the installed condition the -

. buckling and "snatching” loads in the tethers
- which could result in failure of the tether

' gystem,then there is a basis for the formulation "..f'

A:} of stabllity criteria for the installed .
~conditfon. Such criteria have been formulated:

" and spplied in TLP design and their basic premise .

- i 48 that such hazardous situations as.tether.
., system failure and its possible conseqiences be
" avolded by requiring that the tethers should
.remain in tensiocn at all times for. all e
vconblnationa of : expected loadinse-_

"For temporary phases ‘the hull and vessel should o

- Energy-are summarised in Table 1. - The North Heatr'b

.- The 'queation of whether the survival condition is d

" duration of the tow and the route taken. For all.. '~
o system end platform sefety. .

“'For the ceee of the berge cerrytng the deck the -

' may need relaxation. .Ref. 4 detalls the ecriteria :

compares these with the U.K. Department of Energy ,;_ accidental flooding and oblique seas, represents

" (by deballasting the hull) the. stability of the -

" platform would undergo excessive motions, tether

-+ 5 conclude that:

This eection looke at the posexble causes of .

tension loea vith varying degrees of severity,

considers the consequence of tension loss and

reviews the stability criteria- recommended by -

verlous regulatory bodies for application in the
. intact and damaged instulled eondltlone- .

G 2 THE CAUSES AND CONSEQUBNCES OF TENSTON LOSS.

Logs of tension in a tether of group of tethers'*'
can occur as a result of any one of the following

ceuses:= .
< - error in ballaetlng, weight or teneiod

- control B

" =%, gas blow-out in the vicinity of the

columns due to riser failure, for example..f
leading to buoyancy loss . B

- - . earthquakes-or seéaquakes and other extreme :

: -environmental conditions : At

= . damage to tethers due to dropped objecte ,-f

< =7 ' tether fallure due to fatigue C
Lo ’flooding of hull due to collision or

" gtructural failure due to fire, for
example. ' :

The tension loss- can appear with varying degrees
of severity and the following conditions can be_
eavisaged..

= loss of tension in a single tether in a:
...  _cormer -
- * loss of tension 1n a tether group in e
' " cvorner
= . . loss of tension 1n all tethera in two
_ .corners. -

) The first condition could ariae from failure of .
the tether, large wave loads or from an incorrect.
adjustment of the tension required. 'Since the
remeining tethers would take up the load of the

"migsing” tether, ‘the horizontal .restoring 8
stiffness of the platform would be maintained and'
the proper design of the mooring system would
ensure the retention of axtal stiffness at an:
acceptable level. - Consequently there would not
be any dynamic effects which would significantly
affect the structural 1ntegr1ty of- the tether»

The second condition would result from tether
-group failure, large wave. loads- in quartering
- geas -or. from accidental flooding of a :
: compertment‘ The tether groups in the tensioning
. corners would, however, maintain’ tension and
stiffnesa of the platform for e11 motions. D

The loss of teneion 1n all tethers in two' e
' cotners, which could occur’ ‘due to large wave
". loads in head or beam seds or a combination of

" a potentially ‘hazardous situation eince there .
would be insufficient axial stiffness to suppress
the motions of .the platform._ Consequently the

) pletiorm would pivot about the cross-load béaring
potute at the- column base of the rematning taut
- tethers and large bending sttesses could develop.
“‘1n the slack tethers. .Aa upward wmotion of the -

f platform could lead to "gnatch™ loads in the

'. tethera which “could- result in tether failure.,

The inetelled atability criterie are’ formulated Cs
to-prevent the occurrence-of the’ situationa :
- described.above.. However, since the‘, ST :
’ epecification of unnecesearily onerous’ 1nstalledvv?
 ‘condition criteria would lead to .unnecessarily
" high pretensions dnd pletform weights, it would .
be expedient to carry out.a thorcugh eaeeesment
. of. the consequences of -low tenaion. Recent . - -’
"studies (Ref.:-5) have indicated that momentary
" tether &lackness does’ not represent failure as
"'has been assumed previously. The -authors “of Ret..




- minimum tension loss, which occurs in tite
short interval during which a wave trough
passes a column, does not lead to
excessive tether loads since the tether
deflections are limited because the
lateral forces are low compared with the
‘tether inertia as well as the drag and ~
.added mass of the surrounding water.
Moreover, axial compression of the tether
can be precluded by designing the bottom
stether latch to stroke down when the
tension is lost. )

- .'. regsrdlese of whether tension is lost in
. ‘one or two tether groups, the motions are
" 1limited and inexcesaive.

- brief tether slackening'does not lead to
signiflcant tension amplification due to
"gnatching". In the two corner elack

‘condition, “snatch" loads were found to be :

A‘acceptable even for very large waves.

" The above stated conclusions were hased on a
. linear platform motions analysis coupled with a
" -time-domain, non-linear, finite element analysis

for the computation of the tether bending
stress. The analysis showed that state-of- the-

© art analysis tools can be used to gain an

improved understanding of the behaviour of a TLP

'under extreme design conditions.

-é~

b3

If it were found that the results were generally

.applicable then pretension .could be set on the
basis of preventing overstress, thereby
considerably relaxing the limitations imposed by
the installed condition, minimum tension
ceriteria. The subsequent reduction of platform
-steel weight costs could prove to.be extremely
“beneficial to the total cost of a TLP floating
.production system.

'HAINTENANCE OF INSTALLED PLATFORM- STABILITY AND

" THE FORMULATION OF INSTALLED INTACT AND DAMAGED

: CONDITION CRITERIA o

"i‘ The basic requirement for stability is that the

tethers should remain in tension at all times.

* Intact Condition

" In the intact installed condition, 1 which

neither damage to the hull or tethers or

" . accidental flooding 1s assumed to have occurred,

. overstressing or slackening of the tethers can be
" caused by extreme environmental loads, with or

without an imbalance in the weight distribution

'on the platform.

" ‘A weight imbalance for a TLP will not be shown as

“'an angle of heel as in the cdse of a freely
floating unit and for this reason it s important

to have on-board monitoring equipment to provide

- personnel with information, enabling them to
maintain the loading and centre of gravity of the

platform within certain prescribed limits. The
effects of an imbalance due to an accumulated

© . weight error, for exsmple, may be compensated by -

balleating.'

T An order of magnitude ‘for the ballast required

. may be:
. weight
- cauges

' _eranes
- may be

- . 'Any causes and sources of imbalance should be

" -carefully considered during the design of the TLP

‘since, as in the case of tether weight ‘in water,

determined by. assuming a maximum error in
of about 10% of the topside load. Other
of weight imbalance are hook loads due to
operating on the platform and these two
corrected for by appropriate ballasting.

" the penalty for carrying more ballast than 18

) weight.

necessary ig-a higher platform displacement and

'

. accidental floodirdg of a compartment.

In order to prevent overstressing or elackening
of the tethers due to extreme environmental
conditions, the tether pretensions are set to
sustain effects of extreme wave, wind and tidal
conditions. In this respect, it is common to R
specify design storms in terms of a return period
of 100 years. i,

Earthquake excitation gnd gas blow-outs resulting .
in buoyancy loss are other extreme environmental"
conditions which may have to be considered when
checking the tether stress capacity to sustain
extreme loads and the pretension capacity to
maintain positive tension in the tethers.

Damaged Condition

The damaged condition 1s herein construed to be -

- one in which either the hull or tether is damaged

or an imbalance in weight occurs due to

Flooding causes an imbalance in the platform - °
weight which results in a redistribution in the-
tether. tension which provides a moment to
counterbalance that due to the added weight in
the flooded compartments. The flooding of a
colunn compartment 18 more onerous than the .
flooding of a pontoon since the column floodable
spaces tend to be larger in volume and are
" positioned the furthermost from the heel axis of
“the platform. The redistribution of tension ‘due
to flooding in a column may be estimated as shown
in Appendix 1. - .

- Such flooding may be the reeult of either:

- " low energy impact damage

- leakage of ballast due to failure of
system mismanagement

- . leakage due to structural failure.

In general, only one tank adjacent to the sea or -
connected to the ballast system may be subjected
to flooding. An impact in the region of the
waterline, however could cause damage to a
bulkhead and consequently flooding of two
compartments must be envisaged. ’

Precautions to limit- flooding damage inclode

. protection of the vulnerable areas of the hull by

a double shell or damage control rinmg (d.c.r.), [
as has already been explained in Section 2.0. Lo
Furthermore, it is necessary to.limit the volumes °
for potential flooding by subdivieion of the
hull. -

The limitationoin the compartment volume may be
dependent on free~floating temporary.phase :
‘stability considerations, which werée discussed in_%v’
the previous sections, .or on the requirement to
‘maintain positive tension in ‘the tethers. As
shown in Appendix 1, the flooding of a column
.would result in detensioning of the tethers on
that corner and the purposé of the damaged
" condition criterior in this case, ‘1g the . -~ o~
prevention of further detensioning to slackness
due to the action of the environmental loads.

The compartment damage criteria whieh are applied L
by designers, are, generaly,. formulated on an

- . intuitive basis and therefore vary amongst’

designers._ The conditions ‘specified in the.
criteria may be generalised as follovs.»

"The minimum effective tension at. the bottom of v
any tether (or tether group), at the bottom of -

- the tethers in one (or two) of the corners, must’

‘be zero or greater when any one {(or two)
compartment(s) ere flooded dnring a specified




kS subdivision of the tether.

‘ '?._ loads and damase ro the TLP.

Obviously, theé maximum size of a floodable
compartment is dependent on how overous the
criterion 18. The smaller the allowable

_ compartment sizes, the greater number of

" bulkheads required and, therefore, the greater
the platform vaight. This s furcher diecueaed
1n Section 6.0. ’ .

Another condition defined as damaged 1s one in
vwhich the mooring system has been damaged. '

In the event of a tether failure due to a sudden
fracture caused by a crack. or by extreme loads,

- the remaining tethers would increase in tension.
. For such a condition it is necessary to

- demonstrate that the remaining tethers would not
be overloaded following failure and that the
platform would remain gsafe {n the damaged

. condition with an unsymmetric axial etiffness and

. reduced teasion capeclty.

