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ABSTRACT

Thisreportpresentsthedesignsynthesisforadigitalcomputerpro-
gramthathasbeendeveloped,basedontheapplicationofrationaltechni-
ques,forthedesignoftheoptimummidshipstructureofa transversely-
frameddrycargoship.Themeritofthedesignmethodusedisthatall
empiricalknowledgeontheproportioningofhullstructuretowithstandthe
forcesoftheseawayfindsexpressioninthreefactors;namely:separation
ofstructureintoprimary,secondaryandtertiarycomponents.

Theprogramissubjecttothefollowingqualifications:a) external
loadingsandwaveinducedbendingmomentmustbeenteredas inputdata;
b)designcriteriaarearbitraryandbasedsolelyontheoverallstrength
ofthehull;c)stressintensitiesunderdistributedloadingsdonotexceed
theelasticlimitofthematerial;d)theshipsteamsuprightinheador
followingseas;c)impulsiveloadingfromslammingisnottakenintoac-
countexplicitly,norarestressconcentrations,strengthunderlocalized
loading,rigidityandcorrosionallowances,inter aZia.
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FOREWORll

Thisreportis thefirst of whatis intendedto bea seriesof
studiesundera “RationalShipStructuralDesign”program.The ob-
jectiveof this programis to developa progressivelymorecompre-
hensiveandmorerationally basedcomputercodeto design the en-
tire structureof a drycargovessel. It is thepresentplan that
theeventualresultof this structuraldesignprogramwill matewith
anongoing“ShipComputerResponse”programwhichwill providethe
properhydrodynamicloadinginformation. Thesewill thengivethe
maritimeindustrya singleintegratedprogrambasedwhollyon ration-
al techniquesfor structuralsynthesisafterrational derivationof
theloadsto be expected. Asa furtherstepin this direction, a
projectis nowunderwayto developa similar code to analyzethe
structureof a longitudinallyframedship. Thelimitationof this
reportto transverselyframedshipswas particularlyinfluencedby
the availability withintheShipStructureCommitteeoverall pro-
gramof this typeof ship stress data coveringmanyyears of ser-
viceat sea. Thesedatacanthusbe comparedwiththefindingsof
thedevelopedcomputercode.

Theaccompanyingreport,therefore, is only a first stepand,
as is pointedoutin thereport, thecodedoesnotincorporateall
of the considerations,methods, proceduresand constraintsthat
will ultimatelyberequired. Thestrengthcriteria, let alonethe
optimizationcriterion or criteria, whilenotcompletelyarbitrary
areobviouslystill far from fully determined. It wasalso nec-
essary to makeother compromiseswith empiricismto keep the size
of theprogramwithinreason. Becauseof these recognizedlimit-
ations, whichwiU graduallybe removedwithfurtherwork, direct
applicationof the codeas presentedin thereport to theWolverine
state didnot demonstratea weightsavingor appreciablechangein
scantlingsovertheactualship. Wedo, however,believethatthe
approachproposedin this reportis valid andmerits this public-
ationandcirculation. Worktowardtheoveralllong-rangeobjective
is continuingas it is believedto holdmuchpromiseof appreciable
eventualbenefitto ship designpractice in particularandto the
industryin general.

Prof.R. A. Yagle,
Chairman,ShipResearchCommittee

July1, 1970



1. INTRODUCTION

1.1 PURPOSEOFTHESTUDY

Thepurposeofthisstudyis to developa methodbywhichthestructure
of a transversely-frameddrycargoshipcanbe designed“bytheapplica-
tionof rationaltechniquesso as to achieveoptimization.

1.2 SCOPE

Thescopeofthestudyis restrictedtothesimplebasic”designgivenby
theS.S. WOLVERINESTATE. Inputstothestudyare:

a) Thegeometryofthehullandtheinternaldispositionof decksand
hatchways.

b) Thetimeandspacedistributionhistoryofthehydrodynamicloading.

c) Theinternalloading.

Thedesiredresultis thescantlingsanddispositionof structuralmater-
ial inthemidshipregionoftheshipso as toachieveanoptimumstruc-
ture. Byoptimumis meant,inthiscontext,either:

a) A structureofminimumwe’ight,or

b) A structureofminimumcost.

1.3 J3ACKGROUND

Thestructureofthemerchantmanoftodayis designedonthebasisof
a setof empiricalruleswhichrepresentthejudiciousinterpretationof
theexperiencegainedinthepastwithshipsof similar.constructionand
principalcharacteristics.Tobe sure, wiselyinterpretedexper~enceis
anexcellentguidefor theexecutionofprojects,particularlyin ship-
building,wheretheloadingtowhicha hullis subjectandthehullstruct-
ureitselfarebothso complexas tomakefheapplicationof systematic
rationalproceduresforthedeterminationof scantlingsanarduousand
uncertaintask. Thisinitselfexplainswhyinthepastonlythesimplest
rationalizationhasbeenintroducedinproceduresof shipstructuralde-
sign, a rationalizationsufficienttoprovideanunsophisticatedpattern
againstwhichto examineandinterprettheexperienceslowlyacquired
overtheyearsandat greatexpense.

Therulesof designthatresultedfromtheen-ipiricalevaluationofpast
hullsynt.heses,andwhichtodaygoverntheselectionofhullscantlings,
arenomorethanindicesbyWhichto compareoneshipagainstthefleet
of“othersthath’aveseensatisfactoryservice. Butdesignbycompari-
sonis designbyhindsightand,althoughit wouldbefoily to discardthe
lessonslearnedfnomtheexperienceofyesteryear, it is a fair state-
mentthattheslowestwayto advanceia bylookingbackwards.Also,
designbycomparisonrests ontheassumptionthatsubtlerelationships
betweenvariousscantlingsreniainpreserved,thoughwhattheserela-

.—
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tionshipsareis nevermadeexplicit,so thatas onedepartsfromstrict
identity(bothoverallandspecific),confidencesuffers.

It wasa centuryagothatScott-Russell(1862)madethefollowingphil-
osophicalobservation“Progressrecentlymadeintheartofbuilding
shipsof warhasillustratedcuriouslythetendencyofthehumanmind
to imitationmerelyofwhathasgonebefore, evenwhentheconditions
andmaterialsof arthaveundergonea revolution.“ Butfewwoidddis-
agreeoverthevalidityofthesameobservationtransposedforwardin
timebyfivescoreandfiveyears.

Infairnesstothedesignersofthepast, it shouldbe observedthatra-
tionality,nomatterhowsophisticated,musthaveits rootsin observa-
tion, hence,inexperience.Inthecaseof ships,thelapseofyears
frorntheinceptionof a conceptualdesignuntilthetimethecompleted
vesselhashada statisticallysignificantnumber~f voyagesinheavy
weatheris greatso thattheaccumulationof technicalwisdominthe
fieldof shipbuildingis a processwhosedominantcharacteristicis an
obdurateslowness. Thecorollaryis thattheevolutionof shipdesign
methodstowardrationalityis anunhurriedadventure.

If it is recognizedthatthestructureof a shipis themostcomplexof
all engineeringstructuresbuiltto dateandthatthedynamicloadingto
whichit is subject,duringits lifetimeis highlyunpredictable,it becomes
easyto seewhysimpleempiricalrulesmustfail to sufficefor its ef-
ficientdesign.

Thealternativeofpmsuingwhollyrationalmethodsof designhasnot
gainedgreatmomentum.Tobe sure, theliteraturebearingonthe
analysisofhighlyredundantshipstructuralelementsis fairlyexhaust-

ive andlibrariesof computerprogramsarebeingcompiledfortherapid
executionof suchanalyses. Buttheanalysescannotbeappliedmiless
a designis inhandandtheresultstheyprovideapplyonlytothegeomet-
ric proportionsofthebasicdesign. Systematicproceduresfor design-
ing,i. e. , synthesizinghullstructuresare rarean’da computerprogram
fortherationalsynthesisof suchstructuresdoesnotexistatpresent.

Designsynthesisimpliestotheexecutionof a procedurethatwillyield
a solutionfulfillingtwoconditions:

a) Insurancethatnostructuralmemberis stressedor strainedabove
its criticalvalue.

b) Optimizationofthestructurewithreferenceto a prescribedcrit=-
rion.

It doesnotappearfeasibleto devisea director closedformsolution
whichwillinsuretheequitableproportioningofall scantlingsin such
mannerthattheseconditionswillbefulfilled. Thealternativeis to
formulateaniterativesolutionwhichwillconvergetothedesiredde-
sign. Sucha solutionhasnotbeenpursuedinthepastbecausethe
amountofworkrequiredwouldhaveresultedina manualtaskofpro-
hibitivemagnitude.However,theadventof computersis providing
a goldenmeansfortheobjective,hencenecessarilysophisticated,
analysesof shipstructureandfor therapidsynthesisofthestruc-
turalelementsofwhichtheshipis compoundedintoanoptimalentity.
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1.4 PHILOSOPHYOFSOLUTION

Themethodof designto bedevelopedhasas pointof initiation,thefull
knowledgeofthehydrodynamicandinertialloadingsthatactonthehull
structure. Theseloadingsareobtainedas outputsfromtheparallelstud-
y onshipresponse.

A synthesisimpliesthatthehullscantlingsderivedmustsatisfysome
optimumcriterion. Becauseof thecomplexityandthehighdegreeof
redundancyof thehullstructure,theproblembecomesthatof findinga
multi-dimensionaloptimum.

Theprocessfor arrivingattheoptimumdesignof a hullstructurecon-
sists inthefollowingsteps:

a)

b)

c)

d)

e)

f)

Definitionof thehullgeometry.

Mathematicalrepresentationof thestructuralassembly.

Formulationof designcontrolcriteria.

Formulationof designconstraints.

Applicationof optimizationtechnique.

Applicationof optimizationcriterion(or criteria).

Thesynthesisis for a specifichullgeometryandchangesarenotcon-
sideredinthegeometricoutlineof thehullandintheinternalarrange-
mentof deck’sinnerbottorns,bulkheadsandhatchways.Theseitems
aredeterminedbyotwr analysesandwillbetreatedas invariantinthe
study. Theonlyfreedomallowedtheshipstructuresynthesistis inthe
choiceof spacingof framesandlongitudinalgirders. Thus,frameand
longitudinalspacingsarethebasicdesignparameters.
Tobeintroducedintotheoptimizationprocess, thehullstructuremust
be suitablymodeledinmathematicalform. It is inthisstepthatthehull
structureis representedbymathematicalabstractionsthatbringnutthe
essentialrelationshipsthatexistmutuallybetweenthevariouscompon-
ents andbetweenthestructureitselfandtheloading. Thecomplexity
of thestructureis suchthat, if oneis nottobelost inthesterilepursuit
of trivia, simplificationsmustbemade. It is at thispointthatjudgment
mustbe exercisedsowhatis of theessenceis retainedandwhatis in-
consequentialis discarded.

Animportantpointis tobemadeinthisconnection:Theessentialitem
to be developedis thelogicalstructureoftheprocess. However,the
mathematicalmcdelsusedto determinethescantlingsofthevarious
structuralitems, andwhichenterintotheprocessin specificsubrou-
tines, canbe changedWithoutaffectingtheoveralllogic. Thus,as bet-
ter modelsarefound,theycanbeincludedintheprocessbysimplesub-
stitution.

Thedesigncontrolcriteriaare setupto insurethestructuralsufficien-
cy of thedesign.

T\edesignconstraintsdefinetheallowablechoicesin scantlings(plate
&idthsandthicknesses,stiffenertypesandsizes, stanchiondiameters,
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etc.) to suitmill standards.Theyalsoestablishminimumframeand
longitudinalspacings.

Theoptimizationcriterionprovidesthebasisof selectionofa design.
As mentionedunderscope,twooptimizationcriteriaareintroduced:
minimumweightsandminimumcost. Sincethesynthesisrelates‘only
tothemidshiplengthoftheship,theoptimizationcriteriabecomemin-
imumweightandcostperunitlength.

Theamountofworkrequiredto obtaina solutioqdependscriticallynn
theoptimizationtechniqtieemployed,hence,it is ofparamountim.70rt-
ancethatthemostefficientonebe selected,

1.5 .DESIGNPHILOSOPHY

Thefirstandmostimportantstepis thatof thedesignphilosophytobe
pursuedforanalyzingandsynthesizingthehullstructure.Almostwith-
outexceptionpastmethodsof rationalanalysisof shipstructurehave
beenerectedonthebasicassumptionsthat:

a) Thematerialis perfectlyelasticandobeysHooke’slawofproportion-
alityof stressandstrain. Theassumptionofperfectelasticityhasthe
effectoflimitingtheapplicabilityoftheanalysesto suchcasesofload-
ingforwhichthestressintensityatnopointofthestructureexceedsthe
yieldpointofthematerial. TheassumptionofthevalidityofHooke’s
lawimpliesthattheprincipleof superpositionapplies. For shipbuild-
ingsteelthisassumptionis oneof opportunityandconvenience,notof
reality.

b) Thedynamicloadingis slowlyapplied. Thus,theresponseof struct-
ural componenttoa dynamicallyappliedloadis assumedtobethesame
as thatinducedbya staticloadwhosemagnitudeis equaltothepeakvalue
of thedynamicload. Otherwisestated,thedynamicloadfactoris unity,

Someremarksonthesebasicassumptionsarepertinent.

Solongas a structureis determinate,thereis somevalidityto a method
of designthatinquiresnofurtherthantheyieldpointof thematerialor
thepointof elasticbucklingof criticalmembers. Proportioningof a
tensilememberbyrelatingthemaximumexpectedloadit is to carryto
theyieldstrengthofthematerialis justifiablebecausethemarginof
safetyagainstits failureunderloadis simplydeterminableinasmuch
as, for anygradeofmaterial,theultimatestrengthbearsa directre-
lationtotheyieldstrength.Justificationforproportioninga compres-
sivemembe”rbysubstitutingits elasticbucklingstrengthfor theyield
strengthemployedaboveis similarlymade,althoughtheargumentis
nowcomplicatedbythegeometryofthestructure,anda simplerela-
iio-ribetweenelasticbucklingandplasticbucklingstrengthsnoIbnger
obtains.

