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Abstract. This study evaluated thiatigue strengthening of tHferemosttrars-
verse hatch coaming stays of 6 sister container vess@850 TEU capacity
that sufferedfatigue cracking after 1.0 year operation on a North Pacific route.
For that, a simplified method was proposed to vadidhe fatigue strengthening
by providing a target hot spot stress reduction faatoafunction of the ship
lifetime at thecrackoccurrence. Afterwards, furtheseakeeping and structural
analyes enabld conductingthe spectral fatigueanaly®s of the casidered
stays'original and strengthened desigand, by then, to validatthe fatigue
strengtheningof the staysand the simplified approaciThe fatigue driving
loads as well as theffect of thelong-termoperationabrofiles uncertaintieon

the fatigue were also discussed on the basikeofpectral fatigue analysds-
nally, crack growth analgs confirmed the criticality of thexaminedstays
with regards to rapifatigue cracking when the fatigue damage is not properly
consideredt the design stage.
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1 Introduction

To fit the maximum of 'boxes' in their hold$e container ships include numerous
structural discontinuities that result in as much hot spot areas prone to fatgke
ing. Therefore, for all structural details referenced as critical, Class rules pravide f
brication standards and specific fatigue life assessment methodologies, so that the
fatigue can be properly considered at the design stage. However, fatiguagiack
container ships is still an issue to be tackled that requires the continuous development
of the design and fabrication metho&ecently, significantesearchefforts focusng
on large contaimevesset are put on quantifyinghe influence of the springing and
whippingphenomenan the fatigueBesidesresearcherarealsoaddressinghe issue
of relievingthe uncertaintiewith regards tdong term operational profijee.g.opem-
tion areajoading conditions andssociatedouting under weather andperationcon-
straints

This study considered the case of 6 sister vessels of 2650 TEU capacity in which,
despite an extensive fatigue life evaluation at the design stage, cracks appeared early



in their operational life and progated rapidly in théoremost baysransverse hatch
coaming staysL2 to L11 at Fr.206 and L2 to L8 at Fr.21&g. 1 showsan overview

of the cracked stays locations in the vesBee ship-ownerreported that, for all of the

6 vessels, the cracking appeafedyear after the beginning of their operationstiom

North Pacific route from Taipei to Los Angeles and resulted in crack length ranging
between 50 mm to 350 mm when detected by the crew. Besides, waiting for the stays
upgrade on the yet uncracked vessels, the crewtsakelpse watch on those critical
areasand reported thagome previously undetected cracks appeared and propagated
extensively in the stays aftarvoyage with particularly adverse weather conditions.
Based on those observations, this stpdygposed a method tealidate the fatigue
strengheningof new stays andxamined lie crack initiation by damage accumulation
and thesubsequentrack propagatiothroughadvanced numericahethodsinvolving
seakeeping and finite element analyses
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ToTat 2646 TEU
PRINCIPAL DIMENSIONS

LENGTH OVERALL 21300 M
LENGTHB. P 20210 M
LENGTH (RULE) 19989 M
BREADTH (MLD) 220M
DEPTH (MLD) 1650 M
DRAFT DESIGN (MLD) 1050 M
DRAFT SCANTLING (MLD) 150 M
DWT AT DESIGN DRAFT ABT 26,819 MT
DWT AT SCANTLING DRAFT ABT 32,190 MT
SPEED ABT 2270 KT

Fig. 1. Overview of the considereztackedransverseoamingsstaysin thevessel

This studyconsistsof threemain sectiors. Thefirst sectionpresers a simplified me-

thodolog to validate the fatigue strengthening of ttracked staysThe secondsec-

tion presentghe fatigue damage accumulatiaesessmertonductedto validate the
fatigue strengtheningThe thirdsectiondiscusses on the crack driving loads the

ship operational profileeffecton the fatigue predicti@andon the speed of therack
propagation.