- "Mhe flooding,condition is, hoveéer; the one which = -

has the greatest effect on the overall stability
of the platform in all the encountered

* conditions, since the compartment volume sizes
based on installed criteria must also satisfy
‘temporary phase requirements. This aspect of the
design is glven further cousideration tin Sectiou

&0..
’ \

" Flooding of Tethers

"~ In the caée of thin walled, large diameter

.- buoyant tethers a further damaged condition needs
to be considered, npamely that of a flooded

.. tether, which can be onerous in deep water for

,which long tether elements are used. Limitation
of flooding cdn be effected by internal

- This topic has not,
o hovever, been considered in this paper.

A‘;_An advan:age of buoyanc tethers is that condition

‘monitoring of the tether structure is possible by
.sensing leak before break.

kfREVIEH OF RULES AND GUIDELINES OF SOME REGULATORY
BODIES ON. INSTALLED STABILITY ‘CRITERIA

--Beceuse the TLP 15 a relatively new concept therev”

' are no formal design-rules, and recommended

practices are at.various stages of developmenc;

‘- The rules which are documented agree on the need
. maintaia positivé tension in_ the tethera buc
L differ conslderably in detail.

:DnV and NPD ‘flf'_lr',
' The Det Norsk Veritas (DnV) and Norvegian .

Petroleum Directorate (NPD) rules (Ref. 2 and 6)
are simtlar and ‘are based on load combinations

‘designed to prevent overs:ressing or slackening .

"-of the cethers. e

;{'j The rules dietinsuiah between verious design
= ;,condttiona.

The two most relevant. to the topic’

"-under discussion are referred to as the ultimate

- -1imit state (ULS) and the progressive limit state’
"(PLS).  Generally, the former ULS condition

" - considers the effect of . specified environmental

. conditions on the" intact platform and mooring
" system whereas the PLS 1s used to assess .
conditions which may lead to a progressive-

.‘failure of the tether systém caused by suceessive‘,

" .overstressing of :the-tethers due :o accidental

'ff"Combinatiions of loade and load factore are

applied in carrying out the check and these are :ff4-
The partial- load .

tabulated in the Refs. 2 and 6.
. faetoré are applied to account fo the uncertalnty
_1n ‘the prediction of 1oads. .
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: -+ L&S rules are to be found Ln Ref. 1.

‘Within iZ'hburs fellewiné floodlng coﬁmencementl‘

._for all tethers to remain in positive tension.

:>serv1ce life.

" The selection of the loads used in the checks is

based on annual probabilities ol exceedance which
are tabulated in the Refs: - ’

AThe design resistance of the tethera to

overstressing or slackening 1s telated to the
yield stress of the tether material, and the
stress levels for the ULS and PLS checks are
glven in the Refs.

""In the case of the flooded conditlon the'Dnv

rules specify:

.

- any one covpartment adjacent to the sea fs .-

aasumed to be flooded regardless of
location . P
.= . or, the ﬁlatform is asgumed to be damaged.

at any level between the waterlines shown
" in Pig. 12, which also shows the extent of
dapage to be assumed. Damage can only .
" occur to columns which are exposed aod on.
the periphery of the unit. as shown in
Fig. 12

The rules also speci!y the permeability factors "
which should be applied and provide guidelines. on:
the overall watertight 1ntegrity of the’

structure. - .

Lloyde Reeister of ShlppingA(LRS)

.The rules
stated that .in the intact conditoon the tension
is to be positive at all times for the most
unfavourable combination of weight, centre of
gravicy and buoyancy, in the most unfavourable
environmental conditions having return periods of
not less than 50 years, or 100 years in certain
cases., In the damaged coundition, the platform
.must be able to survive flooding of any one.

/

underwater watertight compartment and the tehsign SO

in all tethers must remain positive in the most
unfavourable conditions as described above, in
environmental conditions which could be expected '
to occur within a return period of not less than
oune month. .

the loading of the platform hdas to be adjusted

under the most unfavourable eavironmental
conditions occurring within a retutn period of -

- 'not leas then one, month.

’ American Pe:roleum Ins:itute (API) ‘ ;Z

" The API has prepared draft guidelines ‘on the . s

design procedures for a TLP (Ref. 3).:_‘ .

C'The intact cnndition ehould include the full ]
‘renge of possible centre of gravity vartations -

permitted by acceptable operations procedures
during extreme tether conditions.

considered and the: environmentel conditione
‘should- be gssumed to be normal i.e. those -
expected to be occurrins Erequently during

In the damaged Se
 case, the acéldental flooding of any ome. . - ’
" compartment below the waterline. éhould be,



8.0 PARAMETRIC STUDY

6.1 INTRODUCTION

The objectives of the study were as follows!:

- to explain the methodology for sizing a
- TLP-
- ce illustrate the effect of the platfbrm

geometry on the design characteristics of
TLP's for different payloads

- to demonstrate how design constraints are’
applied in an optimisation exercise to
gelect geometrical parameters of a
platform

- to demonstrate the influence of platform
offset restriction, air-gap and water-—
depth on the compartment sizes and
platform characteristics

- "to_check the free-floating stability of
the platforms in order to ascertain
whether there are any conflicts between
-the temporary and installed condition
stability requirements.

SIZING METHODOLOGY

The basis of the sizing methodology is the static
.equilibrium equation for the TLP which may be
written

"/\ = P4 +Ds +Hs + Pn + Tw + Pr + Rt

where A
N P

= platform displacement
= deck payload’

Ds = deck steelweight

Hs = hull steelweight

Ph = - hull payload

Tw = tether weight

Pr = tether pretension

Rt =

riser tension

~ The objective of the design methodology is to
determine the displacement, weight and pretension

. of a platform which will support a specified deck

" payload, and satisfy the hydrostatic,
hydrodynamic and structural design criteria.

During initial sizing, this is normally achieved
. by sizing algorithms based on a combination of

" estimated.

The deck weight of a deck spanning the columns
and carrying the specified deck payload is then
estimated from a steel weight algorithm together
with the hull steelweight which is dependent on
the dimensions of the columns e.g. column length,
plate thickness, internal -bulkhead area, and
pontoons. An estimate of the total platform
steelweight is made and the pretension can
therefore be calculated from the static
equilibrium equation.

The platform centre of gravity and dynamic
properties can be estimated on the basis of the
calculated weight distribution. The
envirommental loads acting on the platform are
Wave dynamic tether loads may be -
estimated by Morison's equation based .
algorithms. Wind forces are estimated for an
agsumed wind profile and current loads on the
hull and tethers are calculated.

Fig. 2 shows the forces sctinélon the platform.

In the sizing carried out herein it has been
assumed that the environmental forces are
considered to be acting uni-directionally and
simultaneously in the most onerous combination
and the resultant platform excursions and tether
loads are estimated by superimposing, where
applicable, the effects of the individual Joad
components due to first and second order (drift)
wave forces and moments, wind and current force
and moments, tide, foundation misplacement etc.
The platform is assumed to be positioned so that
the load acts in the diagonal i.e. 45 degrees,
direction (See Fig. 14) thereby tensioning and
detensioning upwave and downwave tethers
respectively.

The platform excursions and maximum and minimum
tether loads are checked against the design
criteria to ascertain whether the offset
requirements and installed intact and damaged
stability criteria are satisfied.

If any of the requirements are unfulfilled, the
design procedures described above is repeated
iteratively until the design criteria are met.:

‘é.s PLATFORM GEOMETRY AND INPUT PARAMETERS

empirically and analytically derived information

on platform weights, loads and motion
characteristics. . —

The sizing was carried out by using a program
developed in-house at John Brown. Design
projects have shown that the predictability of
platform weights and pretensions by the
aglgorithms is good and that the trends revealed
© by the sizing procedure are correct.

A flow diagram of the sizing methodology in the
TLP design: process 1s given in Figure 13, which
may be described as follows.

The 1nput data 1s assumed to “consist of

information on the required deck payload and the

environmental characteristics of the operating

site such as water depth, wave heights, ‘wind and
.. current velocities.

The geometry of the hull 1is derived for an
assumed displacemenc--
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__computing many.configurations.

The .geometrical input parameters greatly’
influence the characteristics of the sized .
configuration and are selécted on the basis of an
optimisation procedure which ‘{nvolves sizing and

A description of the geometrical parameters and
their influence on TLP design is given below.
Fig. 14 ghows the overall dimensions of a four
column TLP. .

Platform draught'

The platform draught has. cO be deep enough to:

- prevent pontoon emergence in the trough of
" . " a design wave
- " provide adequate.clearance between the
pontoon top and barge keel during a mating
operation
- maximise the advantage to be gained from
: depth attenuation of wave force acting on
the column and pontoons

constraints are:

- hydrostatic stability deteriorates as
v draught increases

.=.... . __hydrostatic loading of the column imposes

limits on the draught since column shell
thickness and therefore column steel

. weight increases

- graving dock dimensions and maximum tow-
out water depth.




‘JKColumn Spacing
"The column spacing has to be sufficiently wide
" to?

c- - support the required deck area

Lo enable a barge to slot in-between the
Lo columns for hull-deck mating, if necessary
- fulfill the stabllity requirements of the

_ platform in the temporary fres-floatiag
. conditions )
-~ - maximise the advantages to be gained from

a reduction in dynamic wave iriduced tether
loads due to.increase in spacing
= . give adequate clenrance between risers and
_ the pontoons
= ' prevent undesirable disturhance of flow
o beneath the platform, due to hydrodynsmic
blockage effects.

Other considerations are:

= ) the width of . the graving deck may impnse

- . . limits .on the column spacing
- . the advantage of a wide spacing have to be
' considéred in relation to the increase in

deck steelweight resulting from an : -

increase in deck span.

: 'Displacement Ratio

This is an important hydrodynamic- parameter
;defined in Fig. 14, which enables the platform
tether vespounses to be detuned from the
* environmental wave excitation thereby reducing
. tether loads. A compromise solution usually has
- to be sought in reconciling hydrodynamic,

_hydrostatic and structural requirements. - B

"~ 'Generally speaking, low displacement ratios are
- preferable from the point of view of minimising
tether loads and tether fatigue as well as
improving hydrostatic stability. In certain
cases, structural requirements indicate the use
of stubbier pontoons, and hence high displacement
'ratios, to resist stress concentration at the
M pontoon-column nodes due to wave racking moments.