Whenthestructureis redundant,suchsimplelogicnolongerholds.
Themarginof strengthremainingabovetheyieldpointofthematerial
or elasticbucklingpointof thestructuredependsin anessentialman-
neronthedegreeof structuralredundancyincorporatedin-thedesign.
Nosimplerulescanbeformulated.
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Whatappearstobetheproperlogicbywhichto designa hullstruc-
tureis toproportionthescantlingssothatthestructuralcomplexwill
havea collapse,or limit, loadof a prescribedlevelabovethernaxirn-
umexpecteddynamicload. Inotherwords,thecriterionof strength
adequacyis notbasedonyieldor elasticbucklingstrengthbutonplastic
collapseload. Thereis, unfortunately,a seriousdrawbacktotheuse
of suchcriteriomNoadequateandmanageabletheoryoflimitdesignis
presentlyinhandfor useintheanalysisofthehighlyredundant,com-
plexassemblywhichis thehullstructureof a ship.

At thepresentstateoftheart, oneis leftwiththesinglechoiceof de-
signingin accordancewiththelinear, or linearized,theoryof elasti-
cityandwiththetheoryof elasticstability.

IIowever,to safeguardoneselfagainstdisaster,onespecifiesthatthe
steeltobeusedshallhavea certainamountof ductility.(24percentin
2 infor ordinarystrengthsteeland22percentin 2 infor highstrength
steel). Thisductilitydoesnotenterintotheelasticanalysis. It is
introducedto account,in a subtleway, for thosechangesinthestress
fieldintroducedbytherolling,cuttingandweldingofthematerial; by
thechangesintemperature,loadingandconstraintsduringtheperiod
of fabricationanderection;andbythechangesinthesupportreactions
duringbuilding,launchinganddocking.

Oneis, evidently,justifiedinaskingwhetherunderthisconditiona
designbasedonelastictheorycanhaveanyclaimtobeingvalidand
useful. It is difficulttoformulatea satisfactoryreply. However,“the
followingargumentscanbe adducedin supportof a designbyelastic
theory,namely,thattherealfactorof safetyof a redundantstructure
is higherthantheapparentonecalculatedonthebasisof elastictheory.

Theloadingactingonthehullstructureis either”staticordynamic.The
staticloadingis introducedbytheweightof thestructureitself, machin-
ery, equipment,cargo, consumables,etc.; andbythestaticbuoyancy
of thedisplacedwater. Thedynamicloadingis eitherhydrodynamicor
inertial. Inertialloading~sinducedbythemotionsofthehullina sea-
way. Hydrodynamicloadingis imposedbytheinterplayofhulland
waves. Hydrodynamicloadingcanbe classifiedas quasi-staticor wave
frequencyandas impulsive. Thefirst givesrise totherigidbodyOs-
cillationsoftheshipandto anelasticresponseofthehullstructure
varyingwiththefrequencyoftheencounteredwaves,i. e. , relatively
s1owly. Thesecondis suddenlyappliedandof shortduration- it g.sn-
eratesa vibratoryresponseofthehullstructureandof its component
parts.

Theloadingis nottobe determinedas partof thetask: theprogramto
be developedwillbeintermsof a nominalor generalloading. Butthis
categorizationofloadingbearsemphasisbecauseoftheadditionalwork
of analysisthatis associatedwiththeimpulsiveloading. Whereas,the
wavefrequencyloadingcanbetreatedas if it werestaticallyapplied
(hencethequalificationof quasi-static), theimpulsiveloadingmust
first be reducedto anequivalentstaticloadandto thisend,thedynamic
loadfactormustbe determined.

Exceptfor thestaticloadingimposedbytheweightof“fixeditems, the
loading(bothstatic-anddynamic)canbe discussedoglyintermsof cer-
tainstatisticalaverages. Theproblemthatarisesis thatofpredicting
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theextremevaluesofthesestatisticalaverages. Again,inthedevel.
oprnentthatfollows,thestatisticalstatementsontheoccurrenceof ex-
tremevaluesareassumedtobe given.

Acceptanceof thelineartheoryof elasticityas a basisfor designsyn-
thesisresultsina powerfulsimplificationoftheprocessthroughintro-
ductionoftheconceptofthethreetypesof structure:primary,second-
aryandtertiarycorrespondingtothehullgirderas a whole,to cross-
stiffenedpanelsofplatingandtothesingleplateitself.

Thisconceptof structuralclassificationappearstohavebeenintroduced
bySt, Denis(1954)andanexpositionthereofis giveninappendixA.

Thestructureoftheshipis essentiallyanassemblyofplatysandstif-
feners, butthestructuralclassificationintroducedmakesit possibleto
analyzethecomponentsseparately.

Designsynthesisis madebyapplicationofthedesigncontrolcriteria.

Inthemidshipregiontheplatesarepredominantlyflat, except,af
course,forthestrakesinwayoftheturnofthebilge;theyare of rect-
angular,or quasi-rectangular,shapeandareloadedbyforcesacting
intheirplaneas wellas normallythereto.

A generaltheoryfortheanalysisof flatplatesundersuchcomplex
loadingdoesnotappearto exist;however,if plategeometryandcon-
ditionsofloadingare suchthatthedeflectionofthecenteroftheplate
is less thanaboutonefourthof its thickness,a moderatedeflection
solutionis inhanddueto Bengston(1939). Theseconditionsaremet
for shipplatesdesignedtowithstandcontinuouslyor frequentlyap-
pliednormalloadings. Thisoccurswithshell, decksanddeeptanks.
It doesnotoccurwithordinarywater-tightbulkheads.Thetheoryof
Bengstonis outlinedinAppendixB.

Someremarksrelativetothistheoryarepertinent.Thetheoryhas
beend~velopedfor idealizedboundaryconditions(all boundariesfixed
or all boundariessimplysupported).Butin shipstructuresthebound-
aryconditionsarenotidealbut~ntermed~ateaid oneis facedwiththe
problemofthedeterminationofthedegree●of edgefixetyandwiththat
of interpolatingbetweensolutionsfor idealcases to obtainthesolution
for thespecificcaseinhand.

Interpolationis easilyaccomplishedonthebasisof a linearrelation
connectingthesolutionsfor thetwoextremeidealcasesprovidedthe
degreeof fixityattheplatesupportsis known.

Thedegreeof fixityoftheplatingatits supportsis determinedonthe
basisof therelativestructuralstiffnessesofplateandsupportingstif-
feners. Themethodis discussedinAppendixC.

Anitemof importanceintheanalysisofplatingeitheractingas a stif-
feneror being,inturn, stiffenedis theamountofmaterialthatcanbe
consideredeffectivefor calculationsof strength.A distinctionis made
betweenthecaseinwhichthestiffenedplatingis undernormalloadand
thatinwhichtheplatingis subjectedto a compressiveloadinits own
plane. Thelattercaseis a problemof elasticstabilityalone,wher-
eastheformeris somewhatmorecomplexandexistsevenintheab-
senceof anyplateinstability.Todistinguishbetweenthetwo, one
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speaksof effective“width”whenconsideringa plateloadedcompressi-
velyinits planeandrefersto as effective“breadth”whenthecaseis
thatof a normallyloadedstiffenedplate. Discussionofthesetwoas-
pectsof analysisis containedinAppendixD.

Thestructureoftheshipis essentiallyanassemblyofpanelsof cross-
stiffenedplating. Threebasictechniqueshavebeendevelopedfor de-
terminingtheelasticstressintensitiesin suchpanels:

a) Orthotropicplate(Huber-Schade)
b) Grillage: Finiteelement(Wah)
c) Grillage: Beamonelasticfoundation(Schilling,Vedeler,

Michelsen,Nielsen,Chang)

Since, a choicebetweenthesetechniquesneedsbemade, somegen-
eralobservationsareintroducedfor guidance.

Theorthotropicplatetechnique(orapplicationof a theory)is thesim-
plestofthethreealternatives.Thefundamentalconceptthata panel
of cross-stiffenedplatingcanbe consideredas anorthotropicplateis
validprovidedthestiffenersarefairlyregularin eachdirectionand
closelyspaced.

At thepresent,theorthotropicplatetheoryhasbeenappliedonlyto
flatpanelsof idealizedboundaryconditions.Thetheorydoesnotpro-
videa wayto estimatethedegreeof fixityatthepanelsupports.Also,
thepresenceof stanchionsandof irregularitiesinthescantlingsand
dispositionof structurecomplicatestheanalysisseverely.

Thegrillagemethodsarebasedonthephilosophythata systeminvol-
vinga discretenumberof stiffenersshouldbeanalyzedbymethodsthat
takethisdiscretenessintoaccountfundamentally.Inthefiniteelement
method,bothframesandlongitudinalgirdersaremodeledas a netof
structuralelementsof individuallengthspanningfromoneintersection
to thenext. Inthebeam-on-elasticfoundationmethod,theclosely
spacedframesare assumedto distributetheiractiononthelongitudi-
nalgirdersoverthefullframespacing. Thissimpleartificeresultsin
a strongsimplificationoftheanalysis.

Thesemethodsarefullyapplicabletothreedimensionalstructure,reg-
ularor irregular,continuousor discontinuous.Theseveralpanelsof
cross-stiffenedplatingformingthestructureof a shipcanbe connected
togetherby slope-deflectiontechniqueswiththeresultthattheboundary
conditionsatthepanelsupportsareobtainedas partof thissolution.

To applygrillagetechniques,influencecoefficientsmustfirstbe ob-
tained. Thelimitationsof grillagesolutionsdependontheabilityto
calculateinfluencecoefficients.Butit is observedthatsuchability
transcendsthatof calcdatingstressintensities.

Anotherprerequisitetotheapplicationof grillagetechniquesis know-
ledgeoftheeffectivebreadthtobeused. Thiseffectivebxeadthis not
determinedas partofthegrill ageanalysisandmustbe obtainedinde-
pendently.Thisis theweaknessofthegrillagetechnique.

.. . ..—.
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Ofthegrill agetechniques,thebeam-on-elastic-foundationapproach
is moreexpeditious.Thereasonforthisis thatina finite-element
approach,all deflectionsattheintersectionsmustbe determined,
whereas,inthebeam-on-elastic-foundationapproach,penaltyis in-
curredonlytotheextentthatframesdepartfromregularity.Since
in actualship”s,framestendto be regularwithbutfewexceptions,
theadvantageofthemethodis quitepowerful.Notealsothatnode-
gradationinaccuracyresultsfromtheassumptionof distributedframe
reaction. Somerecentworkof Chang(1967),whichgivescompari-
sonsof resuitsobtainedbythebeam-on-elastic-foundationmethod
withparallelresultsobtainedbyfiniteelementandorthotropicplate
theories,providesemphaticsupporttothisstatement.

Grillageanalysisof thesecondarystructureis fairlycomplexsinceit
involvestheintegrationof a moderatenumberof separatecalculations.
Thisinturn,involvesthedevelopmentof a methodforindexingthe
variouselements. A simplifiedindexsystemis presentedinAppen-
dixE. WhileAppendixF containsanoverviewofthegrillage
analysis,andAppendixG showsspecificapplicationtotheS.S. WOL-
VERINESTATE.

2. OUTLINEOFTHEPROCESS

Theoveralllogicoftheprocessis outlinedinthesequenceof steps
thatfollows. Theflowoflogicis presentedin Fig. 1.

StepA: BasicInputs

Thesearetheinputsthatremainunalteredthroughoutthewholepro-
cess. Theyrelateto:

a) Thegeometryof thehull(hullenvelope,arrangementof decksand
innerbottom,bulkheads,hatchways,tankage,etc.)

b) Theloading(bothinternalandexternal,bothstaticanddynamic)to
whichthehullis subject.

c) Thedesignconstraintsthatmustbe observedindeterminingscant-
lings.

Basicinputsare discussedinAppendixH.

A structuralitemmaybe of oneofthreetypes:

a) Platingsubjectto normalloading,hencewatertightor oi~-tight.
.

b) Platingnotsubiectto normalloading,hencenon-tight.

c) Shape

Eachstructuralitemis designatedaccordingly.

StepB: DesignParameters

Thedesignparametersarethosedesignvariablesthatcharacterize
thedesign. TheyconsistOH
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a) Thecriteriaof designcontrol,whichstatethemaximumallowable
primary,secondaryandtertiarystressintensities(al, 02, m;).

b) Thespacingof frames(a)andoflongitudinalgirders(b). These
are subjectto systematicvariationduringtheprocess. Criteriaof
designcontrolare discussedinAppendixI.

StepC: stressIntensities

Thisstepspecifiestheprimary,secondaryandtertiarystressintensi-
ties (Olx, u2x, 02Y, u3x, 03Y) in eachitem. (Inthecaseof freely
standingshapesattachedtoplating,thesecondarystressintensities
inbothplateandflangemustbetakenintoaccount).Inthesesymbols,
x denotesthelongitudinal,y thetransversecoordinate.

Tobeginthecalculations,theneutralaxisis locatedfromempirical
data,seeAppendixJ. Also, themaximumallowable,or criterion
primarystressintensityis assumedto obtainateitherkeelor deck
inharmonywiththelocationoftheneutralaxis. Themaximumter-
tiary stress intensities(~3x, 03V) aredeterminedfor eachitemon
thebasisthatthesecondarystresginte,~sitiesattaintheirmaximum
allowable,or criterion,values(02x, u~yl.

Whensecondarystructureis composedofa combinationofplateand
freeIy-standingstiffener,thesecondarystressintensityintheplating
is minimalandis takenintoaccountbyanarbitrarilysmallallowance.

Onsuccessiveiterations,whenvaluesofprimary,secondaryandter-
tiarystressintensitiesareavailablefor eachitemfromtheprevious
solution,thesearemadeto replacetheinitiallyassumedones.

StepD Classificationof StructuralIterns

Sincethemethodof calculation‘cobe employedindeterminingthescant-
lingsofthevariousitemsdependsontheirtype,theiternsare so sepa-
ratedatthisstep.

If theitemis a non-tightflooror doublebottomlongitudinalgirder,
theprogramgoesto StepE; if a transverseor longitudinalshape,it
goesto StepF; andif water(or oil]tightplating,thentoStepG.

StepE: ThicknessofNon-tightPlating

Thenon-tightlongitudinalgirdersinthedoublebottomareproportioned
to insurethattheircriticalstrengthin compressionexceedsbya spe-
cifiedmarginthedesignlevelofprimarystressintensity.

Thenon-tightfloorsare designed-tocarrythenormalloadingandhave
adequatemarginof strengthin shear,this strengthbeingrelatedboth
to theyieldpointofthematerialandto thecriticalbucklingstressin-
tensity,(seeAppendixL).

StepF: Scantlingsof Shapes

Therequiredsectionmoduliof frames, deckbeamsanddecklongitu-
dinal are determinedfromtheactingbendingmomentsandtheallow-

.



,.

-11-
ablestressintensities.Thescantlingsoftiheshapesarethenobtained
onthebasisthattheyare T’s cutfromwideflangesections (empirical
curvesbeingusedfor conveniencein relatingsectionmodulusto depth
andcross sectionalareaof “shape).Theseare discussedinAppendixJ.’

