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16. Alxkxact (Continued)

Reviewofthisresearchindicatesthatshiphullsteelscurrently
usedwithgeneralSUCC6SSwillnotmeettheproposedtoughnesscriteriafor
primaryload-carryingmainstressmembersandthatthecrack-arrestcriteria
canbemetbyonlyaveryfewofthesteelscurrentlyusedforthispurpose.
Moreover,manyofthecommonshipsteelweldmentswillnotprovidethetough-
nessspecifiedintheguidelines.Theresearchworkdemonstratesthatstrain
ratesexperiencedbyshipsinservicearenotashighasassumedintheguide-
linesandthatthecrack-toughnesslevelsavailableinshiphullsteelsdur-
ingdynamiccrackinitiation,propagationandarrestarehigherthanthose
impliedintheimpacttestsproposedforfracturecontrolintheservice
temperaturerange.

Onthisbasis,modificationstotheproposedguidelinesarenecessary
torecognizethetoughnessreserveavailableinthesteelscurrentlyusedin
shipserviceinprimaryandsecondaryload-carryingmembersinmains~ress
regionsoftheshiphull.Itisalsoshownthatfew,ifany,steelscan
provideassuranceofarrestinglargerunningcracksutilizingonlythetough
nessresidentinthesteel.Itisreconunendedthecrack-arrestbetreatedas
a probleminwhichthedesign,thelocation,andthematerialofthecrack
arrestingsystemworktogethertoaffectfractureconrrol.

Proposedareasoffutureresearchincludedinthisreportarethe
developingofa greaterdatabasewithrespecttothebehaviorofshiphul~
weldmentsandthefracture-toughnesscharacterizationofshipsteelsovera
rangeofloadingratesintheNDTtemperaturerange.Crack~rresttest
developmentandabetterunderstandingofcrackarrestersystemsareanother
neededresearcharea.Finally,thereisstilla needtodevelopa simple
fracture.toughnesstestthatcanbeusedtoassessKId/aydratiosinship
steelsattheloadingratessimilartothoseexperiencedinservice.
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A. HistoricalBackground

I. Introduction

Theproblemofdevelopingadequatefracture-toughnesscriteriafor
shipplatesteelsisoneoflongstanding.Startingwi~hWorldWarII,
therehavebeena seriesofresearchinvestigationswhichhavehadastheir
focusinsuringthatshipplacematerialswillhavesufficientresistanceto
brittlefracture.Theinitialinvestigationsarelongsincedocumentedand
nowwellknownintheengineeringcommunity.Theseinvestigationsmadethe
Charpyimpacttestthefracture-toughnessstandardthatithasbeenforthe
lastthirtyyearsandgavethe15ft-lb.energylevelintheCharpytestthe
significancethatithastoday.Thecontributionofthesestudies,andthe
useofa transitiontemperaturebasedontheCharpyimpacttesttocontrol
fracturecannotbeoverestimated.It.was perhapsoneofthemostimportant
stepsinthechainoffracture-controldevelopmentthathasbeenseeninthe
pastfiftyyears.However,intheperiodoftimesincethoseteststudies
werecompleted,manychangeshavetakenplaceinthematerialsandinthe
typesofservicethatarerequiredofshipplate.Ingeneral,strength
levelsandplatethicknesseshavetendedtoincreaseoverthetimeperiod
between1945andtoday,anditisnaturalthatcriteriausedtocontrolthe
fracturetoughnessoftheplatesthatwereusedinshipsinthepastmaynow
havetobere-examinedinthelightofthecompositionsandthicknesses
employedtoday.

Itmaybeexpectedthatre-examinationofthebrittlefracturecon-
trolplanforships,as withotherlargestructures,willbea continuous
discipline.Asthedecadeshavepassedsincethosefirstengineeringstiies,
a significantnumberofnewfracture-controlconceptshavebeendeveloped
andapplied.Someoftheseconceptshavenotbeendevelopedwithinthecon-
textofordinaryshipplatema~erialandmaynotnecessarilybeusefulin
transportships.Shipplatesdevelopedfornavalapplicationsinwhichboth
highstrengthandhightoughnessarerequiredledtothedevelopmentofa
seriesofnewfracture-controltestsbeginningwiththedropweighttestlin

2whichwasdevelopedinthethemid-1950’sthroughtothedynamicteartest
1960’s.Theintentofthesetwotestswastoassessthetoughnessofship
platematerialusinglargerspecimensthanthestandardCharpyimpacttest,
and,thereforesemulatingmoredirectlythebehaviorofhigherstrengthand
greaterthicknessshipplate.Itisnotsurprising.thatthetestsdeveloped
fortheseshipstructureapplicationswouldeventuallyinfluencethetesting
techniquesappliedtomoreordinaryshipplate.

B. DevelopmentofFractureMechanics

Paralleldevelopmentwithhigh-strengthsteelsinthesametimeperiod
ledtoa seriesoffracture-controlconceptswhichwerefertotodayas



LinearElasticFracLureMechanics.Indeed,thestudyofthebehaviorof
high-strengthmaterialsunderconditionsofhighconstrainthashadanim-
portantinfluenceontheconceptsoffracturecontrolastheyareapplied
tolowstrength,lowconstraintshipstructures.Forexample,therehas
beena strongtendencyinthelastfiveyearstoreinterprettheoldermore
establishedtoughnesstests,andtoattempttoutilizethedatathathave
beengeneratedfromthemovera periodofthirtyyearsbygivingthemnew
interpretatiens.Indeed,rherehavebeensubstantialeffortstomodifysuch
testsastheCharpyimpacttesttoenablethemtoprovidethekindofinfor-
mationthatcanbedirectlyutilizedinfracture-toughness-basedfracture-
controlplans.

TheinitialstudiesofLinearElasticFractureMechanicssuggested
thatsmall-sizedtests,suchastheCharpytest,couldnotprovidethefrac-
ture-behaviorinformationnecessaryforfracturecontrolinengineering
structures.Therearestudiesthatdisputetheaccuracyofthisposition.3
Moreover,subsequentstudiesofthebehavioroflargestructureshaveshown
that,whilebrittlefractureunderplanestraincanoccur,.themostcmmnon
serviceloadingsformanystructuresproduceconditionsbetweentheplane
strainandplanestress.Onthisbasis,theconditionsoftheCharpytest,
whilefarfromidealfroma theoreticalviewpoint,maybeusefulinestab-
lishingadequateempiricalrelationships.Tndeed,itwasfoundthatolder
fracture-controlplansbasedprimarilyontheCharpytestcouldbeshownto
haveincorpora~edfracture-toughnessconceptseveniftheiroriginalbasis
wasprimarilyempirical.

c. ShipStructureConmitteeStudies

A majorreviewoffracture-controlplansforsteelshiphullswas
undertakenbyRolfe,RheaandKuzmanovicunderthesponsorshipoftheShip
StructureConmitteein1972andwaspublishedin1974.4Thissignificant
workundertooktoexaminenotonlythematerialperformancecharacteristics
requiredforshiphullservicebutalsotodevelopcriteriafordesignfac-
torswhatwouldinteractwithmaterialbehaviortoprovideassurancethat
brittlefracturewouldnotoccurinweldedsteelshiphulls.Itisnotsur-
prisingthatthisworkwouldsuggestmanyareasoffutureresearchand,be-
ginningin1975,a subsequentseriesofresearchprogramswereundertaken
underShipStructureCommitteesponsorship.Itwasthepurposeofthese
studiestoclarifypointsraisedinthereportofRolfeetal.andtopro-
videdataonshipplatematerialtoestablishwhetherthecriteriadeveloped
werepracticalandapplicabletoshipmaterialsusedtoday.Theseresearch
programseventuallyresultedinadditionalShipStructureCommitteereports.
Notableamongthesestudieswasamaterialtoughnessstudyentitled“Frac-
tureToughnessCharacterizationofShipbuildingSteels,”a researchinvesti-
gationperformeda~theNavalResearchLaboratorybyHawthorneandLOSS.5
A follow-upstudyentitled,“Fracture-Beh~viorCharacterizationofShipSteels
andWeldments,”byFrances,CookandNagywascompletedwitha studyof
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stratn-rate
Rateonthe

effectsusingthesamesteelsentitled‘~The
ToughnessofShipSteels,”alsobyFrances,

EffectofStrain
CookandNagy.7

Bothoftheselatterstudies-weredoneatSou\hwestResearchInstit;~e.The
subsequentreports,combinedwiththereportofRolfee~al.,weredesigned
toincludeinformationontherangeofthematerialsusedinshipplateand
howtheyrelatedtothecriteriaproposed.Theywerealsotodeterminewhat
furtherresearchinformationwouldberequiredtofullyimplementthesug-
gestions.

D. ResearchbyOtherAgencies

AtthesametimeastheShipStructureCommitteewassponsoringre-
search,datawerealsobeingobtainedonsimilarmaterialsatothe~agencies.
Forexample,a substantialamountofdataonmaterialsofsimilarcomposition
andmechanicalpropertiesweredevelopedundertheauspicesoftheAmerican
AssociationofHighwayandTransportationOfficials(AAHTO).Thisorganiza-
tionhad‘undertakentodeveloprationalfracture-controlplansforbridge
structuresintheearly1970’s.8Inordertodoso,theymadea seriesof
researchinvestigationstoassessaspectsofthefracture-controlproblem
thatwerenotincludedintheShipStructureCommitteework.Moreover,dur-
ingthesametimeperiod,investigationsofthefracturebehaviorofcarbon-
manganeseandcarbon-manganese-alloysteelshadalsobeenundertakenbythe
PressureVesselResearchCoumittee oftheWeldingResearchCouncil.

Inconjunctionwithanumberofcompanies,theWRC-PVRCundertook
todevelopdaa onthefracturebehaviorofmaterialsusedinnuclearpres-bsurevessels.Theintentwastodevelopa rationalfracture-controlplan
fornuclearreactorsbasedona fracture-mechanicscharacterizationofthe
steels.Thedevelopmentofthisfracture-controlplan,whicheventuallybe-
camepartoftheAsMEBoilerandPressureVesselCodeSection111,alsostim-
ulatedanumberofresearchinvestigationsbycompaniesandagenciesinvolved
inthenuclearpowerindustry.Notableamongthesewereinvestigationsspon-
soredbytheElectricPowerResearchInstituteandtheHeavySectionSteel
TechnologyProgram.Thesewereaimedatobtaininga characterizationofat
leastseveralgradesofsteelsusedinnuclearreactors.Whiletheseinves-
tigationswerenotofmaterialsthatweredirectlycomparabletoshipsteels,
itisapparentfromanexaminationofthecompositions,microstructureand
generalmechanicalbehaviorofthesesteelsthatmuchoftheinformation
couldbeapplicabletoshipsteelsaswell.

E. ScopeofThisEvaluation

Thus,itappearsreasonableonthebasisoftheextensiveworkunder-
takensincethepublicationofthefracture--controlguidelinesforwelded
steelshiphullsdevelopedbyRolfeetal.,thata carefulre-evaluationof
thoseguidelinesbeundertakeninthelightofthenowexistingdata.Itis
thepurposeofthisreporttomakesuchananalysis.Foremostintheevalu-
ationoftheguidelineswillbetheworkreportedanddiscussedinShipStructure

3
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CommitteeReports248,275and276.However,theworkperformedunderthe
sponsorshipofthePressureVesselResearchConnnitteeandbyotheragencies
willalsobeconsidered.Inaddition,partoftheinformationneededto
developthefracture-controlguidelinesinmoredetail,thatis,thestresses
andstrainratesinshiphulls,havebeendevelopedoverthe6-yearperiod
sincethepublicationofSSCReport244.Thesedatahaveprimarilybeenfrom
additionalShipStructureCmmnitteeresearchstudiesand~indeed,arethefrui-
tionofanumberofyearsofresearchoninstrumentedshiphulls.Thesedata
areanimportantinputintoanevaluationofanyshipfracture-controlpro-
gramandneedtobeusedtoevaluatethefracturecriteriainthefracture-
controlguidelinespublishedin1974.

Atthestart of this Study, thespecificchargetotheauthorwasto
answerthreebasicquestions.

1) Areenoughdataavailabletoadequatelyassessthe
proposedfracture-toughnesscriteria?

2) AreLhefracture-testmethodsproposedinShipStructure
ConmitteeReport244adequatemeasuresofmaterialperformance
inshipapplications?

3) Basedonmaterialdataandserviceperformance,are
modificationstotheproposedcriterianeeded?

Itisthepurposeofthisreporttotrytoanswerthesequestionsand
todeterminewhatresearch,ifany,isneededtoprovideanswerstothose
questionsforwhichcurrentinformationisinadequate.

II. CurrentAmericanBureauofShippingShipHullSteelRequirements

ThecurrentshipsteelsincludedintheAmericanBureauofShipping
specificationsareindicatedinTables1and2. Thebasicrequirementsfor
thepurchase,inspection,testing,repairingandapplicationofthesesteels,
as wellastheirmethodofmanufactureandheattreatment,arefoundinSec-
tion43oftheAmericanBureau ofShippingRulesforBuildingandClassin&
SteelVessels10fromwhichTables1and2arederived.Thegeneraldivision
ofsteelsis into “Ordinary-strengthHullStructuralSteel,”includingGrades
A,B,D,E,DSandCS,and“Higher-strengthHullStructuralSteel,”including
GradesAH32,DH32,EH32,AH36,DH36andEH36.Section43alsoincludes“LOW
TemperatureMaterials”whicharesteelsforcargotanksandsecondarybar-
riersforcarryingliquifiedlow-temperaturecargos,andsectionsonhull
steelcastingsandforgings.

A. OrdinaryandHigherStrengthSteels

Consideringonlytheordinarystrengthandhigherstrengthhullstruc-
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TABLE1

RequirementsforOrdinary-strengthHullStructuralSteel
GradesA, B,D, E,DS,CS

Crodes

Deoxidatimr
A B D E DS Cs

Anymetfmf Anymethod Fullykillsd Fullykillsd Fullykilled Fullykilled- .–exceptrimmed except 8ne-grain fine-grain fine-grain Iillt.grain
steelfor rimmedStEel practicez practice practice practice

platmover (see43.3.24 (See43,3.2d)
12.5mm(0.5in.)

(See43.3.2d) (Sse43.3.2d)

ChemicalComposition
(LadleAnalysis)

ForallgntdesexclusiveofGradeAshapasandbarsthecarbonmn~ent+1/8ofthemanganesecontentisnotto
exceed0.40%,Theupperlimitofmanganesemaybeexceededuptoamaximumof1,65%providedthkconditionis
satistied.

Carbon%
Manganese%

0.Z3max.l
2.5xcarbon

min.for
platesover
12.5mm
(0.5in.)

