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ABSTRACT

Thetechniqueoffiniteelementshasbroughtabouta newerato
thefieldofstructuralanalysisofshipstructures.Theapplication
ofthistechnique,however,is limitedbythecostandcapacityofthe
computer.Straightforwardapplicationsofthe finiteelementmethod
tothewholeortoa majorportionoftheshiphavesofarbeeninac-
curateandtooexpensivefordesignpurposes.

Themethodpresentedcombinestheadvantagesofthefiniteelement
techniqueandtheuncouplingbycoordinatetransformation.A finemesh
maynowbeusedtoproducemoreaccurateboundaryconditions.Theun-
couplingtransformationsalsoreducethecomputertimetoaboutone-
t.enthofthatbyothermethods.Thecriticalassumptionsandthebasic
theorieshavebeen verifiedwithexperimentaltestresultsfromthe
tanker“JOHNA.MCCONE.”

Thisreportdiscussesthreecomputerprograms;oneforthelongitu-
dinalstrengthanalysis,onefortransversestrengthanalysis,andone
farthelocalstabilitycheckofthestructure.Theprogramsthemselves
appearinsubsequentreports.
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INTRODUCTION

Prelude

Theshiphullisa complexstructuresubjecttothemultiplestatic
anddynamicloadingsimposedbyitsmass,itscontents,andthetime-
dependentforcesofthesea.A satisfactoryprocedureofstructural
designrequiresa completeknowledgeoftheloadingsaswellasa method
ofaccuratestructuralanalysis.Whilethisultimategoalmaynotbe
reachedforsometime,improvementshavebeenmadeinbothareas,l~2J3
Themostnotabledevelopmentsinstructuralmechanicsasappliedtoships
havebeenthetehniquesoffiniteelements4*5andthetheoryof
grillages.6*7~8~8 Thecomplexityofa ship’shullsuggeststhatthe
versatilefiniteelementtechniquewouldbetheidealanalysistoolif
thecomputertimecanbeheld?8wntowithina reasonablelimitforan
acceptabledegreeofaccuracy.In thelightofthisproblem,then,
thisreportpresentsa newapproachtotheanalysisoflongitudinally
framedships.Itstheoreticalfoundationisbaseduponthefollowing
threeobservations:

1. Resultsfromfull-scaleshiptestsconfirmthattheshiphull
ofmoderatesizebehavescloselyasa simplebeamwithsheardeflect~on.
Thetrendofmodernshipbuilding,however,hasbeentowardincreasingly
largershiphulls,andthefuturemayrequirerefinementstothiselemen-
tarymethodofanalysistoincludethepossibleeffectsofexpandedbeam/
lengthandbeam/depthratios.

2. Paststructuralfailuresoflargetankersrevealedprincipal
areasofdamageattheintersectionsoftheprimelongitudinal(longitu-
dinalbulkheads,sideshells,deeplongitudinalgirders)andtransverse

{
memberstheoil-tightandswashbulkheads,andthedeeptransverseweb
frames).1 Thelinesofbucklingoftenshowedthecharacteristicfeatures
ofdeformationunderexcessiveshearloadsandindicatethattheshear
loadsattheintersectionsoftheseprimemembersmustbere gnizedas
importantfactorsinthestructuralanalysesoftheseships.t?

3. Thetheoreticalnavalarchitecthaslongrecognizedtheflow
patternofloadtransferenceamongthestructuralmembersofthelongi-
tudinallyframedshipasfollows:Loadsfromtheplatearetransferred
tothelongitudinalframes,thentotheprimetransversemembers(i.e.,
bulkheadsandwebframes)andfinallytotheprimelongitudinalmembers.
However,thisflowpatternhasneverbeenconsideredinthecalculation
ofthelongitudinalstrengthofships,andonlyver recentlyhasItbeen
consideredinthetransversestrengthanalysis.351#AS thesizeOf
tankersincreases,thisflowpatternassumesgreaterimportance.

A BRIEFREVIEWOFTHESTATUSOFSHIPSTRUCTURALANALYSIS

Theconventionalapproachfora ship’sstructuralanalysiscanbe
dividedintothreestages:First,theshiphullistreatedasa thin-
wallsimplebeamtodeterminetheprimaryorlongitudinalstrength.
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ThevalidityofthismodelingtechniquehasbeenverifiedbyVasta’s
investigations13forshipsof50,000tonsorsmaller.Butforthe
shiphulltobehaveasa thin-wallsimplebeam,thetransversemembers
mustbestrongenoughtomaintainanessentiallyconstanthullcross-
section.

Thesecondstageisthetransversestrengthanalysisforwhich
severalapproacheshavebeenused.Oneistotreatthetransverse
memberasanindependent,reinforcedtwo-dimensionalspaceframelor
elasticbodylowiththeshells,longitudinalbulkheadsandcentral
girdersmodeledasconcentratedsprings,butwiththeeffectofthe
smallerlongitudinalmembersneglected.Toreqainmoreofthecoupling
effects,anothermethodhasbeentotreatthestiffenedpanelsofbulk-
heads,decks,bottomandsideshellsasorthotropicplates,grillages
ortwoorthree-dimensionalspaceframeswithcalculationsconfinedto
oneholdonly.Morerecently,thetechniqueoffiniteelementshasbeen
appliedwherebytheentirehullora portion“thereofismodeledasa
three-dimensionalstructure.Theresultingsolutionsthenprovidethe
boundaryconditionsfora moredetailedanalysisofthetransversememb-
er understudy.10!5~3!15

Finally,theunstiffenedplatepanelsaretreatedasisotropic
platestodeterminethetertiarystresses.

Althoughtheconventionallongitudinalstrengthanalysishasproved
tobeadequateforshipsofmoderatesize,evidencesuqgeststhata more
elaboratemethodisneededforverylargeships.Asa three-dimensional
floatingstructure,theshipissub,jecttonotonlyverticalbending,
butalsogirthbendingandcompression,horizontalbending,andtwisting.
Forshipswithsmallbeam/lengthandbeam/depthratios,theonly
importantfactorsaretheverticalbendingandthegirthcompression.
Allotherfactorsmaybeneglected,exceptfortwistinginshipswith
largedeckopenings.Forverylargevessels
thesefactorsmaybesignificant.

,ontheotherhand,allof
Thisreportgoesonestepbeyond

existingmethodstoincludetheeffectsofdeformationofthetransverse
andsheardistributionbetweentheprimelongitudinalhullgirdersand
transversemembers.Theeffectsoftwistingandhorizontalbendingare
leftforfutureinvestigations.

Forthetransversestrength,theframeanalysisIssimple,butthere
isnouniquewaytodeterminethestiffnessandspanofeachmember.The
methodtodeterminethespringfactorsisstillanartratherthana
science,anddifferentinvestigatorscanobtainverydifferentresults
forthesamestructureevenwhenusingthesamecomputerprogram.The
determinationofboundaryconditionshasbeena subjectofmuchdiscussion
butremainsunsettled.Thebestwaytoavoiddifficultyistotakea
largerportionofthestructureintoconsideration.

Theprincipleofsuper-positionisvalidonlyiftheboundarycondi-
tionsadoptedineachstageofthecalculationsareexactlydefinable;
thissituation,however,isgenerallyimpossiblesincetheboundarycon-
ditionsofanyregionarefunctionsofboththeship’sgeometryandthe
loadsactinguponit.

—_ — —- ._._
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THEAPPLICATIONOFTHETECHNIQUEOFFINITEELEMENTSTOTHEANALYSISOF
SHIPSTRUCTURES

Thefiniteelementmethod(FEFl).hasbeenusedeffectivelyformany
yearsbytheaerospaceandcivilengineers.Infact,itconstitutesthe
onlypracticalmethodfortheanalysisofcomplexstructuresandas
appliedtoshipstructuresinrecentyearshasproducedgoodresults.3,F,~~,l~

AlthoughthebasictheoryofFEhliswellknowntoengineers,itis
importanttoreviewtheaccuracyofthistechnique,whichdependsupon
thefollowingfourfactors:

1. Thediscretizationoftherealstructure.Thecontinuousstruc-
turemustbeidealizedIntodiscreteelements.Theconsequenceofapproxi-
matinga continuumofinfinitedegreesoffreedomwitha fiodeloffiiite
degreesoffreedomisthecliscretizationerrorwhichisoftenmeasuyedby
howcloselyassumeddisplacementfunctionscanrepresentthetrue
displacements.

2. Thetypesofelements.Nanytypesofelementshavebeendeveloped
fordifferent.purposes.Thetv~eofelementforwhichtheassumeddisplace-
ment-Functions’satisfyallcom~atibilityconditionsattheboundaries&f
theelementiscalledconforming.Sincesuchfunctionsaredifficultto
developforsometypesofelements,functionswhichsatisfyonlyportions
ofthecompatibilityconditionsmayhavetobeused.Theseelementsare
thennon-conforming.Thedifferencebetweenthetwotypesisthatasthe
sizeoftheelementapproacheszero,thesequenceofapproximateSo-lutions
convergestotheexactsolutionfortheconformingelementbutmaycon-
vergetoanincorrectvalueorevendivergefornon-conformingelements.
Althoughtheconformingelementsdonotnecessarilyyieldbetterresults
ina verycoarsemesh,duetootherapproximationsinvolved,theyare
preferablewheneverpossibleforanalysisinfinermeshes.