StepsG andQ: Assurnptionof BoundaryConditionsfor Watertight
Plating

Determinationofthethicknessofplatingis firstmadeonthebasis
of idealizedboundaryconditions(simple-supportandfixed). This
stepcontrolstheboundaryconditiontobeused. Inthecaseofthe
doublebottom,thesolutionis carriedoutforbothidealconditions,
theinterpolationbetweenthetwobeingmadeinStepS. Fortherest
of thestructure,theplatingis assumedtobe simplysupportedex-
ceptfor IItweendeckswhenladenwithcargo(fullloadcondition)and
fortheinnerbottomwhensubjectedto a normalpressureequaltothe
testheadforwhichdesigned,inwhichcases, theplatingis assumed
tobe fixedatits supports.

StepH: WatertightPlating

Theplatingthickness(foridealizedboundaryconditions)is obtained
byapplicationofthemethodof Bengston,whichis outlinedinAppen-
dixB.

StepI: PropertiesoftheMidshipSection

ThenontightlongitudinaldoublebottomgirdersdeterminedinStepE,
thelongitudinalhatchgirderdeterminedin StepF, andthewatertight
platingdeterminedinStepH areintegratedtoformthemidshipsec-
tion, andtheneutralaxisandmidshipsectionmoduliarethencalcu-
lated, as showninAppendixK.

StepR Distributionof PrimaryStressIntensity

Themidshipsectionmodulito deckandkeelbeingknown,thedistri-
,. butionofprimarystressintensityis obtaineddirectlybyapplication

of themidshipbendingmomentgiveninthestatementofinputs..y

~
StepsK andL: CriterionofPrimaryStressIntensity

If i-heprimarystressintensityinthebottomor maindeck~lati~gex-
ceedsthecorrespondingcriterionstressintensity(alx > OYX)Jthe
platingis arbitrarilyincreasedinthicknessbya smallamountinStep,. I~. Followingthis, theprocessr~turnsto StepHandthetertiary
stressintensitiesare recalculated.Thisloopis repeateduntilthe
maximumvalueofprimarystressintensityfalls shortor, atmost,
equalsthecriterionvalue.

If orwhenthemaximumcalculatedvalueofprimarystressintensity
satisfiesthecriterion,theprocesscontinuestoStepM.

StepM: GrillageSolution

Applicationof thegrillagesolutionyieldsthesecondarystressinten-
sitiesinthestructure(02XP,u2xf,o2yp‘ Q2yf; wherethesecondsub-

—
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scriptsp andf denoterespectivelyplateandfreeflange). Thesestress
intensitiesareforthescantlingsderivedin StepsE, F, andH.

StepN Criterionof Convergence

If themaximumprimaryandsecondarystressintensitiesareequalto
thoseof StepCwithina prescribedtolerance,thesolutionhasbeen
obtainedandtheprogramgoesto StepP or R, otherwise,theprogram
goesto StepO.

StepO: SpecificationofMaximumStressIntensities

Theprimarystressintensitiesobtainedin StepJ andsecondarystress
intensitiesobtainedinStepM andtheresultingtertiarystressintensi-
ties of StepH are specifiedas thenewse{ of stressintensitiesforthe
nextiterationandtheprogramreturnsto StepC.

StepsP andR: OutputforIdealizedBoundary.Conditions

Thescantlingsresultingfromtheassumptionof simply-supportedplate
boundariesarefirst obtainedafterwhichtheprogramgoesto StepO
andthecalculationsare repeatedfor fixedplateboundaries,theout-
comebeingreachedinStepR. Thiscalculationis initiatedwiththe
last set stressintensitiesobtainedinStepC fortheboundarycondi-
tionsof simplesupport.

StepS: Interpolationfor 13egreeof Fixity

Thedegreeof fixityofthebottomshellplatingatthesupportsis deter-
minedbythemethodofAppendixC. A linearinterpolationis thenmade
betweentheresult”sobtainedin StepsP andR.

StepT: WeightIntensityofHullStructure

Thestructurehavingbeendeterminedcorrespondingto a choiceof de-
signparameters,its weightperinchoflengthresultsdirectly. This
is discussedinAppendixM?

Step U: CostPer RunningInchofHullStructure

Thiscostis madeupfromthecostof material,thatoffabricationand
erectionandthatofwelding.Thefirst resultsdirectlyfromStepT;
plausibleempiricalformulaeare employedto assessthesecond;the
last is simplyderivedprovidedthespacingof seamsandbuttsis known
or assumed. Weldmaterialis consideredinAppendixN, andcostof
hullstructureis takenupinAppendixO.
StepV: Documentation

ThefoIlowingresultsarelistedfor eachcombinationof designpara-
metersselected:

a) Thicknessofplatingandsize of shapes.

b) Primary,secondaryandtertiarystressintensitiesin eachstruc-
turalitem.

---

c) Stressratioscorrespondingtothestressfactorsf~, f2 andf3.
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d) Weightofmaterialperinchofhulllength.

e) Costofmaterialperinchofhulllength.

StepW: Specificationof DesignParameters

Havingcompletedthecalculationsfor oneset of frameandlongitudinal
spacingsonthebasisofa selectedsetof designcontrolcriteria,the
calculationsare repeatedforanadditionalsetof spacingssufficient
to covera reasonablywidefieldofpossibilities.

Ste13X Outirnization

For a givenchoiceof designcontrolcriteria,thedesignparameters
opento choicearetheframeandlongitudinalspacings. Thus,a simp-
le optimizationtechniqueis sufficienttothepurpose. Thisconsists
ofplotsofweightandcostperrunninginchof structureagainstthe
independentvariablesof frameandlongitudinalspacing.

3. PROGRAM

3.1 GENERALREMARKS

Computerrunsweremadewiththecodedevelopedinthisreportforthe
midshipholdof a shipHavingthebasicgeometryoftheSSWOLVERINE
STATE,themainandstructuralcharacteristicsofwhicharepresented
in Tables1 and2 andinFigure2. Theprincipalvariablesarethegeo-
metricparametersof:

Framespacing,a.
Spacingoflongitudinalgirders,b.
Lengthofhold,4. .,....Thecriterionofprimarystressintensity,CTl,and
Theparameterof elasticity,E.

Thenumberof decklongitudinalwaskeptconstantandthesamefor all.-+ decksthroughouttheseries: eachdeckwassupportedbya singlelongi-
tudinalgirderlocateda hatchhalf-widthawayoneachsideoftheverti-
calcenterplane.Thenumberofbottomlongitudinal(n)wasvariedfrom
a singlecenter-keel(n= 1). to a center-keelandsinglesidekeelson.on2 eachside(n = 3), toa center-keelandtwosidekeelsonsoneachside
(n = 5). For convenienceof reference,thenumberofbottomlongitu-
dinal (n)is preferableto theirspacing(b).

Twovaluesofthecriterionof stressintensitywereintroduced
.,,.. -2 >::

‘1 = 19,000lb. in and u1 = 9,500lb. in-2,

theformerbeingwhatis considereda normalvalue,thesecondbeinga
drasticdeparturetherefrom.

Threevaluesoftheparameterof elasticityweretried: 30, 20, and10
-2millionlb. in . Thefirst is thatobtainingfor steel, thelast is some-

whatlowerthanthatofaluminum.Computerrunsweremadeforthe
combinationofparametersgiveninTable3.

A—.
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TableI
WoZvex-7keState - Particulars

Type C4-S-B5
(machineryaftdrycargovessel)

Length,overall(ft) 520
Length,betweenperpendiculars(ft) 496
Beam,molded(ft) 71.5
Depth,molded(ft) 43.5

Condition Design

Lb-aft,rnolded(ft) 30.0
Displacement(tons) 20,000
BlockCoefficient O.654
LongitudinalCoefficient O.664
WaterplaneCoefficient O.752

Machinery- TwoStageTurbine
Designpower(hp)
Normalpropellerspeed(rpm)
Normaloperatingspeed(knots)

LightOpcrat?ng
18.0

11,130
0.610
0.628
0.685

9000
80to85
16to17

Builder:SunShipbuilding&DryDockCO., Chester,Pennsylvania
owner: StatesMarineLines

Scantlingsof
TableLI

theS.S. WoZveP7keState
asbuilt

Midshipframespacing
Numberofdoublebottomlongitudinal
FhellPlating

Bottomshell(in)
Bilgestrake(in)Sideshell(in)
Sheerstrake(in)

DeckPlating
Innerbottom(in)
Fourthdeck(in)
Thirddeck(in)
Seconddeck(in)
Maindeck(in)

~ottom, oil-tight(in)
Doublebottom,non-t;ght(in)
Fourthdeck(i~2)
Thirddeck(inLSeconddeck(in)
Maindeck(in2)

TransverseStiffeners
Floors,oil-tight(in)
Floors,non-tight(in)
Frames.aboveinnerbottom(inz)
Frames;abovefourthdeck(in2)
Frames,abovethirddeck(inz)
Frames,aboveseconddeck(in2)
DeckBeams(in2)

305

0.78
0.78
0.720.91

0.56
0.310.310.44
1.06

0.530.41
83.9
83.9
83.9
a3.q

0.53
0.416.736.73
5.74
5,74
8.75

.

-.,,
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Table111
ProductionRuns

Numberof
Double Primary
Bottom Length Stress Modulus

Frame Longitu- Of Intensityof
Run Spacing dinals Hold CriterionElasticity

<~n
(i:) (:) ‘1

(lbin-2) (lO~lbin-2)

1
2
3
4
5
6
7
8
9

10
11
12

30

20

40

30

30

30

30

30

20

40

30

30

3
3
3
5
3
3
3
1
3
3
3
3

60
60
60

60

60

40

80

60

60

60

60

60

19,000
19,000
19,000
19,000

9, 500

19,000

19,000

19,000

9, 500

9, 500

19,000

19,000

30

30

30

30

30

30

30

30

30

30

20

10

3,2 ASSUMEDINPUTS

Thefollowinginputshavebeenassurnedto definethematerial,theload-
ing, thedesigncriteriaandcostfactors:

Materials
Inadditionto themodulusof elasticitywhichhasbeenenteredas a pa-
rameter,thefollowingvalueshavebeenusedto describethematerial
properties:

YieldStrength,u = 35,000(lbin-2)
YP

Poisson’sratio, ~ = O.3

Loadin~

Theexternalpressureheadis givenby

Ht. 0.4h - z(ft)

where:
H e”ship’sdraft (ft)
h = waveheight(ft)
z = verticalcoordinatemeasuredpositiveupwards(ft)

.-,
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andwheretheplussignis usedforhogandtheminussignfor sag. For
thespecificshipdata,theexternalpressureheadatthekeel(H = 30ft,
z = Oft)amountsto 39.92 (ft)inhogand20.08 (ft)in sag.

Inhog, theaboveformula.is complementedbytheconditionthatthepres-
sureheadbeatleast4.0 ft. Inthehoggingconditiontheexternalhead

-2onthebottomplatingamountsto 17.76 lb in . Theinternalloadingon
-2thedeckshasbeentakenat 2.1 lb in , whichcorrespondsto 7. 5 ft head

of cargoof a 40 lb ft3 density. Thehydrostaticheadontheinnerbottom
hasbeentakenequaltothatcausedbytheexternalwaveloading(15.54
lb in-2). Theinterplayof externalloadingandinternalmassesresults
inmaximummidshipbendingmomentsgivenby

M=kpg L3B (h/i) (ftlb)

where:

massdensityofwater (lb sec2 ft-l)
gravitationalacceleration(ft sec2]
shiplength(ft)
shipbeam (ft)
wavelength(ft)
empiricalconstantwhichdependsonthefullnessoftheshipandon
thewaves’ceepness

theWOLVERINESTATEthevalueof

k = 0.0145

hasbeenusedforbothhogandsag. Thisvalueis plausiblebutarbi-
trary. Applicationofthespecificshipdatayieldsa matimumhogging
momentof 4.05 x 108ft lb.

cost
Costfactorshavebeenassumedas follows:

< Materialcost $0.065 lb-~
Weldcost $3.001b-1

u Laborrate $4.00 hr-1

3.3 DESIGNCRITERIA

Thestresscriteriaare givenintermsoftheyieldstrengthofthema-
terial, namely:

.- .- -
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:::
(Ul+ 02 + 03) = ‘3 Dyp(lbin-2)

.,..,.
‘1 ~ ~p (lbin-z)=0.6fu

(Tl+ T2)‘:= O.6 f2DYP (lbi~-2)

where~ , 0 ,12 D3 denoterespectivelyprimary,secondaryandtertiary
normalstressintensities,while71 and72 denoteprimaryandsecond-
ary shearstressintensities,wheretheasteriskdenotesa criterion
valueandf1’ ‘2‘ f3 are stressintensityfactors. Thesehavebeenas-
signedthefollowingarbitraryvalues:

‘1 = O.56andO.28

‘2 = O.80

‘3 = 1.00

4. RESULTS

Theresultsarepresentedin Tables4 thru10andin Figures3 thru10.
InmakingthecomparisonwiththescantlingsoftheWOLVERINESTATE
as built,twomainpointsshouldbeborneinmind:

a) Thecalculatedscantlingsarebasedonanarbitrarychoiceof exter-
nalandinternalloadingsandwave-inducedbendingmoments.
b) Thecalculatedscantlingsarebasedonanarbitrarychoiceof design
criteriarelatingtotheallowableprimary,secondaryandtertiarystress
intensities.
c) Thecostdataarebasedonplausiblebutarbitrarycostformulations.

Inaddition,thefollowingsecondarypointsshouldbe recognized:

a) Thecodecalculatesthethicknessof sideplatingonthebasisthat
thethicknesschangesatthelevelof decksandinnerbottom.
b) Shapesare determinedonthebasisthattheyare T’s cutfromwide
flangesectionsandbracketedatbothends.
C) Decklongi’mdinals,i. e. , hatchgirders,are sizedforhullstrength
alone. IntheWOLVERINESTATEas built,theyappeartohavebeen
givenscantlingsdetermineduponotherbases, suchas rigidity.

Also notethat:

a) Noaccounthasbeentakenof smalliterns,suchas brackets,flat
barstiffeners,accessanddrainopeningsin calculatingtheweightof
thestricture.