0.04max.
0.04max.

0.21max< 0.21max. 0,18max. 0.16mu. 0.16max.
0.80-1.100,70-1.350.70-1.350.60min.for

LOO-LM LOO-US
0.CJ3min.for

fullykilled thickness25mm
nrcold (1.0in.)and
flanging under”

0.04max. 0.04max. 0.04max, 0.04msx, 0.04max,
0.04max. 0.04max. 0.04m*x. 0.04max. 0,04mm.
0.35max. 0.10-0.35 0.10-0.3s 0.10-0.350.10-0.35

Phosphorw%
Sulphur%
Silicnn%

TensileT-t
Tensilestrength ForallGrades41-50kg/mmz(58,001)-71,000psi);forGradeAshapfi41-56kg/mm2(58,000-80,000psi).

Forcoldflangingqua[ity39-46kg/mm2(55,1XHI-65,000psi)
ForallGrades:24kg/mm2(34,000psi);fnrGradeAover25.0mm(LOin.)inthickness23k~mtnz(32,000psi).Forcold

flangingquality:21kg/mm2(30.000psi)
ForEJ1Grades21%in200mm(8in.)(See43.3.4dand43.3.4e)or24%in50mm(2in.)(forspecimenseeFigure43.2)or

22%in5.&5W (Aequalscmss+ectionalareaoftestspcimen).ForcoldflangingqualityM%rein,in200mm(8in.]

YieldPoint,min.

Elongation,min.

ImpactTest
CharpyV-Notch
Temperature OC(32F) –10C(1.4F)-40C (–40F)

Over25mm

lhergy avg.nrin.
(1,0in.)

LongitudinalSpecimens 2.8kg-m
m (20ft-lbs)

TransverseSpecimens 2.0kg-m
(14ft-lbs)

2,8kg-m
(20h-lb,)
2.0kg-m

(14ft-lbs)

2.8kg-m
(20ft-lbs)
2,0kg-m
(14ft-lbs)

3 fromeach
plate

No.ofSpecimens 3 fmm
each50
tons

3 fromeach
50tons3

HeatTreatment Normalized
over35mm
(1.375in.)thick’

Normalized

Marking As
A Y

AB
i%

Note-s
1 Amaximumcarboncontentof0.26%isacceptableforGradeAplates

‘Tal tOOr1~ than12.5mm(0.5in.)andaUthiclmew-ofGradeA
shapes.

Impactt~tsWEnotrecpiredfornormalizdGradeD steelwhen
furnishedfullykilledfmegrainpractice.
controlrollingofGradeD steelmayIMspec,allyconsideredasa
suixtitutefornonnufizimginwhiche impacttrotsare’requiredfor
each2Stonsofmaterialintheheat.
GradeDhullxeelwhichirnormdizsdm connvllmjrolledinac-

3

4

5

2 Cr;ffeD maybe furnishedsemi-killedi“ thicknessuptow mm
(L375im)providedsteelshove2S.0mm(MMi“.)in \icknessb
normakmd.[nthiscasetherequirementrelativetominimmnSi&
Alcontentsandfinegrainpracticedonotapply.

mrdanccwithNote4 istob marked~.
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TABLE2

RequirementsforHigher-strengthHullStructuralSteel,
GradesAH32,DH32,EH32,AH36,DH36,andEH36
Processofhlanufacture:OpenHearth,BasicOxygen,mElectricFurnace

Grades’ .41+’2!3 DH32 EH32 Af{36
Deoxidation Killed, Killed,

Semi-Killed EmeGrain FineGroin Semi.killed
orKiIIedJ

ChemicaICompositionfor.411Grades
~L~dlewmlysis)

Carl]on,% ().1Smax.
\langJnese,%Z 0,90-1.60
Phosphorus,‘% 0.04max.
Sulfur,% 0.04max.
Silicon,%3 0!10-0.50
Nickel,% 0.40max.’
Chromium,% 0.25max.
hloljhdenum.% 0.08max.
Copper,TO 0.35mm,
Colllmbium,% 0.05max.
(Niol>illm)
V.maclium,% 0.10max.
TensileTest

Theseelementsneednotbe reportedon themillsheet
unlessintentionally~dded.

DHXi EHXI

KMed, KiWd,
FineC.rain FineCrdm
Practicet Prwticca

TensileStrength 4$-fYlkg/mm::6fI,000-85,000psi 50-63kq/rnm~;71,00fM0,000psi
YieldPointorYieldStrength,min. 32lig/mm:;45,500psi 36 kfz,,lmmx,51,M0psi

Elongation,min. ForA]]Grades:19%in 2M)mm(8 in.)or22%in 50mm(2 in).(forspecimeninFigure43,2)or 20’%in
~.fifi (~ equals~rcaof testspcclmen)

ImpactTest
CharpyV-Notch

Temperature None -20C (–4F)
Required

Energy,wg.min.
LongitudinalSpecimens 3.5kg-m

or (25Ft-fb)s2.-Ikg-;
(17ft-lb)5

No.ofSpecimens 3 fromeach
50tons

>Miing AB/AH32 AB/DH326

Notes
1 Th&numbersfollowingthe Gradedesignationindicatetheyield

pointoryieldstrengthtowhwhthesteelisorderedandproducedin
krg]mmcorpsi.

2 crwle?.H)2.5mm(0.E4)in.)andunderin thicknessmayhavea
mioimumman~arbesecontentof0.70%

3 Cradc.4Hto12.5mm(O.W3in,)incluswcmaybesemi-!dltidinwhwh
VAWthe()I(MmmimomSilicondoesnotapply.unl~sothe~i$e
speckallyapproved,GradeAHover12.5mm(().50m,)istohekdled
with(J.101.,0.WpercentSihc,on.

HeatTreatmentRequiremwlsfor
HigherStrengthHullStructuralSteels

Grade Afl’ DH1 EH

Over Over
Aluminum 35mm 25.5mm “411

Trw~ted (;fi~-) (1 in.) Thicknesses
Stefik Thick

- 40C(- 4017)

3.5kg-m
(25Mb)
2.4kg-m
(17ft-lb)

3 fromeach
plate
AB/EH32

9,

None - 20C(- 4F)
Required

.3.45kg-m
(25ft-lh)5
2..Ikg-m
117f,.lbp

3 fromeach
50tons

AB/AH36 AB/DH36G

-40C (– 40F1

3.5kg-m
(25ft-11))
2..tk:-m
(17[ -il>l

+1 F.,,(1
, Id,.
Af3/EH36

4 GradesDHandEHaretocontainatle~stoneofthegrainrefininq
elementsinmffieientamounttomeettheFmegrainpractwerecpr!re-
ment.(SE..i3.5.2rl).

5 IrnptcttestsarenotrequiredfornormalizedGrad.DF1.
IS ThemarkingAB/LIllNis tobc usedto denoteGrwleD}(plMe%

whichhaveeitherbeennornmd?~edorcontrnlrolledinaccordmce
WItha“ approvedprocedvrc.

ControlrollingofCradesAHaodDHmaybespeciallycmmdercdMJ$ubwimte
fornormalizinginwhichcaseimpacttestsarerequmodoneachplate.IIIthese
casesGradeAHis to be testedat OC(39-F)to meetmaahs,mbcdenerg:
requirementof3.5kg-n,[25k-lb)lougitodinal, orz.4kg-m(17ft-ib)(rmls~,erse.
GradeDHistobctestedinaccordancewithTable43.zforCmdesDH32md
Dll36.
WhenColumbiumorVwdiumweusedmcomhioatlonwitha:achotheror
withAh,mmum,theheattreatmentreqttimmentsforColumbiummV.m,&nnOver over >

Columbium2 12.5mm 12.5mm .411 apply,
or (::i&) (0.5in.) Thiclmesses 3 WhenColumbiumorVanadiumaremedincombinationwith.W]m!num,the

Vanadium Thick hwt treatmentrequiremc~WforColumbiumorVanadium,Ipplv,
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turalsteels,thespecificationcanbeseentoberelativelycomplexand
includesmanyofthemetallurgicalandmechanicalfactorsthatinfluence
strengthandtoughnessinC-Mnsteels.FromGradeA toGradeCS,thenomi-
nalstrengthisthesame:34 ksiyieldstrengthand58-71ksitensile
strength,witha fewexceptions.Tensileductilityisalsothesame,over
21%elongation.Thetoughnesswillvarydependingon“composition,heat
treatment,thicknessanddeoxidationpractice,andmaygenerallybeexpected
toincreasefromGradeA toGradesE,DSandCS.Acrossthisspectrumof
grades,thecarboncontentdecreasesandthemanganesecontentincreases.
GradesD,E,DSandCSrequirefine-grainpractice,verifiedbyaminimum
aluminumcontentoraMc-QuainEhngrainsizeof5 orfiner,andGradesE
andCSarenormalized.

Inaddition,therearesizelimitationsoneachgradedependingon
theircharacteristictoughnessandwhethertheyareusedinhighstress
regions. Forexample,GradeA islimitedto0.75in.exceptinlesscritical
shiplocations,wherethelimitationis2.0in.GradeB ispermittedupto
1.0in.exceptasa substituteforGradeA wherethe2.0in.limitationap-
plies. GradeDSisacceptableto1.37in.andGradesD,E and“CSareaccept-
ableto2.0in.Itshouldbenotedthattoughnessspecificationsaresetfor
GradesB,D,andE,andtheyareincreasinglymoresevereacrossthesegrades.
ThetoughnessspecificationsforGradeB,liketheheat-treatmentspecifica-
tionforGradeD,dependonplatethickness.

It shouldbenotedthatthecurrentspecificationsdonotinclude
GradeC. Thisgradewasa significan~portionoftheShipStructureComnit-
teeprogram,buthasbeendiscontinuedbyABSduringthecourseofthein-
vestigation.GradeCwasordinarystrengthhullsteelmadetofinegrain
practice,andforwhichimpacttestingwasnotrequiredbutcouldbesub-
stitutedforverificationofdeoxidationpractice.Itwastobenormalized
over1.25in.inthickness.

Thehigherstrengthhullstructuralsteels,Table2,followa similar
patterntotheordinarystrengthsteels,exceptthatcompositionsallfall
withinthesamegeneralbands.Theyieldandtensilestrengthsareuniform,
45.5ksiand68-85ksi,respectively,forGradesAH32toEH32andsomewhat
higherforGradesAH36toEH36:51ksiforyieldstrengthand71to90ksi
fortensilestrength.Deoxidationpracticechangesacrossthegrades,as
doestoughnessspecifications.ThegreatesttoughnessesarefoundinGrades
EH32andEH36,a 25ft-lb.longitudinaltransitiontemperatureat-40°F.

Theuseofthesesteels,bothordinaryandhigherstrength,isalso
governedbytheABSdesignrulesforvarioustypesofvessels.Forexample,
Sections15.13,16.7,22.33and23.11referto“specialmaterials”and
Sections15.15,16.9and23.1.5refertohigherstrengthmaterials.Special
designrequirementsarerecognizedintheuseofthesematerials.



B. Special Materials andCrackArrest

Specialmaterialisusedinseveralsectionsasanapproachtothe
problemofcrackarrest,whichisdiscussedinsomedetailinthereportof
Rolfe,etal.3ThespecialmaterialportionsofSection43,i.e.,43.3.8band
43.5.3b,called“specialapplications,”furtherlimitsthepermissiblethick-
nessesofmostgrades,presumablytocontroltoughness.Crackarrestitself
isnotmentionedinthecurrentABSdesignrules,however,asa substitutefor
specialmaterialsitispossible,undersomeconditions,tousea crack-arresting
rivetedseamatthatlocation.Moreover,thespecialmaterialsarerequiredat
thoselocationsw“herecrack-arrestsystemswouldbetraditionallyapplied.
Thatis,theyareappliedtodeckstringerplates,atthesheerstrakeandat
thelowerturnofthebilge.Fromthis,itmaybeassumedthattheintentis
toprovidea highertoughnessmaterialattheselocationstoeitherinhibit
crackinitiationortoRrovideadditionalresistancetocrackpropagation.

Experiencewithshipconstructionindicatesthatmostshipsarecon-
structedpredominatelywithABSB steelinthecentralportions,withthe
higherqualitygradesbeingreservedforthespecialmaterials.Thus)the
gradessuchasD,E,DSandCSandtheirequivalenthigh-strengthgradesare
theusualspecialmaterials.

c. WeldingControl

Qualificationofwelders,weldingdesign,andtestingandinspectionof
weldsiscoveredinSection30oftheABSRulesforBuildingandClassing
SteelVessels.10 Weldingprocedurecontrolsaresetinthissectionaswell
asqualificationtests.WeldingprocedurequalificationsinSection30.43.4
requireonlytensionandbendtesting.Impacttestingofweldmentsisincluded
inSection30.43.5 “Specialtests,”whichmayberequiredforcertainappli-
cations.Specifictoughnessrequirementsforweldmentsarenotstated.

Compositionofthesteelweldedexertsconsiderablecontroloverweld-
ability,particularlywithrespecttodelayedcracking.TheC+Mn limita-
tionsinTables1and2providea controlonsteelweldabilitythatshould
limitdelayedcracking.NondestructiveexaminationrequirementsofSection30
alsorecognizethepotentialfordelayedcrackingandrecommend,aninspection
schedulethatwilltakethisintoaccount.

III.ReviewofShipStructureConmitteeReportsonGuidelines
forShipHullSteels

A. ProposedGuidelinesbyRolfeandCo-workers

TheessenceoftheworkdonebyRolfeandhisco-workersonShip
ResearchConmitteeProject202,(publishedasSSCReport244),wastoreduce
thegeneralrequirementsforshipshullstoa fracture-controlplanthat
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includedmaterials,designandinspection,andwasbasedonfracture-mechanics
principles.Intheirevaluationoftherequirementsforshiphulls,Rolfeand
co-workersstatedthatthreethingswerenecessarytoestablishaneffective
fracture-controlplanforshipsteels.Thesewere:1. materialtoughnessat
theservicetemperature,loadingrateandplatethicknessinvolved;2.a
knowledgeoftheanticipatedflawsizeinthestructurewhichwouldinitiate
brittlefracture;3.a knowledgeofstress,includingresidualstress,which
mightbeexpectedatthepointoffractureinitiation.Ofcourse,allthree
factorscanbeinterrelatedbyuseoffracture-mechanicsconceptsandthey
canbeusedtodefineconditionsunderwhichbrittlefracturecouldinitiate
orcouldbeprevented.