3. Thenumberofelementsandtheroundingerror.Foranalyses
usingconformingelements,thediscretizationerrormayber-educedby
usinga finermesh;~.e.,increasingthenumberofelements.Howeverg
asthenumberofdegreesoffreedomincreases,anotherkindoferror
beginstogrow.Thecomputerrecognizesonlya certainnumberofdigits
ofanynumericalvalue;and,consequently,round-offerrorscanaccumu-
lateandbecomeverylargeattheendofa computation.Sincethis
errorincreaseswiththenumberofdegreesof-Freedcm,a finermeshmay
evenproducea greaterneterrordependinguponthemethodsofcmnputa-
tionandthecomputer.Thiserrormaybereducedwithanimprovedcom-
putationalprocedureandwithdoubleprecision,buta limitwillalways
existwheretheincreaseinroundingerrorislargerthanthedecrease
inthediscretizationerror.

4. Theaccuracyofboundaryconditions.Toreducerounci~ngerrors
andthecomputertimeexpense,thecommonapproachistousea macro
meshforthewholestructure;fora shipthemacromeshmayconsistof
elementsaslargeasa basketballcourt.Thesolutionsfromthismacro
meshanalysisarethenusedasboundaryconditionsfortheanalysisof
a stillsmallerregionusinga micromesh,andsoon.

——— — —-——
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Unfortunately,theaccuracyofthedetailanalysiscanneverbe
betterthantheaccuracyoftheboundaryconditions.Iftheresults
fromthemacromeshanalysisarequestionable,thesolutionsfromthe
microanalysisarealsosuspect.Theuseofthemacromeshofnon-
conformingelementspromisesresultsthatare,atbest,veryrough
approximations.

PROPOSEDMODIFICATIONSTOTHEFINITEELEMENTMETHODOFANALYSIS

Toreducethediscretizationerrorsatboundaryconditions,the
methodpresentedinthisreportemploysa muchfinermeshforthethree-
dimensionalanalysis.Theproblemsoftheround-offerrors,thecom-
puterexpense,andofthelimitedcomputercapacityarealleviatedby
thecoordinatetransformationtechniqueintroducedinAppendixB.

OUTLINEOFTHENEWAPPROACHANDITSBASICASSUMPTIONS

Thefollowingapproachincludesbotha longitudinalanda trans-
versestrengthanalysis.

A. Longitudinalstrengthanalysis.

1. Thelongitudinalbulkheadswithdeckandbottomplateof
thecentraltankandthesideshellswithdeckandbottom
plateofthewingtanksaredefinedasprimelongitudinal.
Theprimelongitudinalandthetransversesbehaveas
simpleshearbeams.Vasta13hasverifiedthisassumption
forthenot-so-largeships,andnoevidenceindicatesthat
thisassumptionisinvalidforthelargetankers,

2. Theprimelongitudinalareassumedtobesimplysupported
atbothends.Thesimplysupportedendisthesameasthe
freeendiftheshearforceiszero.Sincetheexternal
loadsareself-balanced,theshearforcesattheendshould
besmall,andthesumofshearforcesoftheseprimelongi-
tudinalisactuallyequaltozero.

3. Thetransversemembersareassumedto befree at bothends.
4. Theshearforcesinthedeckandbottomplatingaresmall

relativetothelongitudinalstressesneartheintersections
ofthelongitudinalbulkheads.Thisassumptionhasbeen
verifiedbyexperimentina 90,000tontanker.14

5. Thetransversesareinturnsupportedbytheprime
Iongitudinals.Thisloadtransferpatternindicatesthat
theprimelongitudinalareacteduponbythereactionsof
thetransversesonly.Thisisanimprovementoverthecon-
ventionalmethodwhichimpliesthattheexternalloadsare
actedupontheprimelongitudinaldirectly.

—— _.
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6. Theeffectoflocalorsecondarydeformationsofthetrans-
versesonthelongitudinalstressisnegligible.Thisis
thebasicassumptionfortheconventionallongitudinal
strengthanalysis.However,theprimarydeformationsof
thetransversememberbetweentheshellsandlongitudinal
bulkheadsarenotneglected.

Transversestrengthanalysis.

1. Alllongitudinalareassumedtobesimilar,orofpropor-
tionalstiffness.Thisimpliesthatthemomentofinertia
changesbythesameratioalongthelengthforall
longitudinal.Thisistrueformostships.

2. Alltransversemembersareassumedtobesimilar,orof
proportionalstiffness.Thisassumptionisa necessary
approximation.Theerrorcausedbythisassumptionissmall
intermsoftheactual‘reactionsactinguponthetransverses.

3. Theexternalloadsareactingupontheplateandtransmitted
tothelongitudinalsupportedbythetransverses.Loads
maybedistributedandneednotbeconvertedtoconcentrated
forcesatelementnodalpoints.

4. Theexternalloadsarearbitraryinsofarastheyaresym-
metricaboutthecenterplaneoftheship.Unsymmetricload-
ingsystemscanbetreatedasthesumofa symmetricsystem
andanantisymmetricsystem.Thepresentcomputerprogram
isapplicabletobothloadingsystems.

5. Thelongitudinalbeamelementsareassumedtobesimply
supportedatbothendsoftheship.Sincetheexternalloads
oftheshipareself-balanced,thisassumptionisthesameas
theconventionalfree-freecondition.Theymaybesimply
supportedorfixedforpartialanalysisdependinguponthe
loadingconditionsandthenatureofthehullstructure.

6. Theeffectofthetorsionalrigidityofthelongitudinalis
neglectedfortworeasons.Thiseffectisnegligibleforall
longitudinalwithopencrosssection,andthein-plane
twistingatthenodalpointscannotbeaccommodatedbythe
planefiniteelementtheory.

7. Thebendingstiffnessesoftheplateelementsareneglected.
Kendrick15verifiedthisstandbyshowingthatbendingstiff-
nesshasvjrtuallynoeffectonin-planestress.

Thestabilitycheck

ThestabilitycheckformulasasgiveninAppendixIareinterpo-
latedfromestablishedcriteriaintheliterature16*17Y18for
thesimplysupportedplate.Whilethismodelingassumptionis
notexactforthewebplateofthetransversemembers,itdoes
providea goodupperboundfordesignpurposes.
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LONGITUDINALSTRENGTHOFLARGESHIPS

Formanyyears,thelongitudinalstrengthofshipshasbeencal-
culatedbythesimplebeamtheory.Recently,attemptshavebeenmade
toapplythreeimensionalfiniteelementanalysestpthewholeship
structure.lO*1~ Inadditiontoprovidingthelongitudinalstrength,
thisanalysiscanalsoprovideinformationabouttheverticalshear
loadsuponthelongitudinalbulkheadsandsideshellsandalsoboundary
conditionsforlocalanalysis.Duetocomputerexpenseandthelimit
ofthenumberofelementsavailable,onlycoarsemeshanaTyseshave
beenpossible.

In recentyears,anex
hasbeenevelopedbyKanlelI

~fil~;n;lcomputerprogramfortankeranalysis
Thelongitudinalstressescalculated

byDAISY1showonlyslightdeviati~nsfromthelinearstressdistribution
exceptatlocationswherethebendingmomentissmall.Thiscoarsemesh
analysis,however,doesinvolvesomeerrorontheidealizationofboth
theloadingandthe
balancingthemodel.

fbructurewhereadditionalforcesarerequiredfor

AnanalysissimilartoDAISYwasperformedontheESSONOR!dAYusing
theprogramSESAM-69.19Theresultsindicatefairlylargediscrepancies
betweenthemeasuredandcalculateddeflections.Resultsobtainedfrom
simplebeamtheory,ontheotherhand,haveprovedtocorrelatequite
wellwithfull-scaleexperiments,althoughtheseexperimentswerecon-
ductedonmuchsmallershipsthantheESSONORWAY.

Authoritiesgenerallyagreethatthelongitudinalstrengthstandards
adoptedbythesocietiesusingthesimplebeamtheoryarequiteadequate
evenforsupertankers.Forthesereasons,then,a coarsemeshfinite
elementanalysisforthelongitudinalstrengthisreallyunnecessary.

A simpleandaccuratemethodtocalculatethedistributionofthe
shearloadbetweenthelongitudinalbulkheadsandthesideshells,how-
ever,isneeded.Thiscanbedonebytreatingthehullasa grillage
consistingoffourprimelongitudinalmembers(thesideshellsandthe
longitudinalbulkheads)andtheprimetransversemembers(transverse
bulkheads-andwebframes).(SeeFig.2-l).Thetransversemembers
includeportionsofthedeckandbottomasflanges.Theshellmembers
includeportionsoftheconnecteddeckandbottomplatingasflanges.
Similarly,portionsofthebottomanddeckareascribedasflanges
forthelongitudinalbulkheadmembers.Thememberdefinitionsshould
besuchthatthetotalmomentofinertiaofthehullisexactlyequal
tothatderivedintheconventionalmanner.

Theprimelongitudinalareassumedtobesimplysupportedatboth
ends.Thesimplysupportedendconditionisthesameasthatforthe
freeendiftheshearforceiszero.Sincetheexternalloadsareself-
balanced,theshearforcesattheendsshouldbesmall,andthesumof
shearforcesofthesefourlongitudinalmembersshouldactuallybezero.
Thetransversemembersareassumedtobefreeatbothends.
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Theshearforcesinthedeckandbottomplatingareassumedsmall
relativetothelongitudinalstressesneartheintersectionsofthe
longitudinalbulkheads.Theexternalloadsareassumedtobeacting
upontheplateandtransmittedtotheprimetransversemembersthrough
thelongitudinal.

