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SUMMARY
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1 Intnedliction

1.1 Introduction

1.1.1 Scope

These guidance notes cover areas to consider inectian with specification of new

contracts for double hull oil tankers with lengthl®0 meters or greater to which the IACS
Common Structural Rules (CSR) apply. This desigidance does not cover voluntary
application of the CSR to other ship types.

These guidance notes relate to specification dfitadinal elements and critical locations on
transverse primary support members in the cargomeg

The guidance notes include:

» Details of additional items that would need to gmia specification to take account of
different design criteria for specific newbuildiogntracts.

» A practical explanation of the background of CSHgfee requirements, including
experience with design details prior to CSR.

1.2 Abbreviations & Definitions

Critical areas are defined as those areas wheraedison of a combination of factors
including higher working stress under dynamic an@tic loads, geometric stress
concentration caused by structural configuratiammstructional misalignment/discontinuity
and potential impact of corrosion will have a higheobability of failure during the life of the
ship than the surrounding structures.

Critical locations are defined as the specific tame within the critical area that can be prone
to fatigue damage for which design improvementssaggested.

CSR Common Structural Rules (for Oil Tankers iis tontext)
FCA Fatigue crack arrestor

FE Finite element

GM  Metacentric height

HT  High tensile

HTS High tensile steel i.e. yield stress 315N/mm@ above
IACS International Association of Classificationcgziies
NDT Non-destructive testing

MS  Mild steel i.e. yield stress not exceeding 2362
SCF Stress concentration factor

TIG Tungsten Inert Gas welding

VLCC Very Large Crude Carrier

OTBHD Oil Tight Transverse Bulkhead
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2 Intnaduction o fatigue

2.1 Brief historical review of classification requi rements

Explicit requirement for verification of fatiguerehgth of ships structures was not generally
introduced in classification rules before the m@PQ’s. Prior to that fatigue cracking was
indirectly considered by:

* Good workmanship and sound structural detailsen5iis and the 60’s.

* Lower permissible working stress inherent in mikde$ structures prior to wider
adoption of HTS thus also ensuring lower stresgeand higher fatigue strength

» Conservative scantlings estimates based on singulaulas before introduction of
sophisticated computational methods

» A stress reduction factor (also called materiatdaor higher strength steel factor) in
response to the wider adoption of higher tenséelst(HTS) in the late 60's.

» Increased scantling requirements for side shelfjitodinals as a consequence of
service experience from the increased applicatio”i TS in local structures in the
early 90’s.

It has been demonstrated through testing that mbhparameters (e.g. yield strength) have an
impact on the fatigue strength of plain un-weldteskk and for machined plates the effect of
yield strength on fatigue life is large. Howeveoy fwelded joints the fatigue strength is
essentially independent of the yield strength ia ttigh cycle fatigue region due to the
presence of crack-like flaws in the initial as-wetldstate and high tensile residual welding
stresses. Controlling the fatigue strength by mezna yield stress reduction factor or an
implicit scantling requirement alone was no longensidered to be a reliable and adequate
measure in the face of the increasing number a@jdfatdamages reported during the 80’s and
90's.

Procedures for the explicit verification of theigae strength of specified structural details
that were originally introduced for the grantingafvoluntary notation of enhanced fatigue
strength eventually became mandatory requirementpaat of the classification rules for
tanker structures in the mid to the end of the 90’s

2.2 Basic description of fatigue

Fatigue may be defined as a degradation procesteef and welded connections due to a
repetitive fluctuation of stresses and strains Whilevelops inherent flaws into a crack.
Although the stresses and strains may be well bé&hewstatic resistance level of the material
a failure may occur due to fatigue after a certmaimber of load fluctuations.

The fatigue process in a steel component will gough the following stages:

» Stage I crack initiation
» Stage Il crack growth
» Stage Il final fracture

The total fatigue life is therefore normally debed by the number of stress cycles to failure
as follows:

Nigt = Nj + N +N; (2-1)

Where:
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Ni : Number of stress cycles in the crack initiatgiage
Np : Number of stress cycles in the crack growth jpgation) stage
N¢ : Number of stress cycles in the final fractuegl{ire) stage

The total fatigue life of smooth machined/polishemmponents is dominated by the crack

initiation phase (stage I). The crack initiationaph is related to slip band mechanisms at a
microscopic level on the component surface driveshiear stresses. The cracks will develop

to a sub grain size and oriented 45 degrees tm&éemum principal stress direction.

The total fatigue life of a welded component is dwested by the crack growth phase (stage
I), due to the presence of initial micro-flaws madpthe fusion line in the weld thus reducing
the duration of stage | substantially. In the crgobwth phase the crack growth direction will
become perpendicular to the largest principal cysilress and the maximum principal stress
will be the driving force for crack propagation, sybsequent crack opening and closing and
development of a crack front sharpening mechanism.

Final fracture (stage lll) is characterized by pidly increasing growth rate that will result in
ductile tearing and/or brittle fracture. This isher because the cross section is too small to
transfer the load cycle or the crack front initsagelocal brittle fracture. The time needed for
crack growth in Stage Il is not normally considgges contributing to the overall fatigue life
in standard fatigue assessments for ship structures

It is important to note that fatigue strength ofldesl connections is independent of the steel
grade, i.e. fracture toughness and strength (ys&lelss or ultimate tensile strength), as the
fatigue life is dominated by crack growth (stage It has also been demonstrated by testing
that the crack growth rate is independent of stgehgth. It should however be noted that in
recent years, structural steel with special pragetias been developed with higher resistance
to fatigue initiation and growth, compared to camwenal steels. This steel is denoted FCA
steel (Fatigue Crack Arrestor). As the applicabdirCA steel is still very limited and general
approval by class societies is still on-going, ssigels with special fatigue properties will not
be discussed further in this document.

2.3 Characterization of fatigue

2.3.1 General
The fatigue phenomenon is normally divided into thiferent mechanisms:

* Low-stress, high-cycle fatigue
* High-stress, low-cycle fatigue

Low-cycle fatigue is normally characterized by noaii stresses approaching the ultimate
tensile strength of the material in each loadingeywhich may cause localized yielding also
during the load reversal. For ship structures, aijp@mal measures, e.g. changing of loading
condition from ballast to loaded condition may gsteesses in this range in details of the
internal stiffening and some primary member striadtwonnections. Low cycle fatigue is

normally associated with a number of cycles less th0,000. Calculated strain is often used
as a parameter to account for non-linear behavioassessment of low cycle fatigue. A
typical example of low-cycle fatigue is vesselgjfrently subjected to loading and discharge
operations with the number of load cycles in thegeaof 500 — 1500.

High-cycle fatigue is normally characterized by mtnan 10,000 load cycles and the fatigue
assessment is based on elastic stresses, i.e. aloshiasses lower than the yield strength.
During a service life of 20 to 25 years, tanker mormally encounter between1®’ to 1:1C%

wave load cycles. If 15% is spent on port calls;kilog, repairs etc. (non-sailing time), the
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same figures will be between®’ to 8.510" wave load cycles. In ship structures, high-cycle
fatigue is the most common reason for fatigue dragkand will be the subject of discussion
in this document.

In a broad manner, it can be said that fatiguekiongan welded structures is related to:

e The number and level of dynamic stress cycles
e The structural configuration

* The corrosive environment

* The mean stress condition

2.3.2 Fatigue testing

The fatigue assessment in CSR is based on thef & aurves. These curves are obtained
from constant amplitude tests. In constant ampdittessting, the fatigue life of a machined

component or a welded specimen is determined fpven condition related to stress ranges,
the mean stress level (or the stress ratio R)ngeshvironment and frequency of load cycles.
In such testing, the specimen is subjected to cydnstant amplitude loading until failure.

In fatigue tests, several identical specimens sapr@tive of typical fabrication and
construction procedures, are tested at differgasstranges in order to obtain an S-N curve.
Use of several specimens at each stress rangep@tamnt in order to take into account the
inherent variability in each specimen.

Most of the fatigue testing is performed at a cansstress ratio R, with 0 < R < 0.5, and
where R is defined as

R = Snin/Smax (2'2)
where:

Shin : Minimum stress of the defined test stress range

Shax . Maximum stress of the defined test stress range

A stress ratio of 0 < R < 1 is therefore calleduwseptension — tension test, see Figure 1
Different types of loading applied in S—N testing

R>1 R=co R=-1 R=0 0<R<1

WA
AARAA MNW\ |
NWW\ T s T
N\NVV\ Alternating

Pulsating
compression

Compression

ompression

Figure 1  Different types of stress ratios appliedi  n S-N testing.
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Based on such testing, S-N curves are establisbedlifferent configurations of welded
details and gross geometry, fabrication qualityiremment and stress level. For a machined
component a low stress ratio is favorable with eespo fatigue life because stress variation
on the compression side will not contribute to fague damage to the same extent as
variation on the tensile side. Only tensile streagations will open the crack and propagate
the crack. However, in welded connections tengitedual welding stresses are present at the
weld toe and will increase the stress ratio, caugimsile stress ranges also for compressive
loads. This is the reason for not taking the Roratto account for welded joints, and why
some restrictions are included on the mean stregsl lcompensation in certain fatigue
standards.

The fatigue strength of a welded component is éefims the stress range at which
fluctuations at constant amplitude causes faildirdtn@® component after a specified number of
cycles. The number of cycles to failure is knowrtresendurance or fatigue life.

2.3.3 Definition of the S-N curves

2.3.3.1 The S-N curve
The S-N curves are based on the simple relatiorstipeen the applied stress ranges,

S = Swax - Snine @and the number of cycles to failure, N. The bafsign S-N curve is
constructed based on testing and is given by:

log(N) = log(kz) — m log(S) (2-3)
where:

log(K2) = log(Ky) — 25 (2-4)
N : Number of cycles to failure for stress range S

K1 : Constant relating to mean S-N curve (log Klhis intercept of log N-axis by

the mean S-N curve)
0 : Standard deviation of log (N)
m : Negative inverse slope of the S-N curve

Experimental S-N curves are defined by their medigdie life and standard deviation. The
mean S-N curve gives the stress level S at whieh suctural detail will fail with a
probability level of 50 percent after N loading B& S-N curves considered in the CSR and
other relevant standards are based upon a statiatialysis of appropriate experimental data
and are represented by design curves which arerootes] two standard deviations below the
mean lines. The effect of residual stresses isitedd in the S-N curves because stress relief is
not normally applied to the test specimen.

When the stress range is low enough fatigue frastwill not occur. This stress range level is
defined as the fatigue limit. The fatigue limit Wilormally occur at 10cycles in S-N curves
in a non-corrosive environment such as air, an@taue analysis may be omitted if the

10/83



TSCF IP 003/2012 Guidance Note on SpecificatioRaifgue for Double Hull Oil Tankers
Complying with the Common Structural Rule

largest local stress range for the actual detaless than the fatigue limit, ref. Figure 2

Stressrange

N \\ Typical S-N curve with fatigue limit
= w‘-\ !
-
b “> Modern S-M curve in air with fatigue limit
~ -..,\\\
ST \
/ ~ o LA
~ s -
Fatigue limit o
= .
1 {
Mumberofcycles
1.00E+07

Typical free corrosion 3-M curve withoutfatigue limit

Figure 2  Definition of the fatigue limit

The S-N curve for high cycle fatigue loading in airfor adequately protected environment,
e.g. coating and cathodic protection, is charazddriby a two slope curve, with negative
inverse slopes of typically y= 3 and m =5. However, the shift in slope typically occuts a
10" cycles for air and typically at $@ycles for cathodic protection, ref. Figure 3stiould
also be noted that S-N curves in seawater fordoemsion normally have one inverse slope,
m=3.

Siressrange

: Typical 5-M curvesin air
z ﬂ::- Decreasing fatigue life. The
R ntinuous lineisthe F curve

Typical 5-M curve F for Typical slope mofs
»

cathodicprotection

Typical S-M curve F in séawét‘e_'rftﬁr

; free co FFDSiIEII'I y
I | i
1|:||:|E+|:|E 1DDE+D? NLII’I"IDE:I’UTC}.-CIES

1.00E+04

Figure 3  Characteristics of the S-N curve

2.3.3.2 Classes with regards to fatigue strength in welded joints

For practical fatigue design, welded joints areid#d into several classes, each with a
corresponding design S-N curve. The curves refetweid CSR are S-N curves in air, and
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offer the structural classes B, C, D, E, F, F2\WGwhich in a classical and broad manner can
be categorized as follows:

B, C: Used for material without welding. The differentiation between B and C is
related to procedures for edge treatment.

B, C, D:Used for continuous welds essentially parallel tche direction of applied
stress The differentiation between B, C, D is relatecptist weld treatment, welding
procedures and application of NDT.

C, D, E, F, F2Used for transverse butt welds(perpendicular to the direction of
applied stress). The differentiation between CEDF and F2 is related to post weld
treatment, welding procedures, application of ND3e of backing and step changes
in the weld.

F, F2, G:Used for welded attachmentsn the surface or edge of a stressed member.
The differentiation between F, F2 and G is reldatedttachment length, distance from
attachment to free edges and use of slotted caonsct

F, F2, G, W:Used for load-carrying fillet and T butt welds (cruciform joints or T
joints). The differentiation between F, F2, G andidMelated to weld configuration
(full penetration, partial penetration, fillet wgldedge distance, stress direction
relative to weld direction.

E, F, F2, GUsed for details in welded girders The differentiation between F, F2, G
and W is related to location and type of weldedcitinents on girders.

As can be seen from the above, the weld classtegagy depends on geometry, direction of
loading, crack location, fabrication and inspectici. also Figure 4.

Further it can be seen from the above broad cieasdn of welded connections, that class F,
F2 and G are the most appropriate categorizationst for bracket connections and end
connections of stiffeners and girders in ship $tmes.

In text books relevant S-N curves can also be foimmdwelded details in seawater with
cathodic protection and for welded connectionsvgater subject to free corrosion.
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Derail | Constructional details
category
Notes on potential modes of failure

When the weld 1s parallel to the direction of the applied stress, fatigue cracks normally initiate at the weld ends. When
the weld 1s transverse to direction of stressing. cracks usually mitiate at the weld toe: for attachments involving a single.
as opposed to a double, weld cracks may also inifiate at the weld root. The cracks then propagate into the stressed
member. When the welds are on or adjacent to the edge of the stressed member the stress concentration 1s increased and
the fatigue strength 1s reduced; this 1s the reason for specifying an “edge distance™ i some of this jomnts (see also note
on edge distance in Table A-3).

1- 1.

Welded longitudinal
attachment

Description Requirement

1. and 2. The detail category
1s given for:

— Edge distance = 10mm

— For adge distance < 10
mm the detail category
shall be downgraded
with one S-N-curve

2.
Doubling plate welded to a
plate.

[S¥]

E 1 <50 mm
F 50 << 120 mm
F1 120 < ] <300 mm
F3 1> 300 mm
Figure 4  Typical definition of some weld class cate gories, ref. /2-3/.

The tabulated form of the S-N curves from the CSRgiven in Table 1 while the

corresponding S-N curves are given in Figure 5.

Table 1 SN Curves Characteristics
Class K1 m Standard K, S
Deviation [N/mm?]
[
logsc loge Logio loge
B |2.343E1l |15.369° |35.390( | 4.C | 0.182. | 0.419¢ 1.01E1! | 100.Z
C |1.082E14 | 14.0342| 32.31533.5 |0.2041 0.4700 423E18 78.2
D |3.988E12 | 12.6007| 29.01443.0 | 0.2095 0.4824 1.52E1p 53.4
E |3.2890E12 | 12.5169| 28.82163.0 | 0.2509 0.5777 1.04E1R 47.0
F | 1726 E12 | 12.2370| 28.17703.0 | 0.2183 0.5027 0.63E1P 39.8
F2 |1.231E1 |12.090( |27.838 |3.C | 0.227¢ |0.524¢ | 0.43E1. 35.C
G |0.566E1z |11.752! |27.061: | 3.C | 0.179¢ | 0.412¢ | 0.25E1: 29.2
W | 0.368E12 | 11.5662| 26.63243.0 | 0.1846 0.4251 0.16E1p 25.2

The Table 1 provides Basic S-N Curve Data, In-Aiom ref./2-7/
corresponding to @ycles of the S-N curve, in N/mmz2.

. § is the stress range
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Figure 5 Basic design S-N curves, In-Air, from ref. 12-71.

2.3.3.3 The stress range principle

In the fatigue assessment performed accordingetsth approach, it is the stress range that
shall be applied. The reason for this is that #sinig is based on the stress range, partly to
pick up the presence of large residual stressets wilhincrease the mean stress level.
Compressive stresses caused by external forcestimeayeffectively act as a tensile stress
cycle in the material when added to pre-existimgfisttensile stresses. Effective stresses
acting in the welded joint regions are assumedtlitidate from yield and downwards, making
the mean applied stress an insignificant parameter.

Mean stress correction is accepted as a corregteasure in some standards, because it may
be argued that local yielding during peak loadd letd to shake down of residual stresses,
making the stress range principle far too consamatspecially when the applied stress is
primarily compressive. Feedback from service eigpee of side shell longitudinal stiffeners
on single hull oil tankers in the 90s provide sa@upport for this concept.

2.3.3.4 The design S-N curve - two standard deviations

During fatigue testing there will be a scatteredttresults that need to be statistically treated
in order to develop design S-N curves with inhesadiéty levels included.

A confidence interval defines the probability thest results will be within given limits. A
95% confidence interval defines the limits withihieh there is a 95% probability that further
test results will be located.

As indicated, the mean S-N curve gives the strasge level S at which the structural detail
will fail with a probability level of 50% after Nokding cycles. This does not give the desired
safety level. The design S-N curves are based siatstical treatment of test results, and by
definition provides a probability of survival of 9P6. A curve 2 standard deviations below
the mean line of test vaues results in a correspgnarobability of survival of 97.7%. This
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means that characteristic fatigue capacity is baseda 2.3% fractile, meaning that the
probability of fatigue failure during the desigfelis 2.3% when the uncertainty only inherent
in the S-N curve is included.

Example:

In practical terms this means that for a ship witB0 similar structural details with a
calculated fatigue life of 20 years, 2 to 3 of thesuld be expected to fail within the design
life of 20 years.

2.3.4 Cumulative fatigue damage

Fatigue tests that are used as the basis for cetisg the S-N curves are normally based on
constant amplitude testing. Actions on ships stm&st are normally caused by variable
amplitude loading due to the random nature of tlaees. In order to take into account the
variable amplitude loading in fatigue assessménits,assumed that the load spectrum can be
divided into equivalent stress blocks, where eatbss block contributes to the fatigue
damage according to its damage ratiblin

where:
n; : Number of stress cycles in block i
N; : Number of cycles to failure according to thé&l Surve for the actual stress
range, ref. Figure 6
S B
D, = n/N,
S,
S fmmmmm———= S - b
|: 1 [
I ! :
1M 1
N | S-N curve as function of S
[ | 1
P -
i I : Longterm distribution of S
T t >
104 " 10% 10° | 107
1 ' N
I

Figure 6  Part damage using a long term stress distr  ibution and an S-N curve

The fatigue life for variable amplitude loading nhen be calculated by the Palmgren-Miner
linear cumulative damage summation rule:

D=Yn/N <1.0 (2-5)
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2.3.5 Histogram, Weibull distributions and Scatter diagrams

2.3.5.1 Cumulative damage using histogram

The long term stress range distribution may beesg®d by a stress histogram, consisting of
a representative number of constant amplitude st@sge blocks;Sach with a number of
stress repetitions,ref. Figure 6.