InthereportthateventuallyresultedfromtheShipResearchproject,
itwasapparentthatdefinitionofthesefactorswasdifficult.Forexample,
stresslevelsinshipsarenotwelldefinedand;thusjitwasnotpossibleto
calculatetheflawsizeswhichare+critical.Theresultingpositiontakenwas
thata flawisunderahighstresslevelduetoweldresidualstressand~thus~
fracturecont~olmustoccurinthepresenceoftheyieldpointstress.While
atfirstassumptionthismayappearto”bea fairlyreasonableone,itplaces
a severerequirementontheplatematerialintermsofthetoughnessthatit
mustprovide.A secondparameter,notwelldefinedintheanalysisofship
behaviorusingfracturemechanicsconcepts,wastypicalflawsizes.Itwas
knownthatshiphullscanhavefairlylargeflawsfromtheexperienceofin-
spectionofshipsat drydocking,andtheassumptionwasmadethatlargeflaw
sizeswouldbepresent.Thisagainplacesa severerequirementuponthe
toughnessoftheshiphullmaterial.

Anotherassumptioninthisreportwasthattheloadingrateappropriate
forshipserviceisfullydynamic.Thisassump~ionwaspresumablybasedon
thegeneralconceptthatwaveslammingandserviceconditionsinhighseas
willproducefullydynamicloads,andthesecouldbereproducedbyCharpyor
otherimpacttypesoftests.Aswillbedescribedlater,impacttestrates
areindeedquitehigh,andthetoughnessofmaterialsusedinshiphullsis
verysensitivetoloadingrate.Theselectionofimpactratesfortestsaddsan
elementofgreatsignificancetotheproposedfracture-controlplan.

Thesumeffectofthesethreeassumptionswasthattheprimaryelement
offracturecontrolwouldbethehullmaterial.Ifshiphullstresses,flaw
sizesandloadingrateswereconsidereddifficult,ifnotimpossible,tode-
fine,theonlyresortistoexpectthematerialtobeabletoresistfracture
underthemostunfavorableofconditions.

Withmaterialtoughnessthusplayingthekeyroleinthefracturecon-
trolplan,itisnotsurprisingthatthereportbyRolfeetal.suggestedthat
a fracture-toughnesstest,specificallythedropweighttest.,beperformedon
allshipplateandthatthistestbeusedinplaceofprocessingcontrolas
theprimaryfracture-controltechnique.

Thebasicelementsoftheproposedplanareasfollows.
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1. FractureControlinHulls

Theleveloftoughnessproposedforprimaryload-carryin~membersin
themain-stressregionsofthehullwasanNDTtemperatureofOF. Itwas
arguedthatthisleveloffracturetoughnessimpliesthataKid/ud ratioof
0.9willbeachievedat32°Fina normalmaterialifa OoFN~Ttemperature
is usedasacheckpoint.ItwasunderstoodthatOoFisbelowtheservice
temperatureofshipplatebutitwaspointedoutthatifO°Fisused”asa test
temperaturethenitmayreasonablybeassumedthattheKId/uydratioforthis
materialwouldbeapproximately0.6atO°F.Allmaterialwithnormalrising
toughnesscharacteristicswouldbringtheKId/Gydratioat32°Fintotherange
of0.9orabove.Thisshouldassurethatthefracturetoughnessintheserv-
icetemperaturerangeforthismaterial,provideditwasata thicknessof2“
orless,wouldbeinEhenon-plane-strainregime,Chatis,thefracturetough-
nesswouldbesufficientlyhighthatthrough-thicknessyieldingwouldoccur
priortofractureunderimpactloadingconditions.

AnNDTtemperatureofO°Falonecouldnotguaranteeinallcases that
steeltoughnesswasrisingrapidlyinthetemperaturerangeimmediatelyabove
theNDTtemperature.Thisconditionwasassuredbyrequiringthedynamictear
testatahighertemperaturewi~haminimumenergyleveltobemetdepending
onthestrengthlevelofthesteel.Thehighertemperaturewasproposedtobe
75°F. Iftheyieldstrengthofthesteelinstatictestswas40ksithenthe
energyrequiredina 5/8inchDTspecimenwas250ft-lb.at750F.Forsteels
ofhigherstrengthlevels--50,60,70upto100”ksi,theenergyabsorptionre-
quirementfora5/8inchDTspecimenroseregularlytoamaximumof500ft-lbs.
AneffortwasmadetodevelopequivalentCharpyV-notchtoughnessvaluesfor
therequiredDTvalues.Thiswas a recognitionthattheCharpytestwasmuch
morewidelyappliedtoshipplateandotherstructuralmaterialsthanthe
dynamicteartest.However,thecorrelationbetweendynamictoughnessinthe

,DTtestsandtheCharpyV-notchtestwasnotentirelycertain.TheDTtest
requirementsforthesesteelsarelistedinTable3.

Inadditiontoa standardforload-carryingmembersinthemainstress
regions,a toughnessrequirementwasalsoestablishedforprimaryload-carry-
ingmembersinthesecondarystressregions.Fortheseregions,itwascon-
sideredthatstresseswerelessthanone-halfthevalueinthemainstress
regionandaccordinglytherequiredKId/Oydratiowasless.Itwasestab-
lishedthataKId/aydof0.6wasallthatwasrequired.Todeterminethat
thisrequirementwasmet,thetestspecifiedwasthedropweighttestandthe
NDTtemperaturewastobeatorbelow200F.Thiswaslessdemandingthanthe
requirementthattheNDTtemperaturebeO°Fanditwasanattempttorecognize
thelowerstressregionsdonotrequirethelevelsoffracturetoughnessthat
higherstressesnecessitate.Thetestwasperformedat20°Fratherthanat
32°FtoinsurethattheK1d/aydwasgreaterthan0.6at32°F.
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TABLE 3

Ship Structure Comnittee Report 244

Fracture–Control Guidelines

Main Stress Dynamic Tear-Test Energy Requirements

Yield Point Dynam~ Y~~\d Point
Oy ksi

Energy at 75°F(ft-lb)
yd (5/8” spec. )

40 60 250

50 70 290

60 80 335

70 90 375

80 100 415

90 110 460

100 120 500

Arrester Dynamic Tear-Test Energy Requirements

Yi; l<~iPOint .yna~c ~::d Point Energy at 32°F(ft- lb)

Y yd (5/8” spec. )

40 60 600

50 70 635

60 80 670

70 90 700

80 100 735

90 110 770

100 120 800
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2. Crack Arresters

The report by Rolfe, et al. , dealt with a third aspect of ship struc-

ture, namely, the problem of crack arresters . In order to assure proper crack-
arrest behavior, the report specified that crack arresters should be fabri-
cated into the ship hull with steels of appropriate toughness for this appli-
cation. It was pointed out that the crack arresters themselves must satisfy
three criteria. There must be a proper spacing of arresters within the hull
cross section, they must be of the proper geometry or detail , and they must
be of steel with the proper level of toughness. It was suggested that the
level of toughness required should be significantly above that for the ordi-
nary ship plate. It was proposed that for an arrester with a 40 ksi yield
point that the proper level of toughness was a 5/8 inch DT test energy of at
least 600 ft-lbs. at 32°F. For higher strength stee1s, ranging up to 100 ksi
yield strength, the energy absorption requirements for 5/8 inch DT specimens
ranged to 800 ft-lbs . A careful reading of the report indicates that these
toughness criteria were somewhat arbitrary and did not include any effeet of
arrester geometry on toughness . These requirements are also listed in Table 3.

3. Welded Joints

A fourth aspect of the ship fracture-control plan was that dealing with

welds. No unique weld fracture- toughness-control plan was presented in the
report, but rather it was indicated that the toughness requirements must apply
equally to ship plate and to weldments . It was suggested that tests that were

performed for the plate should also be performed for weld metal, base metal
and heat-affected zones in the region of the weld. It was pointed out that
there was no one ‘heat-affected zone” but sugges ted that the heat-affected-
zone center be tested in an NDT or DT test to show that it had properties that
were matching to the materials that were being joined Thus , presumably, the
requirement for a maximum NDT temperature of O°F combined with a minimum
dynamic tear energy for 5/8 inch specimen at 75°F was to be used for we ldments
as well as plates in the primary load.carrying main stress members .

4. Discussion of the Plan

An examination of the details of the fracture–control plan deve Loped by
Rolfe and his co-workers indicates that it contains aspects that can be con-

sidered very conservative. For example, the fundamental intent of the estab-

lishment of the NDT temperature at O°F was to prcduce elastic-plastic or
plastic behavior in materials at the temperature of service . Moreover, this
condition is to be fixed under impact loading conditions, which is a loading
rate perhaps not duplicated in service . The establishing of the dynamic tear
requirement at the proposed levels will insure, of course , that a relatively
high plastic toughness will exist in service.

On the other hand, the fracture -toughness level specified may be
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interpreted,forfulldynamicbehavior,tobenon-conservativewithrespectto
heavyplates;forexample,over2 inchesinthickness.Inthesecases,the
specifiedKID/uydismarginallyclosetoplanestrainbehaviorandcritical
flawsizesbecomequitesmall.ASRolfeindicates,fornominalstresseson
theorderof14ksi,thecriticalcracksizeat32°Fcanbeestimatedtobe8
to10incheslong.Ifstressrangesareincreasedtothe25ksilevel,crit-
icalcracksizesshrinktoabout3 inches.Fortheworstpossiblecase,dy-
namicloadingofyieldpointmagnitude,thedynamiccriticalcracksizeshrinks
to1/2inch.Thislattercracksizeisextremelysmallandfromsomeview-
pointswouldbequitenon-conservative.

Again,inestablishingtheimpactenergylevelrequiredintheDTtest,
thevalueeventuallyarrivedatissomewhatarbitrary.First,itisrecog-
nizedinthereportthatthematerialat75°Fisintheelastic-plasticrange
andthus’noexactprocedureisavailableforscalingthedesiredKId/uydratio
of0.9at32°FtoanequivalentacceptableDTenergyat75°F.Itisnoted
thata scalingfactormuchgreaterthantheonefinallyadoptedinthereport
wouldhavetobeusedforplane-strainconditions.Theextensionisintothe
elastic-plasticregion,however,andanonlinearextrapolationto250ft-lbs.
at75°Fforprimarymainstressshipplatewasadopted.Itwassuggested
thatforcrack-arrestermaterials,dynamicteartoughnessconsiderablygreater
thanrequiredinprimaryload-carryingmembersbespecified.For40ksi
yieldstrengthsteels,ascalingfactorof4wasapplied,thatistosay,the
crack--arrestermaterialhadtoexhibita toughness4 timesgreaterthanthat
oftheprimaryplatematerial.Thereisnoengineeringjustificationforsuch
a factor.Moreover,iftheDTenergyrequirementsforarresterplatesare
adjustedforincreasingyieldstrength,therequiredtoughnessesbecomein-
creasinglylargeandatthehigheststrengthlevels,DTvaluesofashighas
1200ft-lbs.wouldberequiredtomeetthesamecriteriaappliedtothelower
strengthsteels.Theauthorsofthereportrecognizethatthe1200ft-lbs.
dynamictearenergylevelisexcessiveand,therefore,arbitrarilyscalethe
valuestosmalleronesforthehigherstrengthsteels.Thevaluerequiredof
materialsofthehighestyieldpointissetat800 ft-lbs.not1200ft-lbs.
Requiredtoughnessvaluesforsteelswhoseyieldstrengthsliebetween40and
100ksiarescaledlinearlybetween.aminimumvalue,600ft-lbs.andthemax-
imumvalue,800ft-lbs.

Perhapsoneofthemostsignificantdecisionsinthepreparationofthe
reportwastoselectastherelevantloadingrateforshipstheloadingrate
employedinnormalimpacttesting.Itisnotclearthatshipstructures,or
anylargestructureforthatmatter,canexperiencefailureswithinitiation
loadrisetimesbetween10-4and10-5sees.,whicharetheloadingratesin
impacttests.Sinceshiphullmaterialsarestrain-ratesensitive,thespec-
ificationoffullimpacttoughnessseverelypenalizesmaterialsofhigher
inherenttoughnessatslowerstrainrates.

TheconclusionsinthereportbyRolfeandhisco-workersstatedthere
arecurrentmaterialsavailablewhichcanmeetthesetoughnessrequirements.
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Thusjitwassupposedthatmostexistingshipplatematerialwouldmeetthe
requirements,verifyingtheircurrentgoodservice-history.

B. MaterialCharacterizationStudies

1. ShipStructureCommitteeReport248

ThepublicationofthereportbyRolfeetal.in1974immediately
createdinterestconcerningthetoughnessofexistingshipplatesteels,
specificallygradesABSA,B andC,withrespecttothe-criteriathathadbeen
proposed.Thedatathatwereavailableonthesesteelsweregenerallyinthe
formofCharpyV-notchimpacttestresults.SincethecorrelationbetweenNDT
temperature,DTenergyandCharpyimpacttestdatawasnotveryprecise,it
wasnotpossibletodetermineifthesematerialscouldactuallymeetthecri-
teriaoftheSSC244.Forthisreason,theShipStructureCommitteesawthe
needforfurtherinvestigationthatwouldclearlyestablishwhetherornot
existingshipplatematerialcouldmeetthesetoughnesscriteria.Thisin-
vestigationtooktheformofa surveyofanumberofshipplatematerialsby
researchersatLheNavalResearchlaboratorywhichwaspublishedasShipStru~
tureConmitteeReport248,“Fracture-ToughnessCharacterizationofShipBuild-
ingSteels,”authoredbyJ.R.HawthorneandF.J.LOSS.5Thistimelyin-
vestigationinvolvedthetestingofa seriesofplates,includingABSgrades
A,B,C,Cnormalized,Dnormalized,E,EH,andCS.A minimumof3platesof
eachofthesesteelswastestedwitha samplesizeforgradesB andC of5 or
6plates.Theplateswereobtainedbothfromnormalshipplatesuppliersand
fromshipyards.Theywereselectedtorepresenta reasonablecross-section
ofplatethickness,chemistryandnominalproperties.Platethicknessranged
fromaminimumof3/4inchtoamaximumof2 incheswithamajorityofthe
platesinthe1 inchthicknessrange.Thetestplatesweregivenconventional
mechanicalpropertytestsincludingimpacttests,anddropweightanddynamic
teartests.Thelatter,ofcourse,establishedthetemperature-energychar-
acteristicsforthematerialandprovidedresultsthatcouldbecomparedto
thecriteriaestablishedbyRolfeandhisco-workers.