Forsymmetricalloadsthisnewapproachisidenticaltothecon-
ventionalsimplebeamtheoryiftheprimetransversememberscanbe
treatedasperfectlyrigid.Butthismethodismoreusefulbecausethe
shearloadsontheprimememberscanbecalculatedaccurately.In
addition,thestressduetotransversebendingcanalsobecalculated.

TheformulationofthismethodisgivenindetailinAppendixA.

A computerprogramhasalsobeenprepared.Asillustratedin
AppendixA,thismethodisonlyslightlymorecomplicatedthanthatof
theconventionalsimplebeambutstillrequiresonlya fewsecondsof
thecomputertimeforthecalculations.

Table2-1providesa samplecomparisonofthelongitudinaldeck
stressesderivedfromboththeconventionalsim~lebeammethodandfrom
thenewgrillageapproachwhichfurtherdeterminestherelativesharir
oftheloadsupportbythesideshellsandthelongitudinalbulkhead.
Thevalidationofthegrillagemethodhereactuallygivesevidenceof
theapproximationsmadebytheconventionalmethod.

Thedistributionofverticalshearforcebetweenthelongitudinal:
bulkheadsandthesideshellisplotedinpercentageinFigure2-2.~ItispointedoutherethatRobertshastreatedthecargoportionof
thetankerasa grillagefortheshearloadspriortothispaperand

9

hasdeviseda formulaForthispurpose.Theprincipleofhis-methodis
similartothatofthenewapproach,althoughsomedifferencesare
notable.ThesediscrepanciesareduetothefactthattheRoberts’
formulaexcludestheeffectsofthepositionoftheloadingrelativeto
thecentralplaneandofthestiffnessesofthetransverses.Results
froma longitudinalanalysisofthe“JOHNA.MCCONE”indicatethe
importanceofthesetwofactorsandhencedonotconformwithRoberts’
simpleformula.

SeveralcomputerprogramssuchasSTRESSandsTRUDLcanbeade-
quatelyapplied,buttheyaremoredifficultandexpensivetousethan
whatisintroducedinthisreport.Theproposedgrillageanalysisis
tailoredforthelongitudinalstrengthcalculationsandincludesdefor-
mationsduetoshearaswellasbendingofthedeepprimarymembers.
Themethodisbasedonthetechniqueoftransfermatrices,andhence,
theresultsshouldbethesameasthoseobtainedbya frameanalysis
exceptthatthecomputertimeshouldbesignificantlyreduced.



PercentageofShearLoad
OnSideSheli IntersectIon -m

A.co.

m
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Table2-1.RelativeLongitudinalStressonDeck.kg/mm2

FrameNo. By BynewGrillageMethod
Conventional NearSide NearLongitudinal

Method Shell Bulkhead

97 ... --- ---
99 0.59 0.57
101 0.87 0.88
103 1.14 1.15
105 1.40 1.43
107 1.64 1.75
109 1.86 2.03
111 2.02 2.20
113 2,13 2.30
115 2.18 2.37
117 2.18 2.37
119 2.13 2.28
121 2.02 2.1!7
123 1,86 2.02
125 1.65 1.78
127 1.39 1.51
129 1.07 1.16
131 0.70 0.74
133 0.27 0.30
135 -0.20 -0.22
137 -!0.74 -0.85
139 -1.23 -1.34
141 -1.57 -1.70
143 -1.83 -1.94
145 -1.83 -1.98
147 -1.75 -1,89
149 -1.53 -1.66
151 -1.17 -1.23

-0.66 -0.68’53 ..-–,..-..___.,----

0.66
0.91
7.20
1.45
1.64
1.80
1.95
2.08
2.12
2.12
2.10
1.97
1.81
1.62
1.34
1.04
0.69
0.26
-0.19
-0.69
-1.20
-1.54
-1.71
-1.80
-1.73
-1.49
-1.17
-0.68—-. .
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TRANSVERSESTRENGTHOFLARGESHIPS

Theconventionaltwoorthree-dimensionalanalysesoftransverse
strengthoftenassumesa pre-deformedstateofthestructure,wherethe
supportingforcesuponthetransversesofthehullhavebeeneither
neglectedorroughlyapproximated.Mostanalystssimplytreatthe
effectoftheship’shullasseveralrigidorspringsupports.The
springconstants,however,aremoreartfullyderivedthanprecisely
developedfromthehullstructureasa contiguoussystem.A three-
dimensionalfiniteelementsolutionfortheseboundaryconditionshas
alsoprovedinaccuratesincea coarsemeshmustbeused.

Themethodpresentedhereissimilartothethree-dimensional
finiteelementtechniquesinuse,buta muchfinermeshisgenerated
toimproveaccuracy,andtheuncouplingviacoordinatetransformations
simplifiesthenumericalcomputationandthusreducesthecomputertime.
Theship’shullismodeledasa three-dimensionalelasticbodyconsisti-
ng ofbeamelementsrepresentingthelongitudinalandplateandbar
elementsrepresentingthetransverses(Fig.3-l).Thenodalpointsat
theboundariesandthetransversesarelocatedontheintersectionswith
thelongitudinalwhereverpossible.(Theeffectoflongitudinalthat
donotcoincidewithanynodalpointisaccountedforbythemethod
introducedinAppendixE.) Thelongitudinalaresimplysupportedat
bothendsandthetransversesarerestrainedfromhorizontalmovement
alongthecenterlinebecauseofsymmetryandarealsosupportedbyan
artificialsupportatthebottomofthelongitudinalbulkhead(Fig.3-2).

Thethree-dimensionalcoupledstructureofthetransverseanalysis
requiresasinputthesupportingshearforcesgeneratedwithinthehull
girderbytheexternalloadingconditions.Theexternalloadingcondi-
tions,then,areusedtocomputethesecondarydeflectionsofthelongi-
tudinalmembersandtheelasticdeformationsoftransverses.Boththe
deflectionsoftheprimelongitudinal(equaltotherigidbodymotions
ofthetransverses)andthesupportingshearforcesareavailabledirectly
fromtoelongitudinalstrengthanalysis.(Fig.3-3).Theshearforces
uponthetransversesareactuallythechangesinlongitudinalshearand
maybeapplieddirectlytothetransversemembersasexternalloads.
Manyanalysessimplyneglecttheseforcesinthetransversemodeland
allowtheresultingforceloadinginbalancetobecorrectedbythe
developmentofconcentratedreactionforcesatthetransverseboundary
supports,asillustratedinFigure3-2.

Thepointsupportattheintersectionofthebottomplateandthe
longitudinalbulkheadisnotnecessarywhenthehullistreatedasa
three-dimensionalstructure,butisnecessaryforthefinaltwodimen-
sionalanalysiswhenthesupportsofthelongitudinalarereplacedby
boundaryforces.Ifthereactionsofthelonqitudinalsuponthetrans-
versesarebalancedexactlybythesupportingforces(longitudinalshear
drop)ofthelongitudinalbulkheadsandsideshells,thenforcesatthe
imaginarytransverseboundarysupportsshouldbezero.Butsincethe
localdeformationsofthetransversesarenotconsideredinthelongi-
tudinalstrengthcalculations,thisidealconditionmaynotbecompletely
satisfied.Theresultingdiscrepancies,however,shouldbesmallerthan
thosedevelopedwiththeconventionaltreatmentofthesesupportforces.
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Fig.3-1.StructuralModelfortheTransverse
StrengthAnalysisofShips

Fig.3-2.TransverseBoundaryConditions
forSymmetricalLoading

/\
,

—— ——— . —



12

Fig.3-3a.PrimaryDeflectionsandSupporting
Forces(FromLongitudinalStrength
Analysis)

Fig.3-3b.PrimaryDeflectionsSuper-Imposed
WithSecondaryDeflections(From
TransverseStrengthAnalysis)

BythemethodpresentedinAppendixB,thisthreedimensional
systemismathematicallyuncoupledintoa setofequivalenttwodimen-
sionaltransversemembers,eachloadedwithtransformedforcesand
supportedbytransformedspringelementswhichrepresenttheeffects
ofthelongitudinal.Sinceboththesetransformedforcesandspring
constantscanbecomputeddirectly,theresultingquasidisplacements
ofthetransverseboundariescanbecalculated.Uponre-couplingthe
system,thesedisplacementsprovidetheactualforcesexertedbythe
longitudinaluponthetransverses.Withthesereactionforcesknown,
thestresseswithinthetransversemembersmaybecomputedusinga
conventionaltwodimensionalfiniteelementanalysis.SeeFigure3-4.

Thefeasibilityoftheuncouplingtechniquedependsupontheac-
ceptanceofcertainassumptionswhichrenderthemathematicsmore
tractable.First,themethodassumesthatalllongitudinalaresimilar;
thisisa gondapproximationformostlargeships,particularlywithin
themid-bodysection.Secondly,alltransversemembers(webframes,oil-
tightandswashbulkheads)aretreatedasbeingofproportionalstiffness.
!ihilethislattermodelingtechniquemaynotappearveryexact,a 100per
centerrorina givenconstantofproportionalitywillproduceonlya
verysmallpercentageerror(perhaps0.5percentmaximum)intheforce
reactionsatthetransverseboundaries.Infact,twosetsofcalculatflons
weremadeforthesamestructureunderthesameloadingconditionbutwith

—. —— .
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Fig.3-4.TransverseStrengthAnalysis

thestiffnessfactorfortheoil-tightbulkheadsvariedinmagnitude.
Theboundaryforcesfromthesecalculationsarepracticallyidentical(See
Table3-l).Thenegligibleeffectsofthetransversestiffnessesaredue
tothefactthatthetransversesaremuchstifferthanthelongltudinals.