Using the S-N curve expression given in (2-3),féll®wing expression can be found for N:

N = Ko/S™ (2-6)
Expression (2-5) and (2-6) gives the following tiela:
D=Yn/N = 1/KY n(S)" (2-7)

When applying a histogram to express the stresshiison, it is important that the number
of stress blocks is large enough to ensure a reht®mnumerical accuracy.

When the stress distribution is available in a g@etlong term or short term distribution
(ref. 2.3.5.2 and 2.3.5.3), a closed form fatigweuaulation approach can be used for
assessment of the fatigue life.

2.3.5.2 Weibull distributions and closed form fatigue assessment

The Weibull distribution is a probability distribab which is used to approximate the long
term stress history for ship structures, thaths, éxpected number of cycles representing the
combined stress ranges due to the hull girder acal bending.

The long term Weibull stress range distribution réhén terms of the complementary
distribution) may be presented as a two-parametbW distribution as follows:

Q(S) = exp [-(S/d) (2-8)

where:

Q : Probability of exceedance of the stress range S

h : Weibull shape parameter

q : Weibull scale parameter, defined from the strasge level & see equation
(2-10)

Based on calibration with direct calculations theilll shape parameter used in CSR varies
slightly for side shell, bottom shell, longitudinalilkhead and deck. A long term distribution
of stress ranges, as a function of the Weibull patar h (the shape parameter), is shown in
Figure 7. As can be seen from the figure, an irsgea the Weibull shape parameter (h) will
increase the stress range within a certain inteofahe long term distribution and hence
reduce the fatigue life. For a typical S-N F cuimea protected environment (an air S-N
curve), the allowable extreme stress range willreduced by a factor of 0.85, when
increasing the h factor from 0.9 to 1.0 (durind &fess cycles). In FigureMo,= & is the
maximum stress range (exceeded once out stress cycles) for a total of stress cycles,
while n is the number of stress cycles equal oeedngAo=S.
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Figure 7 Long term distributions of stress range as a function of the Weibull parameter h
(the shape parameter), ref. /2-1/.

For this particular distribution, a closed form egsion for equation (2-7) may be derived. If
the total number of stress cycles n is expressetthdyghips design lifeqland the long term
average response zero-crossing frequeggcthe following simple closed form expression can
be derived for calculating the expected Palmgrenavisum (for a one slope S-N curve):

D= Z N / Ni = (\)on/ Kz) Zpk qkm F(l + m/h<) ( 2-9)

where:

Pk . Fraction of design life in relevant load conalitik

h : Weibull stress range shape parameter for loadition k

(1 + m/hk) : Gamma function (relevant values fa @amma function can be found in text
books).

Typical values of the Gamma function for hk = 0.0®5 and 1.0 and m=3,
are 9.261, 7.342 and 6.000 respectively.

Ok : Weibull scale parameter for load condition k

The Weibull scale parameter is defined by the strasge level & given by:

0k = S/(In ne) "k (2-10)
where

No . Expected number of cycles over the period careid for which the stress

range level $is defined.
If the stress level Sis given at a 18 probability level, the corresponding number oflegc
will be 1C. If the stress level Ss given at a 16 probability level, the corresponding number
of cycles will be 16
A simplified expression for the zero crossing resmfrequency for ship structures can be
found by:

Vo=1/(4 log(L)) (2-11)
where :
L : Ship rule length in meters.
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Example:
A long-term nominal stress range of So=75 MPa @rabability level of 10-4 is calculated
for an unprotected (no corrosion protection) stuwed detail in a hull for a given loading
condition (ballast).The corresponding Weibull shgmeameter hk is estimated to be 0.95
(see equation 2-12). The vessel length is 280m.fdtigue life for the specified loading
condition shall be calculated by use of S-N curv@ Beawater for free corrosion, given by
the following one slope S-N F curve:

logK, =11.378 and m=3 for all cycles.(from formula 2-4)
The corresponding Weibull scale parameter for tessel with a length of 280 m and a
Weibull shape parameteg bf 0.95, is (ref. formula (2-10)):

Ok =75/(In10000}°-%°= 7.245
For a design life of 25 years, the number of logdes is (ref. formula (2-11)):

VT = 25:36524-3600/4l0g(280) = 8.04.0
If it is anticipated that the fraction of total tamin the given loading condition is 0.40, the
accumulated fatigue damage using equation (2.9) applying the specified S-N curve, is
then given by:

D = (8.0510/2.387810") -0.4:7.245-7.342 = 0.38
Typical Weibull shape parameters h for ship struesucan be found in text books or in the
CSR (where it is denote). The shape parameter depends on the locationeirtitoss section
and the length of the vessel and is in CSR expmiesse

h =£ = fweibui(1.1 — 0.35(L-100/300)) (2-12)

where:

fweibul IS @ modification factor that varies between Or@ld.1 depending on location (bottom,

side and bilge, deck etc.). If the ship lengthased in the range of 100 to 350 meter, the
related variation of the Weibull shape parametei a@ from 0.727 to 1.21.

Expressions similar to equation (2.9) can also laelenfor a two-sloped S-N curve. Reference
is made to relevant textbooks for such expressions.

2.3.5.3 Rayleigh distributions, Scatter diagrams and closed form fatigue
assessment

The long term stress range distribution can alsaldieed through a short term Rayleigh

distribution within each short term period calcathbased on the probability of encountering

different sea states, typically known as a “scattiagram”. Combined with the different

loading conditions, and using a one-slope S-N cuhe closed form fatigue damage can then
be calculated as, ref. /2-4/:

allseastates

V. T m ond all headings m
D :‘)Tdr(1+—ij_"a P, Z Fin (2 2m0ijn) (2-13)
a 2 nt i=1j=1
where
Fijn . Relative number of stress cycles in short-teomdétion
Moij : Zero spectral moment of stress response pr@ceksan be found as the

integral of the stress response spectrum for thgeive individual sea state
[ : Number of headings
j : Number of sea states
n : Number of loading conditions
a : Same parameter as,Kvhich is previously defined in equation (2-4)

18/83



TSCF IP 003/2012 Guidance Note on SpecificatioRaifgue for Double Hull Oil Tankers
Complying with the Common Structural Rule

A representative scatter diagram for North Atlasidling routes is given in Figure 8 below.
As can be seen, each short term sea state is eaprdy an H(significant wave height) and
T, (average zero up crossing period) and number@iroence of the specific sea stajecan
be calculated based on this occurrence, combingdtiaé probability of heading.

Tz{s) 35 45 55 6.5 7.5 85 25 10.5 115 125 135 145 155 165 175 185 Sum
Hs

(m)

0.5 13 1337 86356 11360 6342 1363 369 36 07 1 /] 0 0 a 0 0 3050
15 0 293 9860 49760 77380 55697 23757 T035 1807 305 51 08 01 a 0 0 22575
25 0 22 1975 21583 62300 THO5 48604 20660 SH5 1602 337 3 11 02 0 0 23810
35 0 02 349 6955 32265 56750 5099.1 28380 11144 3377 B43 182 35 04 01 0 18128
4.3 0 0 60 1961 13543 32885 38575 24855 12752 4551 1308 319 69 13 02 0 13280
55 0 0 10 510 4984 16029 23727 20083 11260 4636 1509 410 97 21 04 01 2328
65 0 0 02 126 1670 6803 12579 12686 8259 3848 1408 422 109 25 05 01 4 806
15 0 0 1] 3.0 521 2701 5944 7032 5249 2747 1117 367 102 25 04 01 2586
85 0 0 [1] 0.7 154 97% 2559 3506 2069 1746 776 277 84 22 035 01 1309
23 0 0 1] 0.2 43 332 1019 1580 1522 092 483 187 61 L7 04 01 626
10.5 0 ] 1] a 12 107 379 67.5 1.7 515 273 114 40 12 03 01 285
11.5 0 ] 1] a 03 33 133 266 314 47 142 464 24 07 02 01 124
12.5 0 ] 1] 0 01 10 44 o9 128 110 58 33 13 04 01 0 51
13.5 0 0 [1] 0 0 0.3 1.4 35 5. 46 31 16 07 02 01 0 21
14.5 0 0 [1] Q 0 0.1 0.4 1.2 18 1.8 13 07 03 01 0 0 8
155 0 0 1] a 0 /] a1 04 06 07 05 3 01 01 0 0 3
16.5 0 0 1] a 0 /] 0 01 0.2 02 02 01 01 a 0 0 1
Sum 1 165 2081 9280 19922 2487% 20870 12808 6245 2479 837 247 46 16 3 1 100 000

Figure 8 A typical North Atlantic Scatter diagram, ref. /2-4/.

2.3.6 Parameters affecting the fatigue life

2.3.6.1 General
The following parameters are important to the fa¢iglamage process:

» The number of dynamic stress cycles

* The level of dynamic stress cycles

» The structural configuration/geometry

» The workmanship standard and weld defects (cracigpares)

* The corrosive environment

» The time spent in unprotected environment for pathe design life
e Surface quality

* The thickness effect

* The mean stress level

As can be seen from equation (2-7), fatigue dancagebe expressed as:
D= Z N / N = (:U Kz) Zni(Ksoi)m

and further simplified if the structure is subjette only a constant nominal stress range S
during life time, represented by n load cycles:

D= (n/ K)(KSo)™

n; : Number of load cycles related to stress range S
K> : Constant relating to design S-N curve

K . Stress concentration factor

Si : Nominal constant stress range for stress block i
m : Negative inverse slope of the S-N curve

It can be seen that the fatigue damage is propattim number of load cycles. It can further
be seen that the fatigue damage is very sensiitket stress ranggiving a damage rate to
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the power of m (normally assumed to be 3 for N§.10his means that all parameters that
will influence the stress range, (KS are very important for the fatigue damage. Such
parameters can be:

» Environmental loading, i.e. wave height, wave peériand wave meeting angle
(influence on §.

» Stress concentrations (influence on K).

* Misalignments (influence on K).

» The workmanship standard, i.e. welding processeroud (influence on K).

* Weld geometry, i.e. overfill height, weld angle,ldvéoe radius (influence on K).

2.3.6.2 The workmanship standard and misalignments

Both increasing the weld angle (angle between \aeld plate) and decreasing the weld toe
radius will tend to lower the S-N curve and henbe fatigue life. Increasing depth of
undercut will lower the S-N curve.

Weld parameters are generally considered as péhneddtatistical variation inherent in the S-
N curve, and conservative assumptions about the paalameters are implied by adopting the
design curve.

Misalignments have a very negative influence oigtet life, and are one of the main causes
of low fatigue life in welded connections. Misaligents are not explicitly considered in the
S-N curves applied in the CSR and will need to aeefully controlled in way of critical
cruciform joint locations during the construction.

Reference to workmanship standard with regards isalignments is included in the CSR
(IACS Rec. 47).

2.3.6.3 Corrosive environment

The corrosive environment is also an important dastith regards to influence on the
accumulated fatigue damage.

Generally there are two effects of corrosion orgta life.

* The mechanical surface damage due to corrosiorapds

* The increased crack growth rate due to dissoluifanetal at the crack tip.
It has been documented through testing in seawvilaséérthe accumulated fatigue damage is
increased by a factor by 2 to 3 or higher, compavitd S-N curves for air, ref. /2-1/, /2-4/
and /2-7/. In addition reduction of the plate timeks due to corrosion will play an important
factor on the nominal stress level and hence thguka life.

2.3.6.4 The thickness effect

There is a reduction in fatigue life for the sanppleed nominal stress range if the thickness
of the plate is increased. This is called the théds effect.

The thickness effect is included due to the follogwieasons:

* An increase in the stress concentration factohatweld toe, due to larger overfill
height

* The local stress field at the crack tip will be m@evere in a thick plate than in a thin
plate (the stress gradient effect)

» Larger material volume will have greater probapitt containing defects

* The steel microstructure of welded thick platesy imave a lesser quality compared to
a thin plate
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The thickness effect is normally accounted for bydifying the m log(S) term in the S-N
curve, by the following expression:

log(N) = log(Ks) — mlog[S(t/f)"] (2-14)
where:

t, . Reference thickness

k : Thickness coefficient

The reference thickness varies normally betweemr2 25 mm in design codes, while the
thickness coefficient varies between 0.25 and 0.3.

In the CSR the correction is taken into accounttfocknesses larger than 22 mm by the
following expression:

log(N) = log(Kz) — mlog[S(t/22*7 ( 2-15)

By using a reference thickness of 25mm and a tleis&rcoefficient of 0.25 in combination
with a two sloped S-N F curve, the fatigue life lvdécrease with approximately a factor of
0.75 if the nominal stress level is kept constaat plate thickness increase from 25 to 35mm.

2.3.6.5 The mean stress effect
The mean stress is defined as:

Sn = (S/2)(1+R)/1-R (2-16)
where :
R . Stress ratio defined as, ref. (2-7) and Figure
R = Snin/Smax
S
/ f .""' e — Sma}{
."III ."'.l i I‘-. 'II SEI
f / I"'.‘ /
Sr : / Ill.l'.I |||I I'\_' { Sm
/ [ \/ S,
/ \/ +
! - Srnin
t

Figure 9  Definition of stress terms

Documented tests have shown that the mean stnesishias an influence on the fatigue life.
Stress ranges where part of the stress cycledsmpression (Rzo or R > 1), will result in
considerably longer fatigue lives than where thesst cycle is completely tensile{<R < 1).
However, the presence of large tensile residuaksés will increase the mean stress, such
that compensating for the mean stress level igdaticalculations shall be done with great
care. In CSR the influence from welding residusgsgtes is not explicitly taken into account.
However, the total stress range might be reducgerdéing on whether the mean stress is
tensile or compressive. Such a correction will aepen the magnitude of the static load
components (combined global and local stress) e ftill load condition or the ballast
condition
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2.3.7 Evaluation of fatigue life

Fatigue life in S-N tests is usually taken as lifgil complete fracture has occurred in small
specimens or until displacements becomes so laggdtte load cannot be maintained. In such
small specimens there is no possibility for redisition of stresses during crack growth.

This means that most of the fatigue life is asgediavith growth of a small crack that grows
faster as the crack size increases until fractin@igh the width or depth of the specimen. For
practical purpose these failures are defined agjbeiack growth through the thickness.

When this failure criterion is transferred into aidue crack occurring in a large structure
where some redistribution of stress is more likalyis means that this failure criterion
corresponds to a crack size that is normally sona¢vdss than expected from the small
specimen tests.

2.4 Reference stress

Fatigue assessments at the design stage are todaglly based on S-N curves where the
reference stress should be taken either as nosthesis, hot spot stress or notch stress.
Independent of this, all fatigue assessments bhddlased on the maximum principal stress
range within 48 or 60 of the normal to the weld toe.

A hot spot can be defined as a point in the strecithere a fatigue crack may initiate due to
stress fluctuation caused by the combined effeet structural discontinuity and/or the weld
geometry.

2.4.1 The nominal stress approach

The nominal stress approach has for a long timen ltke most commonly practiced and

accepted fatigue assessment methodology. The nbstiass is defined as the principal stress
at a distance from the discontinuity of the wel@gchment or the weld bead itself, where
the geometry of the attachment and the weld daffett the stress level, ref. Figure 10.

Figure 10 Typical stress distribution

As shown on the Figure 10, the nominal stress l@xebr S,) will appear at a certain distance
from the geometrical or weld discontinuity where #iress level is unaffected, ref. /2-6/.
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When using the nominal stress approach, the stalctietails need to be classified and
related to a corresponding S-N curve (curve B tq ). Figure 5. The related S-N curve
takes into account the local stress concentratieated by the joint itself and by the weld
profile. However, stress concentrations from glap@dmetry e.g. arising from the edge of an
opening, misalignments (eccentricities and/or aaguiismatch) are not included in the actual
S-N curve and must be taken into account if thesee&pected to contribute significantly to
the stress condition.

In Figure 11 an example is taken from a typicaudtral detail in the side shell. The
structural classification is taken from CSR, App.T@ble 1.7. For the bracket toe location A,
the S-N curve F shall be applied. Here the efféthe bracket and the weld toe is taken into
account in the selection of the S-N curve. If thegitudinal stiffener is un-symmetrical and
the nominal stresses applied are evaluated basexd simple beam analysis, an additional
stress concentration factor for un-symmetricafestiérs on laterally loaded panels needs to be
applied.

Table C.1.7 Classification of Structural Details (Continued)
Critical Locations
ID Connection type Notes (1), (2), (3)
A B
N
11 F F2
J
A s B
il Ne
B {
|""l .\I

Figure 11 Typical structural end connection in the side shell, ref. /2-7/.

In the CSR, the nominal stress method is the stdndpproach for simple structural
connections such as:

* Longitudinal stiffener supports
* Simple butt weld connections

The disadvantage with this methodology in desigrsmhe structural configurations is the
difficulty of defining nominal stresses, particllawhen stress information is obtained by
finite element analysis. In view of this, there l@®n a growing practice and acceptance of
using the hot spot stresses in fatigue designipfsthuctures.

2.4.2 The hot spot stress approach

In the hot spot stress approach, the geometricassstat the hotspot is used in the fatigue
assessment in combination with a hot-spot fatiguge; normally taken as S-N curve D, ref.
Figure 12.
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Siress o~ Motch stress
o

f,a"f (Geometric sirezs at hot
S /:;r-m {Hot apot atress )
/

Clemnelric siress

¢ Mormumal stress

Figure 12 Definition of stress terminology in way o f a welded connection, ref. /2-4/.

The geometrical stress is normally found by mednBEbanalyses and comprises the local
stress concentration created by the joint itsdlé (structural discontinuity) and the stress
concentrations from the global geometry. Misaligntse (eccentricities and/or angular
mismatch) are normally not included in the FE maated must be taken into account in the
assessment, or well controlled at the constructiage.

The effect of the weld is taken into account in $leéection of the appropriate S-N curve (the
hot-spot fatigue curve).

The relation between the nominal stresg é®d the geometrical stresg)&pplied in the hot
spot method is given by:

S=KgS (2-17)
where :

Ky . Geometrical stress concentration.

The hot spot stress from a FE analysis shall bévetbrbased on extrapolation of the

geometrical stress according to special procedwigsh can be found in the literature. In

addition, the results will also be very dependgrtruthe choice of the finite element type and
size. It should be noted that the hot spot straggue design approach is only applicable to
configurations where the potential mode of failisrey fatigue crack growth from the toe of a
weld.

