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ABSTHACT

This paper pvcsf:nts lecent devc ion-
ment in the t-eliability asacsament of
marine frame structures which arc ;~{,de-
lled as relatively stiff framcs and
subjected to quls i-static extreme loads,
based on ultimate collapse analysis. At
first, a linearized iz:lu,e cundil, un IJf
the sect ian is introduced wnich 1akcs

into account coin bi”ed toad eff~:c:ts(of
bending moment, axial force and shearing
force *on the various iai lure m,,dc’s. ‘Tbc
ia ilure cri ter ion greatly iacil~tates
generalie” of the safety mal.?ins and
calculation of the ft?i:lirc p,.c>babili -
tlcE.. structural failure is defined as
production of” large deflection d.. t,,
cal lapse. Second, (bc so-cal led b,:lncb-
and-bound method combined with 1},?? bc” -
riat, c operations ,s appli+d to Select
the pro babilistlcnlly dominant fzi lure
modes, , which save the computation ef-
forts to per forrf.the rci, ability analy-
sis cot Iarze-scaic structures. Fin;,lly,
the proposed methods are applied to a“
o[lshore jacket pl,itfo?m w, ~h brittle
elements and a transverse St]-ucture of
ships under some “ol,cj”al I,,;,,! r!.ndi -
t,”ns. Thro”gt, the numerical examples,
the efcecls of b,ittlc el:,nc”ts,
combined loads and loading cdnditi,,ns on
probabilistic PIoPeI’lies (,c ult, male
collapse of mar, ne frame st]uct”rcs are
investigated.

INTRODUCTION

Various tYpes oi marine $tlucturcs
including drilling rits, plstf,.,rms, etc.
have been cons tructeti. ‘riLcy :tr,~ re-
quired 1. have bcL1er Opelatlnc Pcl fur-
mance in the severer state ,,f sea and

weather, and .IS a ?<,ce”t lre”d, th,,y arc
becomi ng larger in s, ze and muL e com-
plex. Fur th.se fl,ar,ne ,Structul.l?s
which have little .2Xperienc’, c,C st?l,vice,
a relative measure of their Shit?!:, CS,r
comparison with the notiun:,l SAf[!ty !Jf

exist, ng structures can ,;n!y bc: i!’llndby
using reliability :,n.ilysismet b,,::s. .Many
“Studies have been made of’ Icliability
analysis of marine structures, as re -
vi ewed from the view point of design
philosophy(l). Howeve,- , :he,-c remain

..-.
many works to bi” done I,>r Iaigt? s l,u:-
tures which have too many fai {are ,,,I,::,?c
10 identify all of them fur rs:!;n,!:,!.;

sYsterl reliability bised o“ U!11132:tL\

collapse analysis (2-11).
This paper presents recent aeve; .;~-

men t in the relia.bil t(y a.s,:ssment ,,!
M<,.ine s tluct”res whict, are mode.1led :..
relativr?ly stiff frames :.na +u’.;::f;;::~!
quasi-static extreme loads, bosea ,,n
ultimate collapse analys, s. Li 1,;,’,,l!..:
collapae is evaluated by using + liaea -
ri zed fai]”re conditi,;n ,,f t),. SC,::,,.O
under the combined effect of berldia>:
moment , shcari”g f.,cc a“d :, x,:,1 i,.,cc
to generate the safety “)argi”s, ,,,..?,:u
mJt Yix mct nod. I=robabilis tically d,,n,-
nant collapse modes arc SClcc ted by
applying the So-c:,llccf br3ncl,-:,(>d-
bound method combined vi:?, tbe t,,>.r,sc :,
opera tiorls. These lmethods are ap;,l,cd
to the following marine structures:

(1) an Ofrsh<)r, j:i,!k.t Plclt!c),m
Wi t;, brittle e]erne”ts i“ Wt,icb the be”-
ding mo>lcnt and axial :01’cc d<,,?ia?(,;:k,e
failure criterion.

(2) a transverse str-”cture of st,~ps
,n which the combined effect of lhc
bending “mn,e”t, shearing fo,ce and ix,aj
force determines the plasticity cc;r,o-
lion and 10 which some notional load
conditions are applied.

Thr. ugh the numerical .xamplcs, :!,$:
effects of brittle members, c.mb, ncd
Ioads and loading conditions con !!,,
probabilistic properties of “It imat.
collapse uf marine frame str. ci. rcs a;..
investigated.

GENERATIOS OF STRUCTL!hAL FA1 l,GF.E MO:JE-S
FOB PLANE l;ftAME ST1{LCTCRF: LN1)E[(:.c<)Y[31;: ,:
EFFECT OF BENDi NC MOMENT , SHEARI :XG I:O::CI,:
ANI) AXIAL FORCE
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,under combined load c!, fcc:s f b:. ding
nwmen t , shearing force and ax!al f,], cc.
[n the case uf plastic col]apsr: , b<:l, a-
v,”ur of members ,s approx, ma tea ar, d
structural analysis is Per furmed by
combining a P1ast, c node method and u
matrix method based on the displacement
method (n-19).