Theuncouplingtechniquecanbereducedto.theconventionaljtera-
tionprocess.However,theiterationisconvergentonlyifthestiff-
nessofthelongitudinalisconsiderablysmallerthanthatofthetrans-
verse.

A transverseanalysiswasperformedona simpleboxgirder.(Fig.
3-5).Thismodelincludes47beamand45triangularplateelementsand
wasanalyzedbothbythenewmethodandbya standardthreedimensional
finiteelementcomputerprogram(ControlDataCorporation’sEASE).

Sincethisboxgirderissymmetricalaboutitscentralplaneand
abouttheswashbulkhead,itisnecessaryforthethreedimensional
analysistoincludeonlya quarterofthestructurefortheEASEanalysis.
ThisquarterisshowninFigure3-6,andmodelledasillustratedin
Figures3-7and3-8.SincethepresentprogramshavenotbeensetLIP
forsymmetryalongthelongitudinal,a fullhalfofthestructurewas
includedintheparallelanalysis.
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Thepropertiesofthismodelarelistedasfollows:

Length 80‘
Depth 60‘
Width 60‘

LongitudinalmembersNo.1,11 Ix = I.y= 0.22ft.4
A= 0.22ft.z

LongitudinalmembersNo.4,8 Ix= Iy= 1.1ft.4
Ad.lft.2

LongitudinalmembersNo.2,3,5,6,7,Ix= Iy= 0.11ft.4
9,10 A= 0.11ft.z

WhereA =

Ix,
(Thevaluesof

attachedplate.)

Thickness
andsideplate 0.02ft.

crosssectionarea

IymomentofinertiaaboutX,Y- axis.

cross-sectionalareaandmomentofinertiaincludethe

ofthedeck.bottom.

Thicknessofthewebandbulkhead 0.04ft.

Cross-sectionalareaoftheflange
ofwebframes 0.4ft.2

Forthissimpleexample,itisnotnecessarytousethelongi-
tudinalstrengthprogram.Thebendingmomentcanbecalculatedby
thesimplebeammethod.Theshearforceactingu~onthetransverses
arejustthesumoftheexternalloadsatthebottom,5,000kips.
Thissumisdividedevenlytothetwosides.Bysimplebeamtheory,
thisloadmaybeidealizedtoconcentratedloads,750kipsatthe
intersectionwithlongitudinalNo.5 and7,and1,000kipsatNo.6.

Bytheuncouplingandrecouplingprocedure,theboundaryforces
actinguponthetransversemembersarecalculatedasindicatedin
Table3-2.Notethattheboundaryforces,i.e.,thereactionsfrom
thelongitudinal,arequitedifferentfromtheexternalloadsat
thesamenodepoints.Themaximumdifferenceismorethan18per
cent.Usingtheseboundaryforces,thestressesinsidethetrans-
versescanbecalculatedbytheseparatetwo-dimensionalanalysis.
Theresultsofthestresseswithinthewebframesobtainedfromthe
transversestrenathprogramarecomparedwiththosebythethree-
dimensionanalysisbyEASE/CDCinFigure3-9.
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Table3-1.DominantBoundaryForcesduetoTwo
DifferentStiffnessesforOil-Tight
Bulkheads.

Longitudinal Component StiffnessFactor StiffnessFactor
p=5.6(actual) p=2.64

1-10
11-22

23
24
25
26
27
28
29
51
52
53
54

Y
Y
Y
Y
Y
Y
Y
Y
Y
x
x
x
x

69610
-50560
-14.12*
69610
-50560
5047
5000
4600
4200
-47470
-43130
-36330
-32550

69610
-50560
-9.09*
69610
-50560
5047
5000
4600
4200
-47470
-43130
-36330
-32550

55 x -28960 -28960
56 x -26620 -26629
57 x -26620 -2662!7
58 x -24600 -24600
59 x -24600 -24600
60 x -24600 -24600

Forloadingcondition5 , “JOHNA.MCCONE”
*Valuesareinsignificant

— .-—
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Fig.3-5B. ExternalLoadsonthe
TransversesP = 1000kips
LoadsatBottomofSwash
BHD= 2000kips
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Fig.3-5A,SimpleBoxGirder
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Fig.3-7.PartIofBeamandTriangularElements
forSampleBoxGirderAnalysis
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Table3-2.BoundaryForcesonTransversesinkips

No.of WebFrame1 Swashi3HD WebFrame2

longls. Fx Fy Fx Fy Fx Fy

1

2
3
4.
5.
6.
7
8.
9.

10.
11

0--

1.0

1.6

20.8

-997.5

-500.

0.4

-8.0

-.7

-.4

0.

-506.0

-1021.

-1022.

0.

763.6

1184.

761.7

-27.4

-1.0

.3

.7

0.-

-1.3

-2.1

-26.5

.1003.

-500.

-.7

!3.8

.9

.5

0.

-989.8

-1968.

-1967.

0.

1480.

1745.

1482

36.

-1.4

-.3

-1.0

Fig.3-9.NormalStresseson
TransverseNo.1.

0.-

1.0

1.6

20.8

-997.5

-500.

.4

-7.9

-.7

-.4

0.

-506.

-1021.

-1022.

-0.

763.6

1184.

761.7

27.4
-1.0

—— —- —
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CORRELATIONOFTHEORETICALSTRESSESWITHSTRAINGAUGEEXPERIMENTS

Solutionsobtainedbythemethodspresentedinthispaperhavebeen
comparedwithstraingaugereadingsfromthefullscaleexperimentsofa
200,000tontanker.TheloadingconditionsareindicatedinFig.4-1.

Comparisonsbetweenexperimentalandanalyticalresultsareoften
difficulttomakebecausethetheoreticalapproachesarebasedupon
idealizedconditionswhileactualexperimentsreflectthereal,imper-
fectstructure.Thefullscaletestswereconductedtwoyearsago,and
someofthedataneededforclosercomparisonsisnolongeravailable.
Forexample,thereisnorecordofthewaterheadforthe100percent
fulltankloadingconditions.Thetankcapacitiesshowninthedrawings
are,ingeneral,largerthanthoserecordedduringtheexperiments,
Sincethedeckofthisparticulartankeratthelongitudinalbulkheads
isabout1.15metershigherthanattheedges,thereissomeupward
pressureactinguponthedeckwhenthewingtankis100percentfull.
Themagnitudeofthispressurecanbedeterminedonlyiftheactual
waterheadisknown.Thispossibleupwardpressureonthedeckisnot
consideredintheanalysis,eventhoughtheeffectofthispressurecan
bequitegreat.

PartofthecalculatedresultsareplottedinFiqure4-2through
4-6.Duetothediscretizationerror,thestressofoneelementatthe
boundaryis,ingeneral,notthesameasthestressofanotherelement
atthesameboundary.Forsomelocationsthisdiscontinuityissmall,
asshowninelementsbetweenColumn18and19,Figure4-2.Forsome
locationsofgreatstressconcentrations,thisdiscontinuitymaybe
large;thenormalstressesintheelementsbetweenRow19and20reveal
largediscontinuitiesbetweentheelementsattheboundariesalong
Column12andColumn13,andindicatesthatsmallerelementsaredesir-
ableforthisarea.Sincethestressdistributionmustbecontinuous,
thecommonpracticeistodeterminetheaveragevalueattheboundaries
toproducea continuousdistribution,asillustratedinFigure4-2.
Figure4-7showsthefiniteelementmeshused.

Withfewexceptions,thecorrelationsbetweenthecomputedand
measuredstressesareverygood.Insomecases,thediscrepancybetween
thetwogaugesata givenlocationisgreaterthanthecomputedresult.
Furthermore,thecomputedresultsaregenerallycloserthanthosecom-
putedbyothermethods,

Thelargediscrepanciesintheupperpartofthewebframeandthe
deckbeammaybeduetotheupwardpressureofthetanksduetoawater
headabovethedecks. Thispressurehasnotbeentakenintoconsidera-
tionbecauseoflackofdata.Also,a finermeshforlocationsnear
thebracketsandcornersmaybenecessaryformoreaccurateresults.

Becauseofa limitationinthepresentinputsubroutine,theelements
generatedaroundthecornersarenotexactlythesameasexistinginthe
realstructure,particularlyatthewingtankcornernearthelongitudinal
bulkhead.Thishastheeffectofincreasingthestressconcentrationat
theselocationsasisindicatedbytheresults.

— — —.
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FU1lLoadCondition: draft = 62’ - 4.75”, ‘trim = 0’ - O“

W,600 19,9<0 19.940 29,920 18,780 tons

11

100$ loo% Ioti 100 ~ 100: 66 :

100: 20% — 100” 100:
9s ,rb-

A. LoadingCondit$onNumber5, Reading?iu.ber3

21,340 tons

II

100?. 100% I00 100: 74 %

100: 24% 100: 100: 100:
6.320 17,600 26,400 26,400 tons

B. LoadingConditionNumber6, ReadingNumber4

HI! I100% I
C. LoadingConditionNumberS, Reading2em

Fig.4-1.LoadingConditions
for“JOHNA.MCCONE”

Note:Figuresinsidetanks’represent
percentfullcapacity;figures
outsidetanksrepresentgiven
capacityintons.
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Fig.4-2.DiscontinuousStressDistribution
fromtheOutput
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Fig.4-4.NormalStressesonWebFrame
No.127forLoadCondition5
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FiniteElementGridDefinitionforTransverseFrame
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Thecomputertime
ditionwas129central
includesinput/outPut)

requiredtodotheanalysisforoneloadingcorl-
processorseconds(1,044systemseconds,which
ontheControlDataCorporation’s6600computer.