In the CSR, the hot spot method is the standardoapp for complex structural connections
such as:

* The hopper knuckles

2.4.3 The notch stress approach

In the notch stress approach, the total stresseabat the hotspot, comprises the geometrical
stress concentration and the weld stress conciemtrat

The relation between the nominal stresg @@hd the notch stress,(Sapplied in the notch
stress method is given by:

Sw = KuKgS, (2-18)
Where:

Kw : Weld stress concentration.

Notch stresses can either be calculated by meansammetric formulae or from finite
element analyses. Special procedures are anywayedgvhen calculating the notch stresses
and the calculated stress shall be linked to dézticaotch stress S-N curves.
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In the CSR, the notch stress method is not refdoed

2.5 Stress concentration factors

Stress concentrations occur in structural connestiue to the presence of, ref. /2-4/:

» The overall geometry of the detail; g K
* The local geometry of the weld; wK
» Eccentricities; K
* Angular mismatch; K
» Skew bending; K
» Effect of relative deformation; K

Kt and Kq are normally used for plate butt seam connectiomg avhile K, is normally used
for unsymmetrical stiffeners on laterally loaded@a. K is a stress factor for bending stress
in longitudinal stiffeners caused by relative defation between supports (i.e. between
transverse bulkheads and frames), if the effesbigproperly taken care of by FE modelling.
The stress concentration factors can either beuleadr by means of parametric formulae or
from finite element analyses. Procedures for howltain stress concentration factors from
FE analyses can be found in textbooks. It is howewportant to note the definition of the K-
factors and their relation to the S-N curves.

In the notch stress approach, all the above stressentration factors may be relevant to
include in a fatigue assessment.

In the hot spot stress approach, thg i& included in the selected S-N curve, and shall b
omitted. The other stress concentration factors peaselevant.

In the nominal stress approach, thg &hd the I§ are included in the selected S-N curve and
shall be omitted. However, a global, khay be necessary, if indicated in the commentary
column of the classification tables for the relav@rN curves. The other stress concentration
factors may be relevant.

Typical values for stress concentration factors are

» Ky is addressed in 2.5.3 (1.2 to 1.8 for longitudiexadl connections) and 2.5.4 (2.5 —
7.0 for a lower hopper knuckle detail)

Ky is addressed in 2.5.3 (1.5 for a typical bracket @nnection).

* K is addressed in 2.6.6 (for misalignment in a tuetd).

* Kpis typically in the range 1.2 to 1.5.

Ky is in CSR stated to be in the range 1.0 to 1.pedding on location and loading
condition.

2.5.1 Stress concentrations in welded connections

In ships structures, many of the structural joanes fitted with brackets in order to give better
support and an improved load transfer at end cdimmsc However, the brackets will
nevertheless introduce a stress concentrationadtretweld K, and a stress concentratiog K
due to the shape of the bracket.

A representative structural connection in this gatg that has been well documented as being
prone to cracking is the end connection of side lawttom longitudinals in way of transverse
bulkheads and frames.

2.5.2 Bracket shapes

Brackets will generally improve load transfer bedwestructural elements and reduce stress
concentrations. Further, the effective span ofactitral element will be reduced and thereby
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the nominal stress level. However, brackets willat@ertain extent also introduce a stress
concentration due to the overall geometry of th&itleThis can be taken care of by good
design.

The following parameters will in general govern gtieess concentration:
» The sloping angle (in degrees — a small anglengtidal)
» The toe height (a small toe height is beneficial)
» The shape (soft or straight) (a soft shape is h@abf
* Welded attachment length (generally a shorter latt@nt is better than a long one
assuming the same effective span of a stiffendralhacking bracket which is poorly
proportioned may have a negative effect)

» Use of backing bracket (symmetrical bracket attamhisiin an end connection will be
beneficial)

2.5.3 End connections

In CSR, tables are given where end connectionsmgitudinals are classified according to
configuration and bracket shape, ref. Figure 1le €lassification is based on the nominal
stresses approach, meaning that the stress costtemtdue to the local geometry of the weld
is included in the applicable S-N curve. It is nafiy anticipated that K is 1.5 for bracket
end connections. This means in practical terms thatgeometrical stress concentration
included in the S-N curves for such connection®(E) varies between 1.27 and 1.8.

The stress concentration due to the bracket shidugeolerall geometry of the structural
detail) is taken care of by the S-N curve clasatfan, given by either the F or the F2 S-N
curve (or downgraded to G based on certain comdijio This means that the following
equivalent stress range shall be applied in thguatcalculations, using the CSR approach:

S=KnK¢Sh (2-19)

2.5.4 Knuckles

Knuckles are structural connections with discorties that normally will introduce large
stress concentrations, due to a change in thessdieesction. In CSR, it is required that a hot-
spot stress assessment shall be performed forother Ihopper knuckle connection. In the
lower hopper knuckle connection, stresses initiatexnn lateral pressure (internal and
external) will introduce a transverse bending monierthe double bottom (in the flanges of
the double bottom transverse frame). This bendioghent will introduce membrane stresses
in the inner bottom. These inner bottom stressdk bai transferred to the sloped hopper
plating. The change in stress direction will iniod an unbalanced stress component, ref.
Figure 13. In combination with geometrical eccanities at the welded connection itself, a
large stress concentration will be introduced. §eemetrical stress concentration at such a
joint will to a great extent depend upon the argdéwveen the inner bottom and the hopper
plate, the local plate thicknesses at the joirfeatifiveness of support structure such as shape
of brackets for welded knuckles; and in the casa bént knuckle, the radius of the knuckle
and the support arrangement in way of the radius.

26 /83



TSCF IP 003/2012 Guidance Note on SpecificatioRaifgue for Double Hull Oil Tankers
Complying with the Common Structural Rule

Figure 13 Stress flow in way of a hopper knuckle.

In CSR, it is required that the fatigue assessrshatl be performed based on the hot spot
stress approach. This means that the stress doamio@m due to the local geometry of the
weld is included in the applicable S-N curve (theuve) and that the geometrical stress
concentration is picked up by the FE modelling ombination with the hot spot stress
approach and the corresponding extrapolation mefthoithe stresses.

The geometrical stress concentration for such adiores will normally vary between 2.5 to
7.

2.5.5 Free edges

Fatigue cracks in ship structures will normally limeited to welded connections or to flame

cut edges. Only in some rare cases will fatigueksde observed in plain uncut material e.qg.
notches caused by corrosion or wear and tear. @ason for this is that welds and flame
cutting provide notches, initial defects and weddimesidual stresses that will give

considerably lower fatigue strength compared tocttreesponding plain material. Unless it is
relieved or shaken down in service, welding redigtr@sses will normally be of a magnitude
comparable to yield stress and will influence theept material up to several mm away from
the weld.

Free edges around cut outs and manholes with athdwtiedge reinforcement will generally
produce geometrical stress concentrations. A tygitass concentration for the free edge of a
circular cut out will be in the region of 3. Freégges cut by hand will in addition increase the
stress concentration, and should be avoided. Seteattabooks provide guidance and tables
related to stress concentration factors for cus euth and without edge reinforcements. For
this reason, it is generally advisable to avoiddiveg on the edges of openings. Where this is
unavoidable e.g. in way of block joint scallops fongitudinal stiffeners, design measures
can be taken to mitigate this and some recommenddtequirements are discussed in the
CSR.

2.5.6 Description of fatigue mechanism in welded co  nnections

A typical high cycle fatigue failure surface is cheterized by a smooth surface with
characteristic beach marks (macroscopic progressiarks on a fatigue fracture) reflecting
the variation in load intensity through intercharggperiods of rough and calm weather. If a
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member is broken off completely due to a fatigukife, the final fracture surface will appear
without beach marking but with a surface charapgetiby brittle fracture or ductile fracture.

» The fatigue life of a machined plate is generallycim higher than the fatigue life of a
plate with a welded attachment, as illustrated igufe 14. Fatigue strength of the
plate with the welded attachment is as low as 1%-28f base material fatigue
strength. The reason for this is that a plate witivelded attachment will negatively
influence the fatigue life due to three factors:

o The notch effect due to the attachment and the filkdd metal (stress raiser)
The presence of non-metallic inclusions or micew along the fusion line
(defects)

o The presence of large tensile residual stresses

The presence of non-metallic inclusions or micewi$ along the fusion line is the reason
why the crack initiation stage is disregarded i@ 8tN fatigue approach. The uncertainty of
the magnitude of tensile residual stresses isgéhsan why stress correction due to the mean
stress effect can only be utilized on a selectathar than general basis. The notch effect due
to the attachment and the weld filler metal wifllilence the hot spot stress level to a power
of three or higher.

Smoothl\[l:)olished component
Nigt ~ N,

.. Plate with welded attachment
I.""Itnt -~ Np
M

Figure 14 Comparison of a typical S-N for a smooth polished component and a plate with a
welded attachment.

2.6 Other Factors influencing fatigue

2.6.1 Fatigue sensitivity

As stated in previous sections, there are lotsastoks influencing fatigue life, and as
indicated the major parameters influencing fatigue the characteristics of the S-N curve,
number of load cycles and the stress level in wah® welded connection. In this section it
will be demonstrated how other factors might infloe fatigue life indirectly through the

mentioned parameters.

2.6.2 HT steel

Many cases of ships suffering from fatigue damaggde shell structures were reported after
the introduction of high tensile steel without peoonsideration of fatigue issues in the
1980’s and early part of the 1990'’s.

281/83



TSCF IP 003/2012 Guidance Note on SpecificatioRaifgue for Double Hull Oil Tankers
Complying with the Common Structural Rule

It has since been understood by the industry thglh kensile steel will not offer any
improvement on the fatigue strength of a weldedtjorhe reason for this is that the crack
growth speed (phase Il) is almost independente#| sitrength, and consequently the fatigue
strength of welded joints is the same for mild dngher strength steels, in contrast to
machined components, where it is demonstrated tti@tincreased strength level has a
positive effect on fatigue life. Conversely, agansequence of the higher working stress
permitted by adopting HTS, and the unfavourableitermean stress condition, accelerated
fatigue damage was observed in way of membersasitine side shell stiffeners.

The main purpose of using HTS is to reduce thd steight by reduction in scantlings. This
will also result in a more flexible structure (laggidity) which may have a negative impact
on the fatigue strength. It should however be ustded that wider adoption of HTS does not
in itself reduce the hull structural integrity froenfatigue point of view, but its use and
location in the hull girder must be carefully catesied.

The consequence of applying HT steel in a shigcsire is that the nominal acceptable stress
level is higher compared to mild steel, even if pemsated somewhat by the stress reduction
factor on yield strength. This is however negafreen a fatigue perspective.

Example:

A simply supported HT36 steel profile of HEB26@twith a length of 3000 mm will have the
same usage factor as a mild steel profile of HEB 8fpe based on yield strength alone
chosen for simple illustration purposes only, 285 versus 355 N/mm2. This means an
increase of the nominal stress level with a factiot.51.

The difference in steel weight between the twoilpsofs 117 kg/m versus 93 kg/m, i.e. a
reduction in steel weight with a factor of 0.79.

The members are subject to equally distributeditogdand the ratio between the static part
of the load and the dynamic part of the load isadqa one.

However, the beam consists of two parts, weldeetheg at the mid span (L/2) by a butt weld
and needs therefore to be checked for accumulatgué damage. On the basis of these
assumptions, the fatigue life of the butt weld/&twill be 20 years for the mild steel strength
profile, while it will be 6 years for the HTS stggh profile, i.e. a reduction of the fatigue life
with a factor of 3.3.

2.6.3 Corrosion

Testing has shown that free corrosion in a marineirenment reduces the fatigue life
significantly for not only machined steel comporsertut also for welded connections. A
reduction factor between 2 and 3 and higher has teworted in the literature, ref. /2-1/, /2-4/
and /2-7/. It has also been demonstrated througfingethat the fatigue threshold i.e. stress
below which the crack does not grow, is elimind@dspecimens in sea water subject to free
corrosion (no corrosion protection at all). If cadic protection is provided as the only
corrosion protection, the testing results will bedted somewhere between the air and free
corrosion results, ref. /2-4/.

A proper corrosion protection system will therefbeean important consideration in order to
achieve the desired fatigue life for welded streadtaonnections in ballast- and cargo tanks.

Example:

Based on an F S-N curve, the following differerinesalculated fatigue life can be obtained
depending on the corrosion protection (S-N cureeséthodic protection and free corrosion
are taken from text books):

» A given structural connection may have a theorttiesign fatigue life of 40 years if
it is fitted with proper corrosion protection meess that ensure fully effective
protection through the service life.
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* The same structural connection will have a thecaéfiatigue life of 28 years if it is
fitted with cathodic protection system with sa@idi anodes.

* The same structural connection will have a theoaéfatigue life of 9 if is subjected
to free corrosion from the first day (i.e. notditwith corrosion control measures of
any kind).

If the fatigue life in the example is calculatedséd on the methodology offered in CSR (by
use of thedy factor derived based on the assumption that 5s/eémla 25 years design life in
an unprotected state, the fatigue damage rate bélltwice that in a protected state), the
theoretical fatigue life will be 32 years. The reador this less pronounced effect on fatigue
life is the assumption that the corrosion protectwill be effective for a large duration of the
design life with a nominal period when corrosiomchave an effect on the fatigue life.
However, the validity of this assumption may tamé degree be dependent on the original
coating specification (including the surface pregi#on), the quality of the actual surface
preparation, the quality of coating application atitk in-service maintenance of the coating
and anodes.

2.6.4 Environment

As identified in earlier, the accumulated fatiguge is proportional to the stress range to
the power of 3, or higher for n > 10

This means that the fatigue life is very sensitiv@rediction of combinations of wave height,
wave period and wave encounter angle. Uncertaiitid®e design scatter diagram or changes
in the mentioned parameters due to change in warbntes and operational/navigational
procedures affecting the dynamic and static loadintipe ship, will have an influence on the
calculation of the fatigue life.

An uncertainty in the stress range of +/-10% dueht@nge in the average wave height for the
predominant damage sea states, may lead to a - \&0iability in calculated fatigue
damage.

An uncertainty in the stress range of +/-15% dueht@nge in the average wave height for the
predominant damage sea states, may lead to a - \EOiability in calculated fatigue
damage.

As a consequence, the use of a scatter diagrard basa “world-wide” trade pattern derived
from all sea areas traversed on most frequentdetarade routes for the design of a vessel
that will primarily operate in a harsh environmeng. the North Atlantic or the North Sea,
may under predict the fatigue damage by a fact@r of

That is the reason why in the CSR, the rule requer@s are based on a ship trading in the
North Atlantic wave environment for its entire dgsiife.

2.6.5 Detail design standard

The selection of sound structural details is esskior achieving a good fatigue life.

A simple example on the effect of the influencetlué detail design standard may be the
sniping angle of stiffener web to a plate. A typisaiping angle can be 45°, while the
preferred sniping angle will be 15° to 30°.

Changing the sloping angle of the stiffener termorafrom 45° to 30° may decrease the
fatigue damage by up to 25%, depending on the hgadh the plate e.g. in plane or lateral
load.

Another example might be the use of doubler pl&esutfitting details. Since the fatigue
strength is generally penalised by the length ef welded attachment, by increasing the

30/83



TSCF IP 003/2012 Guidance Note on SpecificatioRaifgue for Double Hull Oil Tankers
Complying with the Common Structural Rule

length of a doubling plate from 50 mm to 150 mne thtigue life could be reduced by a
factor of 0.73.

A third example might be the shape of an opening tate which is characterised by a height
h and width w. If the h/w ratio is of unity (h/w=sthis forms a square opening. Normally, in
way of the cargo block such openings will be priésdt with rounded corners with a radius r
to reduce the stress concentrations. From textb(elgs ref. /2-4/) it can be found that if the
r/w relation is changed from 0.35 to 0.20, thegia¢éi damage might be reduced by a factor of
0.67. This shows the importance of having well giesd corners in openings.

A fourth example might be a typical bracket detail a longitudinal stiffener where the
original structural attachment is classified as de@il. If this can be upgraded to a F2 detail,
the allowable stress will be increased by a faofdt.25. If it can be further upgraded to an F
detail, this will increase the allowable stresswétfactor of 1.42. This means that the fatigue
life can theoretically be improved by a factor 3. and 2.86 respectively in this example.

2.6.6 Alignment

It is almost impossible to have perfect alignmennormal production welding for general
ship hull construction. It is therefore assumed tie welded connections on which the
design S-N curves are based contain some misaligini@eme design standards indicate that
the S-N curves based on a nominal stress approacetetds that are inspected should only be
downgraded if the eccentricities are higher thawddues given as follows:

* Buttwelds: 10% eccentricitpgt = 0.10)
* Fillet welds: 15% eccentricitydf/t = 0.15) (cruciform joints)

A standard stress concentration formula that miightised due to eccentricities in butt welds
is:

SCF =1 + 3§, — o)/t (2-20)
where:

Om . Eccentricity (misalignment)

t . Plate thickness

0o = 0.1t . Misalignment inherent in the S-N databiatt welds.

Example:

A typical deck plate thickness on a VLCC may berrange of 18 to 22 mm. If it is 20 mm,
and a total misalignment in abutting plates of 6 mmeasured, this may reduce the fatigue
strength of the welded joint. The SCF q& Kith the specified misalignment can be estimated
by (2-19), as follows:

Ke= 1+ 3(6-2)/20=1.6
If it is assumed that all fatigue damage will ocdéar n<10’ load cycles, the fatigue life will
be proportional to the hotspot stress in a powes,afrhich gives the following ratios:
Fatigue life with perfect alignment: i ~ A(KeSY ; where Ko = 1.0
Fatigue life with misalignment: i ~ A(KeSY ; where K. = 1.6
The fatigue life will be reduced with a factor @f1(.6) = 0.24
It should however be noted that the= 0.1t for butt welds and, = 0.15 for fillet welds, in
some workmanship standards (among them IACS) aemaad tod= 0.15t andd= 0.3t (or
0< 1/3) as acceptable maximum construction toleran@&en the effective eccentricity from
equation (2-20) may be used to estimate the agpkcstress concentration factor in order to
ensure consistency between the construction watklantheoretical fatigue life assessment.
It should be noted that in way of critical fatighet spots such as the bilge hopper knuckle
cruciform joints, the CSR, in many cases supplesteby individual class requirements,
contain more stringent acceptance standards forstrotion tolerances. It should also be
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recognized that the effect of misalignment is atdated to the load path in a joint, such that
the effects on some joints will be less than otdepending on the loading mode. In practice,
as long as the yard’s construction standard mektsscapproval, it is not normally required
to consider stress concentration factors due taahigement beyond what is called for in the
class rules.