,.

b) Costdataarevalidonlyfor comparingtheresultsobtainedwiththe
productionrunsreportedherein.
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TableIV
Rationally-derivedScantlings
forParametricVariationsin

FrameSpacing
Run
Framespacing(in)
Longitudinalgirderspacing(in)
Numberoflongitudinalsin

doublebottom
Lengthofhold(in) -2~rimarystresscriterion(lbin )
Young’smodulus(lbin-2)

ShellPlating
Bottomshell(in)
Bilgestrake(in)
Sideshellaboveinnerbottom(in)
Sideshellabovefourthdeck(in)
Sideshellabovethirddeck(in)
Sidesh&llabove~econddeck(in}

Deckplating
Innerbottom(in)
Fourthdeck(in)
Thirddeck(in)
Seconddeck(in)
Maindeck(in)

LongitudinalGirders
Doublebottom,oil-tight(in)
Doublebottom,non-tight(in)
Fourthdeck(in2)
Thirddeck(in2

LSeconddeck(in )
Maindeck(inz)

TransverseStiffeners
Floors, oil-tight(in]
Floors, non-tight(in) .
Frames, aboveinnerbottom(in~)
.Frames,abovefourthdeck(in2)
Frames, abovethirddeck(inZ)
Frames, abovesecon deck(in2)‘+Fourthdeckbeams(in )
Thirddeckbeams(in2

!’Seconddeckbeams(’n )5Maindeckbeams(in )

1
30

214.5
3

720
19,000

3X107

O.92
0.92
0.51
0.40
0.50
0.58

0.81
0. 52
0.60
0.76
0.85

0.67
0.48

19.4
21.2
23.9
27.8

1.04
0’37
6.05
4.57
3.68
4.21
3.33
3.38
3.27
3.43

2
20

214..5
3

720
19,000
3X107

0.74
0.74
0.35
0.29
0.36
0.43

0.62
0.43
0.45
0.61
0.60

0.51
0.40

22.8
25.1
28.8
34.2

1.04
0.32
4.75
3.67
2.97
3.42
2.66
2.60
2.60
2.77

3
40

214.5
3

720
19,000
3xlo7

1.12
1.12
0.66
0.48
0.60
0.70

1.00
0.60
0.73
0.71
1.02

0.78
0.52
16.4
17.4
18.7
20.4

1.04
0.40
7.14
5.47
4.30
4.99
3.88
3.92
3.79
3.99

,.- .—
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TableV
Rationally-derivedScantlings
ForParametricVariationsin

NumberofDouble-bottomLongitudinalGirders

RUrl
Framespacing(in)
Longitudinalgirderspacing
Numberoflongitudinalsin

doublebottom
Lengthofhold(in)
Primarystresscriterion(lbin-2)
Young’smodulus(lbin- 2)

ShellPlating
Bottomshell(in)
Bilgestrake(in)
Sideshellaboveinnerbottom(in)
Sideshellabovefourthdeck(in)
Sideshellabovethirddeck(in)
Sideshellaboveseconddeck(in)

DeckPlating
Innerbottom(in)
Fourthdeck(in)
Thirddeck(in)
Seconddeck(in)
Maindeck(in)

LongitudinalGirders
130uble bottom,oil-tight(in)
Doublebottom,non-tight(in)
Fourthdeck(inz)
Thirddeck(in2LSeconddeck(in )
Maindeck(in2)

TransverseStiffeners
Floors, oil-tight(in)
Floors, non-tight(in)
Frames, aboveinnerbottom(in2)
Frames, abovefourthdeck(inz)
Frames, abovethirddeck(iri2)
Frames,aboveseconddeck(in2)
Fourthdeckbeams(in2)
Thirddeckbeams(in2LSeconddeckbeams(in )
Maindeckbeams(in2)

1
30

214.5
3

720
19,000
3xlo7

O.92
0,92
‘o.51
0.40
0.50
0.58

0.81
0.52
0.60
0, 76
0.85

0.67
0.48

1904
2101
23.9
27.8

1.04
0.37
6.05
4.57
3.68
4.21
3.33
3.38
3.27
3.43

4
30

143
5

720
19,000
3xlo7

0.90
0.90
0.50
0.41
0.48
0.55

0.80
0.50
0.59
0.70
0.78

0.67
0.45

1707
18.9
19.4
24.2

1.01
0.28
6.10
4.56
3068
4.21
3.33
3.37
3.27
3.45

8
30

429
1

720
19,000
3X107

1.27
1.27
0.50
0.47
0.55
0.67

1.03
0.45
0, 58
0.76
0.78

0.76
0.49

13.8
15.0
16.9
19.8

1.06
0.45
7.55
7.46
5.88
8.41
6.85
6,,73
6.86
6.60
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TableVI
Rationally-derivedScantlinqs
For ParametricVariations

LengthofHold

Run
Framespacinq(in)
.Longitudinalgirderspacing(in)
Numberoflongitudinalin,,

doublebottom
Lengthofhold(in)
Primarystresscriterion(lbin-2,
Young’smodulus(lbin”2)

ShellPlating
Bottomshell(in)
Bilgestrake(in)
Sideshellaboveinnerbottom(in)
Sideshellabovefourthdeck(in)
Sideshellabovethirddeck(in)
Sideshellaboveseconddeck(in)

DeckPlating
Innerbottom(in)
Fourthdeck(in)
Thirddeck(in)
Seconddeck(in)
Maindeck(in)

LongitudinalGirders
Doublebottom,oil-tight(in)
Doublebottom,non-tight(in)
Fourthdeck(in2)
Thirddeck(in*)
~econddeck(in2)
Maindeck(in2)

TransverseStiffeners
Floors, oil-tight(in)~ Floors, non-tight(in)
Frames, aboveinnerbottom(in2)
Frames,abovefourthdeck(in2)
Frames,abovethirddeck(in2)
Frames,aboveseconddeck(in2]
Fourthdeckbeams(in2)
Thirddeckbeams(in2)
Seconddeckbeams(in*)
Maindeckbeams{in2)

1
30
214.5

3

720
19,000
3X107

O.92
0.92
0.51
0.40
0.50
0, 58

0.81
0.52
0, 60
0.76
0.85

0.67
0.48

19.4
2102
23.9
27.8

1.04
0.37
6.05
4.57
3.68
4.21
3.33
3.38
3.27
3.43

in

6
30
214.5
3

480
19,000
3xlo7

0.87
0.87
0.53
0.42
0.57
0.77

0.76
0.50
0.60
0.78
1.10

0.62
0.57
9.71

10.8
12.8
16.5

1.04
0.37
6.05
4.58
3.66
4.17
3.34
3.38
3.27
3040

7
30

214.5
3

960
19,000
3X107

0098
0098
0.50
0.36
0.45
0.53

0.87
0.56
0.64
0.76
0.79

0.71
o“45

32.2
34.7
38.4
43.4

1.04
0.37
6.06
4*55
3, 69
4.19
3.32
3.37
3.27
3.45
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TableVII
Rationally-derivedScantlings
forParametricVariationsin

FrameSpacing
atReducedPrimaryStrengthCriterion

Run
Framespacing
Longitudinalgirderspacing
Numberoflongitudinalsin

doublebottom
Lengthofhold(in)
Primarystresscriterion(lbin-2)
Young’smodulus(lbin-z)

ShellPlating
Bottomshell(in)
Bilgestrake(in)
Sideshellaboveinnerbottom(in)
Sideshellabovefourthdeck(in)
Sideshellabovethirddeck(in)
Sideshellaboveseconddeck(in)

DeckPlating
Innerbotto~(in)
Fourthdeck(in)
Thirddeck(in)
Seconddeck(in)
Maindeck(in)

LongitudinalGirders
Doublebottom,oil-tight(in)
Doublebottom,non-tight(in)
Fourthdeck(in2)
Thirddeck(in2)
Seconddeck(inz)
Maindeck(in2)

TransverseHiffeners
Floors, oil-tight(in]
Floors, non-tight(in)
Frames,aboveinnerbottom(inz)
Frames, abovefourthdeck(in2)
Frames,abovethirddeck(inz)
Frames,aboveseconddeck(in2)
Fourthdeckbeams(in2)
Thi’rddeckbeams(in2

LSeconddeckbeams(in )
Maindeckbeams(in2)

5
30

214.5
3

720
9, 500
3xlo7

0.91
0.91
0.51
0.40
0.50
0.64

0, 81
0.52
0.61
0.75
1.15

0.67
0.49

1905
21.1
24.0
25.1

1.04
0.37
6.05
4.55
3.68
4.18
3.33
3.37
3.28
3.43

9
20

214.5
3

720
9, 500
3X107

0.79
0.79
0.35
0.29
0.37
0.54

0.62
0.42
0.46
0.61
0.95

0, 51
0.41

22.8
25.3
29.0
29.3

1.04
0.32
4.75
3.67
2.96
3.42
2.66
2.69
2.60
2.76

10
40

214.5
3

720
9, 500
3X107

1.10
1010
0.66
0.48
0.60
0.71

1.00
0.60
0.72
0.89
1.?00

0.78
0.51

16.6
17.5
18.8
19.6

1.04
0.40
7.14
5.47
4.30
4099
3.88
3.92
3.79
3.99
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TableVIII
Rationally-derivedScantlings
forParametricVariations

Young’sModulus

Run
Framespacing
Longitudinalgirderspacing
Numberoflongitudinalsin

doublebottom
Lengthofhold(in)
Primarystresscriterion(lbin-z)
Youngrsmodulus(lbin-2)

ShellPlating
Bottomshell(in)
Bilgestrake(in)
Sideshellaboveinnerbottom(in)
Sideshellabovefourthdeck(in)
Sideshellabovethirddeck(in)
Sideshellaboveseconddeck(in)

DeckPlating
Innerbottom(in]
Fourthdeck(in)
Thirddeck(in)
Seconddeck(in)
Maindeck(in)

LongitudinalGirders
Doublebottom,oil-tight.(in)
Doublebottom,non-tight(in)
Fourthdeck(in2)
Thirddeck(in2)
,Seconddeck(in2)
Maindeck(in2)

TransverseStiffeners
Floors, oil-tight(in)
Floors, non-tight(in)
Frames,aboveinnerbottom(in2)
Frames,abovefourthdeck(i~2)
Frames,abovethirddeck(in )
Frames,aboveseconddeck(in2)
Fourthdeckbeams(in2)
Thirddeckbeams(in2iSeconddeckbeams(in )
Maindeckbeams(in2)

1
30

214.5
3

720
19,000
3X107

0.92
0.92
0.51
0.40
0.50
0.58

0.81
0.52
0.60
0.76
0.85

0.67
0.48

19.4
21.2
23.9
27.8

1.04
0.37
6.05
4.57
3.68
4.21
3033
3.38
3027
3.43

in

11

30
214.5

3

720
19,000
2X10T

O.96
0.96
0.51
0.37
0.52
0.67

0.85
0.62
0.68
0.86
1.10

0071
0.59

19.6
2100
23.4
27.0

1.03
0.42
6.06
4.57
3.67
4.19
3.31
3.36
3.25
3.37

12
30

214.5
3

720
19,000
lX1.07

1.03
1.03
0.52
0.37
0.67
0.87

0.94
0.80
0.87
1.02
1.35

0.81
0.81

1907
20.6
22.6
25.5

0.98
0.53
6007
4055
3.65
4.14
3.27
3.31
3.19
3.27

-. .—..
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We”

Run

1
2
3
4
5
6
7
8
9

10
11
12

TableIX
ghtPer Inch of Hull Structure

(all weights in lb)
Plating&
Longitudinal
Girders
1246

980

1480

1344

1288

1267

1306

1335

1038

1464

1388
1445

WOLVERINESTATEasbuilt 1233

TableX

Run

1
2
3
4
5
6
7
8
9

10
11
12

Trans-
verse
Members
336
422
285
297
337
348
332
406
422
357
357
401
502

CostPerInchofHullStructure
(allcostsindollars)

Material

158
140
177

174

163

162

164

183

146

18z

175

185

Fabrica-
tion&
Erection
1034
1002
1097
1050
1041
1040
1052
1055
1021
1179
1089
1179

Welding

67
49
89
67
71
73
66
75
55
8~
80
89

Total

1582
1402
1765
1641
1625
1615
1638
1741
1460
1821
1745
1846
1735

Total

1259
1191
1363
1291
1275
1275
1282
1313
1222
1450
1344
1453
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Certaintrendsare observed:

a) Theupwardtrendinweightperinchwithframespacing,Figures3
and6.
b) Thedippinginweightperinchwhenthenumberoflongitudinalgir-
dersinthedoublebottomis 3 (centerkeelandonekeelsononeachside),
Figure4.
c) Therelativeinsensitivityoftheweightperinchto variationinlength
of hold,Figure5.
d} ThedownwardtrendinweightperinchwithYounglsmodulus,pro-
videdthespecificweightofthematerialis heldconstant,Figure7.
Thisfigurealso showsthetrendinweightwhenthespecificweightva-
ries proportionallywithYoung’smodulus.

5. DISCUSSION

Thefollowingcommentsaremadewithregardtothesetrends:

FrameS~acin~

Anincreaseinframespacingdecreasesthetransversemateridl‘irias-
muchas thefloors, framesanddeckbeamsdonotgainsufficientlyin
lightnessto overcometheincreaseinweightdensitybecauseoftheir
closerspacing.

Anincreaseinframespacingbringsaboutanincreaseinthescantlings
ofthedoublebottomlongitudinalgirderschieflybecauseofthegreater
sheartheymustcarryas a consequence;however,thedecklongitudi-
nalsdropin sizebecausethestifferdeckbeamsnowcarrya greater
proportionoftheload.

Further,anincreaseinframespacingresultsina considerablein-
creaseinthicknessof shellplating(proportionalroughlytothesquare
rootoftheframespacing).

Thefinaloutcomeis a fairlyrapidincreaseinweightperinchas frames
are spacedfartherapart.

NumberofLongitudinalGirdersintheDoubleBottom

Whenonlya singlelongitudinalgirderis fitted,theweightperinchis
highbecausethegirderis somewhatineffectiveonaccountofthelarge
shearlagthattakesplaceinthesecondarystructureofthedoublebot-
tom. Theresuitis thatbottomshellandinnerbottomplatingbecomes
relativelythick. Whenthreelongitudinalgirdersarefitted,theshear
lagis considerablysmallerandthisis evidencedbythethinnerdouble
bottomflangeplating. Whenfivelongitudinalgirdersareinstalled,
thereductionin doublebottomflangeplatingfromthegaininbeameffi-
ciencydueto a reducedshearlagis morethanoffsetbytheincrease
inweightfromthemorecloselyspacedwebs.