Thetransverse-analysismodelincluded29transverses(699quadrilateral
andtriangularplateandbarelements)and!35Ionqitudinals.Thismodel
wouldthenbeequivalenttoonecomprisingofabout23,000finite
elements.

Muchoftheeffortrequiredfordatapreparationisconductedauto-
maticallyinsidethecomputerprogramwhichreceivesonlyaminimum
amountofinputtodefinethegeometryofthestructureandtheIoadlngs.
Thisfeaturenotonlyreducesthetimeneededfordatapreparation,but
alsoeliminatesmanyofthepossibleinputerrors.Furthermore,each
oftherequiredinputdatacardsischeckedbytheprogramforpossible
errors.Thecomputationsarestoppedautomat~callyupondetectionof
anyerrorandappropriatediagnosticstatementsareprintedoutfor
theengineer.

Themostdifficultpartoftheinputistheloadingdefinition,
fortheexternalloadsmustbeaccuratelydistributedontothe
longitudinal.Thisprogramdoesallowtheuser-toinputtheseforces
ingreatdetail,andnoidealizationoftheloadingisnecessary.Input
preparationfora transversestrengthanalysisrequiresabouttwoto
threeman-weeks,dependinguponthecomplexityoftheloadingcondition.
!.luchofthemanualeffortsfordefiningtheseToadinqscouldwellbe
generatedbya specialroutineadaptedtothepresentcomputerprogram.
Sucha routinewouldthenrequireonlya verygeneraldescriptionofthe
loadsinvolved;theroutinethenwoulddevelopthedetailneededforthe
analysis.

Sincetheanalysisconsumesrelativelylittlecomputerexpenseand
producesquiteaccuratestresssolutionsnevertheless,thisnew
techniquecouldbeincorporatedwithina truedes{gnprogram.Todate,
a full-scalestressanalysishasbeenreservedforfinalstructural
checking~urposesonly.

.
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APPENDIXA: LONGITUDINALSTRENGTHOFLARGESHIPS

AbbreviationsandNomenclature

Thewidthoftheship’shull
Thedepthoftheship’shull
Thelengthoftheshiu’shull
Thereactionbetweentheathtransverseandtheith
~rimelongitudinalmember
Thewidthofthewingtank
Halfwidthofthecentraltank
Theinfluencecoefficientoftheuthtransversewhilethe
transverseissumosecitobesim~lysurmortedatbothends
Deflectionoftheathtransverseattheintersectionwith
thelongitudinalbulkheads(i=2)orsideshells(i=l)
Thedeflectionofthetransverseattheintersectionsof
thelongitudinalbulkheadssub.iectedtotheqivenuniform
loadqw,qcwhenthistransverseissim~lysu~~ortedat
bothends.
UniformloadontheUthtransverseinthewingtankand
centraltankrespectively.
Totalloaduponthe uthtransverse.

—
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GRILLAGEANALYSISFORLONGITUDINALSTRENGTH—.. ——

Considerthetransversemembers(transversebulkheadsandweb
frames)asshortdeepbeamsacteduponbythesymmetricalloading
systemasshowninthefollowingfigure:

FigureA-1

Letk~jbetheinfluencecoefficientsoftheuthtransverse,and
d: bethedeflectionati duetoexternalloadsattheathtransverse.
Then,

W2(za)-W,(ZU) = $ - $2 R; (A-1)

SolvingforR; ,
L [$R; ‘aa +W,(za)-W2(ZJI,
’22

a andd;can‘here’22 beobtainedbythebeamtheory.Sincetheload-
ingissymmetrical,R;canbecalculatedfromthefollowing:

or

a b

‘7 = Jqw(x)dx +
i
qc(x)dx

o
-?’

a.‘1- Qa - R; (A-2)

—



30

Treatingtheprimelongitudinalmembersasshearbeams,the

influencecoefficientsassociatedwiththeintersectionsofthe

transversememberscanbeobtainedfrombeamtheory.LetA andQ(3
B~B betheinfluencecoefficientsforthesideshellandlongitud-

inalbulkheadsrespectively,Thus,

Combiningequations(A-l),(A-2),(A-3),and(A-4),

(A-3)
,..

(A-4)

(A-5)

Thereactionsbetweenthelongitudinalbulkheads,R;, can

thenbesolvedfromequation(A-5).WithR; known,R~canbeob-

tainedfromequation(A-2).Withbothofthesereactionsknown,

thebendingmomentsanddeflectionsofthelongitudinalandtrans-

versememberscanbecalculatedwithbeamtheory.

Sinceboththecross-sectionsoftheprimelongitudinaland

ofthetransversesmaynotbeuniformalongtheirrespectivelengths,

themethodoftransfermatricesisa moreconvenientmeansofcalcu-

latingtheinfluencecoefficients.
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APPENDIXB:TRANSVERSESTRENGTHASA PLAINSTRESSPROBLEM

U,v

X,Y

v

E

s

n,nx Y
fx,fy

L,B

ki

[~a%]

cij
C;j
x

v

F

Pi

Yxa,-fya

x,y

z

di diXQ’ya

AijAij
Xa’ya

~ij

AbbreviationsandNomenclature

Displacementinthex,y-direction

Concentratedforcesinthex,y-direction

Poisson’sratio

Young’smodulus

Coordinatealonga boundary

Componentsofa unitnormalona boundary

Componentsofboundaryforcesinthex,y-direction

Differentialoperators

Theitheigenvalue

DiagonalmatrixwitheigenvaluesAiasdiagonalelements

ElementsoftheunitarymatrixC
ElementsofthetransposematrixofC

Elasticityconstant

Displacementvector

Boundaryforcevector

Stiffnessfactorfortheithtransverse

Stiffnessfactorforthe ath longitudinalinthex,y-
direction

Coordinatesinthetransverseplane

Coordinatealongthelengthoftheship

Deflectionoftheathlongitudinalattheintersection
withthe i-thtransverseinthex,y-directionsdueto
externallyappliedloads

Influencecoefficientsfortheuthlongitudinalassociated
withtheintersectionsofthei-thandthej-thtransverses
inthex,y-directions

Influencecoefficientsoftheonelongitudinalthatisused
forthestandard.



THETRANSVERSESOFTANKERS:

Thetransversesoftankersmaybetreatedastwo-dimensional
elasticbodieswiththeboundaryS asshownbythesolidlinesin
FigureB-1below.

s~—...——..,.. Ior–”(-JIp-—.——_
a. WebFrame

r
L o
b. SwashBHD

——-—.._ -—.—.. ..—1
I

c. Oil-TightBHD

FigureB-1.TypicalTransverses

LetB beanoperatorrelatingthe boundarydeformationV ofa trans-
versetotheboundaryforcesF,andL beanoperatorgoverningthedeform-
ationwithintheboundaryofthetransverses,thenthedeformationV
mustsatisfythefollowingequations.

LV=O
BV=F attheboundaryS
V=v attheboundaryS

OR:

[ 1[1[1uUu Uv = o

LvuLvv V O

i ‘1[/[1’11’12 u . ‘x

’21’22 v ‘y

(B-1)
(B-2)
(B-3)

(B-4)

at S (B-5)

(B-6)
at S
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Thetransversesareacteduponbythereactionforcesfromthe
Iongitudinals;theseboundaryforcesareappliedalongthedeck,bottom,
shell,andlongitudinalbulkheadseams.Usuallywithintheparallel
mid-bodyofa tanker,thereisaone-to-onecorrespondenceoflongitudinal
intersectingthetransversesalongtheseboundarylinesforalltransverses
withinthemid-bodysection.Hence,theboundarylinesofalltransverses
arethesame.Theonlydifferencebetweendifferenttransversesistheir
stiffness.

Assumethatthestiffnessesofthesetransversesdifferbya scalar. .
factor.If B istheoperatorforonewebframe,L1B1canbeexpressed
as

For

and

The

Bi= PiB (B-7)

Li= PiL

wherePiisa scal”arfactor

theithtransverse,equations(B-4)and(B-5)reduceto

(L Luv’)Pi Ui” ‘O”Uu .
:L Lvv Pi Vi O, vu ,~‘ /’/

. .\
[B “ i’)
i 11 ’12 ‘i ‘1 elf+

‘’21 ’22,lpi ‘1, ,f~r~

LB-8)

onS

equationsaboveimplythatfortheboundaryforceF,

1U’=—u,P. Vi=;v , (B-9)
1 i

whereU,Varetheboundarydisplacementsofa givenstandardtransverse
wherethestiffnessisknownprecisely.Equations(B-9)arenotexactly
true,buttheerrorscausedbytheirusearenegligible.
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LONGITUDINALASCONTINUOUSBEAMS:
Letdi bethedeflectioninthex-directionofthe ~thXa 1ong-

.thitudinalatitsintersectionwiththeI transverse.Theactual
deflection,U1 atz=z., ofthislongitudinalcanbeexpressed1
bythefollow~ng:

(B-1O)

. . .thwhereA~~ istheinfluencecoefficientfortheI longitudinal,
.thandX: isthesupportingforceoftheJ transverse.