2.6.7 NDT

It is important that NDT is performed for fatiguensitive structural details during the
construction period in order to monitor the weldfpamance, Welding defects may have a
very large detrimental effect on the fatigue lifgpical welding defects might be:

* Undercut

» Lack of fusion

» Lack of penetration

* Poor welding profile

» Root defect

* Hydrogen cracking

» Solidification cracking
Normally, welding defects should be repaired orugib out. In certain circumstances repair
can be difficult or may actually reduce the fatidife further. The alternatives might then be
to do a fracture mechanic evaluation or an S-Nytegtitype testing of a structural connection
with representative defects included, in order @ostruct a representative (equivalent) S-N
curve.

Applicable NDT methods that can be used in ordefetect welding defects might be:
» Liquid penetrant for surface defects
» Magnetic particle for surface defects
» Eddy Current for surface defects (but coating mrgiain)
» Radiography for embedded defects
» Ultrasonic testing for embedded defects

2.6.8 Mean stress correction

S-N Curves are normally based on a stress ratio e range 0.1 to 0.3. Figure 15 is
showing a case with R = -1, i.e. with a mean steggsvalent to zero and the maximum and
minimum points of the stress range cycle are symoag¢tbout an axis of zero average stress.

Mean Stress =0

100 —¢ Stress
0 /\ Range
2o
-100 _—\_/ L_

Di =f (S)

Figure 15 Symmetrical Stress Range

However in some parts of the ship structure thicsliads have a predominant effect on the
level of average stress. Some longitudinal stiffemeay spend a large part of the design life
in compression regardless of the dynamic loads smgoref. Figure 16. If some of the stress
variation is partly in the compressive side, thil wot contribute to fatigue damage to the
same extent as variation on the tensile side gitlteal welding stresses are shaken down). It is
only tensile stress variation that will open thaasr and propagate the crack. The overall
result of this is that the effective stress rarige is experienced may be reduced.
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Mean stress in compression

50 —— Corrected

0 (/\ }p/ LN — | Stress
“"V‘““'N‘““? ~ " ¢ Range

-150 44—

Figure 16 Compressive Mean Stress Affect on the Str  ess Range

The mean stress effect is therefore applied toaedhe predicted stress range for relevant
longitudinal stiffeners. The mean stress correcisodifferent for different standards, but it is
included in the CSR as an option depending on tidéc sstress level, but with a maximum
allowable applied correction corresponding to 0.6S.

Its effect is most noticeable in the fatigue damBmyebottom and side shell predicted in the
full load condition. In this condition the dominasdampressive bending stress in the flange of

the shell stiffener in way of the supports is dodateral load from the external hydrostatic
pressure at scantling draught.

Full mean stress correction applied in an applealblding condition will result in a
reduction in accumulated fatigue damage with sofawt (0.6¥ = 0.216.

2.6.9 Uncertainties in fatigue analyses

The theoretical calculated fatigue life of a shipusture is normally based on a long term
stress distribution, which combined with an S-Nveuand a Palmgren-Miner summation (in
open or closed form) will give an expected thegsdtifatigue life. Normally, no load or
material factors are considered, but the uncestamthe S/N curves is taken into account by
using the design S-N curve, i.e. the two standaxdadion curve.

The structural integrity will then normally be mtored during the service life by means of
inspections, maintenance and repair.

However, the fatigue lives calculated accordinghte current standard engineering practice
are subject to other influencing uncertainties. sSehean very roughly be divided into three
main categories:

* Modelling of the marine environment, ship respoasé slowly varying loads
» Modelling of the structure (FEM representation)
* Modelling of the structural capacity

In addition to the above items, other uncertainti@gng an effect on the fatigue life might be
imperfections introduced during the fabricationgass (misalignments, welding defects etc.)
and the Palmgren-Miner cumulative damage hypoth&sis ageing structures, uncertainties
will also be introduced by corrosion mechanisms ather degrading or ageing effects.
Uncertainties related to modelling of the marineviemmment, ship response and slowly
varying loads can be divided into several pararsetgome of these are:

» Wave heights

* Wave periods

» Sailing routes and corresponding scatter diagrardsaave spectrums

» Effect of forward speed

* Wave theories

* Wave encounter angle (heading)

* Roll motion prediction (radius of gyration and GM)

* Roll damping

* Non-linear effects (e.g. representation of extepnassure)
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» Loading condition

» Phasing between global and local response

* Springing/whipping

» Sloshing

* Low cycle fatigue and combination with high cycigigue
» Combination of load effects

Uncertainties related to modelling of structure d¢endivided into several areas. Some of
these are:

» Structural analysis type

» Calculation of stress concentration factors

» Relative deflections

* Double hull bending

* Hot spot extrapolation method

» Stress direction

» Analysis methodology (simplified or advanced)
» Global FE to local FE modelling and load transfer
» Structural simplifications in the FE modelling

* Boundary conditions

* Non-linear effects

Uncertainties related to modelling of the structaapacity can be divided into several areas.
Some of these are:

» Scatter in S-N data

* Miner sum accumulation hypothesis

» Effect of corrosion on fatigue behaviour

» Effect of corrosion on scantlings

» Selection of appropriate S-N curve

» Definition of failure

* Thickness effect

» Mean stress effect

* Residual stress effect
Most of the above uncertainties are indirectly tak&o account in fatigue assessments by a
sound selection of relevant parameters giving amerallv conservative estimate that is
generally supported by industry experience. Thiessecially true for certain parameters used
as basis for constructing the S-N curves. Theltesle to the above uncertainties may in
some circumstances result in observable differebetseen the theoretical fatigue life and
what may actually be experienced in service.
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3 Scope: off CSRRfatiqueStenath
Assessinent

3.1 Introduction

The CSR define a minimum strength standard forsdiaation of oil tanker structures. These
Rules require design verification of fatigue aspdotbe carried out in accordance with CSR,
Appendix C.

The CSR scantling criteria for fatigue are basecdaoridealization of operating profile and
structural response of “standard” oil tanker desigihe idealization is sufficiently
representative of typical oil tanker operation ® Used reliably to design new ships to a
common strength standard. Parameters are includéteiRules which can adequately take
account of typical variations in “standard” tankdesign.

Experience from a wide range of tanker operatidiasvs that the structural performance of a
particular design depends on the operational graifl the ship; including voyage pattern,
variations of types of cargo carried as well agdency of ballast operations. Since it is
impractical to take all possible variations of themctors into account using simplified
deterministic calculations, there are certain katitns of the CSR approach which may
influence ship specification of some unique oikiantypes.

This chapter focuses on assumptions within the @&Bue criteria which are linked directly

to operational matters. Information is includedtbe circumstances when departures from
these assumptions may need to be investigatedefuinthrelation to the specification of

certain new building projects. The chapter does dadllenge the correctness of the
theoretical modeling which is considered to be acfical and appropriate design

methodology in relation to standard oil tankers.

The emphasis of the chapter is on discussion of lithéations that these simplifying
assumptions may have on non-standard designs baskaown experience gained by TSCF
with such designs

3.2 Scope of fatigue analysis

3.2.1 Coverage
Mandatory items in the CSR subject to numericadjée strength requirements are:

* End connections of stiffeners within the cargo oegihat are effective in longitudinal
strength. An explicit rule criteria based on fa#gtheory using a nominal stress
approach is included in CSR Appendix C.1;

* The lower hopper knuckle is also required to beegispecial attention in CSR due to
its higher risk of fatigue failure reflecting pastperience. The Rule criteria depends
on the structural configuration as indicated in [€ab.

» Design for cut outs in cases where web stiffeneesamitted (CSR C Table C.1.7
Note 6) & 7) and Figure C.1.11)
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Structural Configuration of Rule Ref Requirements
Lower Hopper Knuckle
Welded type 9/3.3.2 Mandatory fine mesh fatigue hot spot Stress

C/l21.1.1 analysis Using CSR Rule metho8ipplied
loads based on simplified approach

Bent type with DB Girder 9/3.3.2 No hotspot analysis but must comply wjth
offset C/l2.1.1.2 detailed design standard in CSR
! Section A-A
Enuckle radins not to be less than 5 x § or
100mm., where £ is the plate thickness
whichewver is the greater
<
Elimination of scall
additional longituc
Fartial brackets inway of
penefration .
welding
Bent type with alternative9/3.3.2 Carry out suitable FEM analysis to

position of the DB Girder C/l2.1.1.2 demonstrate equivalency
i.e. Use Classification Societies individual

fatigue analysis requirements

Table 2 Types of special attention for lower hoppe  r knuckle

A few other fatigue prone areas are highlightedtha Rules as areas for recommended
detailed design improvements as shown in Figure 17:
» Transverse bulkhead stringer to inner hull conoactiCSR C.2.5)Corrugated
bulkhead to lower stool connection (CSR C2.5.3)
Further areas for detailed design improvementsnateded as follows:
» Scallops in way of block joints in the cargo taekion, located on the strength deck,
and down to 0.1D from the deck at side (CSR Cl1}..6.
» Detail design for soft toes and backing bracke@8R@ Figure C.1.10)

™ Horizontal
« girder

o

-

Horizontal stringer

AN \

|
N i (
$
v
Critical location Oiltight or wash
NI " Inner hull transverse bulkhead
B\ Side shell Longitudinal bulkhead
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A<

A

Critical locations

Bulkhead
stool plating

Bulkhead
stool plating

Inner bottom

Section A-A

Critical
locations

Figure 17 Locations where voluntary detail design i mprovement is recommended in CSR

In addition to the fatigue related Rules, there atleer Rule requirements which may
contribute to an improved fatigue life of criticatructural details. However these are not
directly related to the fatigue design life of 28ays. These are:

* Local fine mesh analysis yield stress check ofaaitiocations as identified by means
of screening criteria in the coarse mesh model (82R3.1.3 and B/3.1)

* Mandatory fine mesh analysis of one deck, doubléohbolongitudinal and adjoining
transverse bulkhead vertical stiffener to examitress concentration in way of
transverse bulkhead location (CSR B/3.1.4)

» Some longitudinal end connections require mandadnption of soft heel where the
design stress exceeds 80% of the stress criteristfength check. (CSR DHOT
4/3.4.1.4)

* Where a lower stool is not fitted to a transverséoagitudinal corrugated bulkhead,
the maximum permissible stresses are to be redbged0%. This reduction is
applicable both yielding and buckling check (CSR @ble 9.2.1, 9.2.2, 9.2.3)

3.2.2 CSR DHOT fatigue net thickness approach

The fatigue calculations are based on a net sngnlpproach using a simplified corrosion
model [see CSR Background document].

For simplicity, the stress range calculations a®eld on a section properties corresponding to
a reference level of corrosion corresponding to‘d#iverage” state of the ship structure during
its design life. Hull girder section properties asdculated with 25% of the corrosion margin
deducted from the new-building gross scantlingscadl bending stress range due to lateral
pressure is calculated from section properties WiB6 of the corrosion margin deducted
from the new-building scantlings. This models tffea of localized higher rates of corrosion
affecting the local structural response.

The values of corrosion margin vary depending engtiuctural item and are derived from
statistical analysis of Classification in serviospection records.
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When the FE hold model, based on the corrosion mdedducting 0.5t from the gross
thickness, used for yielding and buckling assessmenused for fatigue assessment, the
stresses may be reduced by multiplying with a fact®.95.

3.2.3 CSR fatigue analysis approach

For both the hopper knuckle and secondary membeticennection fatigue assessments the
calculation of stress ranges follow a similar ajpgio The background to this approach and
its main limitation is discussed in 3.2.4.

CSR fatigue addresses load effects of wave indleads and is therefore understood to
model fatigue as a high cycle phenomena. Whilsh leigcle fatigue is the primary source of
fatigue damage in double hull oil tankers, in a kmamber of special cases, low cycle
fatigue due to other factors such as more freqleading/unloading may require a more
detailed consideration.

3.2.4 CSR fatigue load combinations approach

3.2.4.1 Longitudinal end connections - Nominal Stress Approach

Nominal stress ranges are calculated for two loasks representing full load and normal
ballast load conditions respectively. Each loadecasmbines four characteristic dynamic
loads: vertical hull girder loads; horizontal hgitder loads; external wave loads and tank
inertial loads. The characteristic loads are cakewd based on draught and metacentric height
values of the actual loading conditions at mid \ggyae. half bunker, in the preliminary trim
and stability booklet. The CSR formulas corresptmé 10* probability of exceedance and
have been calibrated with direct calculations fee Sizes of oil tanker.

For each characteristic load a corresponding stia@sge is calculated as described in CSR
Appendix C 1.4.4. The combination of the four sdresnges is made using load combination
factors which consider the phasing of the differeatd components. The load combination
factors vary for different structural members amdifioon on the vessel structure. Implicit in
this approach is that for net dynamic loads thelileg pattern for full load condition has all
cargo tanks full and all ballast tanks empty. Cosely for normal ballast condition the cargo
tanks are assumed all empty and ballast tankslall f

The fatigue damage is calculated for each load eemk summated in accordance with
Palmgren-Miner’s law.

3.2.4.2 Welded hopper knuckle - Hot spot Stress Approach (FE Based)

Stress ranges are calculated using FE Models &tvilo load cases of full load and normal
ballast. Each load case uses combination of tweoackexistic dynamic loads: external wave
loads and tank inertial loads. The characteristarls are calculated using the same formula
used for the nominal stress approach.

The combination of the stress ranges is made spegific fixed load combination factors
which consider the phasing of the different loacthponents. See CSR Appendix C 2.4.2.

The fatigue damage is calculated for each load eemk summated in accordance with
Palmgren-Miner’s law.

The fundamental limitation of both these approadbéisat the load combination factors have
been derived envisaging specific structural item$ierefore the analysis cannot be
generalized to all fatigue critical locations araksl not cater to hopper knuckles of a different
configuration e.g. rounded knuckle, where the potsmay be located at different positions.

The theoretical approach is summarized in Table 3.
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Nominal Stress Approach Hot Spot Stress Approach

Objective Structural Locatic

Longitudinal end connectio Welded hopper knuck

Design Life, Year

25 year

Assumed life at sea

85%

Reference Stress

Nominal Stress obtained by adedloads | Hot spot Stress obtained by rule based load
and linear beam theory for structural responsend very fine mesh finite element model.

Damage Model

Linear cumulative using Palmgren-MsBule

Number of loading patterns used

2 2

Number of loading conditions used

2 2

S-N Curve:

Based on U/K/ Department of Energy Offshore Inatadh Guidance on design, construct
and certification

S-N Curve Joint Classificatic

F and F2 classifications used for gen: D classification is used for general applica
application

S-N Curve Selection Criter

Survival probability of 97.5% with confidence levaf|94.5% corresponding to two stand
deviations from mean

Approximation of long term stress distribut

Modified Weibull probability density parame

Low cycle fatigue coverage

None | None

Mean Stress Effect

Included.
Approach adapted from UK Department of Energy Baakgd to New Fatigue Design
Guidance for Steel Welded Joints in Offshore Stmed, 1985

Thickness Effect

Included Not explicitly included
Approach adapted from UK HSE Guidance
Notes for design, construction and

certification of Offshore Installations 1990

Table 3

Technical summary of CSR fatigue assessmen t methodology
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3.3 Ship operational profile

In this section, answers are provided to the fratjy@sked questions about fatigue issues.

3.3.1 Design Life and Assumed Time at Sea

3.3.1.1 Question 1: Is 85% for time at sea realistic?

The CSR make a single assumption of utilizatioalbfypes and sizes of tankers covered by
the Rules. Table 4 includes some example utilinatior different voyage lengths using quite
optimistic allowances for vessel productivity im& charter trading. Time spent at sea for
sport charter tonnage will generally be less tlmartime charter’s.

Typical Voyage| Voyage Days Approx. Case A| Case B| Case C
Length at Sea Minimum Utilization | Utilization | Utilization
(nautical miles) | @ 12 knots | Voyages At sea At sea At sea
per Year
8,000 56 6 0.91 0.96 -
4,000 28 13 0.80 0.91 0.9%
2,000 14 26 - 0.82 0.89
1,000 7 52 - 0.64 0.79
50C 3 108 - - 0.5¢
Notes:
1) Case A 4.0 days loading/unloading per round tip75 days per port entry. E.g. VLCC
2) Case B 1.5 days loading/unloading per round ti@p5tdays per port entry e.g. Aframax
3) Case C 0.75 days loading/unloading per round t@p3% days per port entry e.g. MR
4) One day per annum dry docking assumed (i.e. 5 payfive year survey cycle)

Table 4 Example utilisation ratios for seagoingta  nkers

Table 4 shows that medium size tankers on long) tinadies are more likely to spend a large
proportion of time at sea.

In general 85% is considered reasonable. Specparation profiles may require special
considerations

3.3.1.2 Question 2a: What if more time is spent at sea?

In relation to dynamic loads, the assumption oktspent at sea may generally be disregarded
as an issue for an Owner’s specification for mdgtaokers.

In special cases where there is reason to beli®vérhe spent in harbour may be significantly
reduced e.g. shuttle tankers, the effect is eagipntified since for a given stress range the
fatigue life is directly proportional to the timésea.

A simple way of addressing this issue is to spegifgnger design fatigue life.

3.3.1.3 Question 2b: What if less time is spent at sea?

Less time at sea is not an issue for high cyclgdat and the Rules do not permit any
reduction of fatigue cycles in any case. Therefiorderms of fatigue strength, the Rule
assumption should be conservative for the locatiegsired to be assessed.

40/ 83



TSCF IP 003/2012 Guidance Note on SpecificatioRaifgue for Double Hull Oil Tankers
Complying with the Common Structural Rule

3.3.2 Trade Routes

3.3.2.1 Question 3: How does the CSR wave environment compare to that

used in Pre-CSR?
The CSR uses an idealized wave environment refeoréetre as “North Atlantic with equal
probability of headings” (NAEPH). This idealized weaenvironment is based on documented
wave statistics corresponding to sea conditionshén North Atlantic which are generally
acknowledged to be the most severe (See 8).
The wave environment is derived assuming the tamlemign has equal probability of
headings in accordance with IACS RecommendatioBtdddard Wave Data.
It should be noted that CSR NAEPH is more onerbas the Pre-CSR class society basic
fatigue standards for worldwide trading which weemnerally derived from combination of
wave statistics derived from a larger group of @ems.
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Figure 18 Marsden Areas used for IACS NAEPH Wave En  vironment

At the same time, it is noteworthy that the CSR NeAEstandard may be less onerous than
some IACS member “North Atlantic” wave environmenis particular those based on
stochastic analysis for tankers sailing on a smetidde across the North Atlantic between
USA and Europe. For such trades the predominanevelrection in the Northern North
Atlantic coincides with the trade route. As a capsance, the ship would spend a larger
proportion of time with seas close to a bow or rsteeading and therefore experience
relatively higher magnitudes of vertical wave belydmoments. Furthermore there are also
differences in the assumption of speed reductioheiavy weather between different Class
Societies’ proprietary approaches.