TheconclusionsofthisreportwerethattypicalNDTtemperaturesfor
non-heat-treatedgradesA,B,andCwerenotatorbelowtheO°Flevelbut
actuallybetween20and30°F.Theheat-treatedgrades,C-normalizedandD-
normalized,hadlowertransitiontemperatures,whichindicatedthatanormal-
izingheattreatmentcouldproducetransitiontemperaturesthatwereator
belowO°F.TheDTenergyleveltestsruninthisprogram,althoughperformed
onl-inch-thickspecimensratherthanthe5/8inchspecimenssuggestedinthe
previousinvestigation,provideddatasuggestingthatthenon-heat-treated
steelsgenerallywouldnotpasstheproposedDTenergyrequirementat75°F,
thatistosay,250ft-lbs.ofabsorbedenergy.Italsoappearedthat,as
withtheNDTrequirement,thqnormalizedgradesofsteelsmightbeableto
meetthisspecification.Itshouldbenotedthatthisconclusionwasbased
ona conversionofthe1inch--thickDTtestspecimenda~atoequivalent5/8–
inch-thickspecimenvalues,a procedurewhichcanleadtosomeerror.
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Thearresterplatetoughnessrequirement,thatis600ft-lbs.at320F
forordinarystrengthsteels,wasnotmetintheestimationoftheseinvesti-
gators.ItwassuggestedthatgradesE andCSshouldbeabletomeetthe
requirements,butonlyinthehigherqualityplatesfromtheproductionview-
point.Anotherconclusionwasthatallthesteelswouldreachanadequate
uppershelfenergyinthelongitudinalorientationfortherequirementbut
thisshelfwasnotreacheduntilthematerialwasbetween120-1800F.Trans-
versespecimensperformeduniformlypoorer.IntheparallelCharpytestson
theseplatesteels,itwasobservedthattherewasa substantialvariationof
impactenergyattheNDTtemperatureandthatnoaccurateNDTenergy“fix”
waspossible.

2. ProgramOutcome

Fromthesetestresults,itappearedthattheA,B,andC shipplate
materialscouldnotmeetthetoughnessguidelinesproposedbyRolfeandhis
co-workers.Moreover,itfurthersuggestedthatmaterialsnowusedinar-
resterapplicationswouldnotbeadequatetomeettheproposedrequirementand
thatmaterialofsubstantiallyhigherqualitywouldberequiredforthisap-
plication.ThestudybyHawthorneandLossdidnotcontainanyweldedplates,
thuslitwasnotpossibletodeterminehowweldmentsmightfarewithrespectto
theproposedcriteria;however,itdidraisesomedoubtsastotheabilityof
weldmentstomeetthesecriteriaand~thus)itappearedthatadditionaltests,
specificallytestsonweldrnents,wouldbenecessary.

ThesequestionseventuallyledtotworesearchprogramsatSouthwest
ResearchInstituteaimedatdeterminingfirst,thefracturebehaviorofweld-
menEsandsecond,thequantitativeeffectofstrainrateonthebehaviorof
strain-ratesensitivematerialsuchasshipplate.Thesetwostudies,referred
topreviously,werebothperformedattheSouthwestResearchInstitutebyP.
H.Francis,T.S.CookandA.Nagy.Theyeventually”resultedinShipStruc-
tureCommitteeReports276,“Fracture-BehaviorCharacterizationofShipSteels
andWeldments”6and275, “TheEffecCofStrainRateontheToughnessofShip
Steels.“7

3. ShipStructureCommitteeReport276

Thefirstofthesereports,dealingwiththecharacterizationofweld-
ments,essentiallyextendedtoworkdoneattheNavalResearchLaboratoryon
ordinaryshipplateintwodimensions.First,itprovidedadditionalinforma-
tiononexistingheatsofshipplatematerialintheABSB,AH,EHandCS
categories.Italsoincludedothermaterialsusedinshipconstruction,spe-.
cificallyASTMA517Gradel),ASTMA678GradeC,andASTMA537GradeB. The
seconddimensionwastoexamineweldmentsofthesematerials,andtothatend
testswereperformedonweldmetal,baseplate,andheat-affectedzonesin
shipplateweldedbytheshieldedmetalarcandsubmergedarcprocesses.Tests
performedontheweldmentsincludedthoserecmmnendedbyRolfeandhisco-
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workers,i.e.,dropweightNDTanddynamicteartests,aswellasthenormal
tensil@characterizations.Inaddition,a numberoftestsinvolvingexplosive
loading,specificallyexplosioncrack-startertestsandexplosionteartests,
wereappliedtosomeoftheweldrnents.

Theconclusionoftheplatematerialstudyessentiallymirroredthe
resultsobtainedattheNavalResearchLaboratory,thatistosay,ABSB
mate~ialwasnotabletomeettheproposedNDTtemperaturerequirementsfor
eitherprimaryorsecondarystressregions.Thedynamictearrequirements
we,remetbytheABSBmaterialformainstressregions.Thismaterialfailed
thecrack-arrestertest.TheCSmaterialwasacceptableforapplication
primarystructuresandmarginallyacceptableforcrack-arresterstructures.

TheprimarystressmemberrequirementwasmetbytheCSsteelwith
shieldedmetalarcweldingbutthesubmergedarcweldfailedtomeettheNDT
requirementfortheprimarystressregionsorthecrack-arrestertoughness.
TheAH32materialdidnotpasstheprimarystressregionNDTguidelinerequire
mentandwasonlymarginalwithrespecttothesecondarystressregionrequire
ment..Itfailedtomeettheprimarystresstoughnessrequirementat75°Fand
alsofailedthecrack-arrestertoughnessrequirement.

Thehigh-strengthsteels,ASTMA517GradeD,A678GradeCandA537
GradeB allmetthetoughnessrequirementsfortheprimarystressmaterial
i.e.,theysuccessfullypassedtheNDTtemperaturerequirementatO°Fandalso
passedtherequiredtoughnesslevelat75°F.However,theA517GradeD did
notpassthecrack-arrest-toughnessrequirementandA678GradeCandA537Grade
B passedthisonlyinsomeheats.Thesamewastrueoftheirweldments.

A subsidiaryresultoftheinvestigationrelatedtowhetherornotthe
toughnessrequirementat75°FshouldbedeterminedbytheCharpyimpacttest
ratherthantheDTtestsuggestedbyRolfe.Itwasfoundthatthecorrelation
betweenthetwotestswasnotsufficientlyprecisetojustifythelowercost
oftheCharpytestcomparedtotheDTtest.

4. Explosion Tes~~

Theexplosiontestsappliedtoweldmentsinthisprogramreinforcedthe
resultsofthedynamicteartestsinthata largeportionoftheweldments
testedfailedtomeettherequirementsofthetwoexplosiontestsapplied.
Thesetestsare,ofcourse,verysevere;requiringthematerialtodeform
plasticallyoveraratherextensiverange.Whiletheapplicationofthefirst
ofthese,theexplosioncrackstartertest,toshipsisnotclear,itshould
benotedthattheABSCSshieldedmetalarcweldmentpassedthetestat75°F
onlyandfailedthetestweldedwiththesubmergedarcprocessatalltempera-
tures.TheASTMA517GradeD materialpassedthetestwhenshieldedmetalarc
weldedatO%@butalsofailedthetestatalltemperatureswhensubmergedarc
welded.ASTMA678GradeCmaterialpassedthetestatOO1?whensubmergedarc
weldedandat75°Fwhenweldedwithtlieshieldedmetalarcprocess.Theex-
plosionteartests,whicharesimilartothosejustdescribed,producedsimi-
larresults.Thistest,byitsconstruction,ismorea testofthearrest
capacityofthebasematerialratherthantheweldmentbehavior.Evaluation
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ofthetestspecimenwasintermsofitsabilitytoarresta runningcrack
developedinexplosiveloading.ABSCSmaterialin1inchthicknessfailedto
passthistest.A517GradeD passedin1 inchthicknessbutfailedina thick
nessof1%inch.A678GradeChadonespecimenpassandonefailatthesame
thickness,1%inch.Allofthesetestswereperformedat32°F.Theythere-
foreconfirmthatnomaterialcouldconsistentlyproducecrackarrestunder
theseconditions.

Thisauthorconsiderstheseteststobenotparticularlypertinentto
normalshipapplicationandtherefore,referstOthemonlyasconfirminginfor-
mationwithrespecttothecrack–arrestcriteriaestablishedbyRol,feandhis
co-workersratherthananindicationofa failureoftheseweldmentsto perform
successfullyinnormalshipservice.

5. ProgramOutcome

Theoverallimpactofthisreportwastoconfirmtheresultsofthe
previousinvestigation,thatis,manyofthematerialsproposedorinusefor
main-stressregionsofshipswouldnotbeabletomeettheguidelinesproposed
byRolfeandhisco-workerseitherasplatematerialsorintheformofweld-
ments.Moreover,evensomeofthemoresophisticatedhigh-strengthmaterials
whichmightbeconsideredsuitableforcrack-arresterapplicationswouldnot
beabletomeetthearresterguidelineinallheatsorallthicknesses,nor
wouldtheirweldmentsbeabletomeettheseguidelinesinallconditionsof
welding.Onematerialinthisinvestigation,ABSCS,didshowitselftobe
abletomeettherequirementsforprimaryandsecondarystressapplications
whenweldedwiththeshieldedmetalarcprocess.Oneothermaterial,EH32,
clearlypassedallthetestsforprimaryandsecondarystructureapplications
andcouldbeusedforcrackarrestaccordingtothecriteriaestablishedby
Rolfeandhisco-workers.

6. ShipStructureCommitteeReport275

ThelastofthethreemajorinvestigationsundertakenbytheShipStruc-
tureCommitteewithrespecttothefracturetoughnessandfracturebehaviorof
shipplatematerialswasconcernedwithloadingrateeffectsonshipsteels.
Thisreportwaspublishedin1978andincludesdataontheeffectofstrain
rateandtemperatureuponthefracturetoughnessofsevenshipsteels.These
rangedfromlowerstrengthas-rolledsteelsuptohigherstrengthquenched-and-
temperedsteels.OneortwoheatseachofABSB,DS,AH,EH,andASTMA517
GradeD,A678GradeCandA537GradeB werestudied.Bothyieldstrengthand
fracture-toughnesssurveys(asmeasuredbydynamicteartests)weredoneon
thesteels.Thedynamictearspecimenswere5/8inchesinthicknessandwere
preparedwitha pressed-innotchanda fatigue-crackednotch.Thedifference
inbehaviorbetweenthesetwonotcheswaspartoftheinvestigation.
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Thetensiontests,whichweredesignedprimarilytomeasuretheinflu-
enceoftestingrateondynamicyieldpoint,supplementeddatafromShip
StructureCommitteeReport276undertakenbythesameinvestigators.Thenew
tensiontestdatawereobtainedattworapidloadingrates,oneusingacross-
headspeedofonetenthofaninchpersecondandonewitha cross-headtest
speedofsixinchespersecond.Teartestswerealsoundertakenatthree
differentloadingrates,animpactrateusinga 2,000ft-lb.capacitystandard
dynamictearmachineandtwootherratesachievedbyuseofaUniversaltest-
ingmachine.Thestrainratesusedinthetensiontestwere1.3x 10-4in./
in.lsec.forthestatictests,0.08in./in./sec.fortteintermediaterate@s@ad
5 in./in./sec.fortheimpacttests.IntheDTteststrainratesaremuchma
difficulttoestablishbecausethesignificantratesarethoseatthetipofa
relativelysharpcrack.However,thesecracktipratesareestimatedastobe
somethingontheorderof4 x 10-3in./in./sec.forthestatictests,1 in./
in.lseo.fortheintermediatetests,andamuchhigherimpactrateforthe
dynamicteartests,somethingontheorderof10-100in./in./sec.

Theresultsofthisinvestigationshowthatthetensileyieldpoint
decreaseslinearlywithtemperatureandincreaseslogarithmicallywithstrain
rate.Themostsignificantinfluence,therefore,wastemperatureunlessthe
loadingratechangedsubstantially,i.e.,overseveralordersofmagnitude.

Consideringthepartoftheprogramthatdealtspecificallywithtough-
ness,theresultsofthetestsatthreeloadingrateswerelimitedtoonly
certainheatsofmaterial.Theseshowedthatthetransitiontemperature
regionshiftstohighertemperatureswithincreasedloadingrates,thatis,
themeantransitiontemperatureincreases.Theshiftwasrelativelysmall
betweenthestaticandintermediatetestsupto1in./sec.inhadingrate,
butthisshiftjumpeddramaticallywhenmovingfromintermediatetoimpact
loadingrates.

ThetransitiontemperaturemeasuredbytheconventionalDTtestwas,
therefore,relativelyhighcomparedtotransitiontemperaturesmeasuredforthe
samematerialswhenloadedatmoremoderaterates.Therewasa tendencyfor
thewidthofthetransitiontemperatureregiontonarrowastheloadingrate
wasincreased.Whencomparingthepress-notchedtothenotchedandfatigue-
crackedspecimen,itappearedthatthepressnotchedspecimenproducedhigher
energyvaluesintheuppershelfregion,undoubtedlybecausemoreenergywas
absorbedincrackinitiationinthisregimewiththistypeofnotchcon-
figuration,althoughthetransitionregionoccurredoverthesametemperature
rangeregardlessofnotchcondition.

7. ProgramOutcome

Perhapsoneoftheeasiestwaystointerprettheresultsofthesetests
wasintermsoftheK1c/ayorK1d/gydratio.ForCSmaterial,forwhichsub
stantialdatawereobtained,itwasshownthatforimpactloadingratesat
75°F(inthestandard5/8inchDTtest)theKId/aydratiowas1.66.The

18



intermediaterateKId/Oydratiowas7.2andforquasi-statictesting,itwas
6.96.Clearlythen,forthissteeltherewasa substantialdifferencein
K1d/UYdratiOwhengOingfromtheintermediatetotheimpacttestrate.The
ASTMA517-Dshoweda similarvariationat75°Falthoughnotasgreat.Atim-
pacttestrates,theK1d/UydWaSfoundtobe1.32.Fortheintermediaterate,
thisratioroseto2.12andwas1.73forthequasi-staticrate.Thuslthe
relativetoughnessshoweda largestrain-rateeffect,a largereffectforCS
thanforA517-D.Comparabledataforothermaterialsintheprogramwerenot
availablebecauseofthelimitedtestingundertakenbutshiftsinapparent
toughnesswereobservedforthesematerialsasa resultofstrainrateaswell.
Thesetestdatawereinterpretedbytheinvestigatorstomeanthatimpacttest
ratedataareconservativewhenappliedtoshipservicebecauseintermediate
rates,whicharealreadyquitehigh,producesubstantiallyhigherKId/uyd
ratiosatthesametemperatureand.arerelevanttoshiphullloadings.