[,. rivat i“” !li L{Qd!!c<:<i a}iiln?ss
Malrixcs arid !l’!i!liy$icn! sl,~~, ~:~~:~

Let Xt = (Fxi,F ,,M ,,F ,,F .,:,,)T
Y, z. x] Y] ,1

.nd ht = (Vxi,vyi, ezi,vxj,vyj, z,e .1-J denote

the nodal force a“d displac,:me”t vpcto,-s
of the unit elerne”t J, j, e. g., t), e
element number t in the local Ct,ordi.a(c
syslcm shown in I:ig, l(a).

When the inter;, cl; un ,! f bending
moment , shearine force and .x, .1 i,, tce
,5 considered, the yieldin~ C“nd it ion
,.4f the deep zird c.!’ <:onsistinz ,: lP:c
tl’~nsversc! ring of a tanker is usually
given by a nonlinear and asyrnme[r; c s“r -
face with regard to i“ter”al rurces, as
shown by thin Ii”es !“ VIK. ~, lfol(,:-
Ver, in order to fac>litiitc (he treat-
ment of yield condition, the
surface

yield
is approximated by a I ,“c. a,-ized

function resulting i“ ““det’e.s~,r, ;, (,,,. oi
the strength of the member

thick lines in Fig. 2 ,kkn,a~l~;;~~i!~
condi tion of a cross section IS Clven
in ihe following form:

+.lFxi, Fyi,H.i.F.$.Fyi,.zilT
6,. w.i ,Vyi, %,V.i ..yi ,“ziI’

Fig. 1(a) Nodal forces and displfice -
ments of the elast,>-pl as tic
element

Y
A

,,.,rv.,,~F.ir(r.i)r
ra,

71(N*; ).,(0;<) 1’
(F,,hw,,,r /L-

S1 (M..;)r, (en.+),
(xtlr. (lFxilr,lryi) ..(.zilr, (Fxjlr< [Fyj).< %1)=1

(6t1r-1 (Vxilr, (.yi)r, l%ilr, P&j).. lvYjlr, (Ozilrl

Fig. l(b) Nodal forces and disr,lacc -
ment of the elas to-plastic
element with rigid btidies
at both ends

Fig. 2 Linearized Pli. bticiiy cund-
tic, n ctinsideri”g tt, e I.tv I:tc-
tio” of bend$ng moment, sl,,.al-
in~ force and axial Cc(rce

Fk= Rk - %% = 0 (k=i, J) ,:.

modul us of element end k, Oyk : Y1. ld
stress>.

.% Sign(F=il , b.cl = [a ~pi * sign(Fyi) ,
P%

c.sign(Mzil , 0 , 0 , 0) ,1,%,

AZ
Cl = (0 , 0 , 0 , a.fi sign(#=j) ,

PJ

TYAZ .
b.- sig. (Fyj) , c. sign IMxj) )

Pa

i! ..:
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‘The plasticity c.nd il ion (1) ,r,,- . = &ltk/Tkl Sin@k
duces to (i) in case .? a=b.0 ~.d ..1 :
t h c wel l-known plas[iciiy cu],{iilion f.3 ,
subjected solely to bend in,gm.me. t, [ii)
in case of a~o! ~=’) and C.1 : the In casr <If the bri[tlc (, .:,l U!C,:

plasticity c.nd it ion c.nsidcring the
interaction of bi?niiriii n,t>lncnt an[i clxiai
force, and (iii) in case “f ski), b?lI and
c., : the cu”ditio” c,unsicfcr,nLr lt,c
interaction of bsridi.z moment, shc=a,.i”g
force and axial {,,1’,:,:.

F. r the case of an Uffs.t,,,re jackel
plol form in which the bending ml,n,cnk and
axial force dominate the failure crite-
rion, the following values are ad” fJ-
ted(l l):

a=l, b=()>c=l (21

The failure conditi. n of the ele-
ment whi ch behaves as a brittle Mat C-
ri al, such as buckl ing collapse of
beam-columns wi lh init, ai imperfec-
tion, punchi ng shear faliure of tubular
ioints and brittle fracture of w,l -

.=x+

KC : stress

b=o

‘ = ‘#k

((;)

Next , tbe behaviuur of
section follows the

Yielded
plasticity tt; ,,.,, y

because the perfectly elasto-plasi~c (,,,
e]astu-br, ttle) relationship has b<:c ?1
employed into the plasticity condi[iun.
The rel at i”” between the nodal for<,.
vector Xt a“d the lils~la Ce”,e”t “,. 1,,, tt

of an element including plastic! ,m,d.s
is derived by using plasticity tneory as
follows (11-19):

x,=Jc!%?,+w ,..,)

.,he, c

k? : reiuced element $Liff”css m:,.; ,x

ding joints with fatigue cracks, is ~\,) : equivalent nodal force vector
also represented by Eq. (1), Whe,,$ the
coefficients a, b and c .L-e given in The explicit forms of
the following:

ti!) and %?) are
give” as follows:

]n case of the buckling collapse:

a = 0*~/ ok

no : initial i“lperiect]o”

e= : Eulerss b“i!xli”~ s:,...,

S : core radius

b=O

‘h. fkc- AZek

fk : shape factor
,4:

In case of the punch, ”g shea! failure:

a - fi(tk/Tk) Sinek

‘k>Tk : brace and Chord thick”,.,

8k : bra ce an~le[mc, s.r c.<: 11,,,]
chord)

b=O

k\$)+ ( k, : elastic elern_e”t
~!))=~ st.iffrress matrix )