3.3.2.2 Question 4: Can scantlings be reduced if th e ship operates outside the

North Atlantic?
No. Ships operating in less severe wave environsnamt not allowed to derive any reduction
in scantlings for doing so, because the intentibthe CSR is to produce robust ships for
worldwide trading.
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3.3.2.3 Question 5: Are the CSR assumptions of wave  environment reliable for

all trade routes?
The assumptions of equal probability of heading speled reduction in CSR are considered
to be generally conservative and may normally b&rediarded as an issue for owner’s
specification.
However for some specialized or new trade routesletailed investigation of wave
environment may be required and Classification &@s can advise on the exact
requirements.
Examples of such trades are:

» US to Mongstad or US to Europe

» West Africa to West Coast of US via Cape Horn.
» US west coast to Alaska

» Specific trading routes in the Southern Pacific

3.3.3 Loading conditions

The CSR fatigue model assumes a simplified trageigern. The design is assumed to spend
all of it's time at sea in either fully loaded (hogeneous load condition) or normal ballast
condition.

Half of the at sea time is assumed to be cargyicarrand half is assumed to be in ballast
resulting in a net time allocation of the 25 yeasidn life of:

e Time in harbour 15.0%
* Time in ballast 42.5%
» Time loaded with oil cargo 42.5%

Such a pattern is considered representative fort regle oil trades averaged over an
extended period of time.

3.3.3.1 Question 6: CSR only uses two loading patterns. Is this valid for all
tanker types ?

Where significant time is envisaged to be spenpart loading conditions this may have a
significant effect on the fatigue performance ahsodetails.

However the CSR fatigue methodology is not intenftednvestigations of such conditions
because the load combination factors used in thguta analysis are only applicable to the
two basic loading conditions. The procedure reguireeds to account for the impact of time
variation of loading condition, drafts and hull dgr bending moments on overall fatigue
performance. Such a procedure will need to takewatoof the fatigue damage from multiple
load cases and variation of environmental condstiorthe time domain. Ref. section 5.2.5.

3.3.3.2 Question 7: Can design draught and metacent ric height be optimized to
minimize impact of the requirements?

The load calculation for determination of the stremnges is based on the actual draughts and
metacentre shown in the preliminary loading condsi

The definition of the homogeneous load conditioduded in CSR Sec 4/1.1.5 means that
some variation of cargo specific gravity (S.G.pamitted between different designs for the
purposes of establishing the loaded draught. Homaseoted in 3.3.5.1 the cargo S.G. used
for determination of the inertial loads is fixed.

The predicted fatigue life of longitudinal end centions of side shell is sensitive to variation
in the design draughts. These sensitivities depanship size and project specific parameters.
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For illustrative purposes Table 5 shows how thigde life varies with draught for a specific
project. Where the draught used in the homogendoading condition is significantly
different from the scantling draught, the effectbfnging draught on the fatigue calculations
should be considered in the fatigue calculations.

Maximum and Minimum
% Change in fatigue life
compared to original draught
Stiffener Location 10% Reduction10% Increass
in ballast in Loaded
Draught Draught
Bottom Shell -6%/ 0% -6% / 0%
Side Shell Below Ballast T 0%/ +7% -10%/+5%
Side Shell Ballast T-Loaded T 0% /+7% -25%/-11%
Side Shell Top of Way +1% -37%-25%
Side Shell above wave zc +1% -26%,-10%
Main Deck 0%/ +1% -2%/ +0%
Inner Bottom -1%/ +1% -1%/ +1%
Hopper 0%/ +5% 0%/ +2%
Inner Hull 0%/ +3% 0%/ +1%
Longitudinal Bulkhead -1%/ +1% -1%/ +1%

Table 5 Example of sensitivity of predicted fatigu e life to change of draught for a
specific VLCC design

3.3.4 Effect of predominant still water loads — “Me  an stress” effect

In the assessment of longitudinal end connectiG®R Appendix C/1.4.5.10 specifies that a
mean stress correction is applied if the calculatedic stress is compressive and exceeds
60% of the total dynamic stress range.

The calculation, which is not explicitly statedtie Rules, is as follows:
* Full Load Condition
o Total Static Stress = Hull Girder Static Stressoeal Static Stress

3.3.4.1 Question 8: Are still water bending moments taken into account in the
fatigue assessment?

As noted above SWBM is taken into account as irtputhe mean stress correction for
assessment of longitudinal end connections. Thiegirdler static stress for full load is based
on the SWBM for the full load condition which ismually a sagging condition. The hull
girder static stress for ballast is based on theBSWor the normal ballast load condition
which is generally close to the design hogging SWBM

3.3.4.2 Question 9: Which longitudinal end connecti  ons are affected by the
mean stress correction?

Where the full load condition is a modest saggiogdition, the effect is most significant to
the full load component of the predicted fatiguendge for bottom and side shell. In this
condition the dominant compressive bending stres$ise flange of the shell stiffener is due to
lateral load from the external hydrostatic pressurgcantling draught.

For designs with large full load sagging SWBM'’s ttwrection also impacts the upper side
shell and deck structures.
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In the ballast condition the bottom longitudinal ynalso be affected by the correction
depending on the size of the hogging moment.

3.3.4.3 Question 10: Can the designer optimize the
moments to increase the fatigue life?

Yes, Permissible still water bending moment is sigie parameter to be decided by designer.
This can be optimized since rule minimum is veryabm

It can be seen from Table 6 that the fatigue lifeend connections can be sensitive to
variation of SWBM.

still water bending

Maximum and Minimum % Change in

fatigue life compared to original SWBM
Stiffener Locatio 25% reduction in SWBI

Sag Hog

Bottom Shell 0% -12%/0%
Side Shell Below Ballast T 0% / +3% 0% / +3%
Side Shell Ballast T-Loaded T -4%/ +2% -4%/ +2%
Side Shell Top of Wave -5% -5%
Side Shell above wave zc¢ -4% -4%
Main Decl -3%/ -4% -1%/ 0%
Inner Bottom 0% 0%
Hopper 0% 0%
Inner Hull -4%/ 0% -4%/ 0%
Longl. Bulkhead -5%/ 0% -2%I/ 0%

Table 6

Sensitivity of predicted fatigue life to ¢

hange of SWBM

3.3.5 Effect of Cargo

The cargo inertial load calculation is based oixedf cargo specific gravity of 0.9. Refer to
Sec. 5.2.5 for higher specific gravity.

For simplicity CSR assumes that there is no dyndatéral pressure load acting on the deck
longitudinals when calculating the fatigue life hase the dynamic hull girder stress range
will be dominant.

The actual dynamic pressure acting on the decktlatigals are:

* Intermittent dynamic load due to green sea loading
* Dynamic load due to cargo inertial load
* Inert gas pressure

3.3.5.1 Question 10: What happens if a low or high  S.G. cargo is being carried?

Where the design cargo S.G. is less than 0.9, thenmm value of 0.9 is always to be used in
the Rule assessment.

Where the design cargo exceeds 0.9 an IACS Rudepirgtation has been developed (IACS
CI-T2 Approval of high density cargo limitation omax filling height). However this
interpretations states that “As specified in Secti3.1.10.1.(g), higher cargo density for
fatigue evaluation for ships intended to carry hifgimsity cargo in part load conditions on a
regular basis is an owner’s extra. Such owner’saeist not covered by the Rules, and need
not be considered when evaluating fatigue strengtiless specified in the design
documentation”. Refer also to Sec. 5.2.5 for higipexcific gravity.
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3.3.5.2 Question 11: Are there cases where dynamic  local loads should be
taken into account on the deck?

Where part cargoes are to be regularly carriedsexne product carriers, some investigation
of likely dynamic loads on the deck may need tochgied out. The Classification society
should be able to advice on this.

For most typical designs, this is not expectedamécessary; but for some designs fitted with
corrugated bulkheads without an upper stool, paercattention need to be paid to the
connection between the bulkhead and the deck ladigil stiffeners. Dynamic pressure
acting on the bulkhead under a differential loadpagtern i.e. one side empty, will induce
sizeable local bending moments on the deck longi&lsl which are not considered in the
CSR fatigue loads. Adequate support need to beigedy verified by additional class
procedures as necessary.

3.3.5.3 Question 12: At what level could inert gas  pressure have an influence

on fatigue life?
CSR does not explicitly account for variation oéfingas pressure because the long cycle
period compared to wave load period would effetyivender this a static load.
Even if the inert gas pressure has no influencehenstress range the mean stress will be
affected by the value of the PV valve setting puessit is noted that this mean stress level
may have direct influence on the fatigue life afustural details subject to this pressure;
however the effect is expected to be small.
Where increased inert gas pressure results inaserescantlings of the deck longitudinals,
there will be an effect on the fatigue life.

3.3.5.4 Question 13: What happens if a sour crude o r high corrosive cargo is

being carried?
CSR takes no account of the type of oil carrieda Iparticular cargo is identified as being
particularly corrosive then additional corrosiomtection measures should be taken. It should
be noted that this issue is not considered to latysor specifically fatigue related.

3.3.6 Effect of Ballast
The main fatigue critical structural componentsetéd by the rate of corrosion in ballast
tanks are:
* Lower and upper hopper knuckles
* End connections of side shell and bottom longitadatiffeners
* End connections of inner bottom longitudinal stiées in way of oil tight transverse
bulkheads

Rates of corrosion in ballast tank spaces are fmed#ally influenced by the corrosion
protection scheme. Ship owners should thereforsidenthe need to upgrade the protective
coating and cathodic protection scheme chosenduicplar project on a case by case basis.

3.4 Structural arrangement and response

3.4.1 Structural arrangements

The CSR were developed considering standard taddsgns and there are therefore implicit
assumptions built into the Rules regarding strattarrangement such as:

* Primary member spacing
» Secondary member spacing
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* Number of bulkheads

* Number of cross ties

* Arrangement of deck transverses
Primary member spacing is discussed in 3.4.3.1
Secondary member spacing is not normally an arearafern.
The number of bulkheads is not a major issue.
The CSR Rules do not cover VLCC designs withous€itees.

The CSR Rules envisage a continuous ring of wetmdratructure. Designs departing from
this would need to be examined in detail by thes€lfacation Society.

3.4.2 Scope of assumed standard connections for sec ~ ondary member end
connections

The CSR fatigue assessment of longitudinal stiffene limited to the analysis of the two

common hot spot locations associated with a wdtesér end connection. These critical hot

spots are located on the top surface of the feate if the stiffener as shown at points A and

B in Figure 19.

~__

faall:

L

Figure 19 Critical hot spot locations on longitudin al stiffeners

Tables of common end connection details are indudéable C1.7 of CSR. For each detail,
this table assigns the S-N curve to be used basath@icit assumption of the relative stress
concentration factor for the particular detail.

3.4.2.1 Question 14: What if a detail is proposed which is not in Table C1.7 of
the Rules ?
The CSR require that the S-N Curve to be select=d on a comparative finite element

analysis. The extent of the finite element analf@ighis will be agreed by the Classification
Society on a case by case basis.

3.4.2.2 Question 15: How are pillarless stiffeners treated?

In the case that a connection is proposed withowteh stiffener (so called pillar-less

connections) there are no hot spots on the flafgleeostiffener. For this type of connection,

the critical hot spot stress locations tend tottthe connection of the primary member web to
the stiffener as shown in Figure 20.
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Figure 20 Critical hot spot locations for a longitu dinal without pillar stiffener

To assess the fatigue life in way of such hot spegsires the stresses on the primary member
web to be obtained. However, in lieu of numerasdessments, the CSR consider it sufficient
to prescribe improved detail design standards awans of fatigue control in way of the
critical areas for this type of hot spots. For peposes of CSR the fatigue life of pillar-less
stiffeners is calculated based on the assumptiainatmominal hot spot exists on the flange. A
Class F S-N curve is assigned where the strese@ominantly hull girder driven e.g. deck.
In other areas, a Class E S-N curve is assignadsaciation with a mandatory cut out design
e.g. below 0.1D from the deck at side (See Figurd Cof CSR).

3.4.2.3 Question 16: What if an alternative detailed design of pillar-less
stiffener connection is proposed?

Should alternative cut-out details be proposedyraparative finite element analysis is to be
carried out. The extent of the finite element asiglyfor this will be agreed by the
Classification Society. While the CSR do not exgicstate if the comparative finite element
analysis will be required as part of a fatigue gsial it is the understanding that the intention
of the Rules will be met as long as equivalentngoroved stress concentration factors can be
demonstrated.

3.4.3 Structural Flexibility (Relationship with FEM  /zoom up analysis)

In addition to the local deformation caused by &ggpion of pressure loading, the overall
response of the primary structure induces additiatiess in way of the stiffener end
connections due to relative deflection of adjaceslb frames. For practical purposes this has
been shown to be negligible except for locationsvay of transverse or swash bulkheads
where the relative rigidity compared to adjaceatrfes is large.

The CSR accounts for the effect of relative deitecin two ways

A set of standard stress concentration factorssesduo multiply the stress range at each
bulkhead location. This varies from 1.15 to 1.5 etgfing on the position around the
transverse section.

Other parts of the CSR are intended to ensuredéyadrtures from the standard tanker design
assumptions are adequately investigated.

This includes a mandatory zoom up fine mesh armlydi the bottom/inner bottom
longitudinal connection to transverse bulkheadrflomnnection and stress reduction in way of
secondary member end connections.
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3.4.3.1 Question 16: Is the CSR approach to structural flexibility reliable for all
designs?
The approach is considered robust for double botstactures of current crude oil and

product carrier designs. These feature primary negrspacings generally within the ranges
shown in Table 7 .

Size Typical Primary Member
[m]
Handy 2.7-3.6
Panamax 3.0-3.9
Aframax 4.0-4.4
Suezmax 4.0-5.0
VLCC 5.0-6.0

Table 7 Typical range of primary member spacings o n standard tanker designs

Should the primary member spacing for a partici&nker size be exceeded then the
Classification Society should be requested to giuedance on the additional deflection
analysis of double bottom and side structures redup be carried out.

3.4.4 Hopper Connections

As noted in section 3.2.1, the scope of CSR arsmlysShopper connections is limited to the
welded configuration. Where a bent type hopper klascis proposed and where the design
incorporates notable differences from the stangaedcribed in the Rules, the Classification
Society should be consulted on the basis of apprewth supporting documents if necessary.

3.5 Construction Standards and Residual Stresses

This section describes the CSR Rule assumptionsfeagents on construction standards and
residual stresses. Recommendations for reducingriacties related to these factors are
included in 5.

3.5.1 Construction standards

In order to realize the design fatigue life, atitemtto the quality of production in critical areas
is essential. To some extent this is reflected3R@s in the examples below.

Note 2 of Table C.1.7 of the CSR fatigue requirets@enalizes longitudinal end connections
which are not designed with at least an 8 mm offettveen the welded attachment such as
web stiffener and tripping bracket and the edgéheflongitudinal face bar. The penalty is
that a lower fatigue classification is used. Thisaept is to ensure a sufficient clearance
between the weld toe and the plate edge, thus iregitive risk of introducing an undercut or
weld spatter on the edge which could lead to prereatatigue cracking. Flat bar type
longitudinal stiffeners, though comparatively rawa modern tankers, will automatically
attract this penalty.

Enhanced alignment standards for hopper knucklenextions, transverse bulkhead

horizontal stringer heel and transverse and lodgial corrugated bulkhead connection to

lower stool are included in CSR from Figure C.22Ct2.6. Further enhancements are also
referred to such as mandatory partial penetratieldiwg in way of the hot spot areas, as well
as the adoption of weld dressing to improve adataue life.

Elsewhere enhancements to the quality of produditoaritical locations are in accordance
with the individual classification society’s regeinents, which will generally conform to a
national shipbuilding quality standard or IACS Rexnendation 47.
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3.5.2 Residual stresses

As with most non-CSR fatigue assessment procedvesgjual stresses are not explicitly
addressed in the requirements. Some allowancddoeffects of such stresses are catered for
within the S-N curves, and it is accepted that 8ulNes (developed under constant amplitude
testing) are safe to use for design purposes.

Large tensile residual stresses (up to yield) mayiesent in the hot spot in the as-welded
condition. Hence, in theory, an external load #teises partly compressive stress variation
will inflict an entirely cyclic tensile stress resmse when superimposed on large static
residual tensile stresses. In ship structures, ftowever normally accepted that shake down
effects will take place almost as soon as it besooperational, due to tank testing, loading
and un-loading and due to transit in heavy weatibis load variation will tend to shake
down the residual stresses and also provide aigahotason for the acceptance of the mean
stress correction as stated in 3.3.4.

3.6 Other Assumptions

3.6.1 Vibration

Cyclic loading from main engine or propeller inddoabratory forces are not considered in
the Rule formulations.

For certain vessels operating in certain tradeB,dmaer vibration caused by wave loading
may introduce uncertainties related to fatigue ilogqdThe contribution from vibration caused
by springing and whipping are not considered ingiessent Rule formulations.

3.6.2 Thermal loads

Consideration of thermally-induced stresses is exqilicitly included in the CSR fatigue
analysis loads.

Where carriage of hot cargoes is envisaged thesifitagion society can advise on the need
to consider its impact on fatigue, if any.

3.6.3 Other considerations

Impact loads are not explicitly included in the C&fgue, because the frequency of such
loads is relatively low.
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4 Pre-CSR Semvigce:Experienoe

4.1 Introduction

In this chapter typical experience from previousagations of vessels will be looked into and
it will be shown if and how these have been spedliff dealt with in the CSR with regard to

fatigue. The chosen details have mainly been tdf@n the ‘Guidance Manual for Tanker

Structures’/4-1/ (Single hull designs) and ‘Guideb for the Inspection and Maintenance of
Double Hull Tanker Structures’/4-2/ although illietons showing the typical details have
also been taken from other sources.

The examples which are shown for single hull stiret have been included because they are
considered relevant also for double hull designs.

It should be noted that it is a general requirenier@SR to design and construct tankers to
achieve 25 years fatigue life, as defined in th&kCBeference is also made to Chapter 5 of
this Guidance Note for fatigue enhancement.

Some of the details shown below are covered bysémee CSR chapters and repetitions will
therefore be found. In addition to CSR requiremeotsmcerning specific details, the
individual classification societies have their opractice and acceptance criteria based on
their own experience.

4.2 Secondary member end connections

4.2.1 General

Fatigue cracks of secondary member end connectiens frequently observed in single hull
oil tankers during the 80’s and 90’s and such damagperience has been incorporated in
updated classification rules to assess the fatigttength of secondary member end
connections. While these feedbacks have also mmempiorated to the fatigue assessment of
double hull tankers, several fatigue crack damdgese still been observed at secondary
member end connections. As the causes of damagmdiem the position of the secondary
member and the stress combination due to local ibgrahd hull girder bending, typical
examples of fatigue damages at different locatamesintroduced separately in this section.

Although the wave environmental condition and mimm design fatigue life were not
uniform amongst all classification societies, novmthe CSR, prescriptive rule requirements to
achieve 25 years fatigue life in North Atlantic veagnvironment are applied to secondary
member end connections as given in CSR Sec 9/B.3A fatigue assessment is to be carried
out and submitted for the end connections of lamtjital stiffeners to transverse bulkheads,
including wash bulkheads and web frames withinctligyo tank region, located on the bottom
shell, inner bottom, side shell, inner hull longiinal bulkheads, longitudinal bulkheads and
strength deck.”
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4.2.2 Deck

4.2.2.1 Deck longitudinals to vertical stiffeners on transverse bulkhead

el
<

Figure 21 Deck longitudinal bracket connection to b ulkhead stiffener

Contributing factors to damage:

» High stress concentration factor due to toe heggid bracket stiffness, hull girder
stresses are dominant.

» Load effects from the transverse bulkhead

* Picture on the left would seem to indicate zeramace between the weld toe and the
face edge, which in the CSR would warrant downgradhne S-N class.

» Picture on the right would seem to indicate HP bultWhile the edge condition is
considered better than that for a rolled angleilgrathe clearance between attachment
weld toe and face member edge seems very small, tlisdcould warrant a
downgraded S-N class in the CSR.

4.2.2.2 Equipment on deck

Figure 22 Pedestal support and deckhouse

These items are not covered by CSR. Individuakdiaation societies practice and rules may
apply. They also may be covered by additional classtions available from the various
classification societies. Reference is also maalethe publication TSCF 1P001/2011
‘Outfitting related structural defects’ which is gied on the TSCF web site
(www.tscforum.org).

Contributing factors to damage:

» Stress concentration factor high due to lack of sEckets
» Misalignment with support below deck.
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* In oil tankers that comply with the CSR , generdlig deck stiffener end connection
detail design will be so selected that an F claag be applied. As long as the deck
fittings do not fall below an F class, fatigue sgth should be reasonably assured,
other factors notwithstanding e.g. excessive cam®quipment loads.

4.2.2.3 Connection between deck longitudinals and local girder support

Crack at the connection between deck longitudindl girder support under crane pedestal is
one of the typical damages in deck.

CRANE
PEDESTAL

L FRACTURE

WEB FRAME WEB FRAME

Figure 23 Inserted local support girder

These items are not covered by CSR.
Contributing factors to damage:

» Lack of continuity or poor connection of the longlinal member

» Large stress concentration factor due to large ghamstiffness

» Secondary bending effects caused by transitionsdwsst flexible and stiff structural
elements

4.2.3 Side shell

4.2.3.1 Side longitudinals at web frames
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Figure 24 End connections of longitudinals

End connections of side longitudinals are covere@8R.
Contributing factors to damage in these locatiars a

» Asymmetrical connection of flat bar stiffener rasg in high peak stresses at the heel
of the stiffener
» High stress concentration factor due to sharp ¢erne
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» High dynamic wave pressure loads on ship side ealith high tensile static stress

* Higher tensile steel indirectly leading to highgndmic working stress level in side
longitudinal

» Higher tensile steel indirectly leading to high&mam in way of notches which could
also accelerate coating fatigue in way.

» Insufficient connection and weld area for transieshear load between longitudinal
to web of primary support members

4.2.3.2 Side longitudinals at transverse bulkheads

HELL SHELL
S LONGITUDINAL

ES
\

FRACTURE

BOTTOM
TRANSVERSE
FACE FLAT

HORIZONTAL
BULKHEAD L\
STRINGER
BUTTRESS

LJ

Figure 25 Stringer to side longitudinal connection

Similar damage may be found at side longitudinaineetions to stringers in double side
structures.

Contributing factors to damage:

* Under-designed end bracket

» Higher tensile steel/higher dynamic stress levaide longitudinal

» Deflection of the adjacent transverse web framesufahd

* High dynamic loads on ship side

» Poor/Defective return fillet welding in way of armdound attachment toes where
stresses are high

* Asymmetric longitudinal resulting in additional $awnal stresses

4.2.3.3 Web frames in way of side longitudinals
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Figure 26 End connections of longitudinals
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Details of the web frames in way of cut outs fonddudinals are not covered by explicit
fatigue check in CSR. Individual classification sties practice and rules may apply.

Contributing factors to damage:

» Asymmetrical connection of flat bar stiffener rasg in high peak stresses at the heel
of the stiffener

» Insufficient connection and weld area for transfeshear load between longitudinal
to web of primary support members

» Poor/Defective return fillet welding in way of araound connection edges where
stresses are high

» High localized corrosion at areas of stress comagah such as flat bar stiffener
connections, corners of cut-out for the longitutimad connection of web to shell at
cut-outs which might have been caused by a combmatf poor edge and surface
preparation, inadequate coating specification/tyualf application, and strain from
more flexible joints leading to premature coatimgakdown.

* High shear stress in the web at the transverse

* High dynamic loads on ship side

4.2.4 Bottom and Inner bottom

4.2.4.1 Bottom and inner bottom longitudinals at web frames/floors

I‘IJNER BOTTOM

NSRNN E—

«— FLOOR

FRACTURE

R
BOTTOM SHELL

Figure 27 End connections of longitudinals

End connections of bottom longitudinals are covdrg€CSR.
Contributing factors to damage:
» Asymmetrical connection of flat bar stiffener rasg in high peak stresses at the heel
of the stiffener
* Combination of high local and longitudinal dynarstoesses

* Inadequate clearance between welded attachmerdgedof face member (picture on
left side of Figure 27)
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4.2.4.2 Bottom and inner bottom longitudinals at transverse bulkheads

TRANSVERSE
BULKHEAD

INNER FRACTURE
BOTTOM
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BOTTOM SHELL

Figure 28 Plane transverse bulkhead to double botto  m

Crack at inner bottom and on floor stiffener may he adequately covered by CSR fatigue
checks and prescriptive requirements. However, iredufine mesh stress check should
normally ensure satisfactory detail design in tiniea. Crack on face plate of inner bottom
longitudinal should be adequately covered by CS3igua checks.

Contributing factors to damage:

* Asymmetrical connection of bracket in associatiothva backing bracket which is
omitted or too small

» Relative deflection of the adjacent floor to tramse bulkhead

* Inadequate size and “softness” of the brackets

* High stresses in the longitudinals and the flodfester

4.2.4.3 Floors in way of bottom and inner bottom longitudinals
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Figure 29 End connections of longitudinals

Details of the web frames in way of cut outs fondudinals are not covered by explicit
fatigue checks in the CSR. Individual classificat8ocieties practice and rules may apply.

Contributing factors to damage:

» Insufficient connection and weld area for transfeshear load between longitudinal
and web of primary support members
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» High shear stress in the web at the transverse

* Dynamic loads on bottom

» High localized corrosion at areas of stress comagah such as flat bar stiffener
connections, corners of cut-out for the longitutimad connection of web to shell at
cut-outs which might have been caused by a combmatf poor edge and surface
preparation, inadequate coating specification/guaif application, and strain from
more flexible joints leading to premature coatimgakdown.

4.2.4.4 Details at suction wells

BILGE WELL

LT
)

C

BOTTOM SHELL

Figure 30 Details at suction wells

Details of the bilge wells related to the connettio longitudinals and bulkhead structure are
not covered by the CSR. Individual classificatiogisties practice and rules may apply.

Contributing factors to damage:

» Lack of continuity or poor connection of the longlinal member
» Stress concentration due to unsuitable bracketeshap
* Asymmetrical sectional shape of inner bottom |lamgjital

4.2.5 Hopper and inner skin

4.2.5.1 Longitudinals at web frames/floors and transverse bulkheads
CSR requirements are found in Sec.9/3.3.1.1, thelyde as follows.

A fatigue strength assessment is to be carriecandtsubmitted for the end connections of
longitudinal stiffeners to transverse bulkheadsluding wash bulkheads and web frames
within the cargo tank region, located on the bot&mll, inner bottom, side shell, inner hull
longitudinal bulkheads, longitudinal bulkheads atréngth deck.
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4.2.5.2 Web frames in way of longitudinals

Figure 31 End connections of longitudinals

Details of the web frames in way of cut outs fardaudinals are not explicitly covered by the
CSR fatigue check. Individual classification saegtpractice and rules may apply.

Contributing factors to damage:

* Insufficient area of connection of longitudinaivteb
» High shear stress in the web at the transverse

4.2.6 Longitudinal bulkheads

4.2.6.1 Web frames in way of longitudinals

Details of the web frames in the connection to itutlinals are not covered by the CSR.
Individual classification societies practice antésumay apply.

4.3 Transverse Bulkheads

4.3.1 General

Transverse bulkheads are normally designed by reithtically stiffened plane bulkhead or
corrugated bulkhead in case of double hull oil &asklt is well known that each design has
following critical points mainly by local deflectioand related stress concentration.

» Vertically stiffened plane bulkhead:

o Connection of transverse bulkhead vertical stiffénenner bottom plate, see
3.24.2

o Connection of transverse bulkhead and inner hatjitndinal bulkhead in
way of horizontal stringers. See 4.3.7.

» Corrugated bulkhead:

Connection between corrugated bulkhead and innéoraglate
Connection between corrugated bulkhead and upmpérmate
Connection between corrugated bulkhead and lowel ptate
Connection between corrugated bulkhead and upper siate
Connection between lower stool plate and innemboflate

The typical examples of damages are shown in 4.3.3.5.

No explicit fatigue check for this critical locatids required or provided in the CSR. High
cycle fatigue check alone may not be adequate $sessment of transverse bulkhead
structures.

Contributing factors to damage:

O O O o o
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* Local stress concentration

» Lack of supporting structure

» Misalignment
To cover these possible causes, detail fine meshssanalysis and prescriptive arrangement
of supporting structures are additionally requirddpending on the position, in the CSR.
Detail fine mesh stress assessment and prescrgotigagement are now applied to indirectly
enhance the fatigue strength.

4.3.2 Connections between inner bottom and transver se bulkhead stools

CORRUGATED
TRANSVERSE
BULKHEAD

BOTTOM
FLOORS GIRDER

Figure 32 Lower stool connection to inner bottom

No explicit fatigue check for this critical locatias required or provided in the CSR. High
cycle fatigue check using homogeneous full loadddmn alone may not be sufficient for

assessment of transverse bulkhead structures akpdor ships that frequently trade with

one-side-full/other-side-empty condition in open teva. CSR includes prescriptive

requirements and recommendations in order to ingrbxe detailed design, are found in
Sec.8/ 2.5.7. These recommendations include thenfivig:

The stool sides are to be located in line with ffoim the double bottom, the internal webs or
diaphragms are to be aligned with structure bel®ther details affecting fatigue are not
covered by CSR. Individual classification sociefpeactice and rules may apply.

Contributing factors to damage:

* Misalignment between stool side plating and flond @or stool webs and girders of
double bottom

» Insufficient thickness of floor compared to stdatkness

» Scallops, cut-outs, air holes reducing too much dbenection area and presenting
crack initiation points

* Weld details and dimensions

» Lamellar tearing of inner bottom plating
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4.3.3 Connection between corrugated bulkhead and st ool

CORRUGATED
TRANSVERSE
BULKHEAD

BOTTOM
SHELL

BOTTOM
GIRDER

Figure 33 Corrugation connection to lower stool

No explicit fatigue check for this critical locatias required or provided in the CSR. High
cycle fatigue check using homogeneous full loaddd®mn alone may not be adequate for
assessment of transverse bulkhead structures alpdor ships that frequently trade with
one-side-full/other-side-empty condition in operieva.

CSR includes prescriptive requirements and recordat@ns. These are found in
Sec.8/2.5.6, 2.5.7, App B 3.1.5 and App C, Figur2.&They include a general requirement
that the global strength of the corrugated bulkreradi attachments to surrounding structure is
to be verified by the cargo tank FEM model. Cortedabulkhead connections to stool top
including shelf plate are included.

The following requirements apply in general:

e Cargo hold analyses and fine mesh analyses fatigigl
» Prescriptive requirement for yielding & buckling
* Recommended standard details and focus areas

Contributing factors to damage:

» Stress concentration due to unsupported corrugaten

» High through thickness stress, lamellar tearing

* Weld details and dimensions

» Misalignment

» Insufficient thickness of stool side plating inatbn to corrugation flange thickness
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4.3.4 Corrugated bulkhead connections to deck witho ut upper stool

MAIN
DECK

FRACTURES

TRANSVERSE LT

BULKHEAD

Figure 34 Corrugated bulkhead connection to deck

No explicit fatigue check for this critical locatias required or provided in the CSR. High
cycle fatigue check using homogeneous full loadddmn alone is not appropriate for
assessment of transverse bulkhead structures alpdor ships that frequently trade with
one-side-full/other-side-empty condition in openeva.

CSR requirements are found in Sec.8/2.5.6, theydeca general requirement that the global
strength of the bulkhead and attachments to sudiognstructure is to be verified by the
cargo tank FEM model.

Cracks may appear in the deck/bulkhead platingeatveld to the deck plating.

Contributing factors to damage:

» Stress concentration due to unsupported corrugatén

* Weld details and dimensions

» Misalignment between face of corrugation and wetivab

» Cut-outs and scallops or air holes increasing titess in the web

4.3.5 Inner bottom plating at corrugated bulkheads without lower stool

CORRUGATED
TRANSVERSE
BULKHEAD

INNER
BOTTOM

Figure 35 Corrugated bulkhead connection to inner b ottom
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No explicit fatigue check for this critical locatias required or provided in the CSR. High
cycle fatigue check using homogeneous full loaddd®mn alone may not be adequate for
assessment of transverse bulkhead structures akpdor ships that frequently trade with

one-side-full/other-side-empty condition in openeva.

CSR requirements are found in Sec.8/2.5.6, 2.5d7Aqp B 3.1.5, App C Figure C.2.6

They include a general requirement that the glsb@ngth of the corrugated bulkhead and
attachments to surrounding structure is to be ieerifoy the cargo tank FEM model.

Corrugated bulkhead connections to stool top irnolyghelf plate are included.

The following requirements apply in general:

e Cargo hold analyses and fine mesh analyses fatigigl
» Prescriptive requirement for yielding & buckling
* Recommended standard details and focus areas

Contributing factors to damage:

» Stress concentration due to unsupported corrugatén

» High through thickness stress, lamellar tearing

* Insufficient through thickness properties of theenbottom plate
» Weld details and dimensions

* Misalignment between face of corrugation and fleoderneath

» Cut-outs and scallops or air holes increasing titess in the floor

4.3.6 Connection between stool shelf plate and inne  r side stringer
This is not covered in particular, for stringer nentions, see 4.3.7.

4.3.7 Transverse bulkhead stringer to double side s  tructure
SIDE STRINGER

INNER HULL
LONGITUDINAL
BULKHEAD

FRACTURE
IN WAY OF
BRACKET TCE

HORIZONTAL
STRINGER

FRACTURES ' TRANSVERSE

BULKHEAD
Figure 36 Transverse bulkhead stringer connection

No explicit fatigue check for this critical locatias required or provided in the CSR.

CSR recommendations for detailed design improveraeatfound in App C 2.5.2, Figure
C.2.5and App B 3.2.3

Transverse bulkhead stringer connection to innéy tme and heel:
Standard details (Recommendation), including preddsacket in the heel
Cargo hold analyses and fine mesh analyses fatigil

Fracture type 1, Contributing factors to damage:
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» Misalignment between bracket end and side girdside tank
Fracture type 2, Contributing factors to damage:

e Stress concentration / square corner
* High loads transferred from side stringer to tramsg bulkhead

4.4 Primary Members

4.4.1 General

Connection between primary members (e.g. hoppercktaeu cross tie end) and end
termination of primary member (e.g. bracket to@) w&ell known as critical points of fatigue
strength. Typical damages in double hull tankeessiiown in 4.4.2

Fatigue checks for these locations in CSR are éihib the lower hopper knuckle. For other
locations only strength (yielding checks) are eatout by fine mesh analysis.

4.4.2 Transverse Web Frames
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Figure 37 Locations of high stresses

4.4.2.1 Bracket connections
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Figure 38 Web frame brackets

No explicit fatigue check for this critical locatias required or provided in the CSR.
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CSR requirements are found in App B 3.1.2 and oieloargo hold analyses and fine mesh
analyses for yielding.

Contributing factors to damage:
» Stress concentration at bracket face plate snipdd e
» Defective weld or material at the face plate s@pmind bracket toe
» Bracket face plate in way of toe with insufficigaper
* Localized corrosion at bracket toe
» Insufficient bracket size/high nominal stress

4.4.2.2 Cross tie connections
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Figure 39 Cross tie connection

Fractures in face plate are not covered by an @kfditigue check in CSR.

CSR requirements are found in Sec10/3.5.1 App Bcanabrise prescriptive buckling and FE
analyses for yielding and buckling

Contributing factors to damage:
» Face plate radius in way of cross-tie too smalllileg to high stress under bending of
vertical web and cross-tie
» Stress concentration at notches in web plate
» Localized corrosion of web plate leading to pafetihg and fractures
* Inadequate panel stiffening of web plate
» Butt weld seams located too close to the radius
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4.4.2.3 Hopper knuckle

HOPPER PLATE

FRACTURE
INNER BOTTOM

/
) 3

GIRDER FLOOR

Figure 40 Hopper knuckle

Fatigue check is explicitly required and a quatitieaprocedure for the lower welded knuckle
is included in the CSR.

CSR requirements are found in CSR Sec.9/3.4.2 Apgn® App C 2.5.1 and include as
follows.

* Yielding fine mesh for upper hopper knuckle

* Mandatory fatigue analyses for welded type lowardkbe

* Prescriptive design standard for radiused type, da@mmy fatigue analyses for
different design

Contributing factors to damage:

» Local stress affected by design parameters e.dhdagpnner bottom, size of hopper,
width of tank, spacing of primary members and spoading scantlings.

» Stress concentration at juncture of hopper platenter bottom, including angle of
hopper plate, arrangement of scarfing bracket @rtbof the side girder, support at
the knuckle point (for radiused knuckles offsenirthe side girder)

* Insufficient and/or poor quality welding connectiancluding leg length, weld toe
flank angle and weld toe undercut.

* Misalignment between hopper plate, inner bottomgiraer

4.4.2.4 Other knuckles
CSR Sec.4/3.6.1
Reinforcement at knuckles by closely spaced caling
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5 Recammendations 0 Emhdnceckatiatie
Perfermance

5.1 Introduction

There are many assumptions inherent within the @&Bue analysis with regards to vessel
structural arrangement, trade route, loading cyatesterial, welding, alignment, etc. These
assumptions, together with a conservative approagarding the probability of failure of a
connection, enable a simplified fatigue analysibecapplied to the large majority of modern
oil tanker designs being built and in establisrengommon base-line design fatigue standard
for these ships. However, it could introduce gassinaccuracies in the predicted fatigue
lives of an individual vessel, particularly if i iof an unconventional form or designed,
constructed, loaded, operated and maintained irmmner that differs significantly from the
assumptions adopted during Rule development.