Althoughtheoveralltrendsobservedinthesetestsareclear,the
toughnessoftheCSmaterialatslowerstrainrateswasveryhigh.Thismakes
theinterpretationoftheenergytofracturemeasurementsmorecomplex.Static
testresultsareelastic-plasticorfullyplasticandthesignificanceofa
veryhighquasi-staticK1c/oyratioisprobablyqualitativeratherthanquan-
titative.Inspiteofthislimitation,thisauthoracceptsthesedataas
showinga realincreaseineffectivefracturetoughnessfortheintermediate
andstaticstrainratesascomparedtotheimpactrate.Moreover,theslight
decreaseineffectivetoughnessinthestaticratetestsisreasonablebased
onyieldpointeffects-i.e.,moderatelyhigherstrainrateraisestheductile
fractureenergy.

ThelevelsofKId/aydratiOdeterminedat75°Fareofsomeimportance
becauseintheoriginalreportofRolfeandhisco-workersitwasestablished
thatthedesirableratiOat75°FwouldbeaKId/aYdof1.5.TheCSmterial
passedtherequiredK1d/aydratioevenusingstandardDT(impacttest)loading.
Ontheotherhand,theA517GradeD didnot.Ifamoremoderaterate,inter-
mediateloadingwasused,theK d/oYdisquitehighforCSandtheA517Grade

?D materialhastherequiredKIdUydratio.

Ene~giestofailureintheDTtestsrunatintermediateandimpacttest
loadingratesalsorevealsomeveryinterestingtrends.Forexample,theABS
DSmaterialthatfailedtheDTenergyrequirementat75°Fformainstressmem-
bersinshipstructureswouldpassthesesamerequirementsifloadedatthe
intermediaterate.TheEH32materialwasabletopasstheserequirements
ateitherintermediateorimpactloadingratesandtheenergiesinvolvedwere
notsubstantiallydifferent.Thissuggeststhatthetoughnesshadalready
risentosubstantiallevelsat75°Fregardlessofloadingratei.e.,thetran-
sitiontemperatureforthesematerialsbyeithertestwaswellbelowtheO°F
temperaturerange.ForASTMA517-D,therequiredimpactenergyissubstanti-
allyhigherbecauseofitsrelativelyhighyieldpoint;thuslitwasnotpossi-
bletoachievetherequiredlevelaccordingtothecriteriaofRolfeandhis
co-workersforthismaterialforprimarymainstressmembers.Forsuchmate-
rialsasASTMA678GradeC,A537GradeB andevenABSB,resultsofthesetests
showedthatthesematerialscould,withoutexception,passprimarymainstress
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membercriteriaifloadedattheintermediateratherthantheimpactloading
rate.ForcrackarrestertOughneSSapplicationsjeventheintermediateloading
ratewasnotabletoproducetoughnesslevelshighenoughtomeettheproposed
crack-arresterrequirementsat32°F.

OnemajorvalueofthisreportwasintheestablishingofKId/oydratio
levelsfortwooftheimportantmaterialsstudiedinthepreviousprograms.
Ina sense,itconfirmedtheanalysisofRolfeandhisco-workersthatthe
K1d/uydWassubstantiallyinfluencedbyloadingrateandthatthereisa sig-
nificanttransitionfromductiletobrittlebehavior,asisevidentbyexami-
nationofthefracturetoughnessvs.temperaturecurvespresentedinthere-
port.However,oneoftheweaknessesofthisreportisthatthemethodsused
toevaluatefracturetoughnesswerenotonesonwhichtherecouldbeuniversal
agreement.

Iv. EvaluationofExistingShipStructure
ReportsandOtherData

A compilationofNOTtemperatureanddynamic-tear-energydatarelevant
tothefracture-controlcriteriaproposedbyRolfeandhisco-workersispre-
sentedin Table4. Thesedatarepresentallofthetestsperformedaspart
oftheShipStructureCommitteeprogramsandalsotheinformationprovidedby
shipplateproducers.Thedatacoversalloftheordfnarystrengthplates,
ABSGradesA,B,C,Cnormalized,D,E,CS,AH32andEH32,aswellasanumber
ofspecialplatesconsistingofABSV051,+V057>VandASTMA678GradeC,A537
GradeB,A514GradeH,A517GradeD andHY-80.Multipleheatsofmostofthese
gradesarerepresented.Ineachcase,theplatepropertiesarecomparedona
Pass-FailbasistothecriteriaproposedbyRolfeandhisco-workersformain-
stressprimarymemberplates,formain-stresssecondarymemberplatesandfor
crack-arresterplates.Insomecases,thedatawereincompleteandestimates
wereemployed.Forexample,NDTtemperatureswerenotavailableforallof
theheatsofABSCSlisted.NDTtemperaturesforthesewereestimatedfromDT
energycurvesthatwereavailable.TheNDTwaspresumedtooccurwhentheDT
curvehadrisenfromitsminimumto1077ofitsmaximumvalue,i.e.,atthetoe
ofthecurve.

Examinationofthedatainthistablerevealsclearlythatordinary
strengthshipsteelssuchasABSGradesA,B,andCwillnotmeetthefracture
criteriaproposedformain-stressprimarymembers,norwillallpassthemain-
stresssecondarymemberrequirement.Thatistosay,theNDTtemperaturewill
generallybeaboveO°Fandthetoughnessoftheprimarymembersintermsof
thedynamictearenergywillbelessthanthatrequired.Thegradesthatare
fine ~rained,i.e.,gradeD

*
ABSRulesforBuildingand
LowTemperatureService.”

andarefinegrainedandnormalized,gradesE and

ClassingSteelVessels,Table43.6“Materialsfor
Forserviceto-50°F.
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TABLE4

Ship Steel !lb-lghnessSurvey

ADSStee1‘fype HainStrtrmPrharyRequir_nt
OrientationLNo. NOTTemp D’2Sntrgy

PF P F

WdinaryStreugthPlaten
A s.* 7 0 7 0

T* 2-- 0
B L9 0 9 3

T 3-- 0
c L 7 2 5 2

T 2
(CN)L 3;; :
D L4 3 1 2
E L5 .% 1 5

T2-- 2
Cs L 13 13 0 13

T 10 8 2 10
As32 L 1 0 1 0

T l-- 0
EN32 Ll 1 0 1

T l-- 1
SpecimlPlates(ASLT4SWc.whennored)

AS’LHA517-DL 2 2
T 2

ASIMA678-CL 2 2
T 2-

AS~ A537-BL 3 3
T 3-

HY-80 L 1 1
T 1

ASTMA514-N L 1 1
T 1

V051 L 1 1
T 1

V057 L 2 2

0

0

0

0

0

0

(1

WeldsamdHe*~Aff*Ct@dzones
CSM2 2 0

nAz 2 -.

A517-o W 2 2 0
HAz z --

AfJ78-CU 2 2 0
NAz 2 -.

AsSBU1 1 0
HAz 1

A537-0 U 1 1 0
HA2 1 --

*L- IMgirwlinalmpci””
T .Tra.rver.e.pchm

1
0
2
2
3
3
1
1
1
0
1
1
2

1
2
1
2
2
2
1
1
1
1

7
2
6
3
5
1
0
2
0
0
0
0
1
L
o
0

1
2
0
0
0
0
0
0
0
1
0
0
0

1
0
1
0
0
0
0
0
0
0

ArresterReq.tremmt
DTEnergy
P F

o
0
0
2
2
1
10
1
0
0
1
1

0
0
1
0
2
0
1
0
0
0
1
0
2

L
o
0
u
o
1
0
0
0
0

5
2
3
2
3
1
0
9
1
1
0
0

2
2
1
z
1
3
0
1
1
1
0
1
0

1
2
2
2
2
1
1
1
1
1

kin stresssecondaryReq.irewnc
NI)TTti*perar.re
P F

5

7

6

3
4
5

13
10
0

1

2

2

3

1

1

1

2

2

2

2

1

1

2

2

1

0
0
0

0
0
1

0

0

(1

o

0

u

o

0

0

0

0

0

0
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CS,havefaredconsiderablybetterandmany,butnotall,oftheheatstested
willmeettheprimarystressrequirement.Thehigherstrengthmaterials,
ASTMA514-H,A517-D,A678-CandA537-B,amongothers,willmeettheNDTre-
quirementformainstressmembers.Whenthesematerialsareconsideredinthe
lightofarresterrequirements,manyofthemwillnotmeetthearresterdynam-
ictearenergyat3201?.Indeed,theenergyrequirementissetsufficiently
highthatthereareheatsofthesematerialsthatwouldnotmeetthearrester
energyrequirementatanytemperature.

Whenexaminingthematerialsinthelightofmeetingtherequirements
foreitherthemainstressmembersorthearrestermembers,itwillbeobserved
thatthereisa sensitivitytoorientationoftheplate.Notunexpectedly,the
failurerateofthetransverseorientationspecimensishigherthanthatfor
thelongitudinalorientationspecimensforallthematerialsexamined.

ParticularnoteshouldbemadeofthedataforABSGradeC onTable4.
Thismaterialislistedintwoconditions--withandwithoutnormalizingheat
treatment.Forthenormalizedmaterial,inwhichfinergrainsizemightbe
expected,itwillbeobservedthatalloftheheatstestedpassedtheprimary
mainstressdropweightNDTtemperatureanddynamictearenergyrequirement.
Thiswasconsiderablybetterperformancethanexperiencedbythoseplatesthat
didnotreceivenormalizingtreatment.Thisresultisquiteinkeepingwith
informationfoundintheliteratureconcerningtheexpectedNDTtemperatures
ofmaterialssimilartothoselistedinthisreport.Figures1and2 showa
distributionofNDTtemperaturesfora seriesofheatsofas-rolledcarbon-

11 SuperimposedonthismanganesesteelsasfoundinarecentNRCreport.
distributionistheNDTtemperaturedistributionobtainedforABSGradesA,
B andC inconnectionwiththisreport.Figure1showsthematerialsinthe
as-rolledcondition,whileFigure2 showsthesamedistributionformaterials
whichhavebeeneithernormalizedormadetofinegrainpractice.Themedian
NDTtemperaturefortheas-rolledmaterialsis20°F,withthedistribution
rangingbetween-20°Fand+5001?.Forthenormalizedorfinegrainpractice
materials,themediantemperatureiscloserto-20°1?withdatarangingfrom
-80°Fto+ 10%F.Resultsoftheshipsteelsurveyarethereforeinkeeping
withthedataobtainedfromsimilarmaterials.

Analysisofthedistributionofdynamictearenergiesat75°Fisnotas
directbecausesomeofthedatawereobtainedondynamictearspecimensofdif-
ferentthickness.ExaminationofdatafortheCSmaterialreveals,however,
thatiftheNDT~emperatureisbelowthespecifiedO°F,theDTenergyrequire-
mentwillbemetforthissteel.Thedataalsoindicatethatlowerstrength
materialswithNDTtemperaturesintherangespecifiedcanoftenmeetthe
arresterdynamictearrequirementinlongitudinalspecimens.Thehigher
strengthsteels,ASTMA517GradeD,A514GradeH,A537GradeBandA6Z8Grade
C,willnotnecessarilymeetthearresterrequirementseventhoughtheirNDT
temperaturesaresignificantlybelowany of the platesdiscussedthusfar.
Becauseoftheirrelativelyhighyieldpointandlowerductility,theshelf
toughnessofthesematerialsisnotasgreatasthatofthelowerstrength
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ABSmaterials.Undertheseconditions,ChelowerstrengthCSmaterialisa
moreidealcrack-arrestersteelthanthosehigherstrengthA517Fwitha
somewhatlowershelftoughness.

Table4 alsoshowsdatafora seriesofwelds.Relativelyspeaking,
theweldsinthesurveyhadpropertiessuperiortotheplatesthattheyjoined.
Intheweldmentsurvey,alloftheweldstested(weldmetalonly)mettheNDT
temperaturerequirementformainstressprimarymembersand,thus)metallthe
requirementsforsecondarystressmembersaswell.ASfarasdynamictear
toughnessat75°Fisconcerned,mixedbehaviorwasobserved,butonthewhole
theweldswereabletomeettheprimarymemberrequirement.Heat-affected-
zonedataarelessextensivethanthatfortheweldmetalsinthatthedrop
weightNDTtemperatureswerenotdeterminedfortheheat-affected-zonesamples.
Onthebasisofthemainstressregiondynamictearenergiesat75°F,theweld
heat-affectedzonewillprobablymeettherequirementsthathavebeenpro-
posed. Itisalsotruethattheseregionsdonotpasstherequirementsfor
crack-arrestermaterialeventhoughtheymightbeinmaterialofrelatively
hightoughness.Forexample,theCSmaterialheat-affectedzonesareadequate
intermsofdynamictearenergyforprimarystressplatesbutfailtherequire-
mentsforcrack-arrestertoughness.Althoughthesedataarequitelimitedand
thereareexceptions,thetrendoftheresultsthathavebeenobtainedindicate
thatasfarastheweldcompositeisconcerned,themostcriticalregiondoes
notlieintheweldortheheat-affectedzonebutratheritistheplate
material.

A. LoadsandLoadingRatesinShips

Ithadalreadybeenpointedout.byinvestigatorswhoperformedtheship
materialstudiesatSouthwestResearchInstitutethatthestrainratesemploy?indynamicteartestingareusuallyhighcomparedtothosemeasuredinships.
Sincethetimethatreportwaspublished,a numberofinvestiationsofactual

12-f7Theseratesloadingratesofshipshavebeenmadeavailableforstudy.
havebeensubstantiatedbyinstrumentedtestsonshipsandbyestimatedrates
of-loadingfromthestudyofshipmodelsandfromlaboratoryinvestigations.
Thesummaryofthesestudiesshowsthat,byandlarge,loadingratesinships
arenotcomparabletothosetypicalofhighspeedorimpactlaboratorytesting.
Forexample,substantiallong-termdatahavebeenobtainedfrominstrumentedtests
onSealandSL7andfromothersimilarships,suchastheKo_lv_erjneSt~~.These
showthatmeasuredratesofloadingusuallyhaverisetimesbetween25and250
millisecondswithminimumpulsesofstressoccurringovernolessthan10milli-
seconds.Inmanyofthesecases,itwasnotcertainthattheinstrumentation
usedmightnothavefailedto observestresspulsesatmorerapidfrequencies,
however,investigatorsindicatedthattheybelievedthattheloadrisetimes
recordedasminimumintheirinvestigationswere,infact,minimumvalues.
Translationoftheseloadrisetimesintostrains,especiallystrainsinnotched
orcrackedsamples,isextremelydifficult.
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Francisandco-workers7estimatethatloadrisetimesof25to150
millisecondstranslateintostrainratesandstress-intensity–factorrise
ratesof5 to10x 10-3/sec.and200-400ksiK./sec.,respectively.These
arequitelowcomparedtothoseexperiencedinlaboratoryimpacttestingin
whichthestrainratesareashighas100/sec.Calculationofimpactstrainsat
notchesis,ofcourse,extremelydifficultandtheseratesmayrunashighas
1000/sec.inlaboratorytests.Inanoverallsummaryontheresponseofmetals
andmetallicstructurestodynamicloadingpublishedbytheNationalResearch
Council,18thebehaviorofshipsintermsofloadingratesexperiencedin
service,werelistedasloadrisetimesof5millisecondsto100milliseconds
withthemostcomnonratesbeingintherangeof10-20milliseconds.These
are consistentwiththeratesdeterminedintheShipStructureCommitteein-
vestigations.