Thechangesinbottomplatingthicknesswithnumberoflongitudinalgir-
dersarisesalmostentirelyfromtheamountofbottomshellandinner
bottomplatingwhichis effectivein compression.Theres~ts arelist-
edfor comparisonin Table 11.
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TableXI
ComparisonofResults

Numberof
Run Longitudi-

nalsinthe
Double
Bottorn

1 3
4 5
8 1

Widthof
Flange
Planting

Associated
withthe

WebofLon-
gitudinals

(in)

214.5
143
429

Effective Effective
Breadth Breadth
Ratio of

Bottom
Shell
(in)

0.79 676
0.93 795
0.42 359

Indeterminingtheprimarystressintensities,onlyeffectivematerial
wasincludedinthecornpressionflangeofthehullgirder. Thelowef-
fectivebreadthratioobtaininginRun8 resultsinincreasingthebottom
platingoverthatfor Run1 bya considerableamounttokeeptheprimary
stressintensitieswithinthecriterionvalue. Theeffectivebreadthra-
tios of Runs-1 and4 aremuchcloserto eachother..

Thetransversestructuredecreaseswithnumberoflongitudinalgirders,
as is tobe expected,becauseoftheadditionalsupportreceived.

Lengthof.Hold

As theholdlengthens,thelongitudinalmembers”tendtobecomeheavier.
Theconsequenceis thatless materialis requiredintheremainingmemb-
ers forprimarygirderstrength.Thisis especiallynoticeableinthe
maindeckandsheerstrake. Eowever,theoverall impactonweightand
costis quitesmall.

Theexplanationfor thisbehavioris thatlengthof holdhasa strongin-
fluence.onthesecondarystressintensitiesinthelongitudinalgirders
andplatingofthedoublebottom. As thesearedesignedto conformwith
criteriaofallowablestressintensities,thedistributionofmaterial,
hence,thescantlingoverthewholesectionareaffected. Becausethe
topofthehullgirderis considerablyhigherthanthebottom,“achangein
bottomstructureis reflectedin a disproportionatechangeintopstruc-
ture.

Young’sModulus

As is tobe expectedfroma simpleanalysisof stability,theweightper
inchdecreaseswithincreasingYoung’smodulus(roughlyas theone-fifth
poweroftheratioofthemoduli)so longas nochangeoccursinthespe-
cificgravityofthematerial. If theassumptionis madethatthespecific
gravityofthematerialvariesproportionallywithYoung’smodulus,
thechangeinweightperinchappearsto varyapproximatelywiththe
four- fifthpoweroftheratioofthemoduli.
Criterionof PrimaryStressIntensity

If themaximumallowableprimarystressintensitybeloweredfrom
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19,000lb in-dto halfthatvalu~jthereresultsa slightincreasein
weightperinch. Theslightnessoftheamountis explainedbythefact
thatintheformercasethemaximumactualprimarystressintensity
attainsa valuemuchbelowthecriterionwhenthemidshipsection
is properlybalancedout. Thismakesforbuta slightdropinmaximum
actualstressintensitywhenthecriterionstressintensityis lowered.

ComparisonwiththeWOLVERINESTATEas Built

Thecodegivessomewhatlightersideshellandmaindeckandconsider-
ablyheavierinternaldecksandoil-tightlongitudinalgirders;also,
-somewhatlighterframesanddeckbeams. Thecodedesignforthesame
framespacingandnumberof longitudinalgirdersas theshipas built
givesa 5 percentlighterweightperinchthantheactualshipwhenthe
lengthofholdis 720in (1641vs 1735lb in).

Validityofa ComparisonbetweenCalculatedandActualScantlings

Sincetheremaybe a temptationto comparethecode-derivedscantlings
withtheactualones, someobservationsinthenatureofwarningsare
pertinent

a) Theexternalandinternalloadingsandthewave-inducedbendingmo-
mententerintothecomputercodeas inputdata. Sincesuchdatawere
notavailableattheinitiationoftheproductionruns, someplausibleval-
ueshavebeenassumed. Nofurtherclaimis madefortheaccuracyof
thesevalues. For checkingoutthecomputercode,themagnitudesof
theloadingsandbendingmomentsarefairlyirrelevant,andif theval-
ues selectedareanywherenearreasonable,weightsandcosttrends
correspondingto variationsintheprincipaldesignparametersare
meaningful.

Theselectedbendingmomentof 4.05 x 108ft lb is somewhatless than
theempiricalvalueforthefictitiousstaticalbendingmomentwhichis
determ-inedtobe

~WL=6.40x108ftlb
35

thesymbolW denotingtheship’sdisplacementintons.
tionofthescantlingsbythecoderequiresthatexpected

Butdetermina-
maximumload-

ingsandbendingmomentsbeintroduced,notfictitiousones.
b) Thehullstructurehasbeendesignedtoanarbitrarysetof criteria
of allowablestressintensities.Whethertheselectedsetof criteriais
reasonableor extravagantandwhat,if any, changesshouldbemadein
its formulationcanonlybe determinedbyinterpretinginthelightof ex-
periencea largenumberof computerrunsmadewithparametricvari-
ationsinthedesigncriteria(andexpectedactualvaluesof external
loadingsandwave-inducedbendingmoments).Notethatsomeofthese
rumscanbemadewitha codedevisedforanalysisratherthansynthe-
sis. Sucha codeis muchsimplerthantheoneusedinthisstudvand
canbederiveddirectlyfromit.

Thesetof designcriteriarelates
ty. Otherdesigncriteria,e. g. ,
strength,stress concentrationor

—

solelyto strengthandelasticstabili-
maximumallowabledeflection,local
corrosionallowance,havenotbeen
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takenintoaccountinthisinitialstudy. Theproblemdoesnotlie inthe
modificationofthecomputercodeto accomplishthis, butratherinthe
formulationof suchcriteria.

Thedeviationsbetweenactualandcalculatedscantlingsofmaindeck
plating,longitudinalhatchgirdersandsideshellplatingappearto be
attributabletothedominanceof suchcomplementarycriteria.

c) Theexternalloadingandbendingmomentconsideredarethosecor- ,
respondingto a shipsteaminguprightintoheador followingseas. Con-
siderationofthecaseof a shipsteamingin obliqueseasmaywellresult
in raisingsomescantlingsbecauseof theappearanceofa lateralbend-
ingmomentandofhigherloadingsonthesidesinducedby roll.

d) Noexplicitaccounthasbeentakenof stressintensitiesinducedby
slamming,To someextent,thesehavebeentakenintoaccountimpli-
citly whenformulatingthepertinentcriteria. Butthisis a grossand
unreliablewayto designstructure. Eventually,animprovedmethod
mustbefoundbywhichto designhullstructuresubjectsimultaneously
to quasi-staticandtoimpulsivedynamicloadings. Becauseoftheim-
plicitmannerofaccountingfor slamming,it is notdeterminablewheth-
er thehullstructurehasbeenoverdesignedor underdesignedwithre-
ferencetothisloading.

6.SUMMARY

Thecodefor computingtheoptimummidshipstructureofa transverse-
ly framed,drycargoshipis a workableone;however,it is subjectto
thefollowingqualifications:

a) Externalloadingsandwave-inducedbendingmomentmustbe enter-
edas inputdata.

b) ThedesigncriteriaarearbitraryandbasedsolelyOHoverall
strengthofhull. Stressintensitiesunderdistributedloadingsdonot
exceedtheelasticlimitof thematerial.

c) Theshipsteamsuprightinheador followingseas.

d) Impulsiveloadingfromslammingis nottakenintoaccountexplici-
tly. Neitherare stress concentrations,strengthunderlocalizedload-
ing, rigidityandcorrosionallowances,interalia.

Themeritofthedesignmethodused(separationof structureintopri-
mary, secondaryandtertiarycomponents)is thatall ourempirical
knowledgeontheproportioningofhullstructureto%thstandtheforces
oftheseawayfindsexpressioninjustthesefactors.
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8. NOTATION

Symbol

Ai

[1A 1.i,jl
a

B

‘k

b

be

c

cfe
c

cw
D

,.

13iI II

d

E

fi

‘2

Definition

Crosssectional

Grillagematrix

Framespacing

Beamof vessel

area

Componentofbendingmoment
correspondingto theexternal
loadingalone

Spacingoflongitudinalgirders

Effectivewidthor effective
breadthofplating

Dimensions
2in

ConstantC = k/EI

cost
Costof fabricationanderection

Costofmaterial

Costofwelding

Depthofvessel

Flexuralrigidityofplating

D= Eh3/{12 [1-u2]}

PartitionSubmatrix
i=l. @.7

Depthof innerbottom.

-1inlb

in

in

inlb

in

in

-4in

dollarsin-1

II 11

1! II

!! II

in

inlb

in

Young’smodulusofthematerial lb in-2

Jointworkmatrix inlb

PrimaryStressfactor

Secondarystressfactor
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$Yrnbol

‘3
f(Ai)

Definition Dimensions

Tertiarystressfactor

Time- sizefactor

f(hi) veeweldfunction

Time- weightfactor lb-lf(Wi)

H Draftof vessel

Hydrostatichead

in

in

in

in

h Platingthickness

Waveheight
4inI Secondcentralmomentof

cross sectionalarea
3in

lb in-2

in

in

K StiffnessfactorK = 1/?

k Foundationmodulus

L Lengthof vesse]

Lengthof anelement

-M

MF

Bendingmoment inlb

inlbBoundarybendingmoment
correspendingto fullfixity

lb in-1Componentweightofweld
material

Nielsenfunction

m

Ni(u)

Ns

1?

Numberof seams

Concentratedload lb

lb in-2NormalpressureP

Shearingforce
Reactionatintersectioni. j

Constant

Q
R.I,j

lb
lb

Coefficientof restraintr

dollarshr-1

lb in-1
Laborrate
Weightof structuralcomponents

u inb-y

— .- .-



Symbol

w

w.I, j
w?1,j

w;<.
1,-J

x

Y

Ye

Y~

z
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Definition Dimensions

Uniformlydistributedload lb in-1

Deflectionattheintersectioni, j in

Deflectionattheintersection in
i, j ofthereleasedframe

Deflectionattheintersection in
i, j causedbyall thelongitudinal
girderreaction

Longitudinalcoordinate

Transversecoordinate

effectivebrsadth

Half-widthofthehatchway

Sectionmodulus

Influencecoefficient

Aspectratioparameter

specificweightof steel

Displacementof ship

Jointrotation
Wavelength

Normalizedeffectivebreadth

Poisson’sratio

Axial(normal)stressintensity

ox inthelongitudinal
direction

inthetransverse‘Y direction

in

in

in

in
3in

-1inlb

lb in-3

tons

in

lb in-2 -

Dl, Olx primarystressintensity

02+ ~2y secondarystress
intensity

v~xs~3y tertiarystress
intensity



-35-

Svmbol Definition Dimensions

T

m

Subscript

n2xf’ m2xp secondarystress
intensityinthelongitudinal
andtransversedirections

~2yf’ ~2yp intheflangeandplating

Criterionstressintensity lb in-2

q criterionprimarystress
intensity

q criterionsecondarystress
intensity

u~ criteriontertiarystress
intensity

Shearingstressintensity lb in-2

Function

Jointdisplacement

Definition

b

cr

f

h

i

i, j

rn,n

o

r

rs

ri

s

bending

critical

floor

inhogging

innerbottom

indices

indices

brigin

centerofplating

restraint

restraintat shell

restraintatinnerbottom

shell

sagging

fixed
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Superscript

w

x

Y

1

2

3
0

*<

F

Definition

simply-supported

inthelongitudinaldirection

inthetransversedirection

primary

secondary

tertiary
Unrestrained

Dueto all longitudinalgirders

Criteriorivalue

fixed.
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APPENIXXA

THE CLASSIFICATIONOF STRUCTURE

FollowingSt. Denis(1954), thecomplexstructuralassemblywhichis
thehwllis subdividedintoprimary,secondaryandtertiarystructure.
Thefirst referstothehullwhenconsideredinits totality,thesecond
to thestiffenedpanelsof platingboundedbysideshell, transverseand
longitudinalbulkheadsanddecks;thethirdis givenbytheunstiffened
platingsupportedbytransverseandlongitudinalstiffness(frames,
floors, longitudinalgirders,etc).

Thisclassificationof structureunderthreebasictypesleadsto a sig-
nificantsimplificationoftheworkprovidedtheinteractionof onetype
of structureontheothersis eithernegligibleor canbe determined.
Fortunately;thisis thecaseinhand.

Bycorrespondence,stresses inprimarystructurearetermedprimary
stresses;in secondarystructure,secondarystresses;andintertiary
structure,tertiarystresses. Theirintensitiesare representedherein
by~1, ~2 , 53 respectively.

- ..-

Theabsolutestressintensityat anypointis obtainedbythesimplesu-
perpositionofprimary,secondaryandtertiarystressintensities.This
is a fundamentalassumption.
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DETERMINATIONOFTHETHICKNESSOFPLATING

B. 1 GENERAL

Theplatingthicknesses(h)aretobe chosenso as to satisfythecriteria
of structuraladequacy.Economyindesignrequiresthattheysatisfy
all thecriteriaof structuraladequacybyas slightanexcessoverthe
requirementas is practical.

Inthisappendix,equationsare givenfor determiningthestress inten-
sitiesinplatingundernormalandplanarloadingfor certainidealized
boundaryconditions.Froma comparisonof stressintensitiesso de-
rivedwiththosegivenbythesetof criteriafor structuraladequacy,
therequiredplatingthicknessis simplyobtained.Unfortunately,nei-
theractualboundaryconditionsnorplanarloadingsareknowna priori.
Thus,theprocessbecomesaniterativeone.

In shipbuilding,thespacingofthestiffenersandthethicknessofthe
platingareusuallyof suchdimensionsthatsmalldeflectiontheories
arenotvalidfor assessingthestrengthoftheplating. Thus,recourse
mustbehadtolarge, or, atleast, moderatedeflectiontheories,an
importantcharacteristicofwhichis thattheyarenonlinear.However,
thenonlinearityis oftheprogressiveor non-essentialtypewhichimp-
lies thatthelinearsolutionprovidesa validfirst approximation.

Inthedesignofhullplatingtheloadingis of oneofthefollowingtypes;

a) Normalloadingalone

b) Planarloadingalone,particularlycompressiveloading

c) Normalandplanarloadingcombined.

Thediscussionthatfollowsis limitedtoplatesof rectangulargeometry.
Platingof formotherthanrectangular(or quasi-rectangular)is rare,
particularlyinthemidshipregion.