\sa)

(b) In case of faiiure ?.1 Ieft-bana *:nd:
(for ductile element)

(for b,-ittle element)

~y =0, ~y] = o (8bf

(.) In case of failure at l-ich-hand end:
(for ductile elem?”l)

(d) 1. .1+s. of failure at both ends:
(for ductile element)
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k\’)(=k:’)=k,–[H]’[G”’][H]

~“)’=~’’’~’G’’’G-’’l:J

(8(I)

(for brittle element)

k? = O, 2!’) = o

Consider an element ‘#It>>
bodies

i-igid
at both ends ‘+hich is idealized

i~)r a transverse ring of a 8hip Le 1
~Xt)r and ( &t)= respectively den. te the

nodal force and displacement vect,, rs GI
the outside of unit element i, i w; t},
rigid bodies whose lengths .~”~ % and

’52 s as shown in Fig. l(b). BY using

transformation mair~i ~t : 6e = re ~%~r .

II
10000–0
01*,000

r, - 001000
(9)

000100

ooool~
. 000001

and the relation between @ and

h for the elas to-plastic element,

the foi iowing relation is obtained:

(Xt)r-t@)r(dt)r+ (if)), :: !,)

Consider a pliinc f rarne Sl, ,ict,, r,
with n elements and at most 31 loads
applied to its 1 r,.ales. T)IC ;.,,,) u,.,

criterion of the i-it, elasio-pi:,stic
clement end is given by

Zi= R1 - C~Xt* 0 (11)

Whels
(d) : total nodal displacement vector

referred to the glubi, l ci, oI’cli -
n.te system
n

(K(9)) =:, T; e: k~) Zk Tk

: reduced tOtal s(lu CtUt~

stiffness nlatlix
T, , transformation matrix

(L) : “i; CtCIJ of ,:xtcrna: Ioods
n

(R(’)) = -~1 T~ =1 ~~)

: equivalent n,, dal f,, tcc VC’C1<l I
referred to t h c j:lot>al

coordinate system
Finally, the nodal fl?rcc voe LL>l xc ;,1
the t-th element is Siven bY

XL = b~)[ (IJ + (I@) ] + ~~)

Now that the elc:meni encis rlo r2.
. . . . and rp-l ha.,: i,,, icd, lt, e <:, I,[Y

marg, ” 6( the su,vi”ing element end i
(c Iemcnt number () is ,,l. ::, inc:d by ,;IIb-
s(ituting Eq. (13) i“ t,, Eq. (11):

{1!)

(15)

,,, ,., I ,-

,), ,,, .
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],tliu,e results:

I [ (K%)),] I / I [ (KIO) ),1 I 5 c (16)

where ,Uperscl’]pts (pq) and <, ; a, c used
io denote the Pq-th f,,,1u,,, s t.z, a“d
the elastic cund iLion, ,Csp, ciively.
c is the spec!i[icci c,,.st ant i,,] d,:t,:r,u-
ning the plastic c.l lapse, Tl, e seque”. e
of the failed clcm?nt ends 1“ P,”d”ce
structural failure, e.c., rl ,

‘Pq
‘2, ....is called a Compleie [ailurc p:,th.

By US I“E 1:,, above equat i.]n, L,
cri teriun Of strlict”ral failure is ~1-
ven by

~[P)*o
(P = 1!2,...FPq )‘D (17)

If there al’, any failed clement
ends rp, which have lheir .,, c:iic, e”t~

; C$
~pg~geqllal to ze,u in the safety ma~gi”

IPql ~~
zrp

the last yield<,d clcm, ”t e“d
q e ,,g:,

they are the rcdu”d ant element ends
whi ch do not dirccl?y c.ntrlb,, t,, 1,,
occurrence “f tt,e >!asiic c:,] lapse,
Alternatively, lhose cl o”)?. L ends a,.
called essential withu”t whict, .c, pl as-
ti(b collapses arr! Iorm,>,f. A minimum set
of plastic nodes is a fai l,Jr L I>xth
including no redu. danl pl~s tic node.s. A
failure mode is a set of plastic nodes
comprising the ,nicimum set.

In summary, the lhc piastirity
condi tion of the clement cn<i u.df!i 1},.
combi ned loads has bee” ap?roxirnaled by
a linear surface gi. ea by .fq. ![), tind
the safety margin of Lhe ,Icme”t e“d
has also been expressed as a L, near
combination of the stre”cths ,,f the
element ends and the aPP) ied loads.
Consequently, reliability aria; y,, , ,, is
great 1y facili tated vl,e” the . l.,,,”gths
and the loads arc “otmal ra. d6n,
les.

V.,iab-

AUTOMAT IC SELECT ION OF P110BA131L1 S1 : CA1,LY
DOM1 NANT FA1 LURE PATHS

There are to<, many fai IU,-C paths ,“
a highly redundant structure (1%,17,19)
to se”erate all of thcm, which necessi-
tates a procedure for selcctinz only
the pro babilislically szg”if icant fai -
lUre PattiS. Effic, e”t method. by us, ng a
branct,-and-bound techn~q”c have b?..
proposed (14,16,17,19) and th, s Paper
adopts the procc.iure give” in lhe f,,l lu -
wing.