SincealltheIongitudinalsareassumedtobesimilarinbending..
stiffness,AIJcanbeexpressedinthefollowingway:

(E-11)

. .
whereyxa isa scalarfactorandAIJistheinfluencecoefficient

fora,givenstandardlongitudinal.Combiningwithequation(B--11),

(B-1O)canbereducedto

n

T
AijXj= Yxa(di - u:)aJ= ya

Similarlyfordeflectionsinthey-direction,

n

(B-12)

(B-13)
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Forequilibriumandcompatibilityoftheintersections,the

followingisa necessarycondition:

Combiningequations(B-12)and(B-15),

n

z
.. .

B1lAijP.uJ+ B12A1JPjvJJ = yxu[d~a- Ui] (B-1,6)
j=l

Theaboverevealsa couplingrelationshipbetweentheboundary

displacementsofdifferenttransverses.Let

+andmultiplyequation(B-16)by Pi :

n

z
,2-$i“ -mB1~P~AijPfij+ B p.AJp VJj j

.Yxa[p~di “
Xa- til](B-18)

jzl

. .
Since[P~AIJP$issymmetrical,thereexistsa unitarymatrixC

suchthat

CtC= I and CtPAPC = [-A..] (B19)

. .—
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Let fii= Cij~j,andmultiplyequation(B-18)byC~j:

‘llai;’ + ‘12Aii’=‘XU[,c;jP*:a-:i] (B-20)
(sumonj)

Similarly,

HenceatS = Sa,

[

’11

’21

’12

’221

(B-21)

(B-22)

where
.lct Pidj

‘Xa Ai ij j xu (sumonj)

—if .&t ~}dj
ya Aiij j ya (sumonj)

Similartransformationsreducethesetofequations(B-4)

forthetransversestothefollowing:

Forhonmgeneousboundaryconditions,theboundaryrestraints

reducetozero:

II<=-,u =0
-..;1 = o

(B-24)
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Fromequations(B-22),(B-23),and(B-24),thisisaplain
stressproblemforanequivalenttwo-dimensionalelasticbodytowhich

theboundaryforces~~,,?~u, (u=1,.....mwherem isthenumber

oflongitudinal)areapplied.Thisbodyhastheboundaryconstraints

asdefinedbyequation(B-24)andissupportedbya setofconcentrated

springsatS = SUwhichhasspringconstantsequaltoyx,/Ai,Yyu/Ai.

Thisproblemcanbesolveddirectlybya two-dimensionalfiniteelement

approach.

Letthenumberoftransversesben andthenumberoflongitud-

inalbem. Leteachtransverseincludek-degreesoffreedom.This

isa problemof2nk-degreesoffreedomusingthisnewmethod.By

treatingtransversesassuper-elements,theproblemisreducedtoonly

n problems,eachofk-degreesoffreedom.

After~i iia’ a arecalculated,therealdisplacementsonthe

boundarycanbeobtainedbythereversetransformations:

(B-25)

WithUi and V1 theboundaryforcescanbecalculatedfroma a’
equations(B-12)and(B-13’),Withtheseboundaryforcesknown,the

realdisplacementsandstressesofanytransversecanbecalculated

bya standardtwo-dimensionalfiniteelementmethod.Thefinite
20elementprogramusedassubroutinewasdevelopedbyPauling,and

extendedbyThomasandMa.21
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APPENDIXC - THESTIFFNESSOFTHELONGITUDIN,ALS

Thedeflectionoflongitudinal.

Theloaduponeachlongitudinalisdefinedasthatloadacting

ontheareasupportedbythelongitudinal.Formostpracticalpurposes,

theloadswithinoneframespacemaybeassumeduniformwithsufficient

accuracy.

LetqiabetheloadsandI. bethestiffnessoftheUthlongitudinalla
inithspacing,andlet W,G,M,Vi bethedeflection,slope,bending

.thmoment,andshearforceattheintersectionwiththe1 transverse.Then
frombeamtheory.

w

o

M

v

1

2 3
1 ‘Zi+l- ‘1+1 ‘j+l

m-m

z?
o 1 ‘j+l

*

o 0 1 Zi

!o 0 01

0 0 00”

4
‘i+lzi+l
~

qj+lz~+l
6EI

2
‘i+l

‘i+lT

‘i+]zi+~

1

ii-l,U

wherezi+listhespacing,qiistheuniformload.

u istheindexfortheu‘hlongitudinal.

Omittingtheindexawe have

s.1+1= Li+lSi

—.

w

o

M

v

1
.—

(c-l)

,a



39

Therefore,

s L~+1Ln-----LISOn+l=

or s = LSOn+l

Sincethelongitudinalissimplysupported,

W.= Wn+l= M.= Mn+l= O

and

or

‘12

‘1

’14

’32 ’34L -11[1B ’15
=-

V ’35

‘14L35-‘15L34
‘o= L12L34- ‘14L32

V.= ‘15L32- ‘12L35
‘12L34- ‘14L32

(c-2)

(C-3)

(c-4)

(c-5)

Let
Li= LiLi-l----L, then

Wi= L~2Qo+ L~4Vo+ Li15 (C-6)

UsingthenotationinChapterII

d = (L~2Goxia + L;4V0+ Lj5)a (c-7)

Theindicesu andx indicatethatalltheaboveequationsaredealing

withtheUthlongitudinalinthex-direction.

Theinfluencecoefficients.

Lettheqi+lbezeroandinsertthefollowingpointmatrixbetween

Li+,andLi.

. ..—
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—

1

0

0

0

0

wehave

sn+l=LSO

where

40

0000

1 000

0100

001-1

0001

(C-8)

-J.

(c-9)

L=L Li+lLpLi----L1n+lLn‘--- (c-lo)

Fromequation(c-5)wehaveO.,Vo,andfromequation(C-6)wehave

(C-n)

wherethe indexi indicates

ofthe~h longitudinal.

Notethat

Aaxij= A;;

Thus,onlytheupper

thedeflectionati duetoa unitloadatj

halfofthematrix

alllongitudinalaresimilar,onlyoneora

becomputed.Ingeneral,dxia,dyiamustbe
nalunlesstheexternalloadsarethesame.

(C-12)

mustbecalculated,andsince

fewtypicalA~~andA~~need

calculatedforeachlongitudi-

1
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APPENDIXD: INFLUENCECOEFFICIENTSANDDEFLECTION
OFTHEPRIMETRANSVERSEMEMBERS

.thLetIibethemomentofInertiaandAithewebareaoftheT

sectionofthesimplysupportedshearbeamasillustratedinFigureD-1.

Theinfluencecoefficient,Bij,isdefinedasthedeflectionati dueto

a unitloadorloadsatj.

FigureD-1

Deflectionduetouniformloads.

LettheloadbeqlinO-1,q2in1-2.Bylinesolution

‘\
w

e

M

v

1
\/

/

1 -a

o 1

0 0

0 0

0 0

$

\

2 ~4 a2
%$ (#. +&,) ‘1(24E11—-q)

a2’
~ ~

-qla3
~

.

1 a -qlaz
2

0 1. -qla

o 0 1

0

‘\
w

e

M

v

1

,/

(D-1)

o



42

Or S1=J so

Bychangingtheindices
S2= ~2S1

Combining(D-1)and(D-2)wehave
S2= ~zJ so= ~so

Theboundaryconditionsare
o =M”=G2=V2=0

Fromequation(D-3)

[ 1[1 [ 1

’22’24 ‘o 25=
’42‘4 ‘o ’45

101
“ = Li2‘o+ ’14v + ’15

W2= L~29°+ L;4VO+ L;5

InfluenceCoefficients

(D-1)

(D-2)

(D-3)

(D-4)

(D-5)

(D-6)

Inderivinginfluencecoefficients,thetransfermatricesL1andL2

arethesameasgivenaboveexceptthattheelementsassociatedwiththe

loadsvanish.In additiona pointmatrixisaddedatthelocationofthe
unitload.Thepointmatrixis

/ \

[

1 0000

01 ,0 0 0-

00100

0 001-1

00001

,/
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APPENDIXE,-THEEFFECTOFLONGITUDINALNOTATTHENODALPOINTS

In anyfiniteelementanalysis,theterminalsofanyelementmustbe
locatedatthenodalpoints.Forthisreason,themeshforthetransverses

shouldcontainallintersectionswiththelongitudinalasnodalpoints.

Thisrequirement,however,putsa greatrestrictiononthediscretization

ofthetransversesand thereforemaybeundesirableforotherpurposes.

Thisappendixinvestigatestheeffectofthelongitudinallocatedonone

edgeoftheelements.

Triangularelements

/

FigureE-l

Fora constantstresstriangularelementthedisplacementislinear;

therefore,
au2+bu3

‘P= a-l-b
(E-1)

av2+bv3
‘P‘ a-i-b

Anyforceactingat(XPYP)canbereplacedbytwoequivalentforcesat

2,and3.

,.- —!. -.. ———--——” ~,--
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‘2‘*+*3 =+i A

=~Y aY‘2 a+b p’y3=~p

(E-2)

(E-3)

Replacethislongitudinalby

perequation(1)ofAppendix

‘i2=

I

‘i3=

twoimaginaryIongitudinalsat2 and3 as

B:

d 2X
xi2 - aij‘j2

(E-4)

d 3x
xi3 - aij‘j3

Theforceanddisplacementcomponentsofthesetwoimaginarylongi-

tudinalshouldbecompatibleandequivalenttothoseofthereallongi-

tudinalonlyif

Thisequationissatisfiedif

Idxi2= dxi3=dxip=~11 =LS12 a+b‘ 3 a+b

(E-5)

(E-6)

Equation(E-6)impliesthatonelongitudinallocatedinoneedgeof

thetriangularelementcanbereplacedbytwoimaginarylongitudinalat

thenodalpointsofthisedgeifthestiffnessandtheloadforthesetwo

imaginaryIongitudinalsareproportionaltothedistanceratiosofthe

twonodalpointsandthelocationoftheactuallongitudinal.I ~Sthe
momentofinertiaofthislongitudinallocatedatp,and12and13arethe

respectiveequivalentmomentsofinertiaatthenodalpoints2 and3.