Solongas thecentraldeflectionunderloadis small(sayless thanone-
quarterthethicknessoftheplating),specificsolutionsbasedonthe
classical(small-deflection)theoryofLagrangeareavailablefor all as.
pectratiosandboundaryconditionsof interest. (Schade,1941). When
thecentraldeflectionexceedssuchvalue,onlya fewspecificsolutions,
basedonthelargedeflection(moreproperly,moderatedeflection)
theoryof von-Karmanareavailable. Thegeneralcasehasbeentreat-
edonlyapproximately,althoughexactsolutionsareavailablewhenthe
plateis square(a = b) or verywide(b >>a).
Themostgeneralmoderatedeflectiontheorypresentlyavailableon
thedesignofplatingis dueto Bengston(1939). Thearbitrarinessof
someoftheassumptionsmadeinthistheoryhasbeencriticized(e.g. ,
Blelch, 1952). Nevertheless,thereis someevidencewhichsupports
thetheory(Levy, 1942).

Bengston’stheoryappliestotheproblemof theflatrectangularplate
acteduponbyin-planeandlateralloading,theformerconsistingof
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uniformcompressionappliedalongtheedges,thelatter, of uniformly
distributedhydrostaticactionoverthesurface. Sincetheparallelprob-
lem whichinvolvestensileloadingalongtheedgesyieldsto simpleso-
lutionby superposition,13engston’stheoryprovidestheessentialmetho-
d for designingtheplating.

Tobe sure, othermethodsare availablefor determiningthestressin-
tensityfieldwhenthein-planeloadingis zero, or thecriticalbuckling
loadwhenthelateralloadingis absent,buttherespectivesolutionscan
be obtainedby settingtheappropriateloadingequalto zeroin Bengston’s
sOlution.Inestablishinga computercode,it is usuallypreferableto
providea single,moregeneralmethodwhichappliesto all anticipated
combinationsofparameters,ratherthanseveralspecificmethodseach
capableofhandlingwithgreaterefficiencya restrictedcombinationof
parameters. Forthisreason,onlyBengston’smethodis considered
herein.

13engstonpresentssolutionsfor thecaseoftherectangularplatesimp-
ly supportedalongits boundariesandthatoftherectangularplate
fixedalongits boundaries.

Inapplyingthiswork,thequestionalwaysarisesas towhatboundary
conditionsto assume. Forthebottomplatingina ship,wherethenor-
malloadingis largeandalwayspresent,theconditionof fixityalong
all theboundariesis approachedbecauseof thesymmetryoftheloading
andbecausetheplatingis restrainedfromrotatingatthesupportsby
thefloorsandlongitudinalgirders. However,whenthenormalloading
is smallandthestiffenerss-hallow,as occursindecks,thedegree Of
boundaryrestraintcanbequitesmall. Thenextappendixdiscussesthe
determinationoftherestraintattheplateboundaries.Themagnitude
of thenormalloadingatwhichtheplatingcannolongerbe considered
tobefixedat its boundarieshasnotbeendeterminedas yet.

B. 2 THESIMPLYSUPPORTEDPLATE

Theprocedurefor obtaining
plateis outlinedas follows:

a. Calculatethedeflection

theplatestressesinthesimplysupported

w atthecenterof theplatebytheformula:o

w: c w7-F0 { [ by]-++;2[l-p2]bx+b
a

8pab[l-u2]—
.2Eh

.—
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inwhich

‘2

c= 3.24 $+3.242 + o.92~
b a b

wherep is the lateral pressureandwhere5 is theaveragecom-X
pre$sivestressintensityinthe x directionacrossside b andFv
is theaveragecompressivestressintensityinthe y directionacross
side a.

Sinceatthispointthethicknessh is notyetknown,thesolutionfor
wo is obtainedbyintroducingthevaluefor h obtainedfortheplate
undernormalloadingalone.

b. Determinethemaximumbendingstressintensitiesatthecenter
oftheplatebytherelations:

Inthex-direction

D=xb ‘2::0”[’+ ’$1
Inthey-direction

6n213w a2o .‘yb = b2 h2 [1~+v
Intheseexpressions,Dis theflexu~alrigidity

D= E h3
12[1-p2]

c. combinetheaxialandbendingstressintensitiesby superposition.
Forthescantlingsusedin shipbuilding,thereductioninaxialstress
at thecenterofthesidesis negligible.

d. Thehighestcompressivestressintensityintheplatinginthelongi-
tudinaldirectionoccursinwayofthelongitudinalsupports(y = ~ b/2)
at thecenterofpariellength(x = a/2); it is givenby

E W2oax = 6X -
a2 [1 - p2~ 0%+’$1
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(ox,and 6X arebothnegative).Fortransverselyframedships,the
expressionis simply,

-I

E W; fi’u=6-X x a2[l-p2]”~

e, Themaximumtransversestressintensityis

B. 3 THEFIXEDPLATE

Theprocedurefor obtainingtheplatestressesinthefixedplateis as
follows:

a. CalculatethedeflectionW. atthecenteroftheplatebytheformula:

ERh2/ _ Pab [1-p’]
2-a ~ 2Eh

where:

3
c= 3.78 ~ + 3*78 : + 1.645

b b

4

[

2 s b’
R=~”9-3>+ ~+ 2

24 b b 1

b. Obtainthemaximumbendingstressintensities(atthemiddle
thesides)whenthecompressivestressesare of suchmagnitude
to causebuckling.
Inthex-direction

Theseare givenby

by

1

of
as
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Inthey-directionby

c. Obtainthemaximumbendingstressintensitieswhenthereareno
compressivestressesintheplating. Theseare givenby

II WXDW
u ~ o
xb 2a hz

whereTXandy arefunctionsoftheaspectratiogivenbythe
Y

followingexpressions:
Forthestressintensityatthecenterofthelongestside,

Forthestressintensityatthecenteroftheshortestside

Py ‘ 243 exp@+-q~

d. Determinethecriticalbucklingstressintensityfromtheequation

[

a2
1

2

[

2 b2,ox+— _4~D 33+37+2
b2 ‘y - ~~

cr 1

[
a2 a2

‘13”16 $+q~+q~+z
1

e. Obtaintheexpressionbasedontheactualstressintensities

f. Obtaintheratio

[

32ux+—
b2 ‘y1cr
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g. InterpolatebetweenStepsb andc inaccordancewiththisratio

!1
U=fl +rxb xb o [ U;b - U“b ~

11 11

‘yb ‘ + ru [u’ -=yb 1yb uyb

h. Combinetheaxialandbendingstressintensitiesbysuperposition.
Again,thereductioninaxialstressatthecenterofthesidesis neg-
ligible.

i. Themaximumlongitudinalcompressivestressintensityintheplat-
ingoccursinwayofthelongitudinalsupportsatthecenterofpanel
lengthandis

E w:ox=3-X a2[l-p2] “ +“[’”$1

( Uxand6Xarebothnegative).

j. Themaximumtransversestressintensityis

E w:
e-

‘Y=Y a2[l-p2]”
+,[$+,]
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AI?PENDIXC
DETERMINATIONOF THEDEGREEOFELASTICRESTRAINT

OFPLATINGAT ITSSUPPORTS

Whenplatingandsupportingstiffenersare connected,as occursinall
shipstructures,a conditionof simplesupportattheboundariescan-
notobtain,forthiswouldirnply notonlyrmrestrainedrotationofthe
platingatthepointof supportbutalsoof its stiffeners. Sincerotation
ofthelatteris to somedegreerestrainedbytheirtorsionalrigidity,
thisrestraintis inpartexperiencedbytheplatingtowhichtheyareat--
tachedwiththeresuitthatrotationoftheplateboundariesis reduced.

Solongas thestiffenersare smallin size andtheirflangesarefreely-
standing,theelasticrestraintimposedontheplatingcanbeneglected
inpracticalcalculations.Thiscaseobtainswhenshellor.deckplating
is stiffenedbyordinaryframesor deckbeams. Butwhenthestiffeners.
are oflargesize andfurtherwhentheirflangesarewideandcoupled,
as occursinthecaseof doublebottoms,strongelasticrestraintscan
be developedandsincethesecansensiblyaffectthesolutionfor scant-
lings, theymustbetakenintoaccount.

A methodfor computingthecoefficientof restraintis proposedwhich
is anextensionofthemethodof Lieu(1963). Consider‘thedoublebot-
tomarrangementof structureof Fig. C-1 andfocusattgntion.onthe
bottomshellplating. If thenormalpressureontheplatingis sufficient-
ly high,theplatingwilldeflectas in(a)andthisdeflectionwillbein-
fluencedbythebehaviorofthefloors, whichmayhavebeeninducedto
rotatebytheinnerbottom,andif thesedeflect,elasticrestraintwill
be exertedonthebottomplating. If thenormalpressureis insufficient,
theplatingwilldeflectas in(b)and,again,thisdeflectionwillbein-
fluencedbythebehaviorofthefloors.

Thecoefficientof elasticrestraint(ordegreeof fixity)oftheshell -
attheflooris

whilethatoftheinnerbottomattheflooris

where:

h= shellthickness
hs = webthicknessof floorw
h. ❑ irmer bottomthickness1
r ~ coefficientdefinedas follows:
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a) Far edgesof restrainingplatefixed

r=r(l)=~ sinh2(nd/b) - n 2[ d/b] 2
2~ gi~h(~d/b) Cosh(md/b) - [ u d/b]

b) Far edgesof restrainingplatesimplysupported

rar(0)s~ sinh(nd/b) cosh (md/b) - n d/b
2i-r 2sinh(nd/b)

see Fig. C-2. Intheseexpressions,d is thedepthof thedoublebottom.
Inthisnotation,Crs= Cri~ O for simplysupportedplating,C =rs
c ~ 1 for fixedplating.ri
Theprocedurefor determiningthedegreeof elastic
follows:

a) Giventhethicknessesof shellandinnerbottom
simplysupportededges:hs (0), hi (0), andalso

restraintis as

platingbasedon
basedonfixed

edges: hs (l), hi (l); andgiventhefloorthicknessbasedon
bothedgessimplysupported,hw (O,O)”,bothedgesfixed, hw(1, 1)
andoneedgesimplysupported,theotherfixedhw (O, 1) or
hw(1, O), calculatethestartingset of values:

c~~[‘hS(o),hw(o,0),ri(o)]

C:i [ hi(0) hW(O,O), rS(0)]

C:irhi(0), hw(o,l), r~(l)]

Innerbottom.— - —-

(d)

Innerbottom

1
——.

Shell
(b)

Fig. Cl. ModesofBottomShel1 Deflection

.-
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0.16

0.14

0.12

0,10
.

0.08
s
u
z 0.06

0.04

0.02

0

I I I I I
Far edgesof restrainingplate
simply–supported - - “~

/ ‘.

*’

/ h3b

/ ‘
[1

Cr= 22 r
r

‘f

Cr = Coefficient of restraint
Cr = O correspondsto zero fixity
Cr z I correspondsto full fixity

/ h~ z Shell or inner bottomthickness
hf z Floor thickness
a z Frome spocing
b s SpacingofIongitudinols

For edges of restrainingPlate fixed d = Depth of doublebottom
r ,= Factor

I I I
— . . . -

0 0.I 0.2 0.3 0.4 0.5 0.6 0,7 0.8 0.9 I 1.[ 1.2 1.5 1.4 I.a

Depth-to-widthratiod/b

Fig, C.2. Coefficient of Restraint

b) Thefirst approximationsto thecoefficientsof restraintare:

hs(0),hw(O,O)Sri(o)]

d- c~s[h~(o),hw(~,l), ri(l)]}

{
c1 s +, ~;i [hi(o), hw(o,o), I-S(O)]

ri

+ C:i hi(o), hw(o,l), ~i(o)1}

c) Thefirst approximationto theplatethicknesses are:

hs(c’rs) ~ C’rs hs(l) + [l-c’rsl ‘s(0)

hi(c’ri) ❑ C’ri hi(l) + [I-c’ri] hi(o)

hW(C1 C’ri) :rs, ~ [C’rs + C’ri] hw(l)

+ {
~ [C’rs + C’ril-~ ] } hw(o)



d)

e)

,
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Calculate thecoefficientr fortheintermediatedegreeof fixity

r$c’r,) = c’ ~~ r~(l) t [l- C’r~] r~(0)

ri(c’ri) = C’ri ri(l) + [l-C’ri] ri(0)

Thesecondapproximationsto thecoefficientsof restraintare
obtainedfrom

c’;~[hs(c’r$),hw(C’ C’ri), ri(C’ri)]rs,

CYI[h (C’ri), hw(C’ri, c’r~), rs(c’rs)~ri i
f) Thesecond

hs

h.1

a~proximationstotheplatethicknessesare:

(C:S) G (g!! hs(l) + [ l- C’’rs] hs(0)rs

(C;i) = Cyi hi(l) + r l-c’’ri~ hi(o)

{
+1- + [ C:s }+ C:: ] hW(0)

Thiscorrespondsto step(c), Onecontinuesinthismannerto conver-
gence. Thedegreeof fixityofthefar edgeofthefloor(orweb)does
notgreatlyinfluencethedegreeof fixityofthe@ate. Theexact re-
straintis foundbysuccessiveapproximations.Tothisend,consider
theexampleforwhich:

30 in
S : 120 ill, b/a = 4
d= 60in d/b = O.5
hf= O.50 in
h$= O.75 in hs/hf = 1.25
hi= O.60 in hi/hf = O. 80

Thecoefficientof restraintoftheshellplatewhentheinnerbottom
platingis simplysupportedis

c’~ cOt‘1[ 2(1.25)3(4)(0.1275)] = 0.296r

Whentheinnerbottomplatingis fixedatthefloors, thecoefficientof
restraintoftheshellis

Cr=: COt ‘1[ 2(1.25)3(4)(0.108)] = 0.341

Now,thecoefficientof restraintoftheinnerbottomplatingwhenthe
shellis simplysupportedis

.—. -. -- .. —.
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Cr’; cot‘1[ 2(0.80)3(4)(0.1275)] = 0.694.

Whilewhentheshellis fixedit is

c=2 cotr F ‘1[ 2(0.80)3(4)(0.108)] = O.735

Theaveragecoefficientof restraintfortheinnerbottomplatingis

1 [0.694+ 0.735] = 0.715
2

Bylinearinterpolation,thatfortheshellplatingis

0.296+ [0.341- 0.296](0.715)= 0.328

Thisis theminimumdegreeof fixityoftheshellplatingatthefloor
supportsandobtainswhenthenormalpressureis insufficientto force
a unilateraldeflectionpattern.