!ica!lc!t~n~ QEeczLi!Jnz

These upera(iu”s a,<: [. sc!L, (:t 1},,
plastic nodes S,, C:, t!, s, st<, cr, as L,.. lly
d,)ln, nant iailur? ,Pdli, $ JIJY h,, ,,,,t,,,n,d.
An element en<i (tail.d t,ci{c n., tio L,.,,
simplicity) IS .,c’]l, c{l,d :,s a pj .:.,! ,C

“de a~ the p-th failu[e s[agc based . .
tk,, -dim cnsfii,nal joint probability !s, -
.;,1 Icd 1!+. d,mensi. ”al branc!hlnzs) Tt,e

nude to be selected at the p-th failure

stage is given bY

P [z (OSOJ =m. r P [Z, yol
‘!

for0=1 ,1,,1
I,el,

P[(zJos O) n (2,:)=0)1

iihe”re 1P : the set of nodes ip t.,
be selected at the p-~t,
failure stage

z;:) ~ safety margin of nod,? i~
at tht? first fa, lure
Stage, i. e., when .,
plastic nodes exist ir.
the structure

~ 1P) ; safety margin of node ip
‘P at the p-th fai IUlc

stage, i. e., aftel- forma-
tion of plastic nodvs at
the sections rl, r2,

rp.~(p~2)

The joint probability is ca!?u.,tc:i
w,th Hermite polynomial expans, ,,n r,i!t -
hod(2U). By repeatinz {t,, selc. ct ins
process , d sequence of plas t,<! nod<:. t.
form a plastic collapse, e. g., a rHln,-
pletc failur’c path 1 rl , r2 , ,

and rpq ) is found,

‘The I“wer and l,ppe,- bounds,

(p)
‘fP (q) (L)

(p)
and PEp(q) [u) s Of the

(PIpro babil ilY ,Pfp(g) 0[ a Particular p:lr-

tial faikure path q up to tt, e p-th

(pa?) iail”re stage is evaluated bY
the following formulas :

~,d,)<bj%.rd,yj -P $, (z,,::; ~ o) 1 ~p’<,) ($)

Pf<Q) ($)= ~=q;,:.., >‘PKZ,~,l SOI n (z,$ 50)]

(,) .
“M,)(L) m.. [0. I- PCS,]

- : nli” P [Tj mi 11
,=,1. {1,2.....$-11

[n equation (23), Si,. dcsig”atr tk, c,

n.”- raiiu, c events Zr~/q) >a (,-,,=, ,>

.,, , P) rearranged in the decreasing
order of P1Obabil ities( 20):

P [SL12P [s21. .. . SP [s,1 ,!. [;

F“rlh, r, the f“llok, ”~ b<>und (211
al.. appli<:ablc when all th<c curcelat
e.cfficicnts are non-” e~ative, i. e.,
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‘,(*)$’=L * (t) .~i *((–D, -%,,) /(1-1:)1”) dt

,n (25)
‘i = [’Q,”[“ii}1 . {,,J) Zo

Bj is the relia. bi!ity inocx .81 [tct,
J-th fafl UL-C st:w:. ‘$ ..~ ‘$ ,1,, .5t L,n-
dard normal pi-,, bau, lity dens, (y Iunctic, n
and stand .srd normal pl, >s:t:, ,l i iy d,%t r’-
b“t ion function, lrcspect, vcly.

Eqs. (?3) and (2S) n,:cc! 1);< stiiety
nl. rgl “s at all the failure st’’igos. 11
should be noted here that t t, c ! !,,,,,
bound is calculated only when a Cornplcte
failure path is i~>und.

The ~ax]m”m pfmlof tt, e 10 WC, b!,u”ds

,>f tbe selected complete fai IUle ~,iith
probability is calculated:

(261

‘fpM i s updated when a new C.nfp let’?

failure Path is found and ,1s ,’silul’e
probability is larger than the Prv\zio. s

‘fPM The branching ope,ati. ns are

terminated when no nodes are Iefl for
selection.

These operations are tu select
the nodes to be discarded. rhc “odes
deleted at the p-th failure stage are
those :

P[zy 501/P rm <lo-r, forp., (27)

(,~l/P,ti<, c!-,, ,., 022p [ Ptdd (“) (28)

where % and Y2 are the SPCC, fied

constants.
From this, it is cuncludmi It, at

“cglec ted fai lure paths are :?,., s? vt, ich
have the failure pro babil i tics .Smaller

than 10-yi PfpM (i=l ,2)

The prohabi Ii ty of u(’c”,rt?”c. P
fq

for the failure mode, ,., ., t},. set of
plastic nodes to Pruduc[, St, uct”rcll
failure, Corresponding t“ tt, c selected
failure path is estimated by

for the structure consisting :,f d,,ctiie
members, or

P, =
q v c’%:...,, ) p [z;:) $01 (29)’

ljcuci$~~c Qpcritiimti

The number <of !br.?nc:,i. s.; b,~<,,l,n,
en,, ,.m,lus fur a large SC L,IL, .,t, ,, (’ii,,,,
with b,zh degree c>( ,du”dan{:y , ,vtn
though tk, e branch -and -oound !rmth,,d ;?,
applied. To reduc,, 11,<, .,, ”,?8,1,.,> CL
effort, (he following heurisiic opera-
tions are applied, F,rst, the r?liabil -
ty assessment is per folmed c>f SOIT,. $:rl I-
ctural divisions which al-e Presumed to
be critical. The iQWt, bounds <!1 tn<.
resulting complete failure path prut>at>i -
li ties are used as the reference valu!.

pf pM for bounding operations. Sec$>!ld ,

the set o f nodes for hranchinc is
restricted to the nudes which satisfy
the monotony conditions of the failure
probabilities. That is

T’bi,d, it,, Cuntr’, bul ion o f [ t><,
f,[sl plastic node is take” into
accounl:

l%={LP ‘“jr, Z*, ) (31)

Fourth, the number of branchi ngs
from une failure slut ,s restricted t (1
a speci f ied number .3.