K Pontoon Aspect Ratio

'v.This fatio too has an imporcant effect on
platform responses and high and narrow -
rectangular pontoons are preferable since they
reduce wave heave forces. - However, squarer

_ pontoons afe better at resisting rncking and -

“-bending moments. Pontoon dspect ratio may aleo

- be constrained by fabrication requirements e.g,

. 1i{ning up pontoon sides with column bulkheads.

The:pontoon shape 1s of iittle importance from
" the point~-of-view of hydrostatic stability since
TLP pontoons are usually deep below. the surfece.-

even at free—floating drsughts.". _; Sl ,:5 o

g.af nmn:mrc srm mpur pmmas AND DESIGN
¥ - CRITERIA : :

Egyload and Riser Tension .

The platform dsta was chosen to represent smsll,
‘medium and large sized TLP's for carrying deck
payloads of 5,000, 15,000 and 25,000 Tei»",""
respectively. : R

R .ol P

Table 3 1ists the deck and hull payloads snd SRR

.rieer tensions assumed in the study. :'

" zuvmoummmx. DATA PARAMETERS

The environmental data. parameters characterise . .-
the extréme environmental conditions at the -
'platfotm 8 opersting aite.n: - -

'.The ULS check requires.»':" -

- So’ (PHHs) +5 (1.3 E+)( Reffm e
"So. (PH8) + 5 (1.3L)- S (0.7E-))0 - "

".The PLS check requires. ;vf

S0 (Pﬁls)-t-s (z+)\( Re . - -
" So (B4Ws) - s (x.) -8 (z)},o )

where So

The extreme storm conditions are those which
produce the most unfavourable loading conditions
of the structure. It is common to specify design
storm conditions in terms of a return period
vwhich 15 related to annual probabilities and the
100 year retura period storms are uaually
applied. .

The environmental data used in the sizing of the
platform 1s typical for the North Sea

‘environment. The following data was assumed:-

Water depth (m) — ’ - 900 m

100 year;wsve eignificant.
wave height (m)
100 year wave spectraI

16.0

- period (s) ) : !. lS.OV; 18.6s
100 year wind_epeed P
(n/s, 1 min. average) - = 49,5 gfs
100 year current speed (n/s) . = - 1.6 w/s
Tidal varistion from lowest o
 design waterline. =~ = . ‘= 2.2 m

.Geometricel Design Parameters

Table 4 gives a summary of the nlatform input
geometrical design parameters used in this

-study. Fig. 14 defines the dimensions used and

shows the assumed geometry of the TLP.

‘Other Assumgtions e

..It has been assumed that the platform would use

buoyant tethers.

" The pontoon aspect ratio hss been kept constant

throughout the study.

The designs which have been” sdopted 1n. the sizing )

study are the N.P.D. installed condition intact
“and damaged condition criteria referred to'in

Section 3. 4.

So (P+Ws) + §- (L) -5 (l 32-)2/0 ;

"pretension due ta permenent
loads P and weight of
submerged Cether ws. L

. Vtension due to’ environmental
. loads at maximum water level,

\;multiplied by losd factor

S 3.ﬂ:~A

»‘reduction of . tension due to
. '1ive losds. :

"tension due to environmental
;losd at’ minimum watertlevel.

yield stress'?

?fmaterial fector = 1. 15.




* 6.5 EFFECT OF GEOMETRICAL PARAMETERS ON PLATFORM
CHARACTERISTICS

Platform Steelweight digplacement and pretension

As seen in Fig. 15 - 17 the minimum of the
steelweight, displacement and pretension for a
particular payload do.not necessarily occur at
the same parameter value and are particularly
sensitive to column spacing and displacement
-ratio. The shape of the curves can be explained
»by considering the effects of changing a
" parameter on steelweight and pretension
. requirements. Thus, increasing column gap (or
. spacing), and hence deck span, increases
steelweight but reduces pretension requirements
and the displacement is proportional to the
difference between the two.

“The sensitivity to displacement ratio
demonstrates how important this parameter is in
detuning the plaform from the wave excitation

" thereby reducing pretension requirements and,
hence; platform size and weight.

Compartment Size

Fig. 18 - 20 shows the hull compartment sizes as
a function of the geometrical parameters. (The
compartment sizes within the d.c.r. would be half

. those elsewhere, since a two compartment damage
-criterion at the waterline would determine d.c.r.
compartmenta:ion).

xThe compartment size is proportional to the
-reserve of tension in the tether group at the’
‘minimum tension condition in the design storm

~used in setting compartment size. Consequently,
the compartment size is proportional to the
pretension. Therefore, the minimum compartment
size corresponds to the minimum pretensions which
do not themselves correspond to minimum

- steelweight as seen in Fig. 15 - 17.

Fig. 21 = 23 shows the ratio of pretensiom to
 displacement as a function of the geometrical
‘parameters. for the different payloads. It can be

seen that in general, the pretension ratio

decreases as payload increases. This {ndicates

' that the compartment size of a smaller platform
is a larger proportion of the column volume than
for a bigger platform designed to carry a greater

payload. . R

Hetacentric heigh:s of TLP following;;ether .

disconnection

A'Although there is no requirement to investigate -
the stability of the TLP following disconnection
- of all tethers, since such an event is highly
improbable, it is nevertheless instructive to
investigate the hydrostatic stability in this
condition since it is indicative of the temporary
. *phase stability and shows the effect theteou of -
- the geometrical parameters. .

The metacenttic heights for :he free-floating

post tether-disconnection state were calculated
- on the basis of the c.g. and platform weight
_.estimates determined by the 8izing algorithm.

. Fig. 24 - 26 shows that as may be expected,
stabiiicy detetiotates as:

- displecement ratio 1ncreases
- draught increases
- column spacing decreases. . ;

The figure also shows that the stability of the

- larger platform is relatively better than that of
.A”the smaller platforms, and that in many cases the

metacentric heights are negative so that platform

would adopt an angle of loll.

These aspects of TLP stability are also discussed
in Section 6.6

6.6 SELECTION OF PLATFORM CONFIGURATION

The optimisation procedure involves tha selection
of the parameters of a configuration which-
satisfies the design criteria for the lowest
cost. The total cost of platform and tether
steelweight may be used as a basis of cost
comparison and as an indicator of the best .
solution. Fig. 27 - 29 shows the platform costs
as a function of the geometrical parameters. -

A configuration for each payload was selected
from among the platform geometries derived in the -
parametric study, on the basis of the following
assumptions. -

- deck space and hull-deck mating
requirements limit the column gaps to
minimum value of 40, 50 and 60 metres for
the 5,000, 15,000 and 25,000 Tonne payload "
platform ' ’ . ;

- draughts are limited to less than 40m.

The particulars of the selected TLP's and their
characteristics are given in Table 5. Although
the TLP geometries were selected from a limited
data base and the column gap constraints were
probably too conservative, the configurations
- glven in Table 5 are not untypical of those which

could be chosen for platforms of the payloads
under consideration.

A number of interesting characteristics may be
deduced from the data for these TLP's.

- Larger payload platforms are relatively
more stable. This may be explained as
follows. Higher payload platform draughts
do not increase in proportion to/\l/3 (A=
displacement) and are relatively shallower
than the draughts of smaller platforms due
to draught limitatlions imposed by
gtructural and fabricational
considerations. )

Consequently, the metacentric radii (BH)
of the smaller platforms tend to be
relatively smallér than those of larger
platforms of a similar displacement
ratio. Similarly, a comparison of the
platform air-gaps show that the smaller
platform alr-gaps are also relatively
. higher. - (Platform air-gaps are set by
combining maximum wave elevation with the
get-down, and wave crest enhancements due -
to diffraction effects. The latter two
" components of air-gap asre a function of
the platform size). Consequently the
- ¢.g+'s and wind levers of the smaller:
. pla:form are relatively higher.

R :\- The metacentric helghts of TLP's following
E - tether discomnection tend to be negative.

- . - Smaller payload platforms need pretensions -
which are a higher proportion of their
- ‘displacements. Compartment sizes of )
smaller platforms are also relatively
higher. This is another indicator that
the temporary phase stability of semaller
TLP's could be expected to be worse than
for higher payload platforms.

- . The steelweight and displacement ratios of

’ ’ deck payload ‘payload I
_smaller payload platforms are higher
indicating that smaller platforms are less
efficient payload carriers. It is

- - {nteresting to note that the-smaller -

platforms have more displacement per tounme
of payload but are névertheless less :
stable. The reasons for this have already -
been discussed above.
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- '/ astres below the minimun wateriine. S
77 .paxinum offeet estimates indicate that the . -

fBPFECT OF COHPARTHENT BIZE ON PLATFORH SIZB

7+ 10 and 20 per cent respectively.
-eompattment size, howaver, decreases the . .
" steelweight and displacement by about 5 and. 2. 5',

The estimated teductlon"F'

: Varying ths compartment size 1s approxlnatelyf

e 1t lo/intctootlns to conaidot tho 3

. ' -estisated set-downs of the configured

. --platfom ‘{n relation to the damage gone
-“A“roqulremontl of, say, DnV (Soo Section

© | '5i4) which require the damage zone to be 8
\: [etres above the maximun vaterline and 6
The

. smaller platforas undergo larger-

. _excursions but in all cases the wateriines'

* at the mean offset are well within the

Flg. 30 showa tha affsct of compattnant aize of . .

"platform. steelweight and ‘displacement. :

" calculated for the 15,000 Tonne payload TLP,
Adetails of which are in Sectiou 64 7. B

Thla was

s

P

‘danaga gones opacified by the DnV rules. 4

‘Water Depth

An increase in water depth will result in an
increase In air-gap dnd hence steelweight.
However, the tether pretension ratio decrease
with water depth and the nett result is an

- -insignificant change in the compartment size.