45

Forothertypesofelementswithlinearstresses,thedisplacement

orientsarenon-linear.Thecompatibilityconditionmaynotbesatis-

Sandtheerrorinvolvedisequivalenttothatinducedbyreplacing

elementwithtwoormoretriangularelements.Butforallpractical

>ses,thiserrorisnegligible,andassuchthismethodofdetermin-

?quivalentlongitudinalisappliedtoallothertypesofelements.



44

L a=— x. .‘Jk-~... --- _-[ E-.2----.._.———.. .. ...

46

APPENDIXF: THESIMILARITYOFTRANSVERSES

ThetheoryintroducedinChapter3 assumesthatalltransverse

members(webframes,oil-tightandswashbulkheads)aresimilarin

stiffness:morespecifically,theinfluencecoefficientsofonetransverse

aredirectlyproportionaltothecorrespondingcoefficientsofany

othertransverse.

Withoutcausingtoomuchdifficulty,thetheoryassumesthatatthe

veryleastallwebframeswithinthemid-bodysectionareidentical.

Sincethesimilarityprincipalrequirestheuseofonetypeoftransverse

asthestandardagainstwhichthestiffnessesofothersmaybemeasured,

thewebframeisselectedasthisstandardsinceitisalsoperhapsone

ofthemostcriticalmemberswithintheshipstructure.

I

FigureF-1. TransverseMembers

1
SVJ4M+BULWHEAO I

Therelativestiffnessfactor(theproportionalityconstant)

beobtainedbycomparingthedeflectionsofthebulkheadtothose

webframewhenbothmembersareacteduponbya unitloadapplied

may

ofthe

atthe
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uppercornerasillustratedbelow.

I

FigureF-2

Mathematicallythestiffnessfactor,Pb,ofthebulkheadis

expressedas

(F-1)

whered.,’andd.,aretherespectivedeflectionsatu ofthewebframe
u u

andthebulkhead.

Asconcludedfromtheexperimentsconducted

boththewebframesandbulkheadsmaybemodeled

verylittlebendingdeflection:

‘(1=Gif

whereAfandAbarethetotalshearareasofthe

by

as

Mori17and~oberts14,

shearbeamsexperiencing

(F-2)

frameandbulkheadre-

spectively,andx isthedistanceoftheunitloadfromthesupport.

Bysubstitution,thestiffnessfactormaybeexpressedas
‘b

‘b‘~
(F-3)

. ...
—.. -—?----— .--—. -.....—- .—....-—.—

,—., —.
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Theaboveprovidesanapproximatesolutionforthestiffnessfactor,

whichperhapscouldbemoreaccuratelyresolvedusinga finiteelement

analysis.

Atthispointthequestionarisesastothevalidityofapplying

thissamestiffnessfactortootherpositionsofthebulkhead,forexample,

location6 ofFigureF-2.Naturallysomeerrorwilloccurandtheextent

ofthisinaccuracymustbeestablished.
‘hlongitudinal,andLetA~j,betheinfluencecoefficientofthea

letaibetheinfluenceoftheithtransverseattheintersectionofthis

longitudinal(seeFigureF-3below).Thereaction,Ri,andtheactualde-

flection,Wi,oftheintersectionmaybeexpressedas
i

Wi=L” Ria (F-4)

forthetransverse,and

Wi= d;-A~jRj (F-5)

forthelongitudinal,d;isthedeflectionofthelongitudinalunderex-

ternalloadsbuttreatedasa simplysupportedbeamwithnosupportby

thetransverses.

~
FigureF-3
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CombiningequationsF-4andF-5,thematrixequationyields

(A+ ~)R=D (F-6)

where~ isa diagonalmatrix.

Sincethetransverseisassumedtobemuchstifferthanthelongi-
.

tudinal(A~j>>L;) theresolvedreactionsmaybeexpressedas

R+[I- n;l(-l)n-’(A-lI)n]A-lD (F-7)

Let~bL~betheerrorintheinfluencecoefficientofthemth

transverse,a bulkhead. .thThemaximumerrorinRI(the1 transverse)may

befoundtobe
‘t

~%1Ei=+t)A-lLm +1im a j (F-8)
j=l ‘t= Numberofthetransverses

In termsofordersofmagnitude,theratioofRiandEiisapproximately
+ bA-lLmima” Sincethisexpressioncomparesthestiffnessofthelongi-

tudinalwitha muchgreaterstiffnessofthebulkhead,(A~~L~)isesti-

matedtobelessthanhalfofonepercentfora largetanker.Thusa

onehundredpercenterrorinthestiffnessfactorforthebulkheadwould

produceanerrorlessthanonepercent.
Thisconclusionhasbeenvalidatedbytheanalysisofthetanker,

“JOHNA.MCCONE”,thestiffnessfactoroftheoil-tightbulkheadswasdeli-

beratelyincreasedby100percent;thischangeproduceda maximumerror

withintheresultingboundaryforcesoflessthan0.5percent.
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APPENDIXG -APPLICATIONOFTHISPROGRAMFOR
ORECARRIERSANDCONTAINERSHIPS

Fortheanalysisoforecarriersorcontainershipswithsymmetrical

loads,nomodificationsarenecessaryforthetransversestrengthcalcula-

tions.

Thelongitudinalorprimarystrengthcalculations,however,canaccom-

modatesymmetricalloadingsonly.FortheStressesduetounsymmetricalloads

(thehorizontal-bendingandthetwistingofthehull),additionalinvesti-

gationsarenecessarytodeterminethesignificanceoftheseeffects.The

theoreticalsolutionsforthesestressesmaybeapproachedinthefollowing

manner:

BasicAssumption

Thedeformationoftheship’sstructureissufficientlysmallsuchthat

thestressesduetoverticalbending,horizontalbending,andtwistingcan

becalculatedseparately.

HorizontalBending

Thehorizontalbendingcanbecalculatedsimilarlyastheverticalbend-

ing.Theonlydifferenceistheloads.

Twistin~

Forthetwistingstresses,thehullistreatedasanopenthinwallbeam

withbracesasshowninFigureG-1.

FigureG-1.
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Thecrosssectionbetweenthebracesmaybeassumedasconstant.
Bytransfermatrix,thestatevariablesbetweentwostationswithout
loadscanbewrittenas

or

where

/ \

$
$
‘B

‘t
1

/

si+l

I \
L11’LIZ’L133L141o
’21’’22’’23’’24’0
’31’’32’’33’’34’0——
L41’’42>’43’L44YO

+1 00001
/

= LiSi

i

@- thetwistingangle

IJ- thederivativeofthetwistingangle

MB-thebimoment

‘t- thetwistingmoment

Lnj’i=l- 4,j=l- 4 aregiveninTableG-1

62=)

C@- t;etorsionalrigidity
Cm- thewarpingrigidity

(G-1)

i

—- .-——. -.-. -— —-———— ———.—— --.—-—-—-- ---——-, ,--—,- _.. —.
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TableG-1.TheTransferMatrix(Lij)

F 9

sin~(x-ai) (l-cosB(x-ai)) -13(x-ai)+sin13(X-ai)

1 - B
CUB2 Cti??

cos13(x-ai) sinB(x-ai) +l-cosB(x-ai)
o CUB C*B2

- BCwsin(x-ai)
o

cosf3(x-ai) Sit113(X-ai)

f3

o o’ 0 1
*

Thetransfermatrixfora concentratedtwistingmoment,Mt,is

10000

01000

00100

0 0 0 1 -Mt
00001

,
Bythemethodofl,,,esolution,thegTobalmatrixisL.

(G-2)

where

sn+l=Ln,Ln-l..GLoSo
(G-3)

sn+L=LSO

Theeffectofthebracescanbetakenasredundant.LetZibethetotal
.thshearforceacrosstiemiddlesectionoftheT braceasindicatedin

FigureG-2,ThevaluesofZicanbecalculatedbyequationG-3,
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Figure

where
di- deformationatthecutout

G-2.

oftheith

6 = 1,ifi=j,otherwisezeroij

aij - deformationattheithcutoutdueto

6,- .thdeformationattheJ cutoutdueto
J

‘i j anddicanbecalculatedwith

theshiphullasa thinwallbeam

thetransfer

(G-3)

braceduetoexternalloads

.tha unitload.attheJ cutout
.ththedeformationoftheJ brace.

matrixmethodbytreating

withoutbraces. Bicanbecalculated
byshearbeamtheory;hence,equationG-’3maybesolveddirectly.With
Ziknown,therealdeformationsandstressesofthehullcanbecalculated

bythetransfermatrixmethod.Thesestressesshouldbeaddedtothe

stressesduetoverticalandhorizontalbending.Thesignificanceof

theseadditionalstressesdependsuponseveralfactors:themagnit~deofthe

possibleskewloadsuponthehull;thedimensionsoftheopeningsrelative

tothedimensionsoftheship;andthedesignofthebraces.