2 Fatigue strengthening

2.1 Hot spot stress reduction factor

In practice, when a fatigue crack is detected in a structural detail, the most common
corrective action consists in welding the crdtk and thereby resetting the fatigue
life of the structural hot spot. However, if the ship operational profile remains u
changed, the crack is expected to occur again after a period oédumelentto the

ship lifetime at the crack appearance ). For a cracloccurringafter half the ship
design life (), the welding repair might be deemed satisfactory since the cracking
would not occur before the end of the design life. However, foraekarccurring
before half the ship design life, the welding repair will not be sufficient to prevent the
crack from reappearing within the design life. For that early cracking case, the red
sign of the structural detail should be preferred in order toceethe hot spot stress
and, by thenincrease its fatigue strength.

This sectionproposed a simplified approach to quantify the required hot spot stress
reduction of the new structural detail desiga that its remaining fatigue life would at
least meethe ship design life. The fatigue damage for a single slede@&ve carbe
calculated withEq.(1) as provided in IAC$2]. Although most of the 8l curves are
doubly sloped, this single slope assumption of ti¢ Girveis deemed satisfactory in
the caseof an early craclappearancéor which most of the fatigue damage isnco
sumed in the low cycle part of theNscurve.
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wh e r gsis thé long term hot spot stress range at the reference probability level of
exceedancef 1/Ng that is set tdl0? anda 2parameter Weibul functiofi() with a

shape parametertaken asl.0. K, and m are the-8l curve parameters, and,\ the
number of wave cycles experienced by the ship during the design fatigue life that can
be expressed as:

£ 4 ooeRuv T oeim |,C 2
where T is the ship design lifefy is the fctor taking into accouriime in seagoing
operations excluding time in loading and unloading, repairg L is the ship length.

For validating the fatigue strengthenjnbis study employed a simplified approach
thatexpresedthe ratio of target fatigue damage to achieve theameing design life
of the vessel (R to the fatigue damage at the crack occurrencgDin the
Eq(3).
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whereK, , and m, arethe SN curve parameters applicable to the hot spot of the ori

inal stay design and X, and m, arethe SN curve paramters applicable to the hot
spot of the new stay desigandwhereo {s crack@Nd @ s rarger@rethe referencedong-
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term hot spot stress range the probability level of 1/Ncrack @nd 1/Ng targei r€SPE-
tively, thatresults inD¢rack@nd iNDiarges respectivelyas calculated bgq(1).
, and with
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By assunng thatthe ship operational profileould remain unchanged after the crack
repair and, by then, the lofigrm distribution of load cycles and loading conditions
therequired hot spot stresangereduction to ensure a remaining lifEp(- T¢racy that
meets the design life ) can becalaulatedby Eq.(6).
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In the case wherthe SN curves applicable tahe hot spot®f the original andf the
new desigrof the stayarethe same, th&q(6) can befurther simplified asexpressed
in Eq(7):

3K R 4 7

3 4 4

()

In the case where thel$ curves applicable tthe hot spots athe originalandof the
new desigrof the staysare different, theeferencehot spot streseange(qiys crac) for
a probability of exceedance of H{N.cx here set to 18 thatresults ina given dan-
age of the original design (i.e (R=To/Tacy IS to bededucedirst as perEq(1), so
that thetargethot spotstressangecan beevaluatecasexpressed Eq.(8).
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, and thehot spotstresgangereduction factoformulationin Eq(6) become<q(9).
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For the original stay, the crack initiated from a hot spot located at the edgeasf a m
chinecut soft toeThe FAT1255-N curvewith a slope set t;m=3.5 is appropriate for
this type hot spot to elimte the fatigue damages provided by the IACE] based

on IIW recommendatiofi3]. A first fatigue strengtheningstrategy has consisted in
increasing the soft toe radiasd ®nsequentlythe same FAT125 (m=3.5}1$ curve

was thus applicable.Another fatigue strengtheningstrategy was considereid line

with IACS recommendatiofd] thatconsisted iraddinga face plate at the edge of the
stay so that the hot spot would ndve located at thevelded joint betweethe face
plate and the declkConsequentlythe FAT90 (m=3.0) SN curve was selected b-
cause commonly used for the fatigue assessment of wetdeetctiondy using the



stress interpol@in technique[0.5t 1.5§ as provided by IAC$2] based orMaddox
[5] study Fig. 2 illustrates the SN curve FAT125 (m=3.5) and FAT90 (m=3).
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Fig. 2. SN curves applicable to the fatigue assessment of the original and the -fatigue
strengtherd stay.
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Fig. 3. Targethot spotstress reduction factor to be achieved by the fatigresmgthening.