* COMPARISON OF PREE-FLOATING PROPERTIES OF VESSELS

. IN THE PARAMETRIC STUDY

Introduction

- 1In order‘to inter-relata the vessel parametera of
. a TLP it s necessary to assess stability of the

free floating vessel. In the course of a

" ...detailed design this would be carried out over

Kalvlng the compattment size for the' 15 000 TLP‘ﬁé_'
. {tcreases steelweight and ‘displacement by about

Doubling the

per. cent teapectlvaly.
in cost could be of the order of 51.

equivalent to changing the installed damaged

L condition: criterion, particularly for small

L sumnar atorm.,

_Platform Offoet S

.compattment vould result in a saving ia plattotm

. -'Increasa of the compartment size from 1025 to
" .about 2000 Toannes correspouds approximately to

’frmnhsucﬁ oF onst'f Am-‘-cu “AND. WATER ‘DEPTH o&'

:_lf a. conatraint ia imposed on the maximum T
-excursion of a TLP, then the pretension wlll have

.. chaages in coupartment size which have littls.'i
" -effect on the platform displacement.
" compartment size would correspond to a more -

A lower

the full range of draughts and load conditions
experienced by the vessel but in this’ study is
limited to the analysis to the case which is
typically the most onerous; that of towing the.
vessel to its installation site.. Figure 32
illustrates the range of vessel draughts

_encountered by a TLP during its 'life cycle'.

The TLP hull alone has no stability problem since
it .has no deck and thus a low wind heel moment
and low VCG. .During mating and weld-out the

' vessel will.be temporarily moored -in sheltered

< conditions.

. ‘internal :mooring arrangements.

-During installation.of the TLP a -
temporary situation. exists for vessels with
-The tether-

' '. shrouds are blanked off at the mooring flat for -

onerous criterion than- that applied to slzing tne:' o

15, 000 Tonne payload TLP compartment, aud a i
‘ulhighet compartmént size would mean a less ‘onerous :
" eriterion.

It i estimated that the relaxation
of thé criterion to give a 2,000 Tonne .

cost of the order of 5%. There. 18 therefore a.
emall 1if oot lnsignificant gain ftom teduclng
compartment siaes. - R

‘the reldxation of the damage criterion to one
alloving one compattment flooding ln a one yeat

shown ln Fig.31
COHPARTHENT SIZB AND PLATPORH CHARACTERISTICS
to be sufficiently high to provide the necessary

horizontal, restoring stiffneas ttom the tathat
syatem.. AT .

"An offset linitation of 10%° on’ the 15000 Te
' ' payload platform increases compartment si:e,
“. ' gteelweight and .displacement by 218,
.. respectively.
. allowable compartment size.
.compartment ‘size satisfies temporary. phaae_c

1 and 12% .
The constraint treblca the
However . even if the

" .. requirements in the unlimited offaet case, .it ay. -

. Alr=G g

‘not do so on, for example, on trebling, even *
though there,is an increase in displacement.

; :'Since the alr-gap affects the column lensth and

hence hull steelweight it will influence the .
compartment gsize. A reduction in air gap i.e.-a
relaxation in the air gap setting criteria,

i

~Bat charts showing the constitution of the tethet .
. Yoads tor ‘the otlglnal and telsxed ctltetla are .

reduces platform steelweight, diaplacement_énd_.bi :

hence pretension. and compartment size.  An

. -increase 1n the air gap has the opposite effcct.,c
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introducing a .lower hull downflooding point than
_exists at other times during the vessels .

[Hethod of Analxsis

v'ﬂEach vessel vas analysed at a tow-out dtaught
. equal to the inmstalled draught, with _pontoon
-ballast used to achieve this. condition (1.e.

. equivalent amount of ballast)

. (KG) was.calculated against the intact and- )
Z_damaged criteria proposed by the U.K. Department.?>"
. .- of Energy- ‘with the exception that in' the damaged,.g
- condition the limiting anglé of heel of 15
-'degrees after damage was calculated with ‘the . .'n
. effect of wind included (as per NMD/DaV) which ™ L

. eriteria.
"wind strength for 100 knots was applied to- the
';that could be encountered during the tow-out.'

. The analyeis.va carried out. using the 'smos-n'r':
'suite. 5

ice sea tow, but must be opened for installation,

operations- S L L

- In order to accommodate the large numbet of .
" vessels in the parametric study some simplifying
" assumptions were made in the mndelling of the

’ structurea,ii.e.-- ’ - e

- ' Dack structure assumed to make no
. ‘contribution to stability; o

- Wind heellng moment constant with angle of
.,..heel,» "

- Damaged ‘tank modelled ‘a8 equivalent )
+ cylinder within the damage control zono"
.+ (that 18, modelling s typical damage o
‘ -control ring). S
: Tethers were assumed ‘not. cartled on the
"‘vessel dutlng tov—out.;~ -

effectlvely teplacing tether pre-tension with an‘:-f»

The maximum allowable vertical centre of gravity

the authots consider to’ .be a more realistic L
.The criteria.used to set the maximum
permissible KG's are. summatlsed in Table 6. A’

intact case thus covarins the ‘worst - condition




A_m_;lzs_i_e_&a'l_l.s&

The object of the analysis was to demonstrate
that the TLP can be towed to the ingtallation
gite with the topsides facilities complete and
loaded with consumables even undexr survival
conditions and that the maximum tank size allowed

...in the {nstalled case does not seriously reduce

the ‘allowable KG for the free floating structure.

Table 7 gives a summary of the TLP

characteristics determined from the sizing . .
methodology. In Table 8 the maximum allowable KG
according to each criteria is tabulated for each
vessel, together with the actual (calculated) KG.

""In the majority of cases the KG is within the

1imits set by all criteria. Where this is not
the case the maximum KG is imposed by one of two
criteria, the intact area ratio, or the damaged
1limiting heel angle, and in most of these
instances the difference between actuel and

"allowable is small.

- A typical'remedy for this situation is

demonstrated by looking at vessel 257 again at a
higher and deeper draught. The deeper draught,
with more ballast and a lower KG brings the
vesgel within allowable limits.

- The results also indicate that when the vessel is

" vessels ( 057,

constrained by a damage limit the intact limit is
very clogse also, implying that there would be

1ittie benefit from reducing the allowable tank . |

slze for the free-floating criteria.

Comparison of the free floating stability results
with the vessel sizing parameters clearly
demonstrates that the. narrow (column spacing)
157, 257) are the weakest, with -
the deep draft vesselsi(053 153, 253) also being |
poor. Conversely the shallow draft and wide

! .vessels (**1 & **6) being particularly strong.
" It shouold be noted that for a constant

.  diameter is proportional to the inverse square .

displacement 'and displacement ratio, column ° T

root of draught, which ‘compounds the problems of

" the deep draught vessels-'n

Finally, a definite size effect can be deduced-
. The smaller platforms having, relatively larger | .
‘airgaps have relatively larger wind moments and
,thus are penalised by low wind heel area ratios.

.to ballasting in the columns and an increased KG.

~Low displacement ratios, leading to large column

dismeters give good stability (#*4) and the

converse is equally true (#%5). However, the )
smaller displacement. rstios particulerly for the ’
smaller payload vessels may have inadequate - ‘
pontoon volume for the required ballast leading

o

" designer.

INTERACTION-OF TEMPORARY AND INSTALLED CONDlTIdNS -

In the previous seetions‘it has been demonstrated D

that there are a number of conflicting stability
‘constraints which will influence the TLP
He must consider the temporary phaaes

o

..prior to installation as well as the installed

A criteria, though the extent to which each of the
" temporary constraints will be allowed to effect

“the design will depend on the nature of the .
". .marine operations and the assoclated risks

- invalved, and the likely environmsntal

X jconditions- "_-

. & floating mating operation will’ impose a

defiiité column gap limitation, &irce barge SEE

‘stability will in general (given the draught

" restrictions of load-out etc.) be a function of

" beam squared.

However, in the case of some small
platforms with minimal topsides equipment, such
as well-head platforms, it may be preferable to

.build the vessel in one pieee.

The foregoing free—floating analysis has’ assumed
the worst probable sea—tow conditions (100 knot
winds) but in certain circumstances, such as a
short tow to a deepwater site relatively close to
shelter, the tow might be performed over one or.
more short predictable weather windows, thus.
allowing a reduction of the environmental
eriteria and making the free floating stabilivy
parameters less important.

Ideally the structure would be built with a

‘- ghallow draft, large column span with a low

_ floating stability.

displacement ratio to achieve the best free

This would fomediately
conflict with the overall aims of the project.

The shallow draft would reduce pontoon immersion
and increase wave loads and tether tensions. The
large column span would increase gteelweights and
costs, and the low displacement ratio would -

reduce poutoon section moduli and platform B
rigidity. -

Therefore in a TLP project it is'importsnt to
balance and resolve these conflicting interests
at an early stage of the design. .

.8.0

CONCLUSIONS AND RECOMMENDATIONS

TLP free~floating temporary phases oust be.
considered in addition to the installed
phase.

o= Typical MODU codes are applicable to the
.. .TLP in its free-floating condition.

T The stability criteria applied to the
temporary phases will depend on the type
of marine operations involved and
relaxation of the codes normally applied
to free—floating units may be possible.

- Installed stability of TLPs is governed by
‘tension in the tethers and the stability
criteria are usually based on the
assumption that the tethers should not -
slacken at any time:

- . 7 In the installed damaged condition, the
criteria require that tethers should not
-slacken on flooding of a bhull compartment o
- in a specified design storm.

-~ " Installed stability criteris are at N 'j
: various stages of development and differ °
considerably in detail.

T - Relaxation of the "no~slackening" criteria
© ' may be possible without impairing the.
safety of the‘platform-

e TLP's design’ to carry low payloads tend to
: . have poorer free-floating stability )
. characteristics than higher paylosd
_carrying platforms

- . The metacentric heights of TLPs in the

; - free-floating condition after the unlikely
. event of all tether diaconnection, are

. generally negstive. .

‘= ' Compartment: sizes based on installed
: damaged condition ‘criteria are
-'proportional to the pretension in the -
tethers, and

- l-' ‘smsller platforms require a higher

e ... ..pretension as a. proportion .of. their e s

displ t,.C quentl Y
- f~'vthe floodable compartment eizes of smaller
’ " platforms tend to be a higher proportion
of the column volume than those of larger
. platforms. .