Fromtheabovetheory,stressconcentrationswilloccuratthe

cornersoftheopenings.Thus,a finiteelementanalysisofthisportion

ofthestructuremayberequired.
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APPENDIXH: ANALYSISOFPARTOFTHE

Thegeneraltheoryintroducedbythe

beappliedforanalysisofpartofthehu’

HULL

uncouplingtechniquecan

1. A partalhullmodelis

desirableforseveralreasons.Firstofall,wearenorms

interestedonlyinthemiddlebodyoftheship.Secondly,

sectionreducestheamountofinputdataandcomputertime

ly

thesmaller

Andthirdly,

theresultsmaybeaccurateenoughforthedesignpurposes.

Themagnitudeofanyerrordependsupontheloaddistribution,the

geometryoftheshipstructure,andtheportionofstructuretakeninto

consideration.Therelationshipsbetweentheseparameterscanbebriefly

describedasfollows:

TheLoadDistribution

Fora structureconsistingofa finitenumberofdiscreteelements,

theexternalloadsaresharedbyalltheelementssothattheequilibrium

andcompatibilityconditionswithinandbetweentheelementscanbe

satisfiedeverywhere.Thestifferelementsorthestiffersubstructureswill

sharemoreloadthantheweakerones.In general,thesharesofloadsor
theterminalforcesfortheelementsaredifficulttodeterminewithouta

completeanalysisofthewholestructure.However,somespecialloaddis-

tributionsmayberesolvedwithenoughaccuracy.

Considera ship-likecompositeboxgirderwithequallyspacedand

identicaltransverses(FigureH-l).Iftheself-balancedexternalloadis

uniformalongthelength,thenalltransversessharethesameamountof

loadregardlessofthestiffnessoftheIongitudinals.In thiscase,the
conventionaltwo-dimensionalanalysisforonetransversewillgeneratethe

sameresultsasthosefromthethree-dimensionalanalysisforthewhole

girder.
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Supposetheloadisnotuniformbutinsomeperiodicpatternas
indicatedinFigureH-2.Thesharingoftheloadwilltakeplaceonly
amongthememberswithinseveraltransverses.

i===

7DfIl

—

.—

mL..------.T --

—

m

===4

—— —.

$’

FigureH-1. UniformShip-LikeGirderSubjectedtoUniformLoad

FigureH-2.PeriodicLoad

TheGeometryoftheStructure

If thetransversesofthecompositeboxgirderareof proportional

stiffnessandiftheyarearrangedina regularpatternwhichcorresponds

toa similarpatternoftheloaddistribution,ananalysismaybeconfined

tothisportionofthehullwithaccurateresultstobeexpected.

Althoughshipsareusuallydesignedwitha definitepatternof

transverses,theloaddistributionsrarelyfollowaccordingly.Hence,some

errormaylikelyevolvefroma partialanalysis.But’inthelightofa

full-sizeanalysis,whereerrorsmaybeintroducedinroundingoff(a

greaternumberofdegreesoffreedom}and/orindiscretizingbya coarser

mesh,thepartialanalysismaystillbepreferable.

—..——. ..— .....—. ..—— —.. - . -——. .—-.. -—. —-—. ..— .-..— ——..
..— -—



56

TheErrorInvolvedinthePartialAnalysis

AsindicatedinChapterII, therigidbodymovementofthe
transversesisthedeflectionoftheshiphullandcanbeobtained

bytreatingtheshiphullasa grillagesubjectedtoa setofline

forcesalongthetransverses,LetA~jbetheinfluencecoefficientsof

theprimelongitudinaltreatedasa simplebeam;then

voi=A;jYj (H-1)
.thwhereYjisthedifferenceofshearforceatthelocationoftheJ

transverse.Since-theshiphullhasthesamelengthandthesame

fixitiesasthelongitudinal,A~jareapproximatelyequaltoaij/F,

whereF isa scalarfactoranda..lJisthebasicinfluencecoefficient.
Consideringthelastterminequation(B-34)wehave

- $Y”a.. “t@Y.lJ Oj=~ 1

where{~ij}={aij~l

Similarlya-Bu ~ rBX
ijoj‘Ei

(H-2)

(H-3)

Notethat theexpressionattheleftoftheequalsigndoesnot
involvethelengthoftheportionoftheshipnorthefixitiesofthe

longitudinalwewanttoanalyze.Thus,ifwetreatthisportionofthe
shipandallthelongitudinalassimplya“beamof

thesamefixities,thefirsttwotermsofequation

thesame,andthethirdtermisalnmtthesameas

analysis.Theonlysignificantdifferencebetween

thislengthwith

(B-34)and(B-33)are

theseintheglobal

theglobal

andthepartialanalysisisthelastterm.Considerequation

thisseriesrepresentsthecouplingeffectofthedeformation

analys

(B-31)

ofthe

s
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transverses.In a globalanalysis,thecouplinginvolvesalltransverses.
In a partialanalysis,thiscouplinginvolvesonlythosetransverses
withinthisportionoftheship.Forsomeloaddistributionsthe

couplingdoesnotinvolvealltransverses;therefore,a partialanalysis

isasgoodasa globalanalysis,

identicaltransversesanduniform

thefirsttwoinequation(B-33);

Forexample,thespecialcaseof

loadyieldsalltermsnegligibleexcept

thus,thefullanalysisreducesto

theconventionaltwo-dimensionalanalysis.

Ingeneral,thepartialanalysisaspresentedherehasneglected
thecouplingeffectsofthoseexcludedportionsofthestructure.The

significanceoftheseeffectsincreaseswiththestiffnessofthe

connectingelements(theIongitudinals).Theresultsfroma partial

analysisofthe“JOHNA.MCCONE”,whichincludesonlyholdsno.1,2,3,4,

haveprovidedgoodcorrelationswiththeexperimentalmeasurements.
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APPENDIXI : STABILITYCHECK

Nomenclature
thicknessoftheplate
spacingoftheverticalstiffness
momentofinertiaofthestiffeners
modulusofelasticity
depthoftheweb
Poisson’sratio
shearstress
bendingstress
compressivestress
factorofsafety

‘cB.e---- ..-

“.——.

Ub

1
Whiletheanalyticalmethodsdevelopedinthisreportare

basedupontheassumptionthatthestructureiseverywherestable,

structuralfailuresinlargetankersoftenrevealthe characteristics
of shearbuckling.

—
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Numerouscontributionshavebeenpublishedonthesubjectof

stabilityofstiffenedplatesandwebsofdeepgirders.TheinWah23

haspresenteda verythoroughreviewofthevariousmethods,allof

whicharequitecomplicatedandbaseduponassumptionsthatarenot

strictlyvalidforrealstructures,especiallytankers.Fortunately

fordesignpurposes,though,thesetheoriesdoprovideameansfor

determiningtheupperboundsofthein-planeforces.

CriterionforBucklingShearLoads

ThefollowingequationswereinterpolatedfromSteinandFrallch.24

= ksEm2(t/b)2
‘s,cr —

12(1-V2)

where ks= 5.3+5 (b/d)2g

and g = 21#v2)(b/d)3

t3d

(1-1)

> b/d 5 (1-2)

5 b/d 5 (1-3)

CriterionforBucklingBendingStress

JohnsonandNoel25haveprovidedthefollowingcriticalbending

stressfora simplysupportedplate.

‘b,cr= 23,9T2E(t/b)2 (1A)
12(1~2)

CriterionforBucklingCompressiveStress

aCcr=41T2E(t/b)2#
12(1-112) (1-5)

.—-.
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CriteriaforPlateBucklingUnderShearBendingandCompressiveStresses

Thefollowingequationprovidestheupperboundlimitforstability.

Wherethisrelationshipexceedsunity,bucklingislikelytooccur.

(-2 +(”b-.-)2 + (g)*= l/Fs, (1-6)
● 3 c,cr

WhereFSisa factorofsafety.

FortranIVComputerProgramforDeterminingBucklingStability

20 wIE FR5STABLE.STABLE,STABLE
30 ,---- . - . ,.-. - -
40
50
60
70
80
90
92
95
100
110
120
130
140
150
160
170
180
190
%00
E!lo
220
230
240
250
260
270.
280
290
300
310
?25
327
330
340
345

350
3ZQ mm

mr.wl.l\3,Luu, C..b

101 FORMAT(//” THICKNESSWIDTHSHEARCOMPRESSIVEBENDINGSTRESS
1 SPACINGANDMoMENTOFINERTIAOFSTIFFENERS‘//)

100 FORMAT()
102 FORMAT(/ ‘ THISAREGNEEDSREINFORCEMENT‘ /1
103 FORMAT(/ “THISAREAisSTABLEUNDERTHESE STRESSES‘ /)
10 READ(5.100)T.B.SJSC.SB.XI,D

IF.(T.LT.O.) GOTO60
104 FORMATc7E10.4)

WRITE(6,101)
WRITE(6.104)T,B,S,SC,SB,D,XI
Y=T/B
A=l.-G*G
Al=E*3.14159**2/12./A*Y*Y
IF(XI.EQ.O.) GOTO20
X=Ej/D
GA=2.*xI*A/T**3/D
GO TO30

20 GA=O.
30 SK=5.3+5.*X*X*GA

P=S/SK/Al
Q=sc/4./ol
R=SB/23.9/Al
C=P*P+Q*Q+R*R
IF(C.GT.1)
WRITE(6,103)
GOTO 10

40 WRITE C6,102)
P=SK*Al
Q=4.*A1

GOTO40

R=23.9*AI
WRITE(6,104)S,SC,SB
WRITEC6,105)
WRITE(6s104)P,Q,R

GOTO 10
105 FORMATC/wTHECRITICALSHEAR COM ANDBENDINGSTRESSESAREc/)

60 STOP

—.—
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