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The ptqar dadswith the mmparison of the fztigue

bhaviour of # S’@d Mrudural detail of =ude oiltank.rs,
made either of mild steel or of higher tensile meel.

calOulSrtiOnS are based on the USE of S-N curwes and
hfmer cumulative damage rule.

The analysis alms at dibrafin~ the prccedure for

eesessment of fatigue strength sat up by Bureau Vemas.

To mnclude, the paper gives remmmendations for
fuflher research to validate or improve the prehmma~
resutts of the Wtgue anatyws.

1. GENERAL

Among the taaors which mntribute to the strumural
hilure$ ob$ewed. on ships in sewi~, fatigue may b-e
wnstdered as one of the moat signh$mnt.

Though fatigue dms no! generally resutl in
cata$trophlc Wures, k$ !mpacl on the msf of ship
maintenanw is Imponant due to hequent and mstly

repar works.

Ex~rience show that fatigue cracking IS mrring

on inadequate atruuural details due either to impropm
design for the loads expaed in service or 10 bad
workmanship,

In the reoem years, resaar~ wrks =rried oul to

optimrze ship strucrurea have resuhau m extensive use of
higher tensile steels, not only for Iongirudinal deck end

Mom Strumures but also for transverse struuures such
w web frames and transverse bulkheads,

Sinrn fatigue propmtiee of *lded strudures are
nor improved Mh in@eased yield stress, the use of
higher tensile Mwls has been questid by the shipping
~mmunity, arguing that shoner Me may h ●rtidpated,

all the more u 00rroaion margins have tin
aimuka~ reduoed.

This papa aims at mmparing the theoretical fzdigue
bhavbur of a ~i-1 arrudural datail of a Suez max
Umker, made either of mild m-l or of higher tensile steel.

To wry our this wmparetive siudy, the omneulon
of Kipping brackets of bttom transverses to
Iongtiudlnals has&n wlecred (~ Fig. 1).

Fatigue Wwwiour of struuurd details is affaued by
many factors, such as :

...

gmmmry of h mamhrs or weld details

producing atr- mnoentmions,
tiding (atsdic beds, wave indti hdsi
ir’npadbeds, thermal bads, residual atmeaes,
*C,),
materials ●nd Adino prceadures,
~rkmanehip,
●nvironmental -ndifions,

mrrosion rate.

Only some of them are mnsidered in the present
analy%.is,in panicular:

geomat~ of the rnomhsrs,
bading, and
maierials,

At thatmage, nerther infiuenoe of environmental

wndtiions nor that of mrrosion rxtes is examined.

The math~ used is baaad on &N urrves and

apphdion of the Miner utmuletive damage rule.

2. DHERMINATION OF THE CAPAChY OF THE
STRIJ17WRE

2.1. The fatigw strength Ofwelded joirrte is s+mraaerued
by S-N cuwas whii give, for a probability level of rupture
p, the relationship &wean cyclic atreeees end the
numbw of cycles to rupture.

Exwrimental S-N wves shcw ●xiafenw of a
fatigue limit below whiti the numtw3rof @es to rupture
is infinite, Marine atructums ●re cubjeaed to random

bads exoeedmg ttis tigue limit, tich enables initial

=aek$ to grmv and propagate while the fahgue hmti
decraaaes.

Consequently, adual fa!igue limit -nnof M
defined. To take info smunt this phenomenon, the
mean S-N CUM (See Fig, 2) is represented by two
dtierent formulae:

SmN = C50
for NS107 (1)

s m+2N .
cm

for N >107 (2)

where :

S is the nominal stress range as shown in Fig. 3,

N numbr of cycles to rupture,

c~O,C~O●nd m are con~an~s ~ich de~fid on:
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. material,

. weld tyPs, ,,
. . mean and residual stresses,

. enwronmental omdttions (air or sea water).

When the sample is subjtscled to N cycles of stress
range S, fiw preoaedmg equations mean that the sample

v@d WII wfth 50 % of probability.

For a probabilii of rupture p, the S-N Wwe i6 LIiven

by:

$mfd .
CP

bgcp - kg C50 - KpSd (3)

where Ed * the etandard dev”mion of W cm and K a
-Htinf defmnding on the probabilii bvel p and %e

numbr of wmples -iderSd to detwrt’W the mean
$-N Wrvo, We Fig. 4.

The level of prsrbabili p k to & wleaed
●mrdh!J to the rkk =stiefed w+thb etruduralfailure.

For the struuurel detail ~nsidered in the prwent
analfiis, Stmprobability of rupture p is taken es 10%.

From Fig, 5 which gives the relationship between

Kp end p, for a probability @f rupture equal to 10 %,
Kp=l,3<

22. h indi=tedin lwagraPh 2.I.. he =~cien~ cm
depends on the atatlc ●nd residual stresses, wimch may
be represented by the ratio :

Smin
R=—

s“mas

Experimental S-N curves are generally determmed

for R greater than 0,7, so that effems of Sta!lcand residual

sdressesdue to welding are taken into amunl

As a first approximation, the actual stress ratio R

taking ●-unt mmukaneously of static and resldua!

stresses is assumed to be vnthin the range of the
experimental one.

consequently, only the stress range S m ocnsidered
in the present analyw

2.3, Sdsclion of S-N Curve

Many ex~rimenls have ban PtiDrmed to

determine S-N curves of basic XI details m air,

Data mnsidered in the preseml 8nalpis are

obtained from re@s issued by M Welding Insrrtute of

Cambridge (UKJ:

. “Fatigue design rules for vmldad afwl joints’, by
T. R. GURNEY

. “Applimtion of fsAgue design rules for welded
steel jomt$’, by K. G. WIDE,

From tiara p- ~ the Welding Insfitu+eand for
the Mruaural dated mnwdered, FiQ 6 gm the class of

S-N U-We to be used versus the dmchon of apphed
mresaes.

FollMng table gives the values of m, C= for the
dwaes of S-N mrves inditied in Fig. 5,

I class I slope I I Standard
m C50 davtation of loLIC I

c 3,5 1,D62 1014 O,ml

D 3 3,6361012 0,2C95

F 3 1,726.1012 0,21s3

F2 “ 3 133110’2 0;2279

2.4. Determirmtion of Strwws

Determination of the fatigue strength of the selected
atruaursd detail (we Fig. 1) makes ~aary to alalme
the strwses in the face plme of the Mtom longitudinal,

in she vioinky of the bradset ta.

To take •~unt of she geonwtry of the memhr

●nd mnsequently Of the stress mn=ntration f2idOr

(SCFI in the area mnoemad; elreawe ere to b
appraised thanks toa finite element model.

Dua to the large numbr of Ioadmg cases
rtewsaary 10 determine the long term distribution of

stresses (SW paragraph 3 ), k w d4ded after several
uneu-ssful mtempra ueing 3D rndels of the *b frame

and Ic@uclinal atiffener$, to Lisa ● simplified 2D finite

●lement modal, u shmm in Fig. 7, to repreaem the
~nneuion of Iongitudinals to kstorn transverses.

From Fig. 7, h mayb xn that, in -y of she
mnnamion of trippinn braoket to the Mtom bngifudinal,
● fine mesh mdel has -n used. The .siae of
membrane elemerrts is approximately Ea x ~ mm so that
$treeees an & dculated aoarmely.

Stresses mnaitied to ~ she fatigue strengrh
are =l@lSfed as foil-:

- U.l
0=

‘2 .,
02 + (4)

2

hbhereU, m’rdU2 are ftta mrawes inthehm barofthe
tmttom Iorr@udinals (detailA),u sh~ in Fig. 8.

similar mlcutilon may b wrried out for detail B.

Table I gives the -“n pattiwlars of the w
stnmural finfia element models.

3. DEllERMINAllON OF THE SHIP LOADtNG
H15T0RY

3.1. * said in paragraph 1 4bve, W chip sfrudure is
cubjeded to wveral types of @ic beds WIC5 are of

COnrnm in tfw W@ue etrenglh of the mrudure:

wave induoed loads (quasi eIWic)

dynamic beds (impau beds, vibrmions),
etillwster

thermal loads.

The present &al~is deals with static ●nd quasi

static loads only. It has ken mnsidered that dpamic

bads or high frequeney beds” SUM es slamming ●nd
whipping may b &voided by reducing sped and/or

~anpin~ ship ewrse.
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Particulars
Mid Steel Higher Tensile Steel

Strumure Structure

Spacing of web frames 5,1 m 5,1 m

Spacing of Iongitudmals 0,S5 m 0,S5 m

Depth ,of bottom transverses 3,5 m 2,5 m

Botfom Iongitudinals
web B5-0 X13 525x 11,5

face plate 15QX3’2 1BOX25

Tripping brackets

web thickness
face plate
tidth

11,5 11,5

2WX15 mx15

1,15 m 1,C6 m

3J. Long Term Diclribution of Strocces

The determination of the long term distribution of
Istresse$ necesskates, in princtple, that direct analpis of
the ship tmhawour at sea bS carried OW ~h a “iW to
calculating the wavsinduced atresses.

Following calculations are necessary to determine

ship motions and wave loads :

- determination of transfer functions,
. shorf term response,
- long term response,

Based on the resutfs of these calculations, the wave
induced stresses and long term distribution of stresses,
including etresses due to local &mdmg, may &

MIculafed using a similar pro@dure,

Obviously, such mmplex and time ocnsuming
calculations ~nnot IM used as a standard pro~dure to

assess the fatigue strengrh of structural details.

A further objective of this research study was to
define a prmdure of calculation of the long term
distribution of Hresses, as simple as ~saible and based
on the died appli~tion of BV rules for loads
determination.

The prmdure a.ppli+ to the tirutiural detail
aelecled for the present study, is summarised hereafter:

a) from the loading manual, selection, of the
basic loading conditions, The full load and
ballast ocnditions may b generally
mnsldered as representative of the ahlp
Ioadlng,

b) for aach basic tiding mndnion, external
and internal loada applied on the structure are
determined for the head ssss and ham *SS
ocnditions x s~cfied in BV rules, Figures 9
md 10 summariie the elementary loading
cases to be tinmdered to determine the long

tam drstrii of stresses.

It may be notad that these bading =ses” are
those mnsidered when verilying the

-Iings of the primary struaure,

In order not to aneider w wvere and
unraalietic loads when Malating the atross

range, ●xtrwna internal and external kuds are
not ocnsidered simultaneously. When internal

loads are axlreme, i.e. take -urrt of
dynamic effects, exlernal loads we as+umed

to b asatic and viowema (refer to Fig. 9 and
10).

c) alculations are carried OUI for two
probability levels of wave indurnd loads equal

to 10’5 and 10* ras@ctively.

d) for each probabikty level, the strass range is
determined aa follow, refer to Fig. 9 and 10:

. head seas S1 - mm. (S1l, S12)

. ham seas S2 = max. (S21, S22)

Taking amount of the simplified 2D finite element

model, each elementary loading me as shown in
Fig, 9 and t O may be considered as the
ocmbination of bth following ~ses:

- hull girder bsnding, and

. lateral uniform pressure,

From these dculations, the long term distribution

of atresaes may Im determiti for each basic loading

osndkion (full load and ballasl @’rditions) and for head
seas and barn eeaa mnditione. as shcm in F[g. 11.

4. ASSESSMENT OF TNE FATIGUE STRENGTH

4.1. Aaaessment of the titgue strength is baaed on tha
direct applldion of the Miner cumulative darnage rule.

The Miner sum may b expr=ed as follow,
wfthoti mrrosion :

- the damage mntributed by one @e of stress
1

range Si is equal to —,
n (Si)

wiwsre n (SJ ia the numb of @es to
rupture under a oonaizmt arnplfiude stress

range Si,
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- by suparpskim, the W damage D auaed by
stress ranges S1, S2 .... Si applied n,, n2 --- ni

@es resxiveiy, ~ Wn by:

H the probabilii *nSty funuion of the long term

stress range is represented by a Weibull distribution, with
K = 1, the mmulative fatigue damage ratio is given by:

Imnb N1 s
D= Z - — —)” r(l+m)(

1.1
(s)

KC W(Q)

l-n nl
o.z —

/“
-~

Sm I (S) dS fS)
l-l ~ ($) co

where !s. APPUCATION TO THE SELECTEDD~AIL

ni is the number of cycles for stress range
$,

;. 5.1. Presentationof th. MainR.rulls

It does not fall within the framework of this p-r to
give all the details of fhe calculations neoessa~ to

determine the long term distributions of stresses.

n(S~ the number of @es to rupture for
s - sit

Nt number of wave qcles in the lii of
ship,

Aa said in. paragraph 32., stresses al the

oxmection of tripping brackets ‘to bottom Iongitudinals
are dculssted from a 2D finite element model for the two
foll*”ng elerrwntary bading uses”:f(s) probabilii densky fun~ion for the long

term stress tsnge,

- hull girder banding, and ,.
- kteral uniform pressure,n, C -fhcienta of the S-N curve.

Main raauke are summarized in Table II for details A
and B shown in Fig. 11 where x md y represam
longitudinaland uerti=l directionsraspstively.

If the probability densky function may b?

represented by a Weibull distribution, the
cumulative fatigue damage ratio is given by:

M
D. - — Somb(O]~lK r(i+ ~)

c K

The detail of mlatlationa ~rried out for the

Strudursddetail A are summarised in Tables Ill and IV for
●probabilky Ievd of 10-5.

(6)

where Similar ~uktions may b ~flormed for a
probability level of 10+ and for detail B,

so stress range oxres~nding to the
probability level of exmedanca Q, S2. LongT.fmDictribulioncof Strems

r Gamma fundion( r (n) = (n-1) I ) The long term distributions of stresses as obtained
from the resuks of dculations (rrsferto paragraph 5.1.)

we given in Fig, 12 to 17 for details A and B:

,..,

“/K Weibull sha@ parameter.

If the Weibull shape paramuter is taken as 1
(straight Ime in a declmaklqg diagram), the damage

cumulative ra?iomaybe expressed by:

5,3, Cumulative Fstiguo Damsgc Rstio

5,31. As said in paragraph 2.4:, the class of S-N curve to

be considered for assessment of the fatigue strength

depmds on the direct!on of applied atresaes,
(7

Table V gives the charaderisti~ of S-N curves for
each of the structural details A and B,

The i%rtigue=addng -rs vhn the umulative
damage ratio is equal to 1,

5S2. Examination of Fig. 12 to 17 b M the long

term distribution of afraaaea is linear in a decimaLlog
dmgram with a waibull shape parameter qual to 1.

To doulate the darnago ratio D, me basic loading
mndrhons (full load and ballast adilions) and me sea
states (head $eas, and ham sass) are nssumed to &

equ!-probable. CQnsawemty, the damage ratio D may be
caluJlated xmrdirig to formula (9). Results of

cabuletions are given in Tabb VLbrmaquently, h wmulative fatigue damage ratio
may h given by

6. CONCLUSION
I-nh l-m ni

D. z E( —), (s)
1.1 ].1 n(S]) 6.1. Appli@ion of the prdure described in the

present papar and summarbd in Fig. 18, enables to

assess and compare the tkigue ‘%trength of a typical
structural detail made ●ither of mild sfael or of higher
tensile steel:

where

‘h

‘c

number of equkprobabb bng term
distributions of Sreaaas as shc+m in Fig, 11

(nh = 4),

numbar of steps of equivalent length in log N,

62. However, prior to eny mnofusion oonosrning the
●ctual fdgue life of me atrudural detail examined, furthar
investigation is neoessary to dibrate the mathcd by

=rr@g out similar dcwlations on other oritid structural

details, all the more as several assumptions wqre made
to psrform the study.

..— .
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Tablo II

Detai A I Datal BElementary

Loading Case
/--,.

Mild etael I HTS

7
Mild steel HTS

SCFX = 1.1 SCFX = 1.1

SCFY = 0.4 SCFY = 0.4
SCFX = 1.1 SCFX - 1.1Hull girder bsnding

Uniform pressure
dmmwards

(P= Im KN/M)

ax-. QMPa 0x*-5MPa Ox. so MPa Iax-wMPa

Uv -56 MPa Uv. 71 MPa

. Detail A

. Detail B

(longitudinal direction)

- Detail B
(transverse direotion)S-N curve

rxs.s

m

%

ad

c

‘2

,,
3-

1,2121012

0,2279

B,12B 1011

F

“3

1,7261012

0,2163

8,9791011

Table VI

Cumulative
I)arriage Ratio

Detail B
Detail A

Dutail B
Long diretiion I VerI difadion

*ID

In particular, additional calculations are to be
performed using a 3D finfie element mdel to validate the

resutfs of the 2D mdel,

Influenrn of mean atreasas on the fatigue Iii h= to
b examined, all the more as therm is some relaxation of
residual stresses with time. Experimental tests wied
out for dtierent R values sh- tiuf C =Mdentt of S-N

~fv= increase Wile the R ratio demeaaas (S-N curves
used in fha analWis sue based on a R ratio greater than
0.7).

6.3. Cdcdatlon$warecarriedOUIfor a total nurnbar of
Wcles equal to 108 which oxres~nds to a ship life of 25

years abut

fiamination Of Table VI shrew that the cumulative
damage ratio of rhe mild steel detail B is greater than 1

for that fWgue life OJ 25 years, whkh shcwa thal the
methd usad ISpossibly tm ocnsewative.

In particular, influence of maan impressive
Otrasaas*ich is not taken into a~urrl in the Mal@~ ~
to b invaatigated more in detail.

6.5. The design of atruuural details inffuencas
cignficarrtly the fatigue life of ship structures.

If one assumes that the mild steel etrudure doas

not fail during the chip hfe, the HTS atruaural detail
mnsidered in the analpis might b aubjea to fatigue
=acking Wtwaan the aamnd and third s~cial surveys,
ie between 10 and 15 years.

For the datail ●xamined in the present analysis, she
redudion of the atress mn~ntration factor horn 1.1.
down to 1 improves the fatigue life by 35 %.

H~ver, ked on ●x~riencs in aewim, thk

atruuufd detail eeems to have a longer fatigue lie,
6.6. Moreover, further investigation is necessary to
appraise the influence of carrosion and workmanship

(quality of welds, mnatructional tolerances, ...) on the
fat@e lie of usual structural details.6.4. AS mid in paragraph 2.2., only the etress range has

hen omsidwd to mlculate the fatigue damage ratio,
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REFERENCES Ship Stnmure Committee. SSC-31B

Bureau Verkaa NI 1P8

“ ~jtiFy& of Welded Joints on Steel Ships’

\,

detail B
\ detail A

\

11’ {

Fig.1

A
Stress range

‘ Feflgue CharaUeriafi~ of Fabri@ed Ship. Detail

for Design”
(Augus 1SS2)

../

Tanker Struuure boprative Forum

GuidanceManualfor the Inspectionand Condition
Assessment of Tanker Stru6ures
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Fig.8

STRESS RANGE
\(MPa)

1oOO-

W
I
I
L
1-

500 -

r.
I

1
I
I I
I !
1 1 >

1 ~ ]0 102 lc? 10’ 10s 10
6 NUMBER OF CYCLES

10’ 1:

1

I ! (
!

I > PROBABILITYi
1be 165 1

Fig.11

,.--

(1) full load - head seas
(2) ballast - head seas
(3) fullload - beam seas
(4) ballast . beamseas
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Fig. 12- Mild Steel
Fig. 13- HTS
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Fig. 14- Mild Steel
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200
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Fatigue Assessment Procedure

SELECTION OF STRUCTURAL
DETAILS

I

t

I DESIGN S-N CURVES OF
STRUCTURAL DETAILS I

t
I

CHOICE OF LOADING
CONDITIONS

t

t

MINER CUMULATIVE RULE

IDENTIIW LOCAL FATIGUE

S-N CURVES BASED ON:
- LEVEL OF REUSABILITY CONSIDERED
- NOMINAL APPUED STRESS RANGE

- STANDARD LOADING CONDITIONS
- HEAD SEAS AND BEAM SEAS

DETERMINATION OF LONG TERM DISTRIBUTION OF
STRESSES

I=nh j=nc “
Sm. E (+)i ~1

1=1 J3

,c-
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STATICSEAPRESSURE

DYNAMICCARGOLOADS

HUU GIRDER BENDING :

, STILL WATER :

—
SEA LOADS

h= T-Z

CARGO LOADS

h = ‘stat*‘dyn

STRESS RANGE

’11 = ‘max - ‘mln

Head Seas

SHIP ON CRESTOF WAVE SHIPONTROUGHOF WAVE
STATtCINTERNALLOADS STATICINTERNALLOADS

HUU GIRDER BENDING: HUU GIRDER BENDING:

. STtLL WATER . STILL WATER

. ‘HOGGING WBM . SAGGING WBM

SEA LOADS SEA LOADS

h= T+ O.5SM~Z h= T- O.5SM-Z

I

i

I

I

In@

CARGO LOADS CARGO LOADS

h = ‘stat h = h~t

STRESS RANGE

’12 = ‘max” ‘rein

Fig.9

Beam Seas

STATtC SEA PRESSURES
DYNAMIC INTERNAL LOADS

HULL GIRDER BENDING

. STILL WATER

SEA LOADS

(7

CARGO LOADS

. STARBOARD h = ‘stat + hdw

. PORTSIDE h = ‘stat - ‘dyn

STRESS RANGE

s21 = ‘max -‘rein

DYNAMIC SEA PRESSURES
STATiC INTERNAL LOADS

HUU GIRDER BENDING

. STILL WATER

.60 % OF MAX. HOGGING OR SAGGING WBM

SEA LOADS I

f 3

CARGOLOADS

h = h-t

STRESSRANGE

%2 = Umx - Um,n

Fig.10 VI-E-1 1



Table Ill - Detail A- Mild Steel Configuration
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