-83 -



-~ - .. ‘Relaxation of thé installed dsmaged
-, . ..criteria increases allowable compartment
.. ailes and reduces platfom costs. ’

o=l Conparcaent sizes based on the: instaned
: .~ -damaged condition criteria geénerally
- satisfy temporary phase stability criteri‘
. for the range of North Sea TLP's
~ | .considéred. This indicates that -
+ = - “for such -platforms, compartment siun ..
*.' . _should be based on the fnstalled: '

' 'The design constraints which the temporary

are frequently in conflict and’ mnat be
o resolved at an- early stage.

It. 1s recommnded thac in the TLP design.. g

- State—ot-art technique are’ applied to

S check whether tether slackening is
allowable since a velaxation of the . - - .
installed condition criteria could have a.

’ aignificant impact on TLP size and cost.

L= Stability critaria in the tgmporaty and-
T installed phases should be based on'a

) p:obabilistic analysis of the joint

. oecurrences of evéants which would lead r.o

- .. "gituations in which the safety of the -

" platform would be impaired. This too]

. .could lead to relaxation of design )
criterla and, hence; TLP size and costs.

4

iﬁef"l "?relimimry Guidance Rules for Tension .

. .Leg Iustallation" 1983 Lloyds Regis:er of
- _Shipping- -

- "Recommended Practice. Tension Leg S
,. Platform Besign" RP 0202 1986, Det Norske
N Veritas.

‘.

. Designing and Constructing Tension Leg
- .+Platforms™ (RP 2T) 1986, Amarican R
?etroleum lnstituce. : .

e llur.:on TLP Deck/lluu Hating -
.- -Operation™, N. Ellis,. J. Chivvis, D
".‘Tututea, A. Lydon, OTC 4911 1985. . ',

"Armlysis of Briet Tension Loua 1n TLP ;
.Ter.hera s Jo N. Brekke and T.N. Gsrdnat, .
AOHAE, 986. .

’:"Regulations for Load Carrying .
L Stmctures , NPD 1986 .

."_vaterplane stiffness is negligible
 platform’ flexibility ls-negligible
. stiffness of foundationm, eross-load -
', bearing is small compared with tether
.gxial stiffness
‘each tether gtoub is" repreaented by Q.
.. tethers per -corner, each having a
- stiffness K .
the effect of the- distances bel:ween ;
"tethers in oue coruer is negligible

" then the fouowing method may be applied to
. estimate the redistribution of tension due’ to
" water of weight W flooding 8.corner column
: compattment. : - - ’

,condition.ﬁ . - L '.__ [

- "and ingtalled phase requiremen:s impose, - T

: For momenr. equilibrium .

"Recommended Prac:ice fot Planning, S

‘"_'_displacement z -1s. given byA T« KZ

¢
3

If the ver:ical displacements are zl. 32 and z

For vertical equilibrium

QK‘Ll + 8&:2# 6&;3 - u

L E_ﬁk;lz:B ¥ #Raz2 =

Stnce -

. and since the incremental ten,sion ue .to a '
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Thxrd 7nfemaitonal Corzferem:e on Sz‘abxln‘y
q‘ Ships ¢ and OCean Vehtcles Gdaﬂs,é Sept. 1966

"Ass'rmc'r' o

'The Institute for Marine Dynamics of

':3'the National Research Council of . Canada *,5:'

A"have started a long term research program
"”aimed at . formulating a set .of appropriate

Q'stability criteria. The project is. concen-,_* ‘

‘vtrated on: smaller fishing vessels.

Q,tracted to carry out a comprehensive test .

:ﬁ the: forces acting on a 20 m‘stern trawler
f_in large ‘breaking waves. AR

L This paper describes the test tech—
ﬁinique used for free—running tests, com—'
i“pletely captive tests and captive tests

'ives some. examplee of the results of the
:"est analysis.-i ot ‘

; The lack of stability criteria which
:would be’ applicable to: small fishing
?vessels and frequent capsize disasters
goccurring in this class of vessels, have
~prompted the ship Safety Branch ‘of the
‘Canadian. Coast Guard to request the:.‘
fInstitute for Marine Dynamics of the
-_National Research Council of Canada to:

;long term research program.v

Tfappropriate stability criteria founded on’
:a rational basis. Therefore, attention is
focused . on developing a theoretical model
S .of??ﬁipzcapéffﬁﬁfiihcé; here’is still%no¥
: ?such model oapable of sdequatelyvtepresent—
‘ ng the general case of ship. capsizing in

;extreme wave conditions

" ‘sspa Maritime Consulting ‘AB was’ con—_

- program with both free-running and captive'-
“tests to determine the response as well as’ v-“"

-;formulate and undertake a corresponding ‘_"'

. The study commenced about two years ' B
":ago and is aimed at. formulating a set of ;:&'y_p

S’Eﬂ ”8@

o EXPERIMENTAL TECHUQUE FR
~ IWESTIGATION INTO PHYSICS OF
“SHIP CAPSIZING - -

”S. Grochowelski. I. Resk
P. Saderberg

‘ ‘Although a considerable amount of re-"
search is being carried out in this field,

‘the efforts ‘are. usually concentrated either
‘on- studies of some selected simplified
3cases such as: roll resonance Mathieu

instability, beam breaking waves and

”hbroaching in following: seas ox on some _
”g'improvements of ‘traditional. approaches as

. e.g.. "sufficient" stability curves, energy
. 'balance, etc. While it is difficult to

géneralize the results of studies of par—’
ticular situations, the rationality of

' improvements of traditional methods .can be

questioned._
After some studies, and a review of

. results of various model tests, the in- s
7.7 stance of. a ship moving in quartering: - -
“with’ freedom' to heave and pitch. It also B ibreaking waves’ has been selected- as the !
' f;subject of NRC -] research.‘It has been con-':'
“eluded that this is the most dangerous and
V'_also the most general case, in which all
'f",_particular dangerous situations, usually
) Qinvestigated separately, may be focused - in
f one event. The resonance or sub-harmonic
i:roll, reduction or loss of stability -on’ ‘a
'f';wave crest, 1arge amplitude ‘motions with:

strong coupling between roll—sway—yaw-- «j

ihheave, etc, could be obs erved Capsizing in
;‘quartering waves may also occur as a total—
‘fily transient event due ‘to. some’ factors nor-
a mally not considered in equations of rol-i,_ﬁ‘
K ling, i e. broaching and centrifugal mo-:4~"
“‘_ments, impact of breaking waves, immersion
- of. deck! edge and bulwark with simultaneous '
1arge ‘lateral’ motion which causges addition- -
T al strong coupling effects, etc. Do

In’ studies of such complicated dynamicz'

'phenomenon, it is essential to evaluate the
°:ontribution of different dynamic factors,

to find a correlation between them and to

stelect the most decisive ones: from the cap-

sizing point of view. Obviously, it cannot




e

yet be done by theoretical considerations~-
alone.‘Appropriately'designed, precisely
instrumented and scrupulously carried out

" model experiments can help not only to

] analyze and batter understand the physics
- of ‘ship capsizing, ‘but ‘also to evaludte the
quantitative influence ‘of - particular ele-
- ments. C

experimental program was designed The -
) objective was not to examine systematically
,thecstability quality of a certain,vesse1‘~
li.or class:ofiveseels in various environmenf
,  tal conditions,‘but'to investigate the

) jvphysics of capsize phenomenon in general

’and most critical situations. The results;

These were the reasons that a special -

(8)

the hydrodynamic' forces, generated on -
the ship by the same specified waves,
and at the same conditions as for a
free—running model, can'be measured on
a model. restrained at a specified
'frozen' position, moving with the
same forward ' speed. These have been
" named . captive model tests' :
Measurements on a fully restrained

. model (fully captive model tests) are the
.- most convenient for a validation of - theo-

: retically developed computer programs,
" while it is more valuable for investiga- "

Vtions into capsizing mechanism .t0 measure

the forces in the captive modes. -on the

- model, which is free to heave and pitch

should help. to define a mathematical model. o

';suitable for the. prediction of capsizing

.in extreme quartering seas and to validate
". or calibrate the numerical simulating pro-
grams. o S

PHILOSOPHY OF THE EXPERIMENTS

) i The dynamic identification of a ship
L;from the capsizing point ‘of view could be
'»;completed if two components of the phe-

'r_nomenon are fully identifiedh
’ w-; composition of acting forces and moments

R generated ‘by- waves;- .
":— characteristics of a corresponding ’
' response of a- ‘ship.-

L)

' However, the: problem lies in the fact that -

:fit is impossible ‘to measure the exciting

”_at once. Therefore, the usual practice in
':experimental investigations of: ship capsiz-
" -ing ‘is measuring the behaviour of a free

ffmodel 4n various wave configurations. These

) ;types of tests. may be’ very useful for sta-
’rﬂbility estimation of ‘a particular ship in

) ‘1hydrodynamic forces and the modsl response

(partly captive model tests).
In order to reproduce the real cap-
sizing mechanism the free-running and
- the captive model tests must be cor-
related S0 that for every. instan-
taneous position of the model in.
respect’ to. the wave profile in the
vfree-running situation, the appropri-

ate 'frozen' situation in.the captive

tests can be found ‘and the composition

of the hydrodynamic forces can be
interpolated. That can be achieved if.
in both cases the wave profiles and °
forward'speeds are the same and.the

. range of: headings and heel,angles.in
_the captive tests cover the range of
changes of those. parameters in free-
running tests. . '
Proposed procedure requests test faci-

: -lities ‘with a special capacity. A'high

'quality wavemakinq system producing ex- - 3
'_tremely steep repeatable waves, precision __:
hiinstrumentation and, first of all, a wide

. ‘wave basin spanned by a carriage which
:'would be’ able to move the fastened model

’specified environmental conditions but they

" do not give any information about eitber
'3Qfexciting forces or the relationship ‘force-

R response during complicated motion and cap—

;bsizing..Obviously, the identification ]
“-‘methods based on linear theory snd used in
_seakeeping are not applicable ‘to this case.
A . A special composition of experiments'
m‘;was designed to solve this complex problem.

' iThe principles o£ the idea could be summar— a

ized as follows."
‘(A) jthe dynamics of 1arge amplitude

. ?1motions and capsizing in specified

- waves, loading and propulsion- '
steering conditions will. bé-

with a desired path —— are the basic

* necessary - features.