This section describes a number of additional measwhich can be taken to increase the
reliability of the fatigue prediction and enhanbe fatigue life of a vessel. The descriptions
are intentionally brief and so further guidance eath section should be sought from the
Classification Society when considering enhancingssel’s fatigue life.

5.2 Analysis

The fatigue life of a structural element or conimttis highly dependent upon the stress
range applied. Therefore the fatigue life canigaiicantly improved by reducing this stress
range. This can be achieved through an increasstbs modulus of individual stiffeners, in
the case of local loads, or the midship sectiotlhéncase of global loads.

5.2.1 Specified Fatigue Life

The CSR require that the vessel be designed anstrooted to achieve a fatigue life of at
least 25 years when exposed to a North Atlanticenatwironment. A simple way to build
more confidence in the fatigue life of a vessel amtigate the effect of the uncertainties in
the assumptions on the fatigue life is to specifgrager required fatigue life (e.g. 30 years)
whilst maintaining all the other assumptions usgdttie CSR. A notation indicating this
extended fatigue life is typically offered by th&a€xification Society.

5.2.2 Level of Fatigue Analysis

The fatigue analysis required by the CSR is a sfraglanalysis which makes a number of
assumptions as described in earlier sections.edoire comprehensive fatigue assessment of
all potential hotspots would obviously be impraatiso the analysis is selectively applied to a
number of hot spots based mainly on experiencecanént class practice, and not applied to
some other fatigue prone locations within a vedssign such as transverse bulkhead stinger
connections.

If a vessel's design or operation is sufficientlytidde what has been assumed in the CSR, or
a more reliable calculation of fatigue life is re@gd for a structure than what is required or
provided by the CSR, then a higher level of fatignalysis may be carried out.

Typically called a hotspot stress spectral fatigoalysis it may include:
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» A fine mesh finite element model of the structurénterest

» Application of a larger number of operational loagiconditions

» Direct analysis of external hydrodynamic pressuessel motions and associated tank
content’s accelerations (inertia loads), basedailimg routes or scatter diagrams

» Calculation of cyclical loads on structure

* Summation of stress cycles and calculation of tegufatigue life.

The greater detail with which the structure is mMledenakes it easier to identify where the
hotspots are located with a higher reliability ne tstress state at these hotspots and therefore
how the fatigue life of the structure can be imgayv

CSR requires that the lower welded hopper knucleection be assessed using a fine mesh
fatigue method using simplified loads which is urstieod to have been validated against the
individual spectral methods employed by the classeties charged with the development. It
is recommended that the following additional corioes may also be analyzed by the
spectral approach to supplement the Rule in camtsartt with the Class Society:

* Lower knuckle connection of the radiused configiorat

» Additional highly stressed welds in the lower knlecérea, only the longitudinal weld
in the knuckle is considered by CSR

» Upper knuckle connection whether welded or radiys&ersection of hopper sloping
plate, longitudinal bulkhead, transverse web add stringer).

» Transverse bulkhead lower stool connection to ifvagtom.

» Transverse bulkhead upper stool connection to deck.

» Corrugated transverse bulkhead to lower stool merifottom.

» Corrugated transverse bulkhead to upper stool ck.de

» Transverse oil-tight and wash bulkhead horizontahger heel connection to inner
hull, for the stringer closest to mid-depth andenppost (OTBHD only).

» Selected cut outs for longitudinal stiffeners inbafeame without web stiffener
connection e.g. in areas of high primary membeasshad high lateral pressure.

» Scallops in way of block joints on strength deaksel to mid hold.

5.2.3 Low Cycle Fatigue

Low cycle fatigue occurs where high stress rangeslving yielding at hot spots are applied
for a relatively low number of cycles. Typical &ions for low cycle fatigue damage include
the transverse bulkhead and support structuresessels performing a large number of
loading and offloading cycles (e.g. shuttle tankgwsoduct carriers, FPSOs, lightering
vessels). In these cases the differential headssacthe transverse bulkheads, as the
individual cargo and ballast tanks are loaded amdaded, generate large cyclic stresses in
the transverse bulkhead structure. In the cadightering vessels and shuttle tankers these
differential heads can be exacerbated by pitchimgralling motions of the vessel (see Figure
41 below):

]! :

Figure 41 Effect of vessel pitching on differential head
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The simplified fatigue analysis required by the C&#es not examine low cycle fatigue and
so additional spectral fatigue analysis using #efialement model of the structure is required.
Recommendations for equivalent stress levels atatece S-N curves to be used and
combination of high cycle and low cycle effectglie fatigue assessment should be clarified
with the respective classification society.

5.2.4 Trade Routes

As described in section 3.3.2.1 the CSR assumessel/will trade solely on a North Atlantic
route when calculating fatigue life. This is a earnerous trade route than many Class
Societies had applied as their default route godhe introduction of the CSR and therefore
should be a conservative approach for most vessels.

However there are some trade routes that are mjpngous in terms of fatigue than the North
Atlantic route, for example the northern and souihextents of the Pacific. Shuttle tankers
working solely in the northern North Atlantic mays@ experience a more onerous
environment than that assumed by the CSR. Thisetalse CSR’s definition of North
Atlantic includes Marsden squares 8, 9, 15 andritbassumes equal probability of all wave
headings whereas the Shuttle Tanker may be opgralinost continually in Marsden square
9 for example and predominantly in head and steas.s

It is therefore important to consider the vesskKely trading pattern at the design stage to
identify whether a specific trade route with prdéwag wave headings should be specially
analyzed in addition to the CSR default.

5.2.5 Loading Conditions

The CSR simplified analysis looks at only the futhaded and ballast conditions. In the case
of product and chemical tankers for example a &mait proportion of their time will be
spent with partial cargoes. These vessels wiltefloee be operating in loading conditions
which may be more or less onerous, from a fatiguiaetpf view, than the ballast and fully
loaded conditions. For these vessel types coraidarshould be given to including a larger
number of loading conditions in the fatigue anaytkian required by CSR.

5.2.6 Hull Vibration

Recent investigations have revealed that globatatiin of the hull girder can have a
significant effect on fatigue damage for certaiipdiipes in certain operational conditions for
certain trade routes. The global vibration of It girder can originate in two ways, often
referred as Springing and Whipping. Springinghis vibration of the hull structure due to
resonance with the wave environment. Whipping ie thbration induced from wave

impacts/slamming. The effects of Springing or Winigpare not included in the CSR fatigue
assessment methodology.

Fatigue damage due to vibration can contribute idensbly to the total fatigue damage,

depending on vessel geometry, hull girder propgriieading, speed, heading, trading routes
and damping. Consideration should be given to thesel’'s likely trade routes when

compared to the North Atlantic trade routes usedd®sign purposes. The Classification
Society should be consulted regarding the impacsminging and Whipping on a vessel's

fatigue life if the North Atlantic scatter diagram considered non- conservative when
compared with the vessel's likely trade routes drerme these routes indicate a high
probability of Springing or Whipping occurrence.

Other possible excitation sources for vibratiorsiructural details include the propeller and
slow running diesel engines.
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5.2.7 Use of High Tensile (HT) Steel

Steel having a specified minimum vyield stress d 88mnf is regarded as normal strength

hull structural steel. Steel having a higher spedifminimum yield stress is regarded as
higher strength hull structural steel (HT). TheHhar yield stress allows thinner plate to be
used thereby reducing lightship weight and newbaddt. However, whilst HT steel has a

higher yield stress than normal strength steebésdnot possess better fatigue properties in
welded structures. Therefore as the steel is expeng larger stresses than normal steel, it
will endure fewer cycles before fatigue failure o

HT steel corrodes at the same speed as normakstéelo if the HT steel is thinner initially it
will lose a relatively larger proportion of its thiness each year due to corrosion. This will
then increase the stresses with the HT steel fdstarin the normal steel further reducing the
relative fatigue performance of HT steel to noristakl.

Where HT steel is being used in areas of cyclidilogithe above problems can be mitigated
through a combination of effective coating systeftts reduce corrosion), specifying an
increased thickness (to lower stresses) which fieciéfe up to a point because of the
thickness penalty, careful design of structurahiigtweld enhancements (grinding, peening
etc., ref. 5.4.1) and requiring a more detaileyis analysis (e.g. spectral).

5.2.8 Hull Outfitting

Deck oultfit items, such as pipe run supports, nodehiirip trays, deck stores and access
manholes, attached to or penetrating the deck ciamsastress raisers, significantly decreasing
the fatigue life of main deck welds. For examjiie fatigue life of a main deck weld can be

halved if an access manhole or doubling pad iséatwithin 2700mm of the deck weld seam.

The precise location of outfit items is not normathown at the design phase and so it is
often up to the site team building the ship to emsbat penetrations and pads are kept clear
of deck seams. However, requirements can be iadluid a build specification to limit the
creation of these stress raisers, e.g. ‘penetsfamaccess manholes and pads for deck outfit
to be kept at least 100mm clear of any deck wednns2 Documentation related to location
and details of outfitting on deck should be subditby shipyard to the owner at an early
stage of the design phase.

5.2.9 Corrosion Protection

Whether a structural element is protected froneitgironment has an impact on its fatigue
life. The corrosive atmosphere found in ballasd aargo tanks will result in a reduction in
steel thickness of an unprotected element, an $sddncrease in stress and thus a reduction
in fatigue life.

The CSR accounts for this reduction in fatigue liige to the breakdown of a protective
coating through the introduction of a factgy tvhich increases the stress range applied to the
element throughout its life by 1.06. This assumhesstructure will be protected for 20 years
and unprotected for 5 years.

An alternative approach which could be considesei iseparately assess the fatigue damage
for the periods when the structure is anticipatedbé protected and unprotected. The
determination of protected and unprotected perisdafluenced by the effectiveness of the
initial coating at newbuild and how well the cogtis maintained during service. In reality, as
the maintenance of the coating during the vesdéscannot be guaranteed, it can be an
owner’s option to only consider the newbuild cogtspecification when determining fatigue
life. For example, if a vessel is constructed veithigh quality coating (e.g. as per the ‘TSCF
15 Guide for Minimum of 15 years’ contained withthre TSCF publication ‘Guidelines for
Ballast Tank Coating Systems and Surface Prepatptizen it could be assumed that, when
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combined with sacrificial anodes, the S-N curvespimtected structure can be used for the
first 15 years with S-N curves for unprotected aie used for the remaining 10 years.

However, it should be understood that there cowdabsizable impact on the required

scantlings if fatigue is the governing requirementhis option should be considered

judiciously taking into account lifetime ship cassues of coating and structural maintenance
together with other options to reduce uncertainigsociated with determination of fatigue

strength at the design stage.

5.3 Enhanced Details Design

5.3.1 Weld improvement

It is typical to find fatigue defects initiating @he toes of welds, often due to a stress
concentration resulting from poor weld profile mstarea. This poor profile can be removed
through post weld treatment. It is generally recanded that such post fabrication
improvement methods be reserved as an additionedroedial measure to enhance fatigue
life, and that emphasis should be given to havingdgbasic scantlings and good detail
design.

However it is recognized that such weld improvemmethods used in combination with

scantlings improvements offers a more practicar@ggh in way of some locations, such as
angles cruciform joints, than by scantlings improeat alone e.g. by fitting very thick

inserts, or where effectiveness of detail desigorawvement may be limited.

The CSR require the calculated fatigue life in ve&yhe hopper knuckle joint to be at least 17
years determined without any consideration of tleéddvimprovement effects. It also requires
weld improvement to be applied in way of the hopiauckle joint irrespective of calculated

fatigue life to improve the reliability.

Weld improvement is also required in way of thectfarm joint between the inner-hull
longitudinal bulkhead and the oil-tight transveisaelkhead at the heel of the bulkhead
horizontal girder where a backing bracket is nibdi.

The CSR do not however permit any benefit to bemdd from such improvement in way of
longitudinal stiffeners based on the premise thatfcal improvement can and should be
achieved by scantlings and detail design considerat

Several post weld treatment methods that will iaseethe fatigue life are available. The most
common methods are:

5.3.1.1 Weld Profiling by Machining and Grinding

Weld profiling is a weld geometry improvement methshere the weld itself is profiled in
order to reduce the angle between weld and plateggasing the weld itself a concave shape.
Weld profiling will have an influence on the hot$stress, dependent upon the grinded weld
radius, the angle between weld and parent platetlangblate thickness. This approach will
need to be considered with care to ensure thag tisesufficient initial weld thickness such
that the profiled weld area satisfies the throakiiness requirement and sufficiently long weld
leg length such that the profiled weld does natfan indented groove which attracts stress.

5.3.1.2 Weld Toe Grinding

Weld toe grinding should normally only be applied foll penetration welds, if applied on
partial penetration welds, the final fatigue lifetbe complete weld joint including weld root
should also be confirmed by fatigue calculations.
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Weld toe grindings normally performed by using a rotary ball shapad with a diameter in
the range of 10-14 mm. The grinding needs to béopeed so the weld toe and the plate
display a shallow concave shape. The depth ofttineligg should normally be 0.5 mm below
any visible undercut, the minimum needed in oraderégmove toe defects caused by the
welding process. Care should be exercised notéo-grind. The primary aim is to remove or
reduce the size of the weld toe flaws and to redhedocal stress concentration due to the
weld toe flank angle. Correctly applied weld tosding has been demonstrated in laboratory
conditions to improve the fatigue life by a fachmtween 2 and 3.5, depending on the yield
stress; but for CSR approval purposes, the imprevefiactor cannot be taken above 2.

5.3.1.3 Welds Machined Flush

Excessive weld reinforcement (i.e. weld cap) camaaa stress concentration and reduce the
fatigue life of a weld. IACS Guidelines and Recoemdation 47 recommend that the height
of the weld cap is limited to not greater than 6mm.

Machining a butt weld flush with the plate surfagé give a better S-N class due to removal
of the stress concentration caused by the weldithv&he surface should also be proven free
from defects through NDT. A typical D class buttl&venay then be reclassified to a C class
butt weld. Such measures are sometimes requireaynof butt weld terminations on a plate
edge in conjunction with smooth grinding of therems and on the cut surface of the plate.

5.3.1.4 TIG Dressing

TIG dressing is a weld geometry improvement metivbdre the welding toe is re-melted in

order to give a smooth transition between the @atk the weld and where also non-metallic
contaminants are melted and removed. TIG dressithgnerease the fatigue life by a factor

between 2 and 3.5, depending on the yield stress.

5.3.1.5 Hammer, Ultrasonic and Needle Peening

Peening techniques use manually operated portableépreent to create a residual
compressive stress in the weld toe and a smoatkitian between the weld toe and parent
material. The imposed compressive stress resuksbsequent cyclical stressing of the weld
toe having some part within the compressive ramgach will not contribute to fatigue
damage. In addition, the resulting concave shapehatweld toe reduces the stress
concentration in the toe region. Peening methodg merease the fatigue life by a factor
between 2 and 3.5, depending on the yield stress.

It should be noted that the improvement method=rred to above are only relevant to fatigue
failures initiating from the weld toe. Peening nueth will normally give improved fatigue
performance in the high cycle region, while theseffin the low cycle region is regarded as
minor. It is also important to notice that the noettshould be avoided in areas with very high
compressive stresses, because the residual siedssét up, can be neutralized and
destroyed.

5.3.2 Structural Enhancement

Careful detail design can greatly improve the iaidife of a connection. The following are
some suggestions:

5.3.2.1 Keyhole shaped Heel scallops and Backing Brackets

Where a soft-nosed bracket has been used to imphevéatigue life of a connection it can
result in the heel of the bracket becoming thegtegtihotspot. The fatigue life of the bracket
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heel can then be improved through the adoptionkafyole shaped scallop or the fitting of a
backing bracket (see Figure 42). The use of keyhekls on longitudinal stiffeners below

the loaded waterline is now relatively common aghis use of backing brackets at the
connection of longitudinal stiffeners to transvebsgkheads. However, backing brackets can
also be used at the connection of stringers teWemse bulkheads and in way of lower hopper
connections to inner bottoms. In the latter agpians with the back brackets becoming load
carrying members, care should be taken to enswepibracket sizing and edge preparation
such that fatigue cracks will not initiate on thadket edge.
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Figure 42 Examples of keyhole type heel connection (left) and backing bracket (right)

5.3.2.2 Symmetrical Stiffeners

The fatigue life of an attachment welded to theefaxf a longitudinal stiffener can be
increased by the use of a symmetrical profile m$tef an asymmetrical profile (see Figure
43) assuming both have the same Rule section madulhen subjected to lateral loading,
the rotated neutral axes will mean an asymmetstitiéner experiences a larger stress in the
short side of the flange when compared with a sytrioa stiffener and thus a shorter fatigue
life.

AAAAAAAAAA TT
3

U

b, N

Symmetrical Stiffene Asymmetrical Stiffene

Figure 43 Stress Distribution of a Symmetrical and Asymmetrical Member

5.3.2.3 Continuity of Structure

Continuity of structure is important when tryingrt@ximize the fatigue life of a vessel. Care
should be taken to ensure gradually tapered thgkaed cross sectional area transitions and
scarphing of structure.
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5.3.2.4 Slots, Scallops and Drain Holes

Care should be taken when designing and locatiafjops and drain holes, areas of high
stress should be avoided. Where scallops are idahe for the construction of the ship,
they should be as small as possible and closedanithilar in way of areas of high stresses.
Scallops and drain holes should be kept clear tigufa critical cruciform joints and toes of
pillar stiffener connections and tripping bracket8here this is unavoidable the opening
should be closed with a pad (See Figure 44 beld®@quirements for air and drain holes and
scallops are included in the CSR section 4.3.2.6.

BRACKET

SCALLOP TO BE CLOSED BY INSERT
PLATE (TOTALLY CLOSED) OR BY LUG

PREFERRED DETAILS AT
THIS LOCATION

CLOSED LUG

-
G () W

\f

Figure 44 Scallops and drain holes in this location should be avoided or closed.

Two kinds of end connections between longitudin#fesiers and transverse frames are
normally offered for ship structures. These are:

» Connections where web stiffeners are fitted andlae:to the longitudinal face plate
» Connections where web stiffeners are not fittedairwelded to the longitudinal face
plate.

However, in the latter case, sniped buckling stiies are normally welded to the web plates,
but typically 50-100 mm offset to the longitudinednetration, or oriented differently.

Connections where web stiffeners are welded toldhgitudinal face plate are often fitted
with an additional bracket or a soft nose termoratand are commonly offered by shipyards
today.

An end connection without a web stiffener will naidhg, for identical scantlings, introduce a

higher nominal end bending moment and shear farca Iongitudinal subjected to lateral

pressure, due to a longer effective span. As tliectefe supporting area between the
longitudinal and the web frame also is reduced wihenweb stiffener is disconnected from

the longitudinal face, the load transferred betw#en longitudinal web and the transverse
member in shear will increase. Great care showddetbre be given to the design of the cut
out in the web frame, and the corresponding shesx ia order to control the stress level and
the corresponding hot spots. CSR has thereforedutred recommendation for design of end
connections of longitudinals, for designs where w#tbeners are not connected to the face,
ref. Figure 46.