Then, thetargetstress reduction factdor crack occurenceat various ship lifetimes
was evaluated as pé&igs(7) and (9) for the two fatigue strengthening strategias
shown inFig. 3. It can be observed that, for tlenlarged soft toeadius strengtha-

ing, the target stress reduction factor was approximately 13% larger than dhat pr
duced for the'Additional face platestrengtheningand as such, ith first strategy
looked more efficient to strengthen the stay against fatigue crackwey. all the
considered shipghe earliestcrack occurrechfter 1.0 year operation Therefore, to
produceaccordinglya satisfactory strengthening against fatigue cracking, the target
hot spotstress reductiofactorto be achieved by the new stay design shouldpbe a
proximately of 40% for a redesign involving larger softtoe radius, or28% for a
redesign involvingan alditionalweldedface plate



2.2  Hot spot stress reduction evaluation

This study employed finite element analyses (FEA) to evaluate the hot spot stress
reduction between the original and the redesigned stays. For that, an identical nominal
loading condition wi be applied on botlstaysFE mode] so that the produced hot
spot stresses can be consistently compared. For those FE analyses, the orientation of
the load must reflects the realistic load figaration that maximizgthe stress at the
hot spot and, as such, contribditbe most to the fatigué&or the hatch cover ultimate
strengthassessmenthe IACS|[6] requiresto considerthat the ordeck containers
longitudinal component of the inertia loads transmitted to the hatch casearisdby
the stopperswhile thebearingpads, thereby assumed frictionless, would only transfer
the vertical component of the inertiaalis. Howeverin Fig. 1, the orientation of the
crack pathhelped identifying the direction of the principal stresses driving the fatigue
that, by definiton for a mode | of crack opew, are perpendicular to the crack dire
tion. This crack orientation was thus induced by aplane bending of the stadri-
ven by thelongitudinalinertia load fluctuatios transmitted from the hatch cover to
the top of the transverse coamisg thatnonnegligible friction forces wergansmi-
tedthroughthe bearing pads. Likewise, the IAQ4 provides several recommemd
tions for the strengthening of transverse hatch coaming stays that suffered fatigue
cracking, and identifies the source of the damagjeeingdue to arfinsufficient can-
sideration of the horizontal frion forces in way of thbearingpads for hatch co
er". Finally, it worth being noted thaas located inside the line of hatch opening, the
stays are not exposed to the global bending and torsion of the hull girder, and those
effects weréheredisregardd accordingly

In addition, he IACS requirements] for the hatch coves ultimate strength eVa
uation provide design loads that the consideredoremostcontainer bay (seeFig.
1), setan extremecyclic heave acceleration amplitudé 0.45 g's and a longitudinal
acceleratiorof 0.2 g's. The combiation ofthosevertical and longitudinal acceker
tions wasthus usedn this studyasa first estimateo determinethe orientation of the
crack driving loadshere set té-, = 44%F,, to be appliedor thehot spotstress redct
tion assessment.

The stag local FE models weréghenmade of shell elementsith avery finemesh
size set to the platinthickness so called'txt’, and the steel materiaépresentecs
linearelastic.Fig. 4 shows the Finite Element models of the original stagthoseof
the strengthenedtay designsThis model was deemed small enough to be rapidly
built and sufficiently large to reduce the eff@f the boundary conditions on the hot
spot stress. Finally, a minal loadwith an orientationof F, = 44%F, wasapplied at
the top plate in way of the stay, where bearing pads are locatemhd anamplitude
arbitrarily set so that, for the originatay, a hot spot stress of 100 N/fwas d-
tained that enablealclearer observation of the stress reducfamtor (%) achievedoy
the strengthenedtaydesigns