Suoh exacting conditions ‘can be pro- .

_vided at the ‘SSPA" Maritime Dynamics

Laboratory in Goteborg, Sweden. ‘GSPA - has

.~ designed and set up appropriate measuring
- systems which. make the proposed experiments
possible. The main characteristics of the

:; below.

-simulated by use of the free-running R

. model technique,.u

s 96

ffacilities -and the developsd experimental
f%'technique as well as ‘the description of the
y:carried out experiments are presented




”;3;n ‘PEST pAciLIfIEsf ) o _ g’_ R relative to’the'shipgside were measured
’ . R S..,. - amidships on both the starboard and port
The SSPA seakeeping basin which . . .- sides.. As a complemenit to the relative

. vmeasures 39'x 88 m has wavemakers of flap=: 7. motion measurement the model had a system
_fAtype along orie short and one long side for. . .- of marks on the sides. The wave profile at
:.generating sinusoidal ‘or breaking regular .;f jr_the sides could therefore be determined
~Xior irregular long-crested waves of ‘any _lf_"-from the video recordings which were syn-

'kind. Along the opposite sides there are ol jf' chronized with the ~data” logging system.
‘" wave absorbers. -The water depth ‘can be N : :

“-jvaried between 0 and 3 m. e
A computer-controlled multi-motion -
;'carriage aystem spanning the basin can: be .
used for towing ‘or- tracking a model moving ;
in an” arbitrary vay. o
"% .rThe’ onboard standard data acquisition
':system can provide recording of 38 measure—;
““ment: signals at-a: sampling frequency of

'52:"CAPTIVE HODEL TESTS o

355.14'Fuliy captive'résts‘ o

Sk - The fully captive test arrangement is
',shown in Fig 2: A :

R _The model . is connected to the carriage
i'by a six—component balance and - has no free-
,fdom to move relatively .to the carriage The
. * model follows the carriage motion and is
'T-Athus forced to move in the horizontal plane
ﬂ’with controlled forward speed, drift speed
_,and required heading angles in relation to.

"-;éazn—iunﬁ:nézwzswsi;,y*

At.the free—running tests the mode_f“"(
'self-propelled and’ autOpiloted.-_ S "
) The multi-motion carriage is- used to‘
-, accelerate the model prior ‘to each teat and
to- catch it after test completion.. s
2 After release from .the: carriage the
'model is conttolled by the autopilot, of a
proportional requlator~type.,‘ . :
~Ia order to keep the model'within the o
‘working range of - the electro—optical system
used for measuring yaw the carriage &an be
jcontrolled with a. joy-stick '

:fthe wave direction.‘ﬁ" :

. . The model can -be fixed in different
-sheeling angles ‘up to 45 deg: The heave -

© ' position.is adjusted for different heels to
'vgget the same displacement for the. .ship as

:jin upright position in calm water.’

" The model is equipped with self pro-
jipulsion arrengements. The propeller
,j;revolutions are adjusted toa: constant ]
’ _value corresponding to the model self pro-

_’pulsion point in calm water.'~ :
] '; During the tests the forces and mo—'
i_ments in 8ix modes are registered, i.e.
;uheave, surge, sway,'roll, pitch and yaw.
:;Furthermore, the relative motion of the
: _ : 5;waves s measured on both sides of the
fment is shown in Fig 1 o » f;“ f;model Propeller revolution “and’ rudder
.'At the tests the waves were measured ) _force can also be measured. The model ‘speed
'with one wave probe in a fixed position in” and heading are given from the carriage
‘fthe basin and another ! located on - the car- - position.;."
ure - the ‘waves’ close to thev\ T :

as well as vwo‘video cameras, onelbehind'
ﬁand one beside the medel, a high-speed
)movie camera and necessary lighting were

s P‘art;yﬁf’éapéi,ve”wes't‘ai

. Thé partly captive test arrangement
L"is shown in'Fig 3 Tt 18’ composed of a
“statically balanced frame including a

: four-component balance for measuring
”tforces in the ship surge and sway and mo-
‘ments in yaw and roll Further a light—
Weight measuring arm capable of registering
1fmotions in all six degrees of freedom is

" used, Thus & control of the free motions of
-1'the ship as w . f’s of ‘the flexibility of -
:the captive frame is made.

Ly The model is free to heave and pitch,




but fixed to the carriage in all other
@ directiona. similarly “to the fully captive

Atests the. model is forced to move- in the :”'

";horizontal plane by the carriage motions.
_'The modelﬂspeed :and course are also calou—
'lated from the carriage position. SN .
Some problems ‘occur when arranging a

' fforces should not influence the free mo-,

7f1uence on’ the free motions the model is

the center of gravity. ) ; R .
' In, these tests, demanding a water-f

“the connection under deck The model was

1instead connected to the test arrangement
n -a point ‘on- the deck immediately above

the center of gravity o ',-v :

'j Similarly to the fully captive tests

'angles up to 45 deg.: ] . . .
A As for the fully captive tests. the »
model was equipped with self propulsion e

-strained in surge motiom connected in a h
;point not egual to. ‘the: center of flotation,
a pitch moment will be. introduced on the".
odel However, this effect can be mini-
ized by the model being self-propelled
SIn this test set—up the model’ disf;
:placement, longitudinal center of gravity
‘and: radius of: gyration for pitch have to
‘be’ correctly scaled. vi

static ‘nfluence of Frame on Partly
Captive ’ests LT :

:calm water the test frame has a, counter

”3~when the heave position of the model

. This vertical load -on’ the model is
ﬁsmall compared to the model displacement

. partly captive test set-up. As some motions;
,:will be: restrained ‘there will be forces on ;fﬁ
" the model in the connection _point. If thesev

:'tions the connection point has ‘to be in the
'fcenter of" buoyancy. This point is, however,jv'
inot fixed in the hull but dependent on the: -
"position ‘in the wave.’ To minimize the in- ';

attached to the balance in a point close to;f»ji,‘

“tight model, it was not possible to arrangef::.

1the model can be - adjusted to different heeli_‘

-arrangements. During the tests the propel--f: ’
'ler revolutions are adjusted to a constant:ﬁ
‘value corresponding to the self propulsion -
jpoint i calm water when the' model is re—’

7 tering waves._

So a8 ‘to give no static influence e
-on’ the model in the vertical direction in o = L ST
: ».5,6'§Data_Pr6cessingj“

: waves.:_{ﬂ

i changed from calm water level, a: verti-~"
'allforce will be transferred to the model

;from the frame. With a’maximiam heave ampli-};A,f
ftude of 6,14 m the. force will be. about 8 N..

‘»i 1t will however, result in a small in-*ﬁ

‘' crease of heave motion.-'

f5.4 Dynamic Influence of Frame on Partly

Captive Tests

The mass inertia ‘of . the- test fram will:'f'

o give ‘some dynamic influence on. the model

when the ship is moving in-waves. -
L The angular motion of the: test frame B
will result in.a vertical force: acting on -

“_ the _ship model. The forcé will vary. har~;;:;;_w
B monically with the ship heave motion and’

will reach its maximum value in the extreme~.‘
- heave positions. The _magnitude of this h '
force is’ dependent on’ ‘the heave frequency.“ﬁ
The mass . inertia of the frame is- ap— i
proximately 10 kg m . With a maximum wave .
frequency of encounter in these ‘tests’ of .
‘5. 7 rad/sec this results in a maximum heave:f’
force acting on the ‘model of about 32 N.

) From previous investigations with
another model it is ‘known that the- static '
and dynamic influencesonthe measurements,
give a small increase of the heave motion'fA
of the ship ‘but the influence on the

" measured forces and moments in surge, sway,.
- yaw and roll direction is_not significanth_.'

‘5.5;:WaveyMeasurements ‘f;

Wave measurements were made in- tWO

';different points simultaneously with one

-~ fixed wave probe at a position 10.m per—f““'
pendicular to the long side £rom - the basin )
center and ‘the other positioned ‘close to {;;:_'f

the model,being fixed to _the. carriage and h‘_ .
following the' model, measuring the encoun~'? ;f{:

) Registrations of the relative wave
motions were carried out amidships on bothw
the starboard and port sides T :

Using the registrations from the wave a
probe following the model: &t a knowh L
/dlstance 1t is possible to ‘calculate the '
phase lag between forces and encountering

vregistered forces and
moments refer to a fixed point in the bal-’“”

3 ance. These values are then recalculated to~‘i-'

the model center of gravity by means of”’ a

a coordinate transformation. As the position o
'.of ‘the model in relation ‘to the carriage s -

measured simultaneously with_the forces it o



fffor each’"ample.3:

tpnkroénﬁﬁ Expeaiuzﬁrsg

model of a‘typical Canadian stern
‘trawler of 19 75 n length was used in th
iexperiments. The main. particulars'of the
re thetfollowing-’ ’

"3'1 413 m Displacements

u;frame the experiments were split into three

_vdifferent categories: free, fully captive,;
':and partly captive model tests.. '

) The tests with’ the free-running model o
vwere carried cut in regular and irregular f

waves for two displacements and two meta-
centric’ heights for each. one. The model was
‘tested at three forward speeds, moatly 1n
_quartering waves at. the heading angle ~30_
'ut the’ behaviour in beam waves was. inve
»tigated as well The notion regular wavv
_eferswhere to_waves with the constant '

~-dangerous sltuations, and many capsize

ents have been recorded L
While the experiments with the frei

:;running model were concentrated on the in-

vestigations 1n quartering extreme wave

: with different frequencies, the capti e
'tests were performed in regular waves

,_running tests), three forced drift epeeds,
_five heading angles (3o°, 4o°, 50°, 60%;
) oﬁ_'

“‘Thevinvestigation of the. influencex £

f'bthe heading angle, the heel position and:

. ! the’ possible lateral motion on’ the value of
iggenerated hydrodynamic forces wae focused
"'1n ‘the captive ‘tests. =

_f,he fully captive and pertly captive
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SUBDIVISION STANDARD AND DAMAGE STABILITY FOR DRY CARGO SHIPS

BASED ON THE PROBABILISTIC CONCEPT OF SURVIVAL

Magne Sigurdsen and Sigmund Rusaas

" Det norske Veritas

Norway

ABSTRACT =

The question of subdivision standard for dry cargo vessels
has gained considerable international interest during the past few
years, espesially in connection with the probabilistic concept of
survival. This paper describes a subdivision standard for dry
cargo vessels, developed by Det norske Veritas. The standard 1is
offered as an Optional Class Notation: The SC-Class.