Theforegoingexpositionprovidesa methodfor determiningthecondi-
tionof fixityfor doublebottomstructure. If themethodis appliedto
sideanddeckstructure,it is foundthatthefixityoftheshellanddeck
platingattheframesandlongitudinalis zero. Thisis anunderesti-
mate, for themethoddoesnottakeintoaccounttheconstraintto rota-
tionoftheplateedgesprovidedbythetorsionalrigidityoftheframes
andlongitudinals.Eowever,sincethesearefreely-standingandtend
tobe of smalldepth-to-lengthratio, theirtorsionalstrengthis quite
negligibleand,consequently,so is theconstraintto rotationtheyare
capableof imposingontheplating. Therefore,anassumptionof simp-
le-support appearsto be closeto correctandofa possiblyslight
conservativebias.
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EFFECTIVEW13TH.&

D.1 EFFECTIVEWIDTH

Thebehaviorofplatingsubiectedto

APPENDIXD

EFFECTIVEBREADTHOFPLATING

a uniformcompressiveloadinthe.
planeoftheplatinghasreceivedconsiderableattention,especiallybe-
causeof its applicationsintheaeronauticalfield. Thepresentation
hereinis basedonBengston’s(1939)work. Again,considerthetwo

.. casesoftherectangularplatesimplysupportedatall boundariesand
therectangularplatewithfixedboundaries.

D. 1. 1 Th”eSimplySupportedPlate

Theeffective

be— =
b

where

widthis givenby

1

~4{ 1 +.p [ a2/b2]~ [ b/a] a2 Ub ncr
1+

[
l+ ——-—

16 C b’~ ~s a a 17
L= 3.24 c -I- 3.24 ~ + O.92 ~

s -b5 a

andPoisson’sratio ~ = O.3,

and

CT=cr

4
R=~

24

Of course,be/b S 1.

D. 1. 2 TheFixedPlate

Theeffectivewidthis givenby

also

2ERh2 [a/b]
l-r [l-~zl a2

a
[

az bz—
b ~+~+z 1

b
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be
b

where

n ~
cr

1=
9 U4{1+ p [a2/b2]} [b/a]

[2

acr o
1+ 1+7L-Lr

256Cf boox x 1

c= 3.78 a3
s ~+ 3.78~ +

a

[

a2
5+

1

4n2D
x ~~ycr= 3hb2

Again,be/b ~ 1.

Sincetheexpressionfor theeffectivewidthofa fixedplateis developed
froma singlewavesystem,it is morelimitedinits applicationthanis
theparallelexpressionforthesimplysupportedplate. In general,the
expressionholdsfor

a. Largevariationsin ~ and u whena = bx Y
b. Largevariationsin a/b wheno = O

Y
Thesecondcasetendstobe approachedintransverselyframedships.

D. 2 EFFECTIVEBREADTH

TheeffectivebreadthofplatinghasbeenwellpresentedbyVedeler
(1945)andbySchade(1951)amongothers.

Vedelergivesthefollowingexpressionfor theeffectiveflangewidthof
a box-shapedbeamof length~ andwidths subjectedto a sinusoidal
bendingmoment

~ + sinh(n~)
~= ~$

1 + cosh(n~’)

where:

1 ~ normalizedeffectivebreadth

s 5 genericbreadth
s ~ genericeffectivebreadth
se = aspectratioparameter

R’;
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Thevariationof ~ with B is shownin Fig. D1. The~xpre~sion
for ~ is basedontheassumptionthatth~bendingmomentcurvepas-
ses throughzeroattheendsofthebeam”iWhenthisis notthecase,
thedistancebetweenpointsof zerobendingmomentis tobe substituted
for thelength-! of thebeam. Denotingthisdistanceby ct , the
aspectratioparameterbecomes0 z s /c& .

Schadegivesthefollowingexpressionforthenormalizedeffectivebreadth
ofplatingsubjecttouniformload

Vedeler’sexpressionfora loadingthatresultsina sinusoidalbending
momentandSchade’sexpressionfora uniformloadinggiveresultsthat
are closeto.eachother.”

Notethatforthesecases, theeffectivebreadthis independentofthe
geometryofthesection. Thisis a fortunatecondition.imw:~j,~:1DefinitionofLengthi forConstrainedandSimpleSupports

0.7

0.6

05

0.4

0.3

- CurveA
---

\
~

—.0.2 \ 1. .-,.—.———— —.
. curve0

0.1 -—— _ H

0
Curve A - 0.1 0.2 0.3 0.4 0.5 0.6 ‘“-0.7 0.8 0,9 I.c
CurveB - I 2 3 4 5 6 7 8 9 1(

Fig.D.1.EffectiveBreadthAccordingtoVedeler

Whenapplyingtheconceptsof effectivewidthandeffectivebreadthto
a determinationof shipscantlings,’thefollowingrulesshouldbefol-
lowed:

a) DeterminebyBengston’sformulatheeffectivewidth(be)3of all
tertiaryplatingwhenacteduponbyprimaryandsecondarystressin-
tensities.

b) DeterminebySchade’sor Vedeler’sformulaethenormalizedef-
fectivebreadthX2ofall flangeitemsof secondarystructureassociated

..
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withtransverseandlongitudinalstiffeners(decks,innerbottom,bottom
shell). Thelength(4) andbreadth(s) tobeusedin determiningthe
aspectratiotobe enteredintotheformulaarefurnishedbythedistance
of separationofthepointsof zerobendingmomentinthepertinentor-
thogonaldirections(? is alwaysinthedirectionof thestressintensity
forwhichsolutionis beingsought,i. e. , whenanalyzinglongitudinal
stressintensities,4 is a fractionofholdlength~ ands becomestheh
longitudinalgirderspacingb; whenanalyzingtransversestressin-
tensities,4 becomesa fractionofthebeamands becomesa). These
pointsarefurnishedbythegrillagesolution.

c) Thecombinedeffectivebreadth-widthof secondarystructureis

d) Determinethenormalizedeffectivebreadthof theflangeitemsof
primarystructure(decks,innerbottomandshellplatingwhencon-
sideredas partoftheshipgirder). Theaspectratiointhiscaseis
givenbyB/L andthenormalizedeffectivebreadthXl is alwaysclose
to unity.

e) Thecombinedeffectivebreadthwidthofprimarystructureis
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APPENDIXE

INDEMNGSYSTEMS
Whileit is recognizedthata convenientandflexiblesystemof indexing
musteventuallybe set downthatwill accountfor thelargenumberof
structuralmembersformingthehullstructure,a somewhatsimplified
systemcanbe protemporeemployedwhichis adequatefor designingthe
structurein a midshiphold. It wasactuallyfoundconvenientto employ
morethanonesystemdependingontheaspectof thestructurebeingde-
signed. Thesesystemsare all ad-hoc, i. e, , they apply ~nlY to the ge-
ometryoftheWOLVERINESTATE, butcanbe readilyextended.Thereasonfor thechoiceof indexingsystemsintroducedlies merelyinthe
intentof reducingthedemandoncomputermemory. Theindexingsys-temsare as follows, see Fig. E-1.

16,0a5

4 9

3 8

2 7
12,13,14,15 II

SysTEM A

k=

5
4

3
2

Fig.El..—._ . IndexingSystems
11lustratedforBasicDesign

‘SYSTEMB

7

a

‘ 6
5

‘4

SYSTEMC

a) S~stern A

Thissystemis usedwhendeterminingthethicknessof all platingand
whencomputingthestructuralpropertiesof theshipsectionwhichare
directlyrelatedto thecalculationofprimaryandtertiarystress inten-
sities. Theindexingis as follows:

Index item

1
2
3
4

;
7
8
9

10

bottomshell
innerbottom
fourthdeckplating
thirddeckplating
seconddeckplating
maindeckplating
sideshell
sideshell
sideshell
sideshell

—

innerbottomto fourth
fourthto thirddecks
thirdto seconddecks
secondto maindecks

deck
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11
12
13
14
15

b) SystemB

Thissysterdis
whichpurpose,.

bilgeplate
oil-tightfloors
oil-tightlongitudinalgirders
non-tightfloors
non-tightlongitudinalgirders

usedfor theframesolutioninthegrillageanalysis,to
onlytheintersectionsofthesideframeswiththefloors

or deckbeams(nodes)needbeindexed. Bendingmomentsareindexed
.inthissystemwhichreads:

Nodelocationatintersection
NodeIndex of sideframewith

1 doublebottom
2 fourthdeck
3 thirddeck
4 seconddeck
5 maindeck

Notethattheshellplatingis assumedto changeinthicknessatthe
nodes.

c) SystemC

Thissystemis alsousedinthegrillageanalysis,particularlyfor in-
dexingtheinfluencecoefficientsandthelongitudinalgirders. TheSyS-
ternis:

Index Item

1 verticalkeel
2 first longitudinaldoublebottomgirder
3 secondlongitudinaldoublebottomgirder
4 fourthdeckhatchlongitudinalgirder

thirddeckhatchlongitudinalgirder
; seconddeckhatchlongitudinalgirder
7 maindeckhatchlongitudinalgirder

d) SystemD

Thissystemis usedintheanalysisof thesectionalpropertiesoftrans-
versestructure.Thesystemis:

Index Item

1 non-tightfloor
2 oil-ti’ghtfloor
3 fourthdeckbeam
4 thirddeckbeam

seconddeckbeam
: maindeckbeam
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APPENDIXF

REMARKSONGRILLAGEANALYSIS

l?. 1 OVERVIEW

Thepurposeofthegrillageanalysisis to determinethesecondary
stressintensitiesinthedeck,bottomandsidestructure.

Thedifferentialequationswhichdescribetheinteractionsingrillage
networkshavebee”ndevelopedbySchilling(1925)andhavebeenapplied
bya largefieldof researchersamongwhichVedeler(1945),Suhara
(1960), Nielsen(19b5)and Chang(1967)towhomfurtherreferenceis
madeinthisexposition.Suharacalculateda two-deckcargoshipusing
theclassicalapproachtothesolutionofthedifferentialequationsinvolv-
edwhileNielsenappliedthemoreconvenientLaplacetransformation
techniqueandChangextendedtheworkto accountfor.thetorsionalrig-
idityofthestiffenersandforthestabilityofthegrillage. Inthepresent
study,useis madeof Nielsen’swork.

Becauseof therelativecomplexityofthetechnique,a briefoutline
of its logicis providedas a frameof referencefor themoredetailed
discussiontobemadeinthenextappendix.

Undertheactionof externalhydro-loadingandof anyinternalloading,
if present,thetransversestiffeners(frames, flooranddeckbeams)
andthelongitudinal.girdersjointlydeformandsupporteachother.
Thus,all membersaremutuallycoupledattheirintersections.The
solutiontothefieldof stressintensityintheg“rillagesystemcanbe
obtainedby simplebeamtheoryif thereactionsareknown.Theseare
obtainedfromtheconditionthat,ata genericintersection,thetrans-
verse stiffenerandthelongitudinalgirderdeflectthesameamount
underload. Theequationsgoverningtheequilibriumunderloadare
setupas follows: Assumethattheclosely-spacedtransversestif-
fenerscarrytheexternalloadpi (y), wherethesymboldenotesthe
distributionalongthetransverse(y)axisof theloadintensity~pjon
stiffener(i), see Fig. F-1. Letthedeflectionatanypointof thetrans-
versestiffenerundertheloadp(y)alonebew; (y): and, specifically,
at its intersectionwiththelongitudinalgirder j denoteit byw: (j).
Furthermore,let thecorrespondingdeflectionat j of”thetransverse
stiffenercausedbyall thelongitudinalgirder,reactionsbew?(j). The
actualdeflectionis~then,

Bothw:(j) andw~(j)are calculatedbysimplebeamtheory,theformer
fromtheloadingpi(y)andcontrollingboundaryconditions,thelatter
byapplicationoftheframeinfluencecoefficients;thus~

W1(j) = z R+(n)=‘jn w:(j) - wi(j).
n
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D(Y)

Fig. F.1. Cordinateand
IndexSystems

index= iTransversestiffenerlocation
Transversestiffener“summingindex= m

Longitudinalstiffenerlocationindexs j
LongitudinalstiffenersummingindexEn

where:

❑ frameinfluencecoefficient(deflectionatj causedbyaunitajn loadatn)
Ri(n)~ loadingonframei imposedbylongitudinalgirdern

indexfor“thesummationalongthetransverse
(y) axis of the

n=
longitudinalgirders

Theequationgoverningthedeflectionof a longitudinalgirderis

d4w,
EIj ~ = E , .Rj(m)“ 6(x-xm)

dx

where:

Young’smodulusof thematerial
secondcentraltransversemomentof cross sectionalarea ofE=

1. =J longitudinalgirderj
Rj(m)~ loadingon longitudinalgirderj imposedbyframem
m= indexfor thesummationalongthelongitudinal(x) axis Of the

frame
i?lo = Diracdeltatunction

Thereactionis proportionalto the

Wl(m)
Rj(m) = —

a.lm.

displacementw<<andis
ow. - Wi(m)1= ~

a.lm ,.———
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Uponmultiplyingtheequationgoverning“theequilibriumof thelongitu-
dinalgirderbytheproperinfluencecoefficientandsummingalongthe
longitudinalaxis, onehas

E d4w
a. . EIrnT ‘ z cl.In-l “ Rj(m)“ ~(x-xm)

dx lm

= E[w; (m) - ‘i (m)]~(x-‘m)
?33

Sincethetransversestiffenersare closelyspaced,nosignificanterror
is introducedbywriting

z w i(x)
Wi(m)“ 6(x-xm) ~ —

a
m

wherea is theframespacing(assumedto re”mainconstantoverthe
lengthofthelongitudinalgirder). Thisis equivalentto replacinga sys-
temof concentratedloadsbya systemofuniformlydistributedones.
Withthischange,onehastheSchillingequation

d4w Wi(x)

z
a. . EI ++—=lrn E w~(m) ~ (x - xm)

m dx a
m“ m

A mostconvenientmethodfor solvingtheset of differentialequations
is byapplicationoftheLaplacetransformtechnique.Theinverse
transformsenteringinthesolutionhavebeentabulatedbyNielsen
(1965)andbyMichelsenandNielsen(1965).

Theforegoingexpositionholdsfor thetwo-dimensionalcase. The
extensionto threedimensionsis simplymadebyinsuringthatthein-
dex n is extendedto coverall intersectionsata genericframe i
of longitudinalgirdersoccurfig atall decklevels.

Fromtheforegoingit canbe seenthatthegrillagesystemis resolved
intotwoorthogonalsystemsof stiffenerslinkedbytheconditionsof
equaldeflectionsandof equalandoppositeloadingattheirintersections.
Thesolution.rests fundamentallyontheabilityto derivetheinfluence
coefficientsfor theframe.