Theshortestrisetimesormost rapidloadingratesrecordedinthe
ShipStructureConunitteestudiesarethoseassociatedwithslarruning.The
responseoftheshipasawholetoslammingphenomenondoesnotallowforuni-
formstraininmainstresspartsofthehullatthemaximumratesbutrather
atratesinthe25-100millisecondrisetimerange.Insummary,itispossible
toestimatethattheminimumrisetimesareontheorderof5 to10milli-
secondsinmainstressmembers.

Thesameshipreports12-17provideinformationonmaximumservice
stressesobservedinshipsundertheseconditions.Maximumstressesseenin
instrumentedshipstudieshavevariedfromaslowas10ksitoexceeding35
ksi,althoughtheactualstressesvaryfromshiptoshipandconditiontocon-
dition.A summaryofstresspulsedatafromshipserviceisseeninFigures3
and4. Somepeakstressesareseenonlyrarelyinthelifeoftheship,per-
hapsonceortwice.Nonetheless,stressesintherangeof!theyieldpointare
occasionallyexperiencedduringshipservicesomaximumstressesof35andoc-
casionally40ksihavebeenreported.Therefore,itisrealistictousethe
yieldpointasthereferencestressforshipstudies.Notonlyi-sthisstress
appropriateforplates,butalsoitisappropriateforweldsinwhichresidual
stressesatthislevelarealmostalwayspresent.Sinceweldresidualstresses
arelocal,theywillnotcontributetothegeneralstressfieldintheplate.
However,theycancontributeto“pop-in”behaviori.e.,shortcrackadvance,
whichwillbediscussedlater.

Withthedataavailablefromtheinstrumentedshipstudies,theassump-
tionofyieldpointstressesinthedevelopmentofproposedshipplatetough-
nessrequirementsappearstobenecessary.However,thesesamestudiesshow
thatintermediateratherthanimpactloadingratesareappropriatetoship
service.

B. LoadingRateEffectsonToughness

Onthebasisofthedocumentedhighpeakstressesbutonlymoderate
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loadrisetimesexperiencedbyships,itispossibletocentertheattention
ofthisreviewontoughnessdataobtainedwithtestsusingloadingratesof
intermediatemagnitude.Fortunately,suchintermediateratedataareavail-
ablefromtheinformationobtainedinShipStructureCommitteeReportsand
elsewhere.ThesedataareshownonTable5. The typeofloadingproduced
risetimesintheorderof100-300milliseconds,slowerbyperhapsasmuchas
anorderofmagnitudethanthoseexperiencedinships.Ontheotherhand,
theycontrastsharplywiththeloadrisetimesexperiencedinthedynamictear
testswhicharelessthan10-4secondsandareunrealisticforshipservice.

Translationoftheseintermediaterateloadrisetimedataintofracture-
behaviorpredictionsisclearlydifficult.Especiallysobecauseoneofthe
issuesinvolvedintihecontrolofbrittlefractureisnotonlytheloadingrates
atcrackinitiation,althoughthisisanimportantconsideration,butalsothe
rateofcrackpropagationandtheconditionsforcrackarrestinstructuresin
whichlocalizedembrittledregionshaveproducedsegmentsofbrittlecrack
propagation.Therelativefracturetoughnessofshipsteelsvariesconsiderably
duringinitiation,propagationandarrestphenomena.

EvidenceofthiscomesfromShipStructureCommitteeReport256,“Dynamic
CrackPropagationandArrestinStructuralSteels,”byHahn,HoaglandandRosen-
feld.lgInthisinvestigation~oneofthemoreinterestingresultswasthefact
thatK dynamic,i.e.,theenergyconsumedincrackpropagation,couldbequite
differentfromtheenergyconsumedincrackarrest.Inthisreport,threetypes
ofcrack-toughnesscharacterizationsareconsidered.Theseare:(1)thecrack
toughnessassociatedwiththeonsetofcrackextensionina dynamicallyloaded
specimen,(2)thecracktoughnessinthepresenceo.fa propagatingcrack,and
(3)thearrest”toughness.Thesethreetypesoftoughnesseswerenotequivalent
and,asaresult,theconditionsforcrackarrestweredeterminedtobedifferent
thanthoseforcrackpropagation.Thematerialstestedinconnectionwiththis,
studywereASTMA553andA517GradeF,andABSsteelsC,D andEH. TheA517
GradeF steelwastestedatorbelowitsNDTtemperaturewhiletheshipsteels
weretestedintherangebelowandabovetheNDTtemperature.

Itwasobservedthatthedynamicfracturetoughnessassociatedwitha
propagatingcrackisa funct’ionofcrackvelocity. For small crackveloci-ties,
thefracturetoughnessisquitehighanddecreasesregularlywithpropagation
rateuptocrackspeedsintheorderof1000meterpersecond.Abovethislevel,
however,thereissomeindicationthatthecrackspeedhaslittle furtherin-
fluenceontoughnessandjindeed)thereisevidencethatathigherspeedsthe
dynamicfracturetoughnessagainincreases.Thisisa reflectionofthecom-
plexityofthemeasurementofdynamictoughnessathighcrackspeedbecauseas
crackspeedincreases,theinfluenceofotherfactorssuchasthekinetic
energylosttothepiecesthatarebeingseparatedwillbegintoovershadow
thematerialtoughness.Ifthecracktoughnessesmeasuredatthehigherspeeds
areindeedrepresentativeoftheshipsteels,itmaybeobservedthatthese
toughnessesarealsohigherthanthetoughnessesmeasuredintheDTtestorin
otherhigh-speedimpacttestsbya substantialmargin.
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TAJ3LE5

DynamicTearEnergiesatTwoLoadingRates(ft-lb)

Steel Type TemperatureofTest
32°F

Impact Intermediate 75°F
(DT)Rate Impact

Rate Intermediate
(DT)Rate Rate

,B 75 490 350 465
Cs 540 540 630 600
DS 80 430 265 545

AH-32 30 150 100 310
EH-32 565 470 555 405
A517D 195 205

525 470
A678c 630

660
A537B

545
555
400

350 400
615 425

655
640

550
510
360
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Thisfindinghasa directandimportantbearinguponthetough.ness
levelrequiredofshipplatesteelsbecauseattheNDTtemperature,theKId/UYd
isassumedbyRolfeandhisco-workerstohaveavalueofabout.63.Infact,
inthisShipStructureCoumitteeinvestigation,19theK~d/uydattheNDT
temperaturewasfoundtobe1 to1.3.Thiswouldbeexpectedbecausethe
valueofK1d/~ydthatisnormallymeasuredattheNDTtemperatureisestimated
fromimpactfracturetoughnesstests.If,indeed,theenergyandassociatedK
valuesfora propagatingcrackina shiparegreaterthanthoseforimpact
initiationina specimen,thenthevalueofKId/6ydwillbehigherthantiat
measuredbyconventionalimpacttesting.Thisagainsuggeststheanalysisby
Rolfeandhisco-workersisa conservativeonewithrespecttotestingphilos-
ophyforshipplatematerials.Itwouldalsoappearthattheintermediate
ratevaluesofK reportedbytheSouthwestResearchInstituteinvestigatorsin
ShipStructureComnitteeReport275morecloselyapproximatetheactualbe-
haviorofa propagatingcrackthandoimpact’testsondynamictearspecimens.
Aspreviouslydiscussed,theirKid/Od intermedia~eratevalueswerebetween
2and7abovetheNDTtemperature.kesewere,asdescribedabove,basedon
maximumloadelastic-plasticanalysis.

TheresultsofthetwoindependentShipStructureCommitteeinvestiga-
tionsareconsistentwitheachotherandwiththeanticipatedloadin

f
rates

forships.ThedatareperkedinShipStructureCommitteeReport2569had
somebuiltinconservatismwhichwerenotincludedinothertests.Thepri-
maryspecimenofthisinvestigationwasthedoublecantileverbeamspecimen,
andinorder“toinsurecrackcurvaturedidnotoccurduringthetest,deep
sidegrooveswereusedforthetests.The sidegroovingissignificantin
thatitrestrainsthedevelopmentofshearlipswhichwouldnormallybechar-
acteristicofstructuralsteelstestedabovetheNDTtemperature.Thus,the
dataforKIdmeasuredinthisinvestigationareconservativeestimatesoftrue
valuesofKIdforstructuralsteels.A compilationofKIdandKId/dyddata
fromseveralinvestigations,includingthosementionedabove,isfoundin
Table6. Bothintermediateandimpactratedataarerepresented.

c. TransitionTemperatureStrainRateShifts

Anotheraspectoftheeffec~ofstrainrateontoughnessistheshift
inthetransitiontemperaturerangethatoccursbetweenthenormalimpactrate
andintermediateratedata.Datafora typicalsteelfromtheShipStructure
Report275are comparedinthiswayinFigure5. Itisimportanttorecognize
thatifa temperatureoftestissufficientlyhighabovetheNDTtemperature,
eithernodifferenceinenergyabsorptionwillbeobservedbetweenthetwo
loadingratesorelsetheimpactloadingratedatamaylieslightlyabove
thoseforintermediateratetesting.Thatistosay,themajordifferences
inenergyabsorptionbetweenthesetworateswouldonlyoccurinthetransi-
tionregionforthematerial.Forthematerialshown,ABSDSsteel,a transi-
tionfromrelativelybrittletorelativelytoughbehaviorwithtemperatureis
seenforthethreeloadingratesoftheinvestigation.Ifstaticloading
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TABLE6

1nt~ate RateFracture-~ughnessData

Steel AtNDTT.emp.
K1d(kni,/in) K&yd uin)

FrOIUShipGkcuctmaCannnittenMwrt 275

ASSB 309 6.00

AssCs 357 4.30

AMDS se 1.47

AsSAH32 11.9 1.59

AsSEH32 358 4.21

AEIwA517-D 146 I.oe
118 0.04

AsTMA67E-C

AS174A537-n 380 4.00
211 2.11

FromShipStructureC.dtittemAe~rt256

ABsc 120 1.s4

AsSE EI1.13 1.09

ASSEH 104 1.22

As3T4&517-F 205 1.50

Wr14A533-B 1.06

At32°F
Kld(ki~in) K1d/uYdvi.]

3E9

466

301

147

175

105

123

FromElectricmwr ResearchInstituteF@port1225

NSI 10M

ASTMA533-B

6.08

9.13

4.42

1.13

2.40

1.40

1.k4

At 75°F
Kld(kd/in) K In (/In)ld ~d

407 8.4s

425 7.20

352 5.42

284 2.4o
267 1.26

407 5.02
404 4.al

340 4.72
205 3.56

165 2.130

164 2.52

150 2.31

%5 1.54

110 1.29
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rates are used,thetransitionoccurssomewherebetween-80andaboutO°Fwith
theenergyabsorbedbythespecimenrisingfromsomethinglessthan100ft-lb.
GOontheorderof650ft-lb.

Attheintermediaterate,thesametransitionoccursbutisshiftedby
about40°F.Impacttestingproducesanothershift.Thetemperatureshiftbe-
tweentheimpactandintermediaterateisabout80°F.A substantialdiffer-
enceinabsorbedenergyasa functionofloadingratewouldbeexpectedtooc-
curata temperaturewheretheoneloadratecurvewasonitsuppershelfwhile
theotherwasonthelowerendofitsTransition.,FortheABSDSofFigure5,
themaximumeffectwouldprobablybeseenata temperatureof40°F.Itwill
beobserved,however,thata substantialeffectstilloccursintherangeof
75°F,thetesttemperatureproposedbyRolfeandhisco-workersforthismate-
rial.AlthoughNDTtemperaturedatawerenotavailableforthisheat,from
theimpactnormalDTcurveitmaybeanticipatedthatthedropweightNDT
wouldbeatthetoeofthecurve,between20and25°F.Inthiscase,whichis
thetypecasefortheproposedcriteria,theimpactDTtest producesvaluesof
toughnesswhicharebelowthatrequiredformaterialwitha 50ksiyieldpoint
whileintermediateratetestingproducesvaluesthatwouldpisstheproposed
requirement.

Strainrateshiftdataareshownfora numberofmaterialsinTable7.
Inconstructingthistable,itwasnecessarytobringtogetherdatafromdif-
ferentsources.Theprocedureusedwastoidentifymidheighthpointsonthe
energy-temperatureorenergy-ductilitycurvesasfootnotedonTable7. The
differenceintemperaturebetweenthetwopositionswasassumedtobethe
temperatureshift.Insomecases,completecurveswerenotavailableandmid-
heighthpositionswereestimated.Becauseofthewayinwhichthesedatawere
developed,itisnotappropriatetoattachEOOmuchsignificancetotheabso-
lutevalues,butrathergeneraltrends.ThedatafromTable7 forABSB,CS,
DSandAH32,showsignificantshiftsi.e.,a significantsensitivitytoload-
ingrateintheverytemperaturerangewhichisconsideredcriticalinthe
analysisofRolfeandhisco-workers.MaterialssuchasCSandEH32arealso
sensitivebutnotinthecriticaltemperaturerange.MaterialssuchasA517
GradeD havea differentbehavior.Theyarelessstrain-ratesensitivebut
alsodonotmeettherequirements.Thisisbecauseoftheirlowershelf
toughnessratherthanbecausethetoughnessismeasuredina regionoftransi-
tion.

Itshouldbepointedout that,whenusingtheKid/ud as theparameter
ofcontrolforshipplatematerialbehavior,intermediate~ateshavea dual
effect;i.e.,theynotonlyincreasethefracturetoughness,theKid,butthey
alsodecreasetheyieldpoint,u d,

z
wi~hrespecttoimpactloading.Theten-

siontestresultsreportedinSS Report275forintermediatetestingrates
produceyieldpointsveryclosetothoseproducedinstatictests.Thus,the
yieldpointinintermedia~eratetestsisconsiderablylowerthanthatinim-
pactEestingandtheint-ermediateratesofloadingresultinlargervaluesof
‘IdandthusK /uId ydinthetransitionregiontests.
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TABLE7

StrainRateTemperatureShifts*

SteelType

ABS B

ABsCs

ABSDS

ABSE

ABSAH32

ABSEH32

ABSAH 36

ASTMA517–D

ASTMA678–C

TransitionTemperatureShifts(°F)
Impact-StaticImpact-Intermediate

151

104
162
81

67

140

97

108

50

95

78

60

85

18
5

*basedoncorrespondingmid-rangeenergypositionsonenergyvs.
temperaturecurves.Whereductilitycurvesratherthanenergy
curveswereavailable,mid-positionpointsontheductility-
temperaturecurveswereused.