All the strengthenedtay designemployed the same 11 mmild steelplating as
for the originaldesign so thatnew hot spos would not ariseby mounting stay sig-
nificantly stiffer than the adjacent hatch coamitgucturalmembersFig. 4 shows
for the variouslesign=of stay the main modifications and the resulting hot spot stress



produced by FEAIt can be observed thhy enlargng thesoft toeradius to 400 mm,
the hot spot stress reduction fact®2%) did not meet thetarget value o#0% (see
Fig. 3), whereashy addng aface platethe hot spot stress reduction factdr'FP2
(27%) did meet the target value 28%. In addition as recommended by the IACH
to improve the fatigue strength, a full penetration-netd was provided at the face
plateconnectiorto thedeck.
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Fig. 4. Local FE model of the Staly2 at Fr.206(left) and hot spot stress reductiassessment
for thestrengtheaddesigngright).

3 Fatigue life assessment

3.1  Ship operational profile

The 6 sister vesselgere charteredon a North Pacific route between Taipei and Los
Angeleswith atime in seagoingonditioncorrespondingo 80% of theiroperations.
The average speed wsest to80% the vessel design spegfd@2.7 knt andtwo loading
conditiors were consideretly this studycorrespondingo 75% and 100% théotal
deadweightapacity.Table 1 lists the shiphydrogatic properties for those two Ida
ing conditions The actualon-deck containers loading condit®af the foremost bays
were not made availablebut the loading manuaindicated that between 75% to
100%the total design capacitthe on-deck containemass distributiosat those bays
would beidenticalwith anaveragemass of24 t per 40' containerg-or this studyi, ti
was thus assumed that the bays were commonly lhdlged Table? lists the details
of therelatedon-deckcontainetbay arrangement.



Table 1. Ship hydrostatic properties

75%DWT 100%DWT

Displacement (t) 40516.1 45880.8
LCG (m) 98.32 97.54
VCG (m) 13.88 14.49

Draft - MS (m) 10.48 11.42
Trim (deg) 0.27 0.53

Table 2. Foremost bay&containers arrangement on hatch covers

. 14 10 06 02
Bays(seeFig. 1) 15 13 11 09 07 05 03 01
Containersaarrangement 4 Tiers 4 Tiers 4 Tiers 2 Tiers
on hatchcovers x 11 Rows x 11 Rows x 7 Rows x 5Rows
Mass of bay (t) 1056 1056 672 240
XG (m) 140.6 154.7 170.5 184.6
ZG (m) 24.4 24.4 24.4 24.5

3.2 Ship motions and dructure analyses

The structural modedf the foremosthatcleswasmade of shell elementsith a mesh
size set to the stiffener spacifigere~600 mm)and the steel materialas represented
as linear elasticin addition at the hotspotshe transversecoamingstays on Fr.206
and Fr.210 wereepresentedising the very fine meslx t techniquepreviouslyde-
scribedin section2.2. Fig. 5 showsthe Finite Element modealf the foremost hatches
that extended vertically from thé@“eck,with the container massarried bythe cor-
respondinghatch covergepresented throughass elments (ed square) located at
the center of gravitprovided inTable 2, and the interpolation elementblue lines)
that were employed to distribute theertialoads from the mass elements to the co
responding hatch covebearingpads.Finally, the aft and fore esdof themodel| as
well as the ¥ deckwere set assimply supportedThoughbiggerthan the local mo-
els presented iirig. 4, this model was deemed small enough to be rapidly built and
sufficiently large toreproduce realistically the inertia loads distributmmthe hatch
coamingand toreduce the effect of the bodary conditions on the hot spot stress.
addition, the sliding of the hatch cover waaredisregardedas discussed isection
2.2, by the use of th interpolation elementbat transmitted the whole of the longit
dinal componenbf theinertialoads through the bearing pads

A first FE model was created based on the original design of the stays, and then a
second version was made by replacing thécatistaysL2, -L5 and-L8 at Fr.206 by
the strengthened stadesign'FP2 presented irFig. 4. The structural response was
evaluated by statianalyss conducted with NX NASTRAN7] andthe loadsn terms
of ship motions and accelerationgre transferredrom seakeeping analysearried
out throughHydrostar{8].
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Fig. 5. ForemosthatclesFE model.