Thesequentialor chainlinkingofthelongitudinalstiffenersatthe
boundaryofbaysis achievedbyimposingtheconditionsof equaldis-
placementandslope. Thispartis straightforward.
Indiscussingthetechnique,its applicationto a transverselyframed
shipwillbekeptinmind. Thismeansthattheframespacing(a)is
narrowerthanthatofthelongitudinalgirders(b). Of course,the
methodis more~eneralthanthisandits extensiontolongitudinallyor
mixedframeshipsis readilymade,butcaremustbetakento avoid
possibleconfusion.

-.
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T.hestepsinvolvedintheprocessof.calculatingsecondarystressinten-
sitiesare:
a) Slope-deflectionequationsofthetransversestiffeners(frarne”s)~
b) Influencecoefficientsforthetransversestiffeners(frames).
c) Grillagedeflectionequations.
d) Grillageslope-deflectionequations.
e) Stressintensitiesinthelongitudinalgirders.
f) Stressintensitiesinthetransversestiffeners(frames).

Thesestepsarenowdiscussedsequentiallytoprovidea generalout-
lineofthemethodtobefollowed. Specificequationsareprovidedin
thenextappendix.

F. 2 SLOPE-DEFLECTIONEOUATIONSFORTHEFRAME

Thedeflectionsoftheframeandthebendingmomentdistributionto
whichit is subjectunderloadcanbe developedbya varietyoftech-
niquesofwhicha convenientoneinthepresentcontextis thatof slope-
deflection.Thetreatmentthatfollowsis for a genericframe i and
sinceinthissteponeis interestedonlyinthetransverseframes, floors
anddeckbeams, andnotinthelongitudinalgirders,a simplification
canbemadeintheindexingsystemfor teinporaryconvenience.

Theslope-deflectionformulationfortheframehasa three-foldpur-
poSe. It is usedto calculate:

a)

b)

c)

Theinfluencecoefficientsoftheframewhenthelatteris released
fromtheactionofthelongitudinalstiffeners. Theinfluencecoef-
ficientsare requiredforthegrillagecalculation,item b .

Thedeflectionofthereleasedframeundertheexternalwaterhead
andthedeckloadings. Theframedeflectionsat theintersections
offrameandlongitudinalare.requiredfor thegrillagecalcula-
tion, itemc .

Theunreleasedframemomentsoncethelongitudinalreactionsare
obtainedfromthegrillagecalculation.

Theslope-deflectionequationsexpresstheendmomentsandshearon
a frameelementintermsofthefixedendmomentsandthe, as yetun-
known,endslopesanddeflections.Theresultingequationsare ex-
pressedintermsof N-functionswhichhavebeenevaluatedfor theload-
ingsof interestinthepresentstudy. SeeTableF. 1

Thedeflectionalonga genericframeoflength1, extendingfromy=-b
to y=+b,is givenby

w(u)= L(u)+ W1l’(0)Nl(u)+ W“(O)N2(u)

+ w’(0).N3(u)+ w(O)N4(u)
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TableF.1.
N-Functionsfor

NoAxialLoadonthe
(AfterM

No(m,y) =

N@,y) =

N2(U,Y) s

N3(cc,y) =

N4(a,y) =

Beam
chelsenandNie”sen,1967)

1 - N4(a,Y)l

cosh(uy)sin(ay)“- sinh(ay)cos(ay)

rZ“a c

sinh(my)sin{ay)
2E

sinh(uy)cos(ay)+ cosh(uy)sin(ay)
2U

cosh(ay)Gos(uy)

N5(CLy)= - c N1(ILY)

k = foundationmodtdus
E = Young’smodulusofthematerial
I ~ secondcentralmomentof area

whereprimesdenotedifferentiationwithrespecttotheaxialcoordi-
nate. L(u)is theloadtransformandu~ b - y. For a bendingmoment
(M)appliedatpointyl, i. e. ? U1.

L(u) =~N2(u-ul)
EI

Fora concentratedload(P) appliedatpointy2ti, e. , U2

p N1(u-u2)L(u)=—
El

Fora uniformlydistributedload(W)applied

w NO(ti-U3)L(u) =—
EI

overy>y, i.e. ,us u3 3

Fora uniformlyvaryingload(dW/dy)appliedovery > y4, i.,e., uKu4

L(u) =~ ‘—wN-l(U-U4)
EI dy

.- .——.. ..——-.
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Theframeis treatedas a simplebeamand,forthiscase, theN(~,~,Y)
functionsreducetothewell-knownfunctionsof y, namely:

N-l(u-ui) = (u-ui)5/120

NO(u-ui) ~ (u-ui)4/24

Nl(u-ui) = (u-ui)3/6

NZ(u-ui)= (u-ui)12

N3(u-ui)= (u-~i)
N4(u-ui) = 1.

Theseexpressionsholdfor yi > y, i. e. , Ui< u ; otherwisethefunctions
are zero.

Theshear(Q)andbendingmoment(M)attheboundaryy = b, i. e. , u = O
of theframeare:

Q(O). QF(()) - =
D(u)

{
w(O)N3(u)- w’(O) N2(u),- [N;(u) - N2(u)N4(u)]w’(O)x

- [N3(u)N4(u)- N2(u)N5(u)]w(O)}

M(O)= MF(0) - ~
D(U)

x {
w’(0)Nl(u) - w(0) N2(u)- [N4(u)Nl(u) - N2(u)N3(u)]w’(O)

- [Nl(dN5(u)- N2(u)N4(~)1 w(O)
}

where

D(u)= Nl(u) N3(u)_ N$(u)

Theshearandbendingmomentattheboundaryy = b, i. e. , u = L, are
obtainedby symmetry.

Thefixedendshearandmomentare:

QF(0) =~ [L(O) N3(u)- L’(O)N2(u)3
D(u)

MF(0)= ~ [L’(O) N1(u)- L(O)N2(u)]
D(U)



-61-

where

[1dL(u)Ll(())s _
du u=O

For applicationto grillages,it is moreconvenientto employinfluence
coefficients(ai,j) ratherthanfoundationrnoduli,theformerbeingthe
normalizedinverseofthelatter. Thus,inlieuofk, oneintroduces
(E Ii)/mi,j where

ow. - w.
u. I, j 1,j51,j R.

J

F. 3 FRAMEINFLUENCECOEFFICIENTMATRIX

For a genericframe(i) theinfluencecoefficientrepresentsthedeflec-
tionattheframe-girderintersection(i, j) causedbya unitconcentrated
loadactingonthesameframeatthepointm. ByMaxell’slawof recip-
rocaldeflections,

Theinfluencematrix IIaj,m is obtainedbyapplicationofthefr~me
slopedeflectionequationsinwhichallloadshavebeensetequalto zero
withtheexceptionoftheunitconcentratedloadatm. Thisoperation
yieldsthegenericjointbendingmomentcoefficientw’: andslopew’.J,m J,m
fo~eachconcentratedloadatm, where‘j is assignedbyindexingsystem
B.’”

To obtaintheframeinfluencecoefficients,writetheframedeflection.
equationsinthefollowingmanner,wherew’.” (0) andwi,m(0) aredeter-l,rn
minedfromtheconditionofloadingandfromthebounda~-yconditionsat
eachjoint.

~, ~(o) N3(u.J+ Wj,m(o)N4(I+J.+ w!

‘~ThesymbolII IIis employedto denoteamatrix, while[ ] is
reservedfor enclosingtermstobe consideredjointly.

where

u= b-y
and

Pm 5 Ofork~m
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wherek is theindexofthelongitudinalgirderinaccordancewithindex.
systemC FOX

P = 1, w(~)”= ~,mm

l?. 4 GRILLAGEDEFLECTIONEOUATIONS

Thesystemof differentialequationsof
couplingoftransverseandlongitudinal

A IIIw;” (x)II+ IIWj(x)\ =i, j

Schillingwhich
stiffenersis

a I wj(x)II 5(X

wherethe grillagematrix

and

IIA. ~ Ea aim” Ij
ltj I

d4wj{X)
1:1!(x) ~

‘J dx4

describesthe

Xj)

A convenientwayto solvethisequation,whichis linearandembodies
constantcoefficientsis byapplicationoftheLaplacetransformtech-
nique. ThisstephasbeencarriadoutbyNielsen(1965)andbyNielsen
andMiche-lsen(1965). Whenthegrillageconsistsof Nlongitudinalstif-
feners, thedeflectionof a genericlong~tudinalstiffenerj is gi~enby

Wj(x) = IILj(x) + IIBl(x) IIIIw;’ (o)II-t IIBZ(X)\ IIw:(o) II

+ B3(x)[II Wj(o) + IIB4(x)IIIWj(o) i

4

Lj(x) +
x

~ Bp(x)IIII 4-P(O)II5
‘j

wheretheprimesandthesuperscriptsindicatedifferentiationwithres-
pecttotheaxialvariable(x). Theterm IILi(x)II is a loadmatrix
andthe IIB (x)II representmatticesforth~boundaryvaluecoeffi-

P
cients. The-loadmatrixis

llL$X)ll“az‘(n)2‘;-‘l(An’‘“xm)
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whilethefirstmatrixfortheboundaryvaluecoefficientsis

N

IIBl(x) =
Iz

E(n)Nl(Xn, X)
n=1

where

IIA‘m j (In) II

‘(n) ‘ ~

A
rn).jIll’ (Xm - An)

rn+l

Theremainingmatricesare obtainedfromtherelation
dp

BP+l(x) = — II
Bl(x)dxp II

N-z #. E(n) — Nl(ln, X)dxp
n=1
N

= zE(II)Nl+p(kn,x)
n.

whereN1~ ~ aregivenin TableF. 1. Intheseexpressions:
x = pointof applicationofthereactionoftransversestiffenermrn,j–
uponlongitudinalstiffenerj.

IIA‘:>*m, j(~)II is theadjointof IIA2m,j(~)II

where

is thecharacteristicmatrix. Herethesquarematrix

witha aninfluencecoefficient.m,j Also, IIIII is theidentitymatrix.

Denoteby A “ thedeterminantofthecharacteristicmatrix,i. e. ,m,j
thecharacteristicfunctionofthematrix 1A~, j ~~Thecharacteristic
equationis obtainedbysettingthisfunctionequalto zero. Thisyields
therootsAmand~n.

— -,...—.——
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Inthecomputationaltechniquetobeused,matrixinversionis carried
outbytheCayley-Hamiltontheorem.

Theroots~~ andxnarenegativer~alandcanbe obtainedbyseveral
computertechniques.Sincethemethodof Newton’sidentitiesis used
to determinethecharacteristicequation,therootsare convenientlyes-
tablishedbyNewton’sroottechnique.

F. 5 GRILLAGESLOPE- DEFLECTIONEQUATIONS.

Theseequationsare requiredto solvefor theconditionsobtainingatthe
boundaryoftwogrillagesystems. Theequationsare obtainedbyin-
vertingthematrix-fortheslopeanddeflectionofthelongitudinalgirders.

Thedeflectionandslopeatanypointalonga longitudinalgirderis

[ Wj(x)[[ ~L+x)ll IIBl(x) IIIIB2(x)II IIw;” (o) II“
— -t

IIw;(x)1! L2(x) ~!132(x)II IIB3(x)II IIw;’ (0) II

IIB3(x)II IIB4(x)II II
w;(o)II+

IIB4(x)II IIE5(X)I II Wj(o)II

Theshearandbendingmomentcoefficientsw~’’(O)andw;(O)areexpres-
sedintermsoftheslopesanddeflectionsatbothendsas follows:

IIw;’’(o)II II
B1(&)

I II
B2(&) ‘1

=

IIw;’(o) II‘ IIB# I IIB3(~)II

IIB~(~)I IIB4(~)II II
~;(o)

II IIL#) I II W(4)II
— +

IIB4(~)II IIB#) II II Wj(0) II IILZ(*)II II
w’(l) ]

I
Forfixedendconditions,theshearandbendingmomentcoefficientsbe-
come

IIy“’(o)[/F 1!B1(A)IIIIB2(L) ‘1 IIL#)
Ii

=-

11
w;“(0) II IIHZ(4)IIIIB3(4)II IIL’#)

II

wheretheF superscriptdenotesfixity.
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Fornotationalandprogrammingconvenience,
ces of equalordersubmatri.ces suchthat:

II
D1II IID3 II IIB1(~)II IIB*(4) II

=

IID? I IID4 II IIB2(4)II II B3(4)II

definepartitionedrnatri-

-1
IIB~(t) II IIB4(4)II

IIB4(~)II IIB#) II

Thissubstitutionresultsinthegrillageslope- deflectionequationsfor
theshearandbendingmomentcoefficientsgivenby

IIw;’’(o)Ii IID1 II IID3 I II w;(o)II
.—

II
w;(o) II IID2 II II DA111II Wj (o)

I

II
D5 I IID6 I IIWj(t) Ii

w;’’(o) F
II

+ +

II D6I II D7 II w;(4)I IIw“(o) II

Thegrillagedeflectionequationsyieldthedeflectionobtainingatany
pointalongthespanofthelongitudinalgirderintermsofthefourboun-
daryconditionsata support.Thegrillageslope- deflectionequations
expresstwooftheseboundaryconditions(theshearandbendingmoment
coefficients)intermsofthedeflectionandslopeatthesameboundary.
lf theseareknowna priorior canbe established,thedeflectionis de-
terminedoverthefull span.

F.6 STRESSINTENSITIESINTHELONGITUDINALGIRDERS

Theanalysissofar restits in determiningthedeflectionoverthespan
oftheslopeandtheshearandbendingmomentcoefficientsatthesup-
ports. Differentiationofthedeflectionyieldsthespan- wisedistri-
butionof shearandbendingmoment. Giventhesectionmodulusofthe
longitudinalgirder,thestressintensityfieldin thelongitudinalgirder
is immediatelyderivable.

F. 7 STRESSINTENSITIESINTHEFRAMES

Thereactionsattheintersectionsof framesand
fromthecompatibilityrelation

II R. = a.
II

-1 ~o
1,j 1,j i, j

girdersare determined

- w.~!j II

— .-
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Thisrelationplustheknowledgeoftheshear“andbendingmomentat
theboundariesofthegrillagepermitsdeterminationofthespanwise
distributionofthegrillagedeflectionWi,i. Thesupportbendin~,~1-~n-

. .
mentandsheararethenderivedbytheframeslope- deflectionequa-
tions. Giventhesectionmodulusoftheframethestressintensityfield
is calculateddirectlyfor eachelementbyordinarybeamequations

w“(u)= P“(u)+ w“’(o) N3(u)+ W“(O)N4(u)
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APPENDIXG

GRKLLAGEANALYSIS

SPECIFICAPPLICATