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ABSTRACT

The paper deals with the comparison of the fatigue
behaviour of a typical structural detail of crude oil tankers,
made either -of mild steel or of higher tensile steel,
Calculations are based on the use of S-N curves and
Miner cumulative damage rule.

The analysis ams at calibrating the procedure for
assessment of fatigue strength set up by Bureau Vertas.

To conclude, the paper gives recommendations for
turther research to valdate or improve the preliminary
results of the fatigue analysis.

1. GENERAL

Among the factors which contribute to the structural
failures observed. on ships in service, fatigue may be
considered as one of the most significant,

Though fatigue does not generally result in
catastrophic failures, its impact on the cost of ship
maintenance is imporant due to frequent and costly
repair works.

Experience shows that fatigue cracking 1s occurring
on inadequate Btructural details due either to improper
design for the loads expected in service or to bad
workmanship.

In the recent years, research works carried out to
optimize ship structures have resulied in extensive use of
higher tensile steels, not only for longitudina! deck and
bottom structures but also for ransverse structures such
as web frames and transverse bulkheags,

Since fatigue properties of welded structures are
not improved with increased yield stress, the use of
higher tensile steels has been questioned by the shipping
eommunity, arguing that shorter life may be anticipated,
all the more as comosion marging have been
simuttaneously reduced.

This paper aims at comparing the theoretical faigue
behaviour of a typical structural detail of @ Suez max
tanker, made either of mild stee! or of higher tensile steel.

To carry out this comparative study, the connection
of fripping brackets of bottom transverses to
longitudinals has been salected (see Fig. 1).

Fangue behaviour of structural details is afiected by
many factors, such as :

geomstry of the members or weld details
producing stress concentrations,

loading (static loads, wave induced loads,
impact ioads, thermal loads, residual stresses,
o),

materials and welding procedures,
workmanship,

snvironmerntal conditions,

corrosion rate,

Only some of them are consicdered in the present
analysis, in particular :

geomaetry of the members,
loading, and
materials.

At that stage, nether infiuence of environmental
condtions nor that of corrosion rates is examined.

The method used is based on S-N curves and
apphcation of the 'Miner cumulative damage rule.

2. DETERMINATION OF THE CAPACITY OF THE
STRUCTURE

2.1. The fatigue swength of welded joirts is characterized
by S-N curves which give, for a probability level of rupture
p. the relationship between cyclic stresses and the
number of cycles to rupture.

Experimental $-N curves show existence of a
fatigue limit below which the number of cycles to rupture
is infinite. Marine structurss are subjected to random
loads exceeding this fatigue limit, which enables initial
cracks 1o grow and propagate while the fatgue hmit
dacreases.

Consequently, actual fatigue bmit cannot be
defined. To take irto acgount this phenornencn, the
mean S-N curve (See Fig. 2) is represented by two
different formulae :

s™N = Gy frNs10' (1)
m+ 2 - . 7
s N CSO for N > 10 @)
where :

§ is the nominal stress range as shown in Fig. 3,
N number of cycles to rupture,

CSO‘ C‘so and m are constants which depend on :
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material,
' Siope Standard
. weld type, ‘ Class m Csp iation of log C
. mean and residual stresses |
. anvirenmental condtions (air or sea water). c 35 1.082 1 014 0,2041
When the sample is subjected to N cycles of stress b 3 2,688 1012 02005 |
range S, the preceeding equations mean that the sample
would fail with 50 % of probability. 3 3 1’725_1012 0.2183
For a probability of rupture p, tha S-N curve is given F2 3 1 "231 1':,12 02279
by:

m
SN -Cp

bgC, = IogCen-Kysy G

where k4 s the standard deviation of log C and K_ a
cosfficiert depanding on the probability level p and %\e
number of samples considared to determine the mean
S-N curve, sea Fig. 4.

The level of probabilty p % to be selected
according to the risk associated with the structural failure.

For the structural detail considered in the present
analysis, the probabiity of rupture p is taken as 10 %.

From Fig. 5 which gives the relationship between
K and p, for a probability of rupturs equal to 10 %,
Kp = 13,

22. As indicated in paragraph 2.1., the coefficient CSO
depends on the static and residual stresses, which rmay
be represented by the ratio :

smin

R =

Smax

Experimental $-N curves are generally determined
for R greater than 0,7, s that effects of state and residual
stresses due 1o welding are taken into account

As a first approxvmatuon the actual stress ratio R
taking acehunt smuhanecusly of stalic and residual
stresses is assumed 1o be wrhin the range of the
experimental ore.

Conseguently, only the stress range S 15 considered
in the present analys:s

2.3, Selection of $-N Curve

Many experimenis have been performed 1o
determine S-N curves of basic local details in air.

Data considered in the presert analysis are

obtained from reports issued by the Welding Instiute of

Cambridge (UK) :

. *Fatigue design rules for welded steel joints’, by
T.R. GURNEY

. "Application of fatigue design rules for welded
steel joints”, by K. G. WYLDE,

From data provided by the Waelding Institute and for
the structural detail considered, Fig € gives the class of
S-N curve to be used versus the drechon of applied
stresses.

Following table gives the vaiues of m, Cgp for the
classes of S-N curves indicated in F»g 5.
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2.4. Determination of Stresses

Determination of the fatigue strength of the salected
structural detail (see Fig. 1) makes necassaty to caiculate
the stresses in the face plate of the bottom lengitudinal,
in the vicinity of the bracket toe.

To take accourt of the geometry of the rmember
and consequertly of the stress concentration factor
(SCF) in the area concemed, stresses are to be
appraised thanks to a finite element mode!.

Due to the large number of loading cases
necessary to detarmine the fonig term distribution of
stresses (ese paragraph 3. ), it was decided after several
unsuccesshul attempts using 3D models of the web frame
and longitudinal stifeners, to use a simplified 2D finite
slement model, as shown in Fig. 7, to represert the
connection of longitudinals to bottom transverses.

From Fig. 7, t may be sean that, in way of the
connection of tripping bracket to the battorn longitudinal,
a fine mesh model has besn used. The size of
membrane slements is approximately 50 x 50 mm s that
ktresses can be calculated accurately.

Stresses consicered 1o assess the fatigue strength
are caleulated as follows :

02-0.1

¢ = oy+ (4)

2

where O, and o, ure the stresses in the face bar of the
bottom longitudinals (detail A), as shown in Fig. 8.

Similar calculation may be carried out for detail B.

Table | gives the main particulars of the two
structural finite element models.

2. DETERMINATION OF THE SHIP LOADING
HISTORY

3.1. As said in paragraph 1 above, the ship structure is
subjected to several types of cyclic loads which are of
concem in the fatigue strength of the structure :

wave induced loads (quasi static)
dynamic loads (impact loads, vibrations),
wtill water

thermal loads.

The present analysis deals with static and quask
static loads only. K has been considered that dynamic
loads or high frequency icads such as slamming and
whipping may be avoided by reducing speed and/or
changing ship course,




Table |

. Mild Steel Higher Tansile Steel
Particulars Strueture Structure
Spacing of web frames 51 m E1 m
Spacing of longitudinals 085m 0,85 m
Depth of bottom transverses 35 m 25 m
Bottomn longitudinals
web B50x 13 525x 1,5
face plate 150 x 32 180 x 25
Tripping brackets
web thickness 1,5 11,5
face plate 200 x 15 200x15
width 1,15 m 1.05m
32. Long Term Distribution of Stresses In order not to consider too severe and
- unrealistic loads when calculating the stress
The determination of the long term distribution of range, extrens internal and extemnal loads are
stresses necessitates, in principle, that direct analysis of not considered simuttaneously. When internal
the ship behaviour &t sea be carried out with a view to loads are extreme, ie. take account of
calculating the wave-induced stresses, dynamic effects, external loads are assumed
to be static and vice-versa (refer to Fig. 8§ and
Foliowing calculations are necessary to determine 10).
ship motions and wave loads ;
c) caleulations are caried out for two
- determination of tramsfer functions, probability levels of wave induced loads equal
= short term response, 1010 ™~ and 10 ™ respectively.
- long term response,
d) for each probabilty level, the stress range is

Based on the results of these calculations, the wave
induced stresses and long term distribution of stresses,
including stresses due to local bending, may be
calculated using a similar procedure.

Obviously, such complex and time consuming
calculations cannot be used as a standard procedure 10
assess the fatigue strength of structural details.

A further objective of this research study was to
define a procedure of calculation of the long term
distribution of stresses, as simple as possible and based
on the direct applicaton of BV rules for loads
determination,

The procedure applied to the structural detail
selected for the present study, is summarized hereafter : -

a) from the loading manual, selection of the
basic loading conditions. The full load and
baliast conditions may be generally
consilered as representatve of the shp
loading,

b) for each basic loading condition, extemal
and intemal loads applied on the strusture are
determined for the head seas and beam seas
conditions as specified in BV rules. Figures 9
and 10 summarize the elementary loading
cases to be considered to determine the long
tern distribubon of stresses.

i may be noted that these kading cases are
those considered when vertying the
scartiings of the primary structure.

determined as foliows, refer to Fig. 9 and 10
. head seas S1 = max. (811, 512)

. beam seas 8, = max. (S5, 5,p)

Taking account of the simplified 2D finite elernent
model, each elementary loading case as shown in
Fig. 9 and 10 may be considered as the
combination of both following cases :

- hull girder bending, and

- lateral uniform pressure.

From these calculations, the long term distribution
of stresses may be determined for each basic leading
condition (full load and ballast conditions) and for head
seas and beam seas conditions, as shown in Fig. 11.

4. ASSESSMENT OF THE FATIGUE STRENGTH

4.1. Assessment of the fatigue strength is based on the
direct application of the Miner cumulative damage rule.

The Miner sum may be expressed as follows,
without corrosion ;

- the damage contributed by one cycle of stress
1

range Si is equal to ,
n(s)

where n (5) is the number of cycles to
rupture under a constart ampitude stress
range S;,
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- by superposition, the tota! damage D caused by
stress ranges S, 'é‘.2 « B, applied ny, ny . m;
cycies respectively, is given by :

I=n nl N - oo
b- = - —f ST as B
=1 n(s) c o
where
ni is the nurnber of eycles for stress range
S,

ns,) the number of cysles to rupture for
S8,
i

N number of wave cycles in the life of
ship,

f(s)  probability density function for the long
farm stress range, .

n, C coefficients of the 8-N curve.
If the probabilty density function may be

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

Nt - m
D= - —= 8§ @™ r(1+ —~—) ®
c K

where

§ stress range corresponding to  the
probability level of exceedance Q,

T Gammafunction( T'(n) = (n-1)!)
K  Waibull shape parameter.
If the Weibull shape parameter is taken as 1

(straight ine in a decimaklog diagram), the damage
cumulative ratio may be expressed by :

M
De - — ¢
C Q)

T e m) (g}

The fatigue cracking occurs when the cumulative
damage ratio is equalte 1.

To calculate the damage ratio D, the basic loading
condtions (full lead and ballast conditions) and the sea
states (head seas and beam seas) are assurmned to be
squi-probable.

Consequently, the curnulative fatigue darnage ratio
may be given by

I'“h {=nc '
0= = ), ®
f= ]=1 nis)
where

ny, number of equiprobable kng term
distributions of stresses as shown in Fig. 1
("h = 4),

n_. number of steps of equivalent length in fog N.
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If the probability density function of the long term
stress range is represented by a Weibull distribution, with
K = 1, the cumulative fatigue damage ratio is given by :

"“n Nt Si m
b= 2 - — ) Ta+m ®
I=1 nC  Ln(@)

5. APPLICATION TO THE SELECTED DETAIL
5.1. Presentation of the Main Resulis

It does net fall within the framework of this paper to
give all the details of the calculations necessary 1o
determine the long term distributions of stresses.

As said in. paragraph 3.2, stresses at the
connection of tripping brackets 16 bottom longitudinals
are calculated from a 2D finite element mode! for the two
following elementary loading cases ™

- hull girder bending, and
- lateral uniform pressure.

Main results are summarized in Table Il for details A
and B shown in Fig. 1, where x and y represert
longitudinal and vertical directions respectively.

The dstail of calculations camied out for the
structural detail A are summarized in Tables IIl and IV for
a probability level of 107,

Similar calculations may be performed for a
probability level of 10°8 and for detail B.

52. Long Term Distributions of Strecses

The leng term distributions of stresses as obtained
from the resutts of caleulations (refer to paragraph 5.1.)
are given in Fig. 12 to 17 for details Aand B :

5.3, Cumulative Fatigue Damage Ratio

5.31. As said in paragraph 2.4, the class of S-N curve to
be considered for assessment of the fatigue Etrength
depends con the direction of applied stresses.

Table V gives the characteristics of 8-N curves for
each of the structural details A and B.

£.32. Examination of Fig. 12 1o 17 shows that the long
tarm distribution of stresses is linear in a decimakiog
diagram with a weibull shape parameter squal to 1.

Consequently, the damage ratio D may be
calculated according to formula (9). Results  of
calculations are given in Tabie V1. ’

&. CONCLUSION

6.1. Application of the procedure described in the
prasent paper and summarized in Fig. 18, enables to
assess and compare the fatigue 'strength of a typical
structural detail made either of mild stee! or of higher
tensile steel :

6.2. However, prior to any conclusion congerning the
actual fatigue life of the structural detail examnined, further
investigation is necessary to calibrate the method by
carrying out similar calculations on other eritical structural
details, all the more as several assumptions were made
to perform the study.

o
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Table Il

Elemnmerttary Detail A Detail B
Loading Case Mild stes! HTS Mild steel HTS
Hull girder bending SCFX = 1.1 SCFX =11 SCFx =11 SCFx = 1.1
SCF_ =04 SCF_ =04
Y y
Uniformn pressure
downwards Ox--BMPa ax--s MPa Ox-SOMPa Ox-64MPa
(p = 100 KN/M) o, = 56MPa | 0, =71MPa
Table V
- Detail A ~ Detail B
8-N curve - Detail B (transverse direction)
(longitudinal direction)
Class Fy F
m "3 3
12 12
CSO 1,212 10 1,726 10
sd 0,2279 0.2183
c 6,128 101! 879 10"
Table VI
Detail B Detail B
Cumulative Detait A Long direction Vert direction
Damage Ratio
Mild Stee! HTS Mild Steel HTS Mild Steel HTS
D 0,87 24 1.5 3,85 0,16 0,4

In paricular, additional calculations are to be
performed using a 3D finite element rmode! to validate the
results of the 2D model.

6.3. Calculations were carried out for a total number of
cycles equal to 10B which corresponds to a ship iife of 26
years about.

Examination of Table VI shows that the cumulative
damage ratio of the mild stee! detail B is greater thar 1
for that fatigue life of 25 years, which shows that the
method used 15 possibly too conservative.

If one assurnes that the mild stes! structure does
net fail dufting the ship (de, the HTS structural detail
considered in the analysis might be subject to fatigue
cracking between the second and third special surveys,
i between 10 and 15 years.

However, based on experience in service, this
structural detail seems to have a longer fatigue life,

6.4, As said in paragraph 2.2., only the stress range has
been considered to calculate the fatigue damage ratio.

Influence of mean stresses on the fatigue life has 1o
be examined, all the more as there is some relaxation of
residual stresses with time. Experimental tests carried
out for different R values show that C cosficients of S-N
curves increase while the R ratio decreases (S-N curves
used in the analysis are based on a R ratio greater than
0.7).

In particular, influence of mean compressive
stresses which is not taken into account in the analysis is
to be investigated more in detail.

8.5. The design of structural details influences
significantly the fatigue life of ship structures.

For the detail examined in the present analysis, the
reduction of the siress concertration factor from 1.1.
down to 1 improves the fatigue life by 30 %.

6.6. Moreover, further investigation is necessary to
appraise the influence of corrosion and workmanship
(quality of welds, constructional tolerances, ...) on the
fatigue life of usual structural details.
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Fatigue Assessment Procedure

SELECTION OF STRUCTURAL
DETAILS

DESIGN S-N CURVES OF
STRUCTURAL DETAILS

CHOICE OF LOADING
CONDITIONS

FINITE ELEMENT ANALYSIS
OF SELECTED DETAILS

MINER CUMULATIVE RULE

IDENTIFY LOCAL FATIGUE

S-N CURVES BASED ON :
« LEVEL OF RELIABILITY CONSIDERED
- NOMINAL APPLIED STRESS RANGE

- STANDARD LOADING CONDITIONS
- HEAD SEAS AND BEAM SEAS

DETERMINATION OF LONG TERM DISTRIBUTION OF
STRESSES

Fig. 18
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