For end connections where web stiffeners are cdaddo the face, ref. Figure 45, hotspots
for cracks developing at the welded connection betwthe stiffener toe or heel and the
longitudinal (or alternatively between the braclaet or heel and the longitudinal) are deemed
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more likely and critical than those at the scallopthe circumference of the cut out or at the
collar plates).

Figure 45 End connection with web stiffener (and br  ackets) included

For end connections where web stiffeners are nohected to the longitudinal face, ref.
Figure 46, the location of the hotspots will beraded and will normally be introduced in way
of the scallop (in the circumference of the cut ouat the collar plates). Hot spots may also
be introduced at the end connection of the offsst stiffener. In such cases it may increase
confidence by doing a supplementary fatigue chdcth® scallop hot spots and at the end
connections of the eccentric web stiffeners in whjoints with high lateral loads e.g. wetted
side, despite that the CSR has made the fittingubfouts with enhanced shape virtually a
requirement for such connections at such areas.

. Primary Supporting Member
‘A Web Stiffener Offset
From Intersecting Stiffener
r
|
1
‘ =
Stiffener view 'A'-'A’
A"

Figure 46 End connection with offset web stiffeners

Location and shape of slots/scallops will have eagrnfluence on fatigue life for such
connections. In general, slots/scallops shouldmdad in areas with high cyclic stresses.
However, in circumstances where this cannot bedmehigreat care should be given to the
local design as indicated in Figure 47.

For the same reason CSR also gives recommendatabestgn of welded connection for deck
stiffeners in way of block joints. In general sog will introduce a stress concentration, and
CSR recommends one of the following options to reenor reduce the hot spots, ref. Figure
48:

73183



TSCF IP 003/2012 Guidance Note on SpecificatioRaifgue for Double Hull Oil Tankers
Complying with the Common Structural Rule

» Offset between the deck butt weld and the corregipgnscallop and the butt on the
deck stiffener
» Elongation of the scallop on the stiffener (wilduee the stress concentration in the

scallop)
» Close the scallop by means of a collar
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Notes

I}  Soft toes marked “*” are to be dimensionad to suit the weld leg length such that smooth fransition from the weld to the radinzad
part can be achieved. Max. 15 mm.

1) Coafizurations 1 and 4 indicate acceptable lapped lug plate conpections, alternatively, butted lug plates with similar shape may
e adopted

3) Designs that are different than shown in the above sketches are acceptable subject to a satisfactory fadgue assessment by using
comparative FEM based hot spot soress.

Figure 47 Design of cut-outs in cases where web sti  ffeners are omitted.
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Notes

Alternative scallop geometry to that shown in option IT mav be accepted subject to demonstration of satisfactory fatigue
hfe based on hull girder loads taking inte account addifional stress concentration factor in way of weld, determined u=mg
fine mesh FEM and applymg class D 5-N cwve

Figure 48 Welding of deck stiffeners in way of bloc k joints.

5.3.2.5 Full Penetration Welding

A simple method of improving the fatigue life oflaad carrying” welded joint is to specify
full penetration welding. The full penetration wegddovides a more uniform stress flow and
removes the possibility of crack initiation at thveld root. When combined with weld toe
grinding this can typically increase the fatigue ivhen compared with a double continuous
fillet weld by a factor of two.

Another advantage of using full penetration weldingtead of double continuous or partial
penetration is that it allows the final weld to &eamined using Ultrasonic Testing. This
enables sub-surface defects to be identified gpained before they initiate a crack in service.
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Full penetration welding will normally be a clasquirement in way of load bearing joints
susceptible to root cracking and deep penetratielding will generally be specified in way
of less susceptible load bearing joints, but sutiges for additional locations where full
penetration welds may be considered include:

* Hopper knuckles in way of primary support members

» BHD Stool knuckles in way of girders

e ILBHD/OTBHD joint in way of BHD horizontal girderdel
» Transverse frame bracket toes

» Stringer bracket toes

» Ends of bilge keels

» Deck penetrations

5.3.2.6 Alignment

Fatigue life calculations for some welded connewjosuch as butt joints and cruciform
joints, assume a certain level of misalignmentéesent. If the degree of misalignment can be
reduced the rotation of the weld under load is ceduand fatigue life is increased. For
example the IACS Shipbuilding and Repair Qualitgristard recommend an alignment of t/3
or better for a cruciform joint, where t is therther member. Some class procedures also
specify an upper value of, say, 5mm in way of caitjoints.

It is generally recommended that buttering (coroecbf misalignments by use of welding
beads) at misalignments is avoided

5.3.2.7 Knuckles

Where a discontinuity exists it is recommended thatupporting stiffener or bracket is
provided as per Figure 49 below. Knuckles in amasigh stress should be well supported,
preferably by continuous stiffeners along the kieidine. The CSR have requirements for the
maximum distance between the knuckle and supporiegiber. The stress concentration
factor due to the knuckle will be reduced as tistagice between them is reduced.

Typical location of knuckles are inner side, hopped top wing tank panels of double hull
tankers outside the parallel midship area. In s@ases knuckles of different structural
members (e.g. stringers and panels) are crossioh ether and causing complicated
connections where great care should be taken toeasceptable stress levels.

— A

SEC. A-A

«! A

Figure 49 Supporting bracket provided at discontinu ity
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5.4 Non Destructive Testing (NDT)

Typical fatigue crack initiators include weld defesuch as lack of sidewall fusion, lack of
inter-run fusion, lack of penetration, cold lapg.et Many of these defects can be detected
using differing forms of NDT, the type of NDT usédédpending on the nature of the defect
and whether it is surface-breaking or sub-surf&oe.sub-surface defects UT is the preferred
option. However UT is not suitable for fillet welédind so here Magnetic Particle Inspection
(MPI) may be used.

It is generally recommended to increase the ext¢MiDT during the newbuilding stage,
beyond the minimum requirements of the Classiftzatsocieties. Such additional NDT
should be performed in relevant high dynamicaligsted and crack prone areas, making due
reference to the Rule and additional fatigue calooihs where available, which may typically
include locations such as:

* Hopper knuckles

» BHD Stool knuckles in way of girders

» Stringer terminations/brackets/heels

» Transverse frame terminations/brackets

» Cross tie terminations/brackets

» Attachments/penetrations in the hull envelope

» Ends of bilge keels

» Selected longitudinal stiffeners end connectionsansverse frames and bulkheads

» Areas where weld improvement methods have beerieapphould be subjected to
100% NDT (MPI) to ensure that there are no remgiimiew surface defects.
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Appendix 2 - Additional Class Notations (Valid 2012) - Fatigue

ABS:

ABS offers an optional fatigue notation for tankeish a design fatigue life in excess of the
25 vyears required by CSR. 5C-1-1/1.2 of the St¥elssel Rules outlined the
requirement. Note that the passage has been edddi reflect the change from 20 to 25
years that accompanied the adoption of the CSR:

Vessels designed and built to the requirementsisnGhapter are intended to have a structural
fatigue life of not less than 25 years. Where sseés design calls for a fatigue life in excess
of the minimum design fatigue life of 25 years, tiional class notation FL (year) will be
assigned at the request of the applicant. Thifomgl notation is eligible, provided the
excess design fatigue life is verified to be in ptiance with the criteria in the Common
Structural Rules for Oil Tankers, Appendix C - Bag Strength Assessment. Only one
design fatigue life value is published for the en8tructural system. Where differing design
fatigue life values are intended for different stural elements within the vessel, the (year)
refers to the least of the varying target livesie Tdesign fatigue life' refers to the target value
set by the applicant, not the value calculatedhénanalysis.

The notation FL (year) denotes the design fatigigeadssessed according to Appendix C is
greater than the minimum design fatigue life ofy2ars. The (year) refers to the fatigue life
equal to 30 years or more (in 5-year incrementsypeified by the applicant. The fatigue
life will be identified in the Record by the notati FL (year); e.g., FL(30) if the minimum
design fatigue life assessed is 30 years.

We note that the IACS Common Structural Rules Kmeolge Center has addressed a question
relating to the procedure to be used when the ddsitigue life exceeds the minimum 25
years.

Where a spectral fatigue analysis is performedfsatiorily in accordance with an acceptable

procedure and criteria, and the vessel is buitdoordance with plans approved on the basis
of the results of such analysis, the vessel wilblsinguished in the Record by the notation

SFA (year). The notation, SFA (year), denotes thatdesignated fatigue life value is equal

to 25 years or greater. The (year) refers to #migmhated fatigue life equal to 20 years or

more (in 5-year increments) as specified by theicgput.

BV:
Basically the fatigue requirements are definechenBV Rules.

The requirements apply for ships equal or greatetAm in length for non CSR ships and
are based on the hot spot stress approach.

The structural details which are to be checkeddtgue are defined in tables (BV Rules Pt
B, Ch 12, Sec 2), depending on the ship type andhenhull area where the details are
located.

With respect to the method to be adopted to caleuthe stresses acting on structural
members, the details for which the fatigue chectoibe carried out may be grouped in 2
categories:

Details where the stresses are to be calculateddhra three dimensional structural model
(e.g. connections between primary supporting meg)ber

Details located at ends of ordinary stiffeners, idrich an isolated structural model can be
adopted (simplified analysis).
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The fatigue criteria are based on a cumulative dgnratio estimated from the hot spot
stresses calculated in net scantling, for sevead kcases and loading conditions associated
with a probability depending on the ship type.

Some corrective factors are taken into accounthen method (weld configuration, angle,
geometry, etc)

The "B" SN Curve minus 2 standard deviations isduse the calculation of the cumulative
damage ratio.

The Rules consider a fatigue design life of 20 yelowever an additional class notation has
been implemented to allow a fatigue check overdltisyears design life.

The additional class notation VeriSTAR-HULL may d@mpleted by DFL xx years, with xx
having values between 25 and 40, when a fatiguesasgent has been carried out on selected
structural details showing that their evaluatedglefatigue life is not less than xx years.

The additional class notation VeriSTAR-HULL DFL xears may be assigned to ships of
less than 170 m in length, subject to special canation.

CCS:
Class Notation: Compass (F)

This notation is assigned to the design detailsaoressel which have been checked using
China Classification Stru-Safety Solutions softwaf@e notation is defined in Rules for
classification of sea-going steel ships Part 1,p@#1a2, Appendix 1, Table E and Guidelines
for fatigue strength of ship structure outlined thguirement separately.

Rules for classification of sea-going steel ships:

For ships the design of which has been checkedguSinina Classification Stru-Safety
Solutions software, one or more of the followingfises R, D and F are to be added.
Meanings of the suffixes are as follows:

F: For ships of which hull structure fatigue assemst has been performed using the hull
structure fatigue calculation program (FATIGUE)hafll structure and safety solution (China
Classification Stru-Safety Solutions).

Technical requirements to be complied with arehim $oftware for hull structure and safety
solution (China Classification Stru-Safety Solughn
Guidelines for fatigue strength of ship structure:

1.1.4 The class notation COMPASS (F) may be asditmelassed ships complying with the
assessment requirements of the Guidelines.

1.2.2 The fatigue strength assessment for oil t@nkéth CSR class notation is to be carried
out in accordance with relevant provisions of PARINE of Rules for Classification of Sea-
Going Steel Ships.

1.2.3 The fatigue strength assessment for bullecarwith CSR class notation is to be carried
out in accordance with relevant provisions of PAREN of Rules for Classification of Sea-
Going Steel Ships.

DNV:

Class Notation: Nauticus (Newbuilding)

The notation describes an extended calculation eohare for the verification of hull
structures. The procedure includes use of finitemeint analysis for determination of

scantlings in the midship area, and extended reménts to fatigue calculations for end
structures of longitudinals in bottom, inner bottoside, inner side, longitudinal bulkheads
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and upper deck. The notation includes a standarshfiormation and information availability
based on access to the Society's product modetaeftechnology.

Class Notation: PLUS Additional requirements fag thtigue life of hull structural details.

The PLUS notation is intended for vessels operatnfarsh areas and includes extended
scope of fatigue strength verification for hullustiural details.

The fatigue strength evaluation shall be carrietdbaged on the target fatigue life and service
area specified by the CSR or NAUTICUS (Newbuildimgtation. The effect of low cycle
fatigue shall be included in the assessment foaildesubjected to large stress variations
during loading and unloading operations.

The following details in the cargo area shall basidered in the fatigue strength assessment
in addition to those required for other class notest

* longitudinal stiffener-frame connections locatedhe bottom, inner bottom, side and
inner side including connected web stiffener, autand collar plate.

» deck plating in way of stress concentrations frggarongs, scallops, pipe penetrations
and attachments

» bottom and side shell plating connection to frames stiffeners

» stringer heels and toes where relevant

Class Notations: CSA-FLS1, CSA-FLS2, CSA-1 and CSare based on directly calculated
loads, except stiffener/frame connections whereeRadds are applied. The notation applies
direct calculations of the wave loads and finitene¢nt calculations of the total hull and
extended fatigue control.

The design load conditions are to include the balkall load and part load conditions based

on the load definitions for direct strength cal¢igias. In connection with the direct wave load

calculations, it is important to note that the camgle wave loads are based on a rational
combination of characteristic hull parameters, ledcky long experience and checked by
non-linear wave load calculations. The rule wavadi correspond to a maximum wave

response at 10-8 probability in the North Atlanfitie effect of forward speed is included in

the analyses.

A Stochastic (spectra) fatigue analysis is perfatrioe longitudinals/plating and other critical
locations within the cargo hold area.

GL:

In general a fatigue strength assessment will waechout for selected details as they are
mentioned in the various sections of the Rulediai Structures. The assessment is based on
a nominal stress approach taking the so-calledl aetiegories of IIW into account. For each
detail a reference stress ranges is assigned, diegean the applicable load spectrum and
some other multiplicative correction factors (eageld shape, thickness effect, importance
factor, ...) will be applied to finally determirthe allowable stress range for the selected
detail. Basic assumption is a life-time of 20 yeds this fatigue assessment is scope of the
regular design approval no class notation will bgigned.

In addition to the above we grant a Class Notafiadditional extensive strength calculations
have been carried out:
* RSD (Rational Ship Design), Notation for ships whiare subject to extended strength
analysis by the designer and examined by GL.

» RSD (F25) Fatigue assessment based on 6,25 * ¥ dgcles of North Atlantic
Spectrum
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» RSD (F30) Fatigue assessment based on 7,5 * 1Q¥ dgeles of North Atlantic
Spectrum

Fatigue assessment will be carried out for all lhadpening corners on all deck levels,
longitudinal frames and butt welds of deck platmgl side shell plating (where applicable).

KR:

The “Guidance for the Fatigue Strength Assessmie8hip Structures” provides a guideline
for a simplified fatigue analysis method and adifatigue analysis method.

In the fatigue analysis, the hot spot stress aghreaemployed.

For ships which were checked based on the aboiguéatnalysis method, following class
notations are assigned:

» SeaTrust(FSAL): applying the simplified fatigue lggas method, in which the hot
spot stresses are calculated using stress contemti@ctors.

» SeaTrust(FSA2): applying the simplified fatigue lggas method, in which the hot
spot stresses are calculated using FEM.

» SeaTrust(FSA3): applying the direct fatigue analysiethod, which refers to a
spectral fatigue analysis method and a transfeatimm method in the Guidance.

LR:
Class Notation: ShipRight (FDA plus).

Assignment of this notation denotes that the dedigails on a vessel have been based on
LR’s spectral analysis based fatigue procedures.ships with CSR Notation such fatigue
analysis will be carried out in addition to the ibafmtigue analysis within CSR. The “FDA
plus” notation is intended for application wheree t©Owner or Builder wishes to take
additional measures to ensure the risk of fatigilare is minimised.

The fatigue requirement of the “FDA plus” notatisndifferent to the basic class assessment
in these aspects:

* The number of design wave cycles has been increased

» The scope of calculations can be increased witherddo structures to be assessed

» The ship response and loads will be derived frodrdyynamics calculations

» The wave scatter diagram will be derived from asialyf trading routes, or specified
equal probability all headings for specified seaaare.g. per IACS Recommendation
34.

The minimum design fatigue life associated withgmesent of “FDA plus” notation to ships
approved in accordance with IACS Common Structuralles depends on the wave
environment specified as follows:

1. 35 years fatigue life using the Fatigue wave emvitent (worldwide)
trading pattern for the ship type, and
2. 25 years fatigue life using Owner's specified tngdpattern
It also has the flexibility to investigate additadioading patterns, loading conditions,
cargo specific gravity, low cycle effects etc. asessary.

“FDA plus” can include spectral fatigue analysis stiffener/frame connections as well as
primary structure elements. The design load comltiinclude the ballast, full load as
standard and part loading conditions should threniiéd operation require this.

As an essential complement to the fatigue assedswiggther or not the ShipRight (FDA
plus) notation is requested, the ShipRight (CM)ation (Construction Monitoring) is a
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requirement for oil tankers complying with the CSRhis notation will ensure a higher level
of construction tolerance in way of the fatigudicai joints at the plan approval stage and a
higher level of confidence during the construcstage.

NK:
"Notation: PS-FA (PrimeShip-Fatigue Assessment)

This means ship's fatigue strength assessmentelegisdarried out on the structural details of
areas where stress is concentrated, such as @intsgitudinals, and transverse members;
girder members connecting side shell plating okiehds; and discontinuous structures
according to the procedures given by the SocieGlgdelines for Fatigue Strength
Assessment.

Notation: PS-TA (PrimeShip-Total Assessment)
This means ship's comprehensive fatigue assesstogether with the yielding strength
assessment and the buckling strength assessmertekascarried out using design loads

obtained by direct load analysis according to tlee@dures given by the Society's Guidelines
for Fatigue Strength Assessment.

Additional abbreviation may be attached if spedakign conditions are requested to be
considered additionally."

RINA:

For ships other than CSR vessels, according to RRIfes fatigue requirements are
mandatory for ships greater of 150 m in length aredbased on the notch stress approach.

The structural details to be subjected to fatighec&s are defined in RINA Rules, Pt.B,
Ch.12, Sec.2; mainly the details are grouped takinig account the ship type and their
location.

Two main categories of details where fatigue checksequired are identified in the rules:

. Details where the stress range is to be calalilaie means of a three dimensional
FEM model (e.g. connection of inner bottom with peptank sloping plates)
. Details of end connections of ordinary stiffenergrimary supporting member where

a simplified approach considering beam theory amilated stress concentration factors is
deemed acceptable

The requirements are based on a minimum requestigdd life of 20 years.

In case where a higher fatigue life is requestedatiditional class notation “FATIGUE LIFE

(Y)” may be assigned. (Y) is the required fatigife In years according to the yard/owner
request and in general is to be greater than 26syéar ships with service notations bulk
carrier ESP CSR or oil tanker ESP CSR, (Y) is togbeater than 25 years. The fatigue
calculations are carried out using RINA software2lHand LH3D.
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