Intermediate
Static

Energy

Temperature
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Considerationofloadingrateeffectsinestablishingtoughnessrequire-
mentsforstructuralmaterialsisbynomeansuniquetothisreport.Veryex-
tensiveconsiderationofloadingrateeffectshavebeendocumentedandare
beingutilizedintoughnessrequirementsforbridgesteelsestablisedbythe
AmericanAssociationofStateHighwayandTransportationOfficials-! Theap-
plicationoftheseconceptstobridgesteelfracture–toughnessrequirements
has,fromtheverybeginning,beensomewhatcontroversial.Ithasbeenestab-
lishedthatexternalloadsonbridgeswillnothaverisetimesofmuchless
than1sec.Asa result,itisconsideredthatimpacttestsproducetough-
nessessignificantlylessthanarecharacteristicofbridgematerialsunder
normalloadingconditions.Thishasledtospecificationsforbridgesteel
impacttestingat”temperatureshigherthantheservicetemperature.Thehigh-
ertemperatureattheimpactrateisintendedtocompensateforthelower
temperatureserviceatslowerstrainrates.Forthelowerstrengthsteels,
theseshiftsareknowntobesubstantial,theextentoftheshiftdecreasing
withincreasingyieldpoint.Forthehigherstrengthsteels,theshiftsare
smaller,~enerallyfollowingtherelationship:

T = 215- 1.5as Y
1

WhereTsisthetransitiontemperatureshiftin‘Fandn istheyieldpoint
inksi. zTheimpacttostaticrateshiftsaredescribedy thisequation,that
is,a strainratechangeover5 or6 ordersofmagnitude.Impacttointer-
mediaterateshiftsaresmallerbutstillsbstantial,andareestimatedtobe8about75%ofthosepredictedbyEquation1.

Unfortunately,thestrain-rate-shiftdataonshipsteelsarelimited
anditisdifficulttoapplya quantitativetreatmenttotheuseofsucha
shiftina fracturecontrolspecification.Theeffectissignificant,how-
ever,andshouldnotbeignoredintheconsiderationoftheshipplateprop-
ertiesthatareavailableforfracturecontrolofshiphullstructures.The
dataofTable7aregenerallyconsistentwithEquation1. Itshouldbe
noted,however,thatthisequationwasdevelopedprimarilywiththeCharpy
test,andsinceTable7containsdatafromseveralsources,itmaynotstrict-
lydescribethesedata.

D. CrackArrestSystems

Ashasalreadybeendiscussed,crackarrestinshipdesignsisnowap-
proachedthroughtheuseofspecialmaterials,although“crackarrest”isnot
usedinthecurrentABSRulesforBuildingandClassingSteelVessels.Al-
ternately,itcanbeapproachedwithoutuseofspecialmaterialbyemploying
rivetedseamsatstrategiclocationsintheship.

Crackarrestitselfisa characteristicthatsomeinvestigatorsattrib-
utetothematerialwhereothersbelieveitisa functionofboththematerial
andtheboundaryconditionsofloadingthataccompanythepropagationof
cracksinlargestructures.Aninterestingrecentreportoncrack-arrestpub-
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lishedbytheElectricPowerResearchInstituteentitled“CrackArrestStudies”
andauthoredbyCrosleyandRipling20describeda seriesofexperimentsthat
includea carbon-manganesesteel,1018,whosecrackpropagationbehavioris
consideredtobesimilartomanyshipsteels.Inthisinvestigation,the
authorshaveproposedthatcrack-arresttoughness,K1a,isameaningfulparam-
eterthatcanbemeasuredreliablyusinglaboratoryspecimens.Theirevalu-
ationshowsthecrack-arresttoughnessofa typicalmaterialsuchas.1018falls
intherangeofabout85ksifi.atroomtemperature.Basedongeneral.know-
ledgeof1018steel,itmaybeassumedthatthisisabovetheNDTtemperature.
ItisshownthattheK1aisa constantanddoesnotdependontheJ@,the
initiatingvalueofK,noroncrackpropagationratesovertherangeincluded
inthestudy.Thisrangewasnotgreat,1200-3000ft/sec.becauseofthe
specimensize.Withinthislimitation,itdoesprovideforameasureofcrack
toughnessatarrestwhichcouldbeusedincrack-arrestmethodology.Itshould
benotedthatsomeoftheconclusionsofthisreportareatvariant‘?9@;::;:ck.assumptionsandconclusionsofShipStructureConmitteeReport256.
arresttoughnesscanbemeasuredreliablyinlaboratoryspecimensanddoesnot
requiretheuseofa dynamicanalysis,thencrack-arresttoughnesscanbe
reasonablyfactoredintoa fracture-controlplanforshipsteels.Valuesof
K1aforsteelstakenfromseveralsourcesarelistedfinTable8.

However,thereisalsosupportfortheconceptthakarresttoughness
maynotbeconsidereda simplematerialproperty,butisa complexcomposite
ofthemanyfactors.If,astheauthorsofShipStructureCommitteeReport
256contend,arresttoughnessrequiresa dynamicanalysis,thencalculationof
requiredlevelsofarresttoughnessisprobablynotwithinthecapabilityof
currenttechnology.

Clearly)theleastjustifiedtoughnessvaluesinthefracture-contxol
guidelinesproposedbyRolfeandhisco-workersarethelevelsselectedfor
crackarrest.Thearbitraryuseofamultiplyingfactorof2 to4 appliedto
thetoughnessproposedforprimarymainstressmembersrequireslevelsof
toughnessforcrackarrestthataresohighthatmanyofthesteelswhichwere
consideredcrackarresters,andeventhenewersteelsconsideredforcrack-
arrestfunctionswillnotbeabletomeettheguidelinesthatareproposed.

Moreover,eventheselevelscouldnotguaranteethatarrestwouldoccur
underallconditions.Forexample,inservicewherestresseshavebeenmeas-
uredintherangeof15-30ksiandforwhichthedistancebetweencrackar-
restersmayexceed30ft.,assuggestedinShipStructureConunitteeReport
244,thevaluesofK fora crackinitiatingbetweenarresterswhenitstrikes
thearrestingplatemayexceed700ksi~. Requiringtoughnessinthisrange
maybeanunrealisticexpectation.Forexample,fortheABSCSmaterialdy-
namicfracturetoughnessesonthisordermaybeequivalenttoDTenergieswell
inexcessofthosesuggestedbyRolfeandhisco-workers.ShipStructureCom-
mitteeReport275showsDTenergiestomaximumloadandvaluesofKccalcu-
latedfromthesametests.Fortheductileregime,a 5/8in.DTenergyof
400-600ft-lb.isequivalenttoa KCof200-300ksifi. ValuesofDTenergy
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TABLE8

Crack-ArrestToughnessData

AtNDTTemperatureSteel KIa(ksi~in)K1a/Oyd(#in)

FromShipStructureCommitteeReport256

ABs-c

ABS-E

ABS EH

ASTMA517-F

FromElectric

ASTMA533-B

53 - 82

63 - 149

207 - 217

PowerResearch

56- 64

0.66 - 1.02

0.79 - 1.86

1.47 - 1.55

At75°F
‘la(ksi~in)K1a/~yd(~in)

89 - 130 1.48 - 2.17

116 - 205 1.78 - 3.15

InstituteReport1225

0.70- 0.80 90-134 1.13-1.68

35



requiredina5/8inchthickspecimenforcrackarrestundertheconditions
indicatedabovecouldeasilyexceed1200ft-lbs.Uppershelfimpactenergies
forABSDSwereaboutashighasanyachievedintheresearchinvestigation
ofShipStructureCommitteeReport275,about850ft-lbs.ForABSCSmaximum
valueswereintherangeof650ft-lbs.,forEH32,550ft-lbs.andA517Grade
D,450ft-lbs.Otherreportsmaylistsomewhathighershelfvaluesforthese
steels,however,notinthe 1200ft-lb.range.

It maybeconcludedthatlookingtomaterialtoughnesstoprovideca-
pacityforcrackarrestisnota reasonablewaytoprovideassuranceofcrack
arrestinthesestructures.Ifonlyoneortwoofthematerialsexaminedin
theShipStructureCommitteeinvestigationswereabletomeettheminimum
dynamictoughnessrequirementformainstressmembers,thenitiscertainly
unrealistictoexpectthatmanysteelscouldbeusedforcrackarrestinship
structures.Morefrequentarrestersorarrestersdesignedwithspecialpro-
visionsforcrackbifurcationandfinallyarrestwouldnotrequirelevelsas
high‘asthoselistedinthisreport.Unfortunately,thereisnosimplewayto
calculatewhatthoselevelswouldbe. Itisclearatthispoint,however,
thatthematerialsthatweretestedthusfarwillgenerallynotmeetthepro-
posedrequirementandthusdesignmustenterthepictureifcrackarrestisto
beassured.

E. CrackArrestinMainStressPlates

Althoughitiscertainthatthearrestofverylongpropagatingcracks
coveringsignificantportionsoftheship’sdeckorhullcannotbetreated
simply,someaspec&ofpropagatingcrackarrestcanbedealtwithmoredirect-
ly. Forexample,itismostdesirabletobuildintothematerialtheability
toarrestsmallcracksthatstartinregionsofaplatethataresubjectto
localdegradationoftoughness,forexample,weldseams,beforetheycanextend
intocracksofmajorsize.Theseregionsaregenerallyconfinedandsmall.If
theylietransversetotheweldseamtheyareprobablyno~morethanseveral
inchesinlength,andiflongitudinaltotheweldseam,althoughtheycould
conceivablybelonger,arequiteoftenlimitedtothesamesizerange.Making
theassumptionthattheentireweldseammustbetreatedasa crack,asis
sometimesdone,notonlyignorestheroleofinspectioninfabricationbutalso
canonlyleadtotheconclusion,previouslyreached,thatcrackarrestcannot
beachievedbymaterialalone.

Forpracticalcrackarrestthen,attentioncentersonshortextension
ofcrackscomingfromsmallbrittlezonesandextendingintoplatesshortdis-
tances. Theseareessentiallyequivalenttotheonesdetailedintheprevious-
lymentionedEPRIreport20andseveralinterestingaspectsofcrackarrestwere
showninthatinvestigation.Ifcrackinitiationresultsinfastmovingcracks
butcrackspeedissubstantiallylessthanthatwhichoccursinimpactloading,
thedynamictoughnessesforshipsteelsapproachtheratiosofKU/aydfor
intermediateloadingrates,thatistosay,theymaywellexceed2 ormore.
Moreover,ifcrackarrest(K1a)ratherthanrunningcrack(Kid)dataareap-
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plicable to this problem,thecrack-arreststudiesofEPRIindicatethatthe
eventsshortlyorimmediatelyaftercrackarrestareessentiallyidenticalto
thosejustbefore,i.e.,crackpropagationdeceleratesuntilthepointof
crackarrest.Atthepointofcrackarrestjyieldpointelevationasa result
ofdynamicloadingmy nolongerapplyandtheratioofKIa/OYd,isaS indi-
catedbefore,maybegreaterthan1.5.Forstresslevelsatorneartheyield
point,40ksi,throughcracksatleast2.0inchesinlengthcanbearrested
formaterialswithaKIaof80ksifi. Whenthecrackmovesawayfrom
regionsofhighstresstonormalstresslevels,14to20ksi,cracksizesof
10inchescanbeaccommodated.Theseestimatesareconfirmedbythedata
presentedinShipStructureCommitteeReports272and294,21?22bothdealing
within-serviceperformanceofstructuraldetailsinships,wherecrackson
thisorderofmagnitudeemanatingfromstressconcentrationswereeither
toleratedorarrested.

v. CharpyImpactTestinRelationtoGuidelines

TheuseoftheCharpyimpacttesttoestablishthatdesiredtoughness
levelshavebeenachievedinplatematerialshasboththeweightofengifieer-
ingexperienceanda successfulhistoryinshipsinitsfavor.TheCharpy
impactenergyequivalentsproposedbyRolfeandhisco-workerswerebasedon
thisfactandcorrelationsbetweenCharpyenergiesandimpacttoughnessmeas-
uredintheDTtest.TheprincipalcriticismoftheuseofCharpytestequiv-
alencescomesfromtheempiricalfactthatsubstantialdeviationsbetweenthe
shapeandpositionoftheCVNcurveandthedynamictearenergyvs.tempera-
turecurvedoexistforthematerialstestedundertheprogramsreportedin
ShipStructureCoumitteeReports248and276.Also,CVNtoughnessvariations
atNDTtemperaturesweresubstantial.Forexample,CVNvaluesattheNDT
temperaturevariedfrom11toover200ft-lb.withanalmostuniformdistri-
butionofvaluesbetween15and45ft-lb.Forsomematerials,forexample
ABSCS, thelongitudinalandtraverseorientationspecimenshadsignificantly
differentlevelsofCharpyenergyatNDTtemperature.Forhigherstrength
steels,asmightbeexpected,CVNvaluesatNDTtemperatureswerehigher.The
spreadinthedataissogreatthatnomeaningfulcorrelationcanbeobtained
bythisauthor.

Theviewpointthatmustbeadoptedisthat,althoughCVNvaluesmaybe
usedasa qualitycontroltestforsteelsinproduction,theycannotbeused
as a substitutefortheDropWeightTestinestablishingtheNDTtemperature
orfortheDTtest.Forthisreason,thespecificationofthedropweight
testasthecontroltestforestablishingmaterialtoughnessinShipStructure
CommitteeReport244isnotamenabletosubstitutionofotherteststoobtain
thesamedata.Theuseofthedropweighttestisperhapsmoreexpensivethan
the’Charpyt~st,butnotsubstantiallyso.Manylaboratoriesperformthis
testonaroutinebasisandtheanalysisofthetestresults,aswellasthe
testprocedures,arewellstandardized.
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Ontheotherhand,thedynamicteartestdoesholdcertainadvantages
intermsofestablishingshelftoughnessenergylevelsrequiredforcrackar-
restandisthetestofpreferenceforthisfunction.Asisdescribedabove,
nospecificrecommendationsastoenergylevelsforcrackarrestcanbemade
atthistime,however,itisprobablethat,asthesearedeveloped,thiswill
bethetestofpreference.Inthisregard,itwillthenbecomea testwith
dualadvantage.Oneoftherequirementsforthearrestermaterialscouldbe
thatthematerialbeintheuppershelfregimeovertheservicetemperature
range.Thedynamicteartestwillestablishthisdirectlyaswellasdeter-
miningthetoughnessoftheuppershelf.Itcould)thereforejbeusedinplace
ofthedropweighttestformainstressmaterial.Inthiscase,a numberof
specimenswouldhavetoberunoverarangeoftemperatures,aprocedurethat
maynotbeeconomicalincontrasttotestinga smallernumberofspecimensin
thetwotestsattwospecifictemperatures.