A1>FL I CATION TO MAHI h’li FRA!l E STli L’[JTUfiES

The above method is aPpl ied t. a
jacket-type offshore platform with brit-
tle members and a transverse stiuctu, e
of thr@e types of ships. The furme,- is
given mainly to show the property on
behtivi our of the strul!turc wi th brittle
members and the latter is chosen to
study the combined load effect and 1o3-
ding condition on the probabilistic
collapse analysis. All the random valia -
bles ate assumed to be normally distri-
buted.
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E
,0 15 18 ,,

1, ,,

L5 + 20 ++
2, ,

,3 2*

L52 25 M >
, 2, ,

, 2, 8
3

La

-f

u,m

1.

Z, = 120.0 k!+

Z2 = 100.0 kN

~3 = 80.0 kN

~4 = 70.0 kN

15 = 50.0 kN

ft = 50.0 kN

~7 = 2490. O kN

~8= 2490.0 kN

Fig. 3 Jacket-type structure

Table 1 N.mf:c ical <iat. .1 tht ja(:ke t-type structure

ELement CIW.9. Wctionul Morn.. t of Me.. w b
end are. inertia of mfevence
numb,, Api= Ai ~z Ii md s tgeng th

Ri kNm

1, 2
3, 4 5.37 X10-2 2.188 x10-3 2536.6

5, 6
7, 8
9, 10 3.73 X1O-2 1. O55X1O-3 1467.9

11, 12

13, 14
19, 20 4.68x10-2 1.660 .10-3 2062.3

15, 16
17, 18 2.10.10-3

21, 22
23, 24 3.40.10-3 39.63

20.29

25, 26 4.85x10-2 1.782 x10-3 2174.8

27, 28
9.3OX1O

-3
29, 30 183.5

You#s modulus E = 210 GPa

Mean ualtze of @?2d at~ess ~yi = 276 MPa

rh-~elation coeff. OL,L, = 0.0

The strengths .f 62 $Lement ends in the
mm. .Z.mento are cmplete19 dependent
?wllml ?wIdm W1.iablea.
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yl = 72 = y = 3.0, C*= 0.001, cvRi/cv .= 0.15/0.30
%

Tjpe
Fa; lure path Failure

(Brittle brace) probability~e Collapse type

‘fq

A-1 15$+17+10+9+12+11

A-2 15$+17+9+12+10+20+8 0.2132 x10-3

A-3 others [13]*

JR
B-1 15+17 +10+9 +12+20 +7+23~11 A-1

B-2 15+17 +9+12 +10+20 +7+23i8 0.6740x10-5

B-3 others [4]

“C-1 17$+15+10+9+12+11

c-2 17s+15 +9+12+11 +13 0.4085 x10-6
&

c-3 others [9] B-1

O-1 21~23. (5,6,7,8)** 0.1881 x10-4
n

Computation time (see) 95.2

I@!
#

*

,*

$

#n

Criterion of structural failure is based on singu– .k’-y
laxity of reduced total structure stiffness matrix.

The figure in brackets designates the number of

selected failure paths.

The figures in parenthesis designate the element

end with F;(p) ~ O .

The element end whose failure probability is the
smallest.

mi n (p)

‘fq = p [ %p(q) =.0] 4
pc(1,2, . . ..Pq) o-1

Heuristic parameter ; (al, a2, .3) = (1.1,0.0,2)

Initial reference value P
-3

fp).t = 0“’825”’0
; 15+1 7+1 0+9+1 2+11

224 L_



Failure mode Failure
Type

(0.ctile brace)
probability8#

‘fq

A-1

A-2

A-3

A-4

A-5

(15,17,10,9,12,11) [5]* 0.7861 x10-8

(15,17,10,9,11,14) [4] O.4751X1O-9

(15,17,9,12,11,13) [21 0.1879 x10-9

(15,17,10,9,12,20,8) [1] O.3O3OX1O-10

(15,17,9,11,14,13) [2] 0.2564.10-10

8-1 (21,23,5,6,7,8) [15] O. 2347x10-8

C-1 (27,29 >3,1 ,4,2) [1] 0.1214.10-10

Computation time (se.) 660.6

# Criterion of structural failure is based on
singularity of reduced total structure
.stiff”essmatrix.

● The figure in brackets designates the number
of selected failure paths.

## min (p)
‘fq = p [ ‘rP(q)

:0]
pc(l, z, . . ..pq}

(L@ <0 ]
= p [ Zpp(q) =

Initial reference value
-8

P&Ii
= O.6O17X1O

Collapse type (Co ZZapse mode)

@
A-1

J!$i
A-3

1
A-5

Heuristic parameter ; (al, a2, .3) = (1.1,0.0,2)
1?