The subdivision standard is based on the probabilistic con-
cept found in IMCO resolution A.265 (VIII)>, but modified for dry
cargo vessels. The theoretical background with the basis in resol-
ution A.265 1is discussed, together with the modifications neces-
sary to adopt the method to dry cargo vessels.

1. _INTRODUCTION

The safety of ships has always been a topic of great concern
for ship designers, shipbuilders, shipowners, national authorities
and classification societies. Important instruments to achieve an
acceptable level of safety are the rules and regulations given by
national authorities and classification societies. The objectives
of these rules are twofold:

a) Minimize the risk for accidents
and
b) Reduce the consequences if an accident should happen.

Examples of rules and regulations aimed at reducing the con-
sequences of an accident are the damage stability requirements
found in several international codes and conventions, like SOLAS,
- MARPOL, The Gas Code, The Chemical Code etc. Provided these stand-

ards are followed, the ship is assumed to have a certain level of
survival capability in case of damage.

- 113 -



However, the damags stability reguirements do not cover all
types of ships. There has been a tendency to emphasize on the con-
sequences and the effect on the environment. Ships carrying dan-
gerous cargo are therefore well covered, whereas ordinary dry
cargo vessels have been neglected.

The development of new types of ships, like for instance Roll
on/Roll off vessels has brought forward the issue of damage sta-
bility for dry cargo ships. The Roll on/Roll off concept invites
to "open" ship solutions, which makes these vessels vulnerable
from a damage stability point of view. It is therefore an in-
creasing international opinion that also dry cargo ships should
have a minimum subdivision standard.

<. THE_PROBABILISTIC_CONCEPT

The ship which can not sink is not yet built. Therefore, one
always have to face the gquestion: How safe is the ship in case of
damage? A ship designed to sustain any one- compartment damage, is
Jjust as safe as the probability of not damaging one of the trans-
verse bulkheads. It 18 obvious that the probability of such dam-
age increases with number of bulkheads. ;3 The one-compartment
damage standard may therefore offer a rather arbitrary level of
safety, e.g. dependent on number of bulkheads. It is also very
common to assume a limited damage penetration, one fifth of the
breadth is a very often used figure, and damages exceeding this
limit is not investigated.

Instead of wusing traditionally ‘deterministic’ methods such
as the one-compartment standard, an attempt to calculate the prob-
ability of surviving a hyphothetical damage can been made. Such a
method was first described by Wendel /10/, and implemented in IMCO
Res. A.265 (VI1I). Ref /1/ and /2/. I1f such a probability can be
f ound, it 1s guite  obvious that it gives a far more objective
measure of the ship’s survival capability in case of damage than
any other damage stability standards.

The probability of a ship’s survival includes the following
probabilities: '

-~ the probability of flooding each single compartment and each
possible group of two or more adjacent compartments.

- the probability that the residual buoyancy and stabilaity after
damage will be sufficient to provide for survival.

It may be demonstrated by means of the probability theory
that the probability of survival should be calculated as a sum of

the product of these two probabilities, taking the summation over

each single compartment and each group of two or more adjacent
compartments.

This probability is called the "Attained Subdivision Index",
and 1s expressed as follows:
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A= Sa.p-s (See fig. 1)
where
a-+-p is the probability that only the compartment or group of com-
partments are flooded.
8 is ‘the probability of surviving the damage.
The implementation made in IMCO Res A.265 is -based on statistics
from 286 cases of rammed ships,using the following statistical ma-
terial:
- Damage position along the ship.
- Damage length density function
- Damage penetration density function

Consult fig. 2. For a more thorough description of the method, it
is referred to Wendel /10/ and A.265 (/1/ and /2/).

Ls

©

®
v

T

A=2aps

a’ accounts for probabilit? as related to
position of compartment

p° accounts for probability that only the
compartment or group of compartments
may be flooded

‘s’ account for the preobability of survival

after damage

Fig 1: Calculation of attained index
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3. _ADOPTION_OF THE_METHOD_TO_DRY_CARGO_VESSELS

A primary
was not to make
count of all

goal when adopting the method to dry cargo vessels
the rules too sophisticated, but still take ac-
relevant effects in & reasonable way. Since dry

cargo ships are a very in-homogenous group of ships, this cannot
be achieved without making some simplifications. Also, since the
method in A.265 were developed for passenger ships, some of the

assumptions and
cargo ships.

The simplif
division 1ndex
vival, but it
capability in
the safety level

The damage
the attained s
i1t was found nes
sumptions and cr

- Loading condit
- Permeabilities
- Vertical exten
- Survival crite
- Required index
- Effect of long

Each of these to

criteria in A.265 may not be relevant for dry

ications to be made of course imply that the sub-
does not represent the exact probability of sur-
is a wuseful comparative measure of survival
case of damage, and it gives a good indication of
statistics forming the basis for calculation of
ubdivision index, were kept unchanged from A.265.
essary, however, to re-evaluate some of the as-
iteria inherent in the method, like:

ions

t of damage
ria

itudinal subdivision

pics are discussed in the following.
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In A.265 it 1is used three different draughts within the draught
range, and each draught is given a "weight" corresponding to the
probability distribution on draughts. This distribution, however,
is believed to have sufficient relevance for passenger ships only,
and that similar distribution to be used for dry cargo ships would
have been different for each ship type.

Available information on such draught distribution for dry
cargo ships 1is very limited, and another approach were therefore
chosen, based on two extreme loading conditions only: ’

a) Ballast arrival

b) Full load with minimum metacentric height, or 1if a higher
metacentric height 18 to be specified in the instructions to
the master, then that value may be used.

By~ putting equal weight on each draught, this method 1is believed

to take account of both the light and deeper draughts in a reason-
able way. The attained index is then calculated as follows:

A = 0.5 AE + 0.5 Ag

>

Attained index in loaded condition

>
"

B Attained iﬁdex in ballast condition

Very 1limited data on permeabilities for dry cargo ships were
available, but from ref /5/ and /6/ it was found that reasonable
permeabilities were:

0.70 in fully loaded condition.
0.95 in ballast.

Due to the limited information available it was not felt reason-
able to distinguish between ship types, although there are reason
to believe that e.g. Ro/Ro ships have somewhat higher figures.

In A.265 the damage is assumed to extend to a so-called "rel-
evant bulkhead deck". This deck is in principle freely chosen, as
long as it is a watertight deck. The probability of survival, how-
ever, 1is among other things a function of the freeboard measured
from the relevant freeboard deck. _

Since the probability of survival in the SC-Class (see Sur-
vival Criteria below) is formulated in another way, the concept of
a freely chosen "relevant bulkhead deck"” cannot be used. An un-
limited wvertical extent of damage would have been too extensive
for ships with large freeboard, e.g. car carriers. Therefore, a
limitation of the vertical extent of damage was assumed. Statis-
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tics on vertical extent of damage were not readily available, 8¢
one had to make a reasonable assumption. Based on the minimum bow-
height required in the load line convention a vertical extent
above the waterline of 0.03 times the length of the ship, but not
more than 5 metres were chosen.

Survival Criteria

The ship’s probability to survive after damage is dependent
on the residual buoyancy and stability after damage and the envi-

ronmental conditions (wind, waves) at the time of damage. The
residual buoyancy and stability is found by damage stability cal-
culations, and the probability distribution of e.g. wave heights

may be found from meteorological statistics. The difficulty with
regard to the practical application is, however, to obtain the
correct relationship between the residual buoyancy/stability and
the meterological statistics.

In A.26% this is solved by making model tests in waves to ar-
rive at a relationship between residual stability and critical
wave height, 1.e. the wave height necessary to capsize the model.
Having established this relationship, the probability that the
ship will not capsize is equal the probability that the «critical
wave height is not exceeded.

From the model tests, i1t was found that there was a reason-
able relationship between the <critical wave height and the
freeboard and metacentric height after damage. Using this re-
lationship together with the wave height distribution an approxi-
mate formula for the probability of not capsizing were derived.

This formula,. which is very simple and easy to use, was ap-
praised for use within the SC-Class, but was rejected for the fol-
lowing reasons:

- The model tests were carried out with two different models only.
Their relevance for today’s dry cargo fleet is therefore ques-
tionable.

- The formula gives only the probability of not capsizing. The
probability of not sinking was taken into account by setting the
probability to zero if any part of the undamaged deck was sub-
merged. This may be a relevant assumption for vessels with high
freeboard, e.g. passenger ships, but it cannot be taken as a
general approach for dry cargo ships. \

Instead, the following general accepted survival criteria
from existing rules and regulations were chosen:

- The final waterline, and any .waterline during the period of
flooding, is to be below the lower edge of any opening through
which progressive flooding may take place.

- The angle of heel in final stage of flooding and during the pe-
riod of flooding is not to exceed 25 degrees.

- In final stage of flooding, the righting lever curve should have
a range of at least 20 degrees beyond the angle of .equilibrium
in association with a maximum righting lever of at least 0.1
metres within the same range.
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If all these criteria are fulfilled, then the probability of
survival is set to 1.0, else the probability is set to zero.