First, the structuralresponsen stillwater conditionwas evaluatedy FEA. Table3

lists the mean stress at the hot spots of each stay that appeared to be always in tension
since this loading conditioresultedin the inward deflection of theansversehatch
coamings at Fr@6 and Fr.210. The mean stress effect was thus disregarded in the
next fatiguelife assessmentsince itis especially relevant for comprégs mean

stress

Table 3. Hot spot mean stress the transverse coaming stays

Omean Fr.206 Fr.210
(N/mn) L2 L5 L8 L11 L14 L2 L5 L8

Original stays 345 20.3 255 8.8 -16.4 255 118 99
Strengthenedstays| 19.8 16.6 15.2 - - - - -

The seakeepin@nalyses werg¢hen carried out using the potential flow theory CFD
softwareHydrostar[8] for the wo consideredoading conditiongseeTable 1). The
ships motions were evaluated for 36 wave headings ffota 850 and for 40 wave
frequencies from 0.05 rad/s to 2.0 radHkg. 6 shows for both loading conditions, the
produced response amplitude operators (RAD3hip heaveacceleratiorand pitch
motions It appearedhat thelargestmotionswere obtained for thbeadsea(here,
h=180ckg) and quartering seas, and thhe largest motions wer@ducedfor the
loading condition set to 75%DWT herefore sincethe foremost bayshatch covers
carried the samen-deck container mader both loading conditiongheinertia loads
produced by the 75%DWT motions will be larger than for that of the/dMOT,
and, accordingly, théatigue lives obtained for the 75%DWT motionsere antic-
ipatedto be the lowest.
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Fig. 6. RAOs of ship heave acceleration (top) and pitch motion (bott@mj corresponding
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Fig. 7. RAO of hot spot stress of the original sia® at Fr.206 for 75%DWT (left), andorres-
pondingpeak values' wave headidgstributionfor the original and thestrengthenedtays for
loadingconditionsset to 75%DWT and 100%DWT (right)

After transferring the loads tooth the original and the strengthened steigsnodels
the finite element analgs were conductedndthe RAO of hot spot stress wetteen
extracted as needed for thpectralfatigue assessmenfFig. 7 (left) shows the RAOs
of hot spot stress of the sthp at Fr.206 for a loadingonditionset to 75%DWT, and
(right) the correspondingpeakvaluesof the original and thestrengthenedtays for
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loadingconditionsset to 75%DWT and 100%DWT. It can be observed that tige lar
est stress RAOs occurred in head (here, h=180deg) and quarterimhseaapidly
droppingfor beam sea angeyonduntil following sea (hereh=0deg). It appeared also
that for thestrengthenedtay,the peakvaluesdroppedsignificantly compare tahose

of the original stay, up to 3.6 times decrease for the headssehboth loading comd
tions

3.3 Fatigue damage accumulation

Spectraffatigueanaly®s (SFA) were conducted to evaluate the fatigue damage for 25
years of seagoing operatioffhe Jhour dortterm stationary irregular sea statess
described by &iersonMoskowitz wave spectruntombined to a case 2s wave
spreading spectrumsrecommended byACS [9] to represena fully-developed sea
that corresponds to most of the states encountered by the vessebr the North
Pacific route (i.e'Taipei to LosAngelesj on which the ships were cftared andthe
South China Sea route (i.@aipei to Singaporgbn which the ships presentlycha-
tered(seeFig. 8), the longterm waveenvironmerg werederived from the wave sta
ter diagrams provided by the BiftQ] for variousoceanareas The equivalent wave
scatterdiagramwas produced ahe sum of the scatter diagrarosrrespondingo the
oceanareascrosseduy the shipg along theshortest patland weighted by th&action
of time in eacharea whichwas taken athe ratio of thecrosseddistance in eachrea
to the tdal distanceThe encounteredvave headings weriaken asuniformly distni-
buted.This approachlisregarded thuthe effect of the speeds and headivgriatiors
inducedby the routing under weather and operations constraifisally, the S-N
curvespresented irFig. 2 were used t@®valuatethe accumulated fatigue damagie
theoriginal and theFP2 fatiguestrengthened stays (sEgg. 4).

Fig. 8. Considered trading routesawnon Bmts'Map of Area Subdivisiongl(Q].



