15+1 7+1 0+9+1 2+11
8-1

fo,- thc ..s. ‘,f brittl.e and ductile
braces, respectively,

It is see” that the dominant iii-
lure modes of both casi:s :,1’2(..s,:nt,:illy
similar, which is formed by failu,c of
the CO IUIII”Sand b,aces in (he l<,P .,l,,,.Y.
However, the pl’oba.bili ties Ii: OCSG;!,,I!C.

{0, lhe case of bri 111, bl:,.:,,,. v.,,Y
large. Moreover, it 1S see” from Table
11 that element end 15 is a critical
brittle one whose fai lure 11’lECC.S a

i
A-2

R
A-4

1!!
c-1

total collapse
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the structure given in F!g. .l, Table. N
and V. The applied ioads arc ,?si ::s.,!..::<1,
based o“ the iO~d condi ti~n f,, , the
direct calculation sugges ~C:CX by t)!,?
Japan Classification society \/f Sk,iPs
(NKI, and the lengths <of rigid bodies
are estimated, usins ‘Sthf! span poinl lor
bend i ngte given in Rcl, (221 It 1s as-
sumed that the strcnglhs uf kt,e n“tics
and the aPPl ied loads are mutually
independent normal random variabl.:s.

The results for the loading condi-
tion ,,case ]- 1,, are listed in T8ble VI.
:he first column ind, cates the s<!l<:ctc?d

failure Paths. [n the second cti)”mn,

probabilities 01 ,occurrence of the fai-

1Ure ?aths are isiven when tbc combined
effect of bendi ng mo,nent , St,(:hring

force and axial force (a=l, b= O.5, c=llis
considered. The numbers in brack<:ls bICO
those of the selected failure paths. The
third column shows ~hose corresponding
to the case where the combined effect
of bending moment and axial f“rcc is
considered (a=l , b=o, .2 .1). rhc f,>.,rih
column shows those Corl’esdpo”ding to the
case where only bending moment effect is
c,>nside red(a=b=O, c= t). Further, Ci)l laP -
sc modes are given in the ii ftt, column.
In each column the number in paren-
theses indicates the central safety
factor corresponding to each fai lure
path:

It is seen from the table that the
dominant failure mode of each cast: is

essentially similar, which is formed by
failure of wing te. ”k. However, the pro-
babilities Of OcCurrence with combined
effect considered are very lar~e, as
seen in the failure paths A-1 and A-3 “f
the table. Moreover, il is seen from
comparison between the safety factor and
failure probabi I i t ies havins tbe same
faiiure path, that the deter mi”istically
dominant path is not always stochas tica -
IIY relevant.

Finally, Table VII sh. ws the mo, t
dominant CO I i apse mode based on probabi-
listic analysis for the transverse rins
of the tanker under some notional load
condi tions. It is seen from (his table
that full load condition with empty
Centre tank “case l-lq- is the S!?., c?rest.
In Table VII, the dominant fai lure modes
are also given for two other types of
ships, i. e., a tanker(DW 240, UOOt) and
an ore carrier(DW 50,000 t),. which confi-
gurations and ““merical data are shown
in Fjg. 5 and Tables \,lll, and Fix. 6
and Table 1X, respectively.

CONCLL!DI NC) REMARKS

The methods are presented :,. , the
reliability assessment ,of mar i:. stIuc -
tures, which are modeled as relatively
stiff frames and subjected t,) quasi-
Static extreme loads, based on Lhc ulti-
mate collapse tt”alys is. The methods arc

aPPl icd to tt, e <Iii, },,,:,, I,,,:ket
form

pl. t-
With briti:o ,,,,. mbc,., a“d t ,>,,

tra”s$e,, <, ring 0{ shi Ps u“dc, s,,,,,,,
notional lt, ad c.”dit, ,)”s. b, ;!,,. ~,,, :,,
exa,rtp1.?, the effect of ::,2 bri t L;P mbcu,-

ber on pro babil isltc .,o1l:%P.,. ,,, :~(.
jacket piat form is discussed, F,,, tt,,,
ltiltter example, ,,tfe(!ts of comhi :nci
loads a“d notional I“ad (!undi tions ,,n
probabilistic properties (o( the P:,,:, :l,,
collapse are discussed.

Al thou.sh this paper is conri:lncd
Wi th the case where the Structb, a!
sys Lerj ;S idealized as plane fl’an],? St?’ U-
Ctul’e, , it is possible fu, 1,, ,s mc thud
to be extended to reliability ttnuiys I*;
0{ spat ial frame structures by ir, culp .,-
I’ aking the terms of biaxial bc”di”~ m,,-
ment, t.rsi onal moment , eke. i. 114(!
plasticity condition of the equa l,..
(11.
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9.2 m

.-
F’ig. 4 Transverse ring of tanker 1 (DW 60,000tj

T&ble Iv Numerical data of tanker 1

2zem9?It C2vss cross 6&w2nt Mea?lfvdw w*f
end sectional 8ectiml of

&m area area of inertia m ference
A;-Ati m? web Ii m’

w

A#Pti .1 E;wwi km’”~ “’j m

1, 2 0.126 0.047 0.187 38950.0
3, 4 0.114 0.037

1.0 4.2
0.111 25640.0 2.5 2.5

5, 6 0.088 0.024 0.042 12850.0 3.1 1.1
7, 8 0.088 0.024 0.042 12850.0 1.1 1.4
9. 10 0.100 0.024 0.043 12910.0 2.4 2.3

11, 12 0.100 0.025 0.044 12700. o 2.4 0.0
13, 14 0.070 0.026 0.040 13490.0

15, 16
2.4 1.1

0.088 0.026 0.043 13540.0
17, 18

1.1 6.0
0.033 0.019 0.013 6730.0 1.8 1.9

You@ 8 nwdulue E = 210 GPa_
Mean value of y%eld stress Oyi = 353 MT.