In order to find a reasonable level of the subdivision index, a
'Systematic calculation of a sample of the dry cargo fleet were
carried out. The result from this study is summarized in the ta-
bles 1 and 2 below:

>

‘Table 1: Subdivision Index by Distribution on Ship Type

No of ships  -—---- Average index--------
Ship Type (T (R) Full locad Ballast Mean
Bulk Carrier 3 3 6.54 0.94 0.74
General Dry Cargo 6 1 0.12 0.45 0.28
Ro/Ro 3 0 0.08 0.62 0.35
Container 3 3 0.28 0.86 0.57
Vehicle Carrier 3 0] 0.03 6.13 0.08
Total i8 7 0.19 0.57 0.38

No of ships (T) - Total no of ships
(R> = No of ships fulfilling regquired index

Table 2: Subdivision Index/by Distribution on Ship Length

No of ships  ----- Average index-—--—-----
Ship Length (T (R) Full locad Ballast Mean
Less than 50 1 o] 0.07 0.07 0.07
50-99 4 0 0.07 0.36 0.21
100-149 . 6 3 0.19 0.70 0.45
150~-199 4 2 0.20 0.59 0.39
Above 200 3 2 0.40 0.92 0.66
Total 18 7 0.18 0.57 0.38

No of ships (T»
(R)

Total no of ships
No of ships fulfilling required index

) Even if one should not draw too firm conclusions from such a
limited sample, it can be seen that there is a pronounced tendency
of higher index for larger ships, wheras the smaller ones all have

very low index. With regards to ship types, it can be seen that
the bulk- carriers all have high 1index compared to the other
types.

- 119 -



Ideally, the subdivision index should be independent of ship
size, but for practical reasons this is not possible. An approach
with 1ncreasing index with ship size was therefore chosen. The
subdivision index should, however, be independent of ship type.

The formula in A.265, but with number of passengers set to
zero was then chosen:

1500 + 4 Ls

On fig. 3 this formula is drawn as a function of ship length.
The results from the systematic calculation 1s also indicated.on

the same figure. The actual probability of survival derived from
casualty statistics (see Risk Evaluation following) is also plot-
ted on the same diagram. Even if the subdivision index does not

pretend being the exact probability of survival, the statistics
should give an indication of the level of subdivision index on to-
day’'s fleet of dry cargo ships.

SUBDIVISION

INDEX _
1.0 4 . PROBABILITY OF SURVIVAL ACC.

TO STATISTICS
08
R - 1000
T 7 1500+4-Ls

06 -
04 4  __---"T
0.2

v
50

SUBDIVISION LENGTH (Ls)

A > ATTAINED SUBDIVISION INDEX,
SYSTEMATIC CALCULATIONS

Fig. 3: Subdivision index as function of ship length
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Longitudinal_subdivision -

The effect of longitudinal subdivision 1is taken into account
by a socalled Yreduction factor"” (r), which accounts for the prob-
ability that the damage penetration will not reach the longitudi-
nal bulkhead. As can be s8s8een from the formula in A.26%5 it
approximates the probability function by a straight line from
(b/B=0,r=0) to b/B=0.2, causing underestimation of r for small
values of b/B. It was found that a better approximation of the
probability function was a straight 1line from- (b/B=0,r=0.1) to
b/B=0.2. (See fig. 4 )

*
F (z) -
w s p— P
0% ‘s

080 1 P4

e .
o% o e OBTAINED FROM DAMAGE STATISTICS
SC-class

4 i

¢ T - T T T —T T AE —T T W
¢ 010 020 030 040 050 060 070 o8 0% 100

: L DAMAGE_PENE TRATION
A SHIP BREADTH

060 1

050 1

Fig. 4: Probability function of damage
penetration

As can also be seen from the original formula for r, it only
gives negligible contribution for double skin. Such a contribution
is highly recommended, because of the obvious increased safety
against e.g. leakages. The enhanced r-factor in the SC-Class al-
ways gives a double skin arrangement a factor of at least r=0.1,
which 1s considered to be a reasonable figure, and at the same
time gives a better approximation for narrow wing tanks.

4. _DESIGN_PRINCIPLES

In addition to complying with the "Required Subdivision In-
dex", the ship also have to comply with certain design principles.
First, the <collision bulkhead should be such positioned that the
ship will sustain a simultaneous damage to all compartments - for-
ward of that bulkhead.

Secondly, to have some safety in case of grounding (the prob-
abilistic concept only address collision damages) there 18 a re-
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gquirement to double bottom underneath all <cargo holds, with a
height of at least 1/15 of the breadth of the ship.

The SC-Class also includes requirements to watertight integ-
rity, closing appliances and position of openings. Alarm systems
are required when access openings in the shell are in use, giving
alarm when the distance between the lower edge of the opening and
the waterline is below a certain value.

Certain documentation requirements are also set forth, of
special importance is a "Damage Control Plan®, showing the bounda-
ries of the watertight compartments, the relevant openings with
means of <closure and arrangement for correction of -list due to
flooding.

As can be seen from the tables 1 and 2, 11 out of 18 existing
vessels did not meet the requirement to subdivision index. For 9
of these ships, a consequence analysis were carried out to see
which changes were necessary to meet the criteria.

There are obviously 3 ways of improving the subdivision index
of a ship:

a) increasing number of bulkheads
b) increasing the freeboard
c) increasing the metacentric height

First, additional bulkheads were assumed in reasonable positions
within the cargo hold area. Then, the freeboard and metacentric
height were increased until the required index were obtained. For
the vehicle carriers, however, the study was made assuming one of
the decks closed watertight.

The results of the study is summarized in table 3. As can be
seen from the results, the required index in most cases can be ob-
tained by adding one or two bulkheads and increasing the freeboard
and/or metacentric height.

A general observation is that the vessel’'s freeboard has a
significant influence on the attained index.. This is of course
not surprising because the vessel 's reserve buoyancy 1is a direct
function of the freeboard. One may therefore conclude that paying
sufficient attention to these circumstances, it should be quite
feasible to design any type of dry cargo vessel meeting the re-
gquired subdivision index. It is not likely, however, that any
ship can reach an acceptable level of survival capability without
bulkheads in the cargo area, but it is interesting to see that
both RO/RO-ships included in the consequence study gave sufficient
index with one extra bulkhead only.
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able 3: Consegquense study - results

To reach required index

No of No of {(with additional bhds)
: Length cargo Subdiv.index add. Increase Increase
bhip type (Ls) holds ‘A’ ‘R” Dbhds. freeboard or GM
en. dry carg 120.50 2 0.163 0.4895 2 ~ 0.54 1.56
den. dry car 92.50 2 0.340 0.465 2 0.00 0.00
ien. dry carg 42 .45 1 0.068 0.401 3 06.21 0.35
ben. dry carg 149.16 3 0.349 0.515 2 0.20 0.73
en. dry carg 71.30 1 0.089 0.440 3 0.19 0.24
O/RO 113.45 1 0.310 0.488 1 0.05 0.33
RO/ RO 82.50 1 0.365 0.465 1 0.06 0.36
ehicle carr. 193.00 2 0.115 0.550 %)
ehicle carr. 94.30 1 0.051 0.462 *)

k) The Vehicle Carriers both obtained the necessary index by closing
one of the decks watertight.

RISK_EVALUATION

To evaluate collision data for Dry Cargo Ships and to assess
the probability of survival, collisions occured between 1978
through 1983 have been analyzed. The analysis 1includes shlps above
100 grt and less than 15 years of age.

Totally 616 collisions have been studied. Of these, 149 1led
to ingress of water, and 8! of these did not survive the damage.
This gives a survival capability of 45.6 %. General Cargo ships
which are by far the biggest group, show a survival capability of
39 %.

The results are summarized in tables 4 through 6.

n = Number of collisions with water ingress. :
X Number of non survivals after collisions with water ingress.

Table 4: Distribution on Ship Type

Ship Type n X %

Bulk Carrier 20 6 70.0
 General Dry Cargo 110 67 39.1
Ro/Ro ] 6 33.3
Pass./Cargo/Ferry 2 2 0.0
Container 5 0 100.0
Other 3 (0] 100.0
Total 149 81 45 .6



Table 5: Distribution on Ship Length

Ship Length n X %

Less than 50 17 15 11.8
50-99 68 43 36.8
100-149 , 39 18 53.8
150-199 18 5 72.2
Above 200 7 0 100.0
Total 149 81 45 .6

Table 6: Distribution on Damage Location

Number of Percent
Damage Location Collisions of all
Bow/forepeak 178 53.6
Forepeak + hold/tank fwd 15 4.5
Hold/tank fwd : 24 7.2 "
Midship 40 12.0
Hold/tank aft 18 N 5.4
Hold/tank aft + Eng. room 3 6.8
Engine room/superstructure 35 10.5
Aft 19 5.7
Total 332 89.8

As shown, the tendency is the same as found 1in the calcu-
lations: The safety increages with ship length. As regards ship
types, it appears that Bulk Carriers have better safety record
than other ship types. Lo

From the distribution on Damage Location lt appears, as ex-
pected, that a majority of the <collisions take place 1in the
bow/forepeak area. This is not reflected properly in the method,
and is the background for a special requirement to damage stabil-
ity to this part of the ship.
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7. _CONCLUSION

Even if the probabilistic concept have been known for some
vyears, and the resolution A.265 has been available as an alterna-
tive to the damage stability in SOLAS, it has not been very much
used. The reason is believed that the method described 1in A.265
appears to be more complicated than the deterministic method in
SOLAS. A.265 in itself also includes a deterministic part, (mini-
mum one- compartment damage), and as such does. not appear as a
completely probabilistic concept.

The philosophy behind the probabilistic concept is that two
ships with the same index are of equal safety, and there should
not be any need for special treatment of certain parts of the
ship. The only part of the. ship which may be given special atten-
tion, is the forward part, e.g. forward of the collision
bulkhead. The reason should be quite obvious: In all collisions,
damage to the forward part must be expected, and this is not prop-
erly reflected in the method, which mainly consentrates on the
rammed ship, and not the ramming one.

The SC-Class uses the main ideas behind the probabilistic
concept as it is described in A.265, but as can be seen from this
paper, some simplifications and adjustments had to be made to
adapt the method to dry cargo ships. Recognizing that this is a
first step in the direction of subdivision standard for Dry Cargo
ships, Det norske Veritas has issued the standard as "Tentative
Rules". This means that it is expected that adjustments have to
be made, not least on the background of the ongoing international
activity in this area.

It is believed that the method presented herein will prove to
increase the level of safety for dry cargo ships. Even 1if the
method itself does not pretend to calculate the exact probability
of survival, it gives a good indication of the level of safety 1in
case of damage, and is a useful comparative measure between dif-
ferent arrangement alternatives.
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ERRATUM
"Towards Rational. Stability Criteria for Semisubmersibles - A Pilot Study™
H.H. Chen, Y.S. Shin, J.L. Wilson, Page 5, Fig. 11.
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