VI. RecommendationsonProposedFractureToughnessGuidelines

Theinformationreviewedintheprevioussectionsofthisreport
demonstratethatanyfracture-controlsystembasedonavailableinformation
willprobablyundergomodificationsasnewdataareproducedandservice
experienceisreconsidered.InthecaseofrecommendationsproposedbyRolfe
andhisco-workers,newinformationhasbeendevelopedoverthelastfiveyears
bothforshipsandotherstructuresthatprovidesinsightintotheproblemof
fracturecontrolinshiphulls.

Thebulkofthedataatthistimesupportthefactthattheproposed
toughnessguidelinesaretooconservative,especiallyformainstressprimary
andsecondarymembers.Thefactthatthreecommonsuccessfullyusedship
hullsteels,ABSGradesA,B andC,willnotpasstheproposedtoughness
standardsisinitselfanindicationthattherequirementsarenotcommensurate
withserviceconditions,especiallysowithrespecttoABSGradeC.

Thisdiscrepancyappearstobenotsomuchinthefracture-mechanics
analysisofthegeneralproblemastheelastic-plasticbehaviorofthesteels
inserviceandthetestingmethodschosentoverifytheirtoughnessperform-
ance.Thereisnoparticulardisagreementwiththerequirementthattheship
hullmaterialshouldbeina non-plane-strainState(Kid/Uyd~.9)during
servicesothatextensivebrittlefractureswillnotoccur.However,whenan
impacttestisselectedtoverifythisperformance,thisplacesa severe
requirementonthematerial,especiallya strain-rate-sensitivematerial.As
hasbeendemonstrated,impacttestloadingratesaretoohightoberepresenta-
tiveofshiphullserviceevenunderadverseconditions.Therefore,a ship
platethatdoesnothavetherequiredtoughnessintestingwhereitisloadedin
impactmaywellperformina satisfactorymannerinservicewhenitstoughness
ismuchgreater.ThisconclusionissupportedbytheShipStructureCommittee
work,thecurrentworkonsimilarmaterialsinothertypesofserviceandship
serviceexperience.
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Tospectfyhowmuchtoughnessisactuallyrequiredforshipservicein
theabsenceofaneffectiverecognizedintermediateratetestisdifficultto
doandmustbebasedonengineeringjudgment.Theauthorhasincludedsome
proposedmodificationstothecriteriaofRolfe,etal.thatattempttotake
thisintoaccount(Appendix1). Beyondtheseproposals,whichareadmittedly
basedonlimitedinformation,itcanbestatedthatanoperationalfractnre
controlplanforshiphullsteelsdoesnotyetappeartobedeveloped.

TheproposedguidelinesofShipStructureComni.LteeReport244,andthe
researchthattheystimulated,haveservedtoadvancethestateoftheartin
thisimportantfieldbycenteringattentiononanewsetoffundamental
questions.Theseques-tionsarediscussedinmoredetailinthe
Researchofthisreport,however,theycanbeenumeratedhere.
arerealisticmacroscopicstressesandloadingratesinships?
studieshavegivena partialanswertothefirstquestion--they
high,closetotheyieldpointofthesteel.Loadingratesare
documentedatthistime,andneedtobemuchbetterunderstood.
fundamental’questionishowintermediateratetoughnessinship

Recommended
First,what
Shipstress
canbefairly
notwell
Another
steelscanbe

measuredquantitatively.Testingofthistypeiscomplexbecause,formany
shipmaterials,intermediateratetestsproducehighlevelsoftoughnessand
changelinear-elasticfracturetoughnessteststoelastic-plasticones.
Proceduresforevaluatingelastic-plastictoughnessareinthedevelopmental
stageandthismeanstestdevelopmentisrequired.Finally,thewholequestion
ofcrackarrestisbroughtintofocusasa problemthatcannotbedealtwirh
effectivelybymaterialpropertiesalone.Thisisitselfanimportantfinding
andshouldbethebasisforanewapproachtofracturecontrolinshipstruc-
turesaswellasa subjectforcontinuingresearch.

Intheintroductiontothisreport,threequestionsarelistedasthe
specificchargetotheinvestigator.Thesequesttonswere,briefly,canwe
nowassesstheproposedcriteria,arethetestmethodsproposedadequate,and
aremodificationsneeded?Theanswerstothesequestionsarea qualified
yes,no,andyes,respectively.Asindicatedabove,enoughlaboratorydata
andserviceexperiencehavebeendevelopedtogivea preliminaryevaluation
ofthecriteriaandtheconclusionisthattheyaretooconservative.Inthe
processofcomingtothisconclusion,ithasbecomeapparentthatthetest
methodsproposeddonotnecessarilymeasureservicetoughness.Forthis
reasontheproposedcriterianeedtobemodifiedbothwithrespecttotest
methodsandthetoughnessrequiredtoformabotheffectiveandeconomicfrac-
turecontrolplanforshiphullsteels.

VII.RecommendationsforFutureResearch

Fromthestandpointofsteelpropertiesitdoesnotappearthataddi-
tionaltestdatatocharacte~izeshipsteelplatepropertieswiiladdanything
tothedataalreadyobtainedexcepttoincreasethesizeofthebase.Weld-
ments,however,areamuchsmallerproportionofthedataandrelativelyfew
NDTtemperaturesorothertoughnessdataforweldmentsareavailable.It
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wouldappearthatamuchlargerdat-abaseforweldmentsmadebyvariousproc-
esseswouldbeinorder.Itispossiblethatmuchofthesedataalreadyexist.
Itwouldbehighlydesirabletogatherthisinformationandgiveitsomeclose
examination.inthelightofthisreview.

Althoughthedropweightanddynamicteartestshavebeenproposedas
fracture-controltests,theymeasureimpacttoughnessonly.Ithasbecome
clearthatthedefinitionofandmeasurementof“intermediaterate”fracture
toughnessisakeyissuewithrespecttoshipsteelfracturecontrol.Measure-
mentofcracktough~essasa functionofloadingrateisa significantexperi-
mentalproblem;andyettheseareexactlythedataneededtodeveloporevalu-
atefracture-conf:ro1plans.Theweightofthedatareviewedinthisreport
suggeststhatsh.iipl.o.adingratesaremoderateandcracktoughnessesatand
abovetheNDTte~lp(:ra.turearehigh,butitisobviousthattoughnessdataof
thistypeareli.m~ited.A substantiallyimproveddatabaseinthisareawould
certainlybeinorder.

Itisa re,:-mmlendationofthisreportthatcrackarrestinshipscannot
betreatedasamat=rialcharacteristicalone,butmustinvolvea systemsap-
proachu~ingthe::~eelslgeometries,locationsanddetailsinconcerttoeffect
arrest.Min.i.mumarrestlevelsthatcanbeexpectedofsteelsneedfurther
Study . Pro~isionforcrackarrestisespeciallycriticalfortheuseofhigh-
strengthsccelsinshipswhereallowablestressesmaybehighandshelftough-
nessmay1:?relativelylow.Arrestofrunningcracksundertheseconditions
willreq~~;,::esophisticatedapproaches.

Withresp~ctLOdevel.clpingtheoverallfracturetoughnessdataforthe
shipste~.:~problem,itisclearthatthereisstillaneed,inspiteofmany
effcrts~,.:ora simplemethodformeasurementofKid,KIaandU d directly.

z -The:ep:~:imetersarea necessarycomponentofanyfracture-mecanlcsapproach
to:frac.~~econtrol.Fortunately,sometestmethodshavebeendevelopedover
the.las:fiveyearsandarenowunderintensivestudybyASTMsubcommitteesand
taskg?.Iups.Continueddevelopmentofthesetestswillbeneededifshipsteel
fractu:--controlmethodsaretobebasedonfracture-mechanicsconcepts.One
pa~ti[[.l,ardifficultywithrespecttousingsucha testforshipsteelsisthat
th~ri[~~!surementsmustextendintotheelastic-plasticandeventothefully
pl;!,si.ix.range.Thesemeasurementsaredifficultenoughinstatictesting,~.n
dym,lc.testing,theyareeve’nmorechallenginganddifficulttointerpret.
Yi,:,thisiswherethetechn~,quesareneededandresearchshouldbedirected.
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APPENDIX1

ProposedModificationstoGuidelines

Oncomple~ionofthisreport,theauthorbelievesthatmodificationof
theproposedguidelinesisnecessaryandthatsufficientdatatoprovidea
startonthisadjustmentareavailableinthematerialthathasbeenreviewed.

TheproblemthenbecomeshowtherecorcunendationsofShipStructureCom-
mit~eeReport244canberationallyandquantitativelymodifiedtoreflectthis
fact.Becauseofthelimitationsondata,the.quantitativemodificationsare
particularlydifficult.However,dataonmeasuredandestimatedratiosof
KId/uydattheNDTtemperatureforvariousloadingratesappeartoprovidean
approach.Forlow-strengthC-Mnsteels,dataobtainedfroma numberofsources
showthat,attheNDTtemperature,theKId/aydrangesfrom1 to1.3,whileat
75°F,itrangesbetween2and7whenloadingratesthatmorecloselyapproxi-
mateshipserviceareused.TheweightofthedataproducedinShipStructure
Committeeresearchale.0SUppOrtS theseValUeS OfKId/Uydwhen&St@g iS at the
intermediateratherthanimpactrates.Atimpactrates,thisratioapproaches
thevalueof0.5to0.63,asmightbeexpected.

A. PrimaryLoad-CarryingMainStressPlates

Usingthesedata,itispossibletoproposethattheNDTtemperature
requirementberaisedfromsomethingwellbelowtheminimumservicetempera-
turetotheminimumservicetemperatureitself;320??.Toinsurethatvari-
ationsinNDTtemperaturedeterminationswillnotpermitmarginalmaterialin
service,areductionintheNDTtemperaturerequirementto20°Fisanarbi-
trarybutreasonableprecaution,12°Fbelownormalminimumhullservice.Since
thisrequirementfallsclosetotheminimumservicetemperature,noadditional
testisnecessarytoinsurea risingcurveoftoughnesssincetherequired
Loughnesslevelwillbeestablishedbythesingletest.Theresultofthis
testshouldbea serviceKId/uyd>0.9.

Itmustberecognizedthatsuchaproceduredoesnotimplyallmaterials
testedwillhavethesamerelativetoughnessat200FsincetheK1d/aydratioat
theNDTtemperatureislowerforthehigh-strengthsteelsthanthatofthe
lowerstrengthsteels.Itshould,however,establishaminimumleveloftough-
nessataminimumservicetemperaturethatwillpreventinitiationofbrittle
fractures.ThisrequirementisidenticaltothatproposedbyRolfeandhis
co-workersforprimaryloadcarryingsecondarystressmembers,howeverthe
interpretationastotheeffectivetoughnesslevelimpliedbythetestis
different.

Table4,inwhichtheperformanceofshipsteelsagainsttheRolfeetal.
secondarystressguidelinerequirementislisted,showsthatthisproposalnot
onlyagreeswellwiththeexperimentaldatabutisconsistentwithgeneralship
experience.Thatis,theperformanceinthistestismarginalforGradeA,
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somewhatbetterforGradeB andgoodforGradesC,D,E,CSandEH32.The
singleplateofAH32testeddidnotpassthistest.Allofthespecialplates
testedalsopassedthistest,as didalloftheweldmentstested.

B. PrimaryLoad-CarryingSecondaryStressPlates

Iftheprimaryload-carryingmemberrequirementformainstressmate-
rialsisanNDTtemperatureof20°F,itmightbeassumedthata lowerlevelis
acceptableforsecondarystressmembers.Secondarystressmembersdohavea
lowergeneralstresslevel,howevertheresidualstresslevelinweldmentsin
theselocationswillbeidenticaltothoseinprimarymembers.Fromthecrack
initiationviewpoint,a reductioninrequiredtoughnessisunjustified.Once
crackinitiationhasoccurred,thegeneralstresslevelinthesememberswill
bereduced,however,nominalstresslevelsinshipsarefairlylowandthedif-
ferentiationbetweenprimaryandsecondarystressesonthisbasisdoesnotap-
pearsignificant.Itis,therefore,reasonablethatthesamebasicrequirement
beappliedtothesemembersastheothers,i.e.,anNDTtemperatureof20°F.

c. CrackArrestRequirements

Therequirementsforcrack-arrestplatematerialsarethemostdifficult
ofalltospecifybecauseoftheuncertaintiesinthemeasurementtechniquefor
crackarrestproperties.If,asdiscussedbefore,crackarrestcanbetreated
asa staticorquasi-staticproblem,crack-arrestrequirementscanbecalcu-
latedorestimatedinconjunctionwiththedesignoftheshipcrosssectionand
thespacingandconfigurationofcrackarresters.Aswasshownbefore,spacing
ofarrestersystemsatdistancesofmorethan30feetcreatesvaluesofK that
can,undernominalstressesof15ksi,exceedvaluesof350ksi~. Forthe
yieldpointstressesimpliedinShipSrructureComtnitteeReport244,require-
mentscanbetwicethisvalue,levelswhichmanyotherwisetoughmaterials
wouldfailtoprovide.Evenatshorterspacings,fracture–toughnessmeasure-
mentsshowthatonlylow-strengthsteelswithveryhighshelftoughnessescan
providearrestcapacityinthesteelalone.

Certainaspectsoftherequirementsforarresttoughnesscanbedefined.
Itisundoubtedlynecessarytoconsiderthatuppershelftoughnessunderdynam-
icloadingistheproperregimeandtthus~theNDTtemperatureshouldbeselected
toprovidethis.ThedataofthevariousreportsshowninTables4 and5 in-
dicatethatthefewmaterialsthatcouldconsistentlyprovidehighshelftough-
nessinDTtests,forexample,ABSCS,hadNDTtemperaturesatorbelowO°F.
Thisrequirementisnotsufficientinitself,however,becausesteelshaving
lowNDTtemperaturesmayhavelowshelftoughness.Toestablishtheshelf
toughnessenergyrequirementintheabsenceofknowledgeofarresterconfigu-
rationsisnotpossibleatthistime.Thisisonecasewheredesignandmate-
rialsinteractsocloselythatnosimplematerialspecificationcanbewritten
anditisobviouslytheareawhereresearchismosturgentlyneeded.Ingen-
eral,itcanbestatedthatDTtestvaluesofgreaterthan1000ft-lb.maybe
requiredintheoperatingregimeunlesssophisticatedarresterdesignsare
used.
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