Coef f. of variation of yte ld stress CV = 0.05
02’i
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Table V Luti.tnal it, ad conditions fur the
ring oi tanker 1

lrmsvcrsc:

—
Case 1-1 Ca8e 1-2 Ca8e 1-3 Ca8e 1-4

mud no. fill loa&doonditim8 2alla8t conditions

.rmpty centre tank 31npty tiny tan?w .?%@y .entre tank .3@tY ui.g tanks

Z1 2800.0’ -1070.0 1610.0 -2270.0

E2 -2970.0 3070.0 -2970.0 3070.0

z, 1910.0 1520.0 -390.0 -780.0

X4 820.0 -2150,0 1570.0 -1400.0

Z5 -884.0 2600.0 -1940.0 -1490.0

Z6 590.0 -2980.0 2120.0 -1450.0

X7 -1010.0 -550.0 450.0 0.0

=&a. -450.0 Soo. o -450.0 500.0

E9 -3570.0 3750.0 -3570.0 3750.0

+ These values danote the -an values of loads.
tif ficients of variation of lds WLj.O. 30 (j=l,2, . . . ,9).

Table VI Failure muses and the, r probabilities
Oi Occul’i-e”ce for the transverse ring
of tanker 1 in the notional load
condition “case 1-1,,

71 - ~2 - Y-4.O , C-owl , cV##Vu..0.05/r3.3

PailUrn pmlklbiliw Pfq
m. .%<zluw pltbo Wm%lg —t. &l Bending -t and Wlding -t O@ Co12ap*e nude

foe ad aikwniw aciulfolwe intmuation
fome intawtion

[a-o A-o)
00ddmwd (..1 ,E.-o)

am!nfdawd ta-l. b-0.5)

&-1. t17,1 ,8,18,10,5,16, 7) 0;~~-2 [381 1,13) 0.1193x10-6 [681 71 0.1250.10-9 [IU31
(2.435)

-2. 15) 0. 3i63x10-~ [751
(2.938)

7) 0.7958x10-7 1191
(1.614] (2.454)

-3.(16,17,18,1,9,10,5, 15) 0.2760x10-2 [ 81 7] 0.1282 x10-7 [421 7,13) 0.8329x10-’1[ 71
(1.645]

-4. 13,15) O!R1O-’% 51
(3.067)

71 0.2617x10-2 [38]
(1.136) (2.5B2) ~1

-5.(17,18,1,0,18,10,4, 71 0.1395 x10-2 [22] 7) O.4M4X1O-111391
(1.798)

-6. ether. < 0.11.10-2 [107] < 0.25x10-7 [991
(3.170) -11[901

C 0.85.10

2-1. [11,10,0,5,10,3, 15,16) 0.6299.104 [ 31 — 1,161 0. 1001x1O-16[ ~1
[2.021)

-1.
(2.996)

7) 0. 56B3X1O-6 [ 1) — —
(2.090)

-3. [10,16,17,9,10,5,3, . 1,13) 0.1465x10 -14[ ~1
m’

-4. (17,16,1 B,0,13 ,5,11,3,
13.0901 -i61191 -

— 1) 0.2184.10

C-1.(1fl,16,17,8,1.13,5,12, — — 71 0.4884x10-11[131
(2.924)

Total maim, of .ez.oted path [2921 [2331 [2941

Comfmtatiml * (See) 102.2 88.2 85.6 a

$
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Table VII The m<,st dc, minant COIIAII. C mudc for the
trafl:+vcl $<? str(kctu!’c ,,f var, uus ships u“dei
some notional load conditions

Woyi/CVLj-O ..305/0

fomimt cOZZnpsenwdead
mity of occurrence

1of
whip.

?oeff. of
&l d
,lw&?L#
fol.?e effect

W met d’minmt

wZ&p.e nni.e

_

.—.cm
0.3495 x 10-2

(1.71].

0.1193 x 10-5
[2.44)

0.1250 X 10-9
[2.94]

,-1, b-o.5

,-1, b-o

,-0, t=o

_

///l

,-1, b-o.5

a-l, b-O

,-0, *O

m-l, b-o.5

;:1, b-0

,-0, b=O

<0., x m-’”
.

0.2008 x 10-16

M< 0.1 x 10-18

0.1057 x 10-5

0.1325 x 10-14

<0., x ,0-’8

m-l, b-0.5

.-1, -O

a-o b-o k
0.3896 X 10-4.case 2-1

-—.

e%B

~’

a-1, -0.5

*.1, b=o

a-o, *O

a-l, *9.5

..1, b.o

a-o, t-o

a-l, t-0.5

a-l, t-o

a-0, -O

a-1, b-0.5

a-1, b-0

a-o, b-o

Piii0.1640 x 10-10

0.5120 X 10-13

.
.g I I

0.1482 x 10-2

E
(1.68)

0.3625 x 10-5
(2.271

0.7446 x 10-E
(2.95)

I I
— —

0.3663 X.lO-ll

M0.2226 x 10-16

<0., x ,0-”

0.2066 x 10-2
(3.26)

0.1519 x 10-3
(4.121

0.1495 x 10-5
(5.75)

P in parentheses indicates the safety factor given in Eq. (32)
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case 2-1

~1 - 2920 kN

G . .316(3 kN

5“ 2020 kN

z“ 385 kN

G“ -905 kN

G“ 230 kN

G - -370 kN

G“ -420 kN

G- -318 k14

%
_ -2130 kN

% - .41,3,3 k~

Cv’j - 0.3

(j.l ,2,..,12)

case 2-2

G = -474 kN

G = 3160 kN

k“ 5120 kN

G _ .2780 kN

%“ 5600 kN

G“ -3870 kN

G . -2500 k~

G“ -741 kN

G“ 318 kN

Go “ 2130 kN

51- 4100 kN

CV’~ - 0.3

ii-1,2,..,12)

Case 2-1 : Ming tank fully loaded

Case 2-2 : Main tank fully. loaded

Iz, I&,

Fig. 5 Transverse ring of tanker 2 (Dti 240,000t)

Table VIII Numerical data of tanker2

EZmnu?lt cross caw88 M0m8nt Me~fwlue =tiof
end sectional sectional of

&e? m.eu area of inertia ze ferme body
Ai-Ati ra’ ueb Ii tub si~ngth

Ati-AFpi d R< kNm
81i 82i m

1, 2 0.183 0.064 0.438 59200.0 2.8 .2.2
3, 4 0.176 0.054 0.255 43100.0 2.8 2.9
5, 6 0.135 0.045 0.156 29400,0 3.1 1.0
7, 8 0.135 0.045 0.156 29400.0 1.0 1.0
9, 10 0.126 0.035 ,0.147 25900.0

11, 12
1.0 3.0

0.136 0.030 0.076 14600.0 3.0 2.9
13, 14 0.137 0.030 0.079 15100.0 2.2 0.0
15, 16 0.089 0.035 0.117 24800.0 3.0 0,9
17, 18 0.099 0.035 0.127 25700.0 0.9 1,0
19, 20 0.116 0.045 0.142 29200.0 1.0 5.1
21, 22 0.043 0. f318 0.016 6650.0 2.3 2.3
23, 24 0.056 0.025 0.026 9700.0 2.3 2.3

2bt4@s nwdiikia E = 210 GPa
&?am value of y;e2d stress ?5Xt . 276 ME..
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6.00 m 8.30 m

U 3 L5

case 3-1 C,., 3-2.

11 . 1430 kta % - 1430 ~N

12 - -995 kN % = 0 kN

~:
1040 kN ~, = 3390 kN

4 118 kN ‘~ - -1050 kN

X5 = -350 kN ~S “ 1960 kN

X6 - -101 kN % - -1450 ‘N

i, . -474 kN ~ = ‘1400 kN

X8 - -570 kN IB “ -764 kN

19 - -260 kll ~ = 260 kN

:1O. -944 kN :MI” 944 kN

ill. ~~~ kN :11- -148 kN

x-_12 -529 kN L12- 529 kN

:13” 134 kN ‘1, - ’134 kN

L14- -917 kN ‘ld- 133 kN

~i5. 49 kN ~1~ - -1150 kN

O kN ~~~ . -1100 kN
’16-

cvLd - 0.3 cv~. - 0.3

(j.l, a,. ..,lsl [~-1,2,. ..,l61

~: wing tank fully loaded

~ : Main tank fully loaded

Fig. 6 Transverse structure of an ore carrier(DW 50,000~)

Table 1X NUmerical data of the o,e carrier

Element cross CW8* MOment Mean value Length of
end aeotional 8eot&5nal of of rigid

nundxr area area of <nertia reference body
A.-A .6

% P%
ueb Ii m strength

A&=AF . ntz ‘li ‘*2i m
P ii.. kNm

1, 2 0.133
3, 4 0.133
5: 6 0.158
7, 8 0.158
9, 10 0.158

11, 12 0.166
13, 14 0.055

0.044 0.045
0.044 0.045
0.046 0.035
0.046 0.035
0.046 0.035
0.044 0.027
0.017 0.013

15, 16 0.080 0.024 0.019
17, 18 O.OBO 0.024 0.019
19, 20 0.130 0.047 0.031
21, 22 0.046 0.02.5 0.059
23, 24 0.050 0.017 0.066
25, 26 0.098 0.024 0.013

*

13500.0 1.3 1.4
13500.0 1.7 1.7
12300.0 2.0 0.5
12300.0 0.5 0.5
12300.0 0.5 1.4
10500.0 1.6 1.6

4400.0 1.4 0.5
6400.0 0.5 0.5
6400.0 0.5 0.0

10600.0 1.6 1.6
4300.0 1.3 1.3
4700.0 1.3 1.3
5350.0 1.4 1.4

27, 28 0.041 0.011 0.025 1750.0 1.2 1.6

Young> a nmdulue E - 210 GPa
tdem value of yield etrem ZYi - 276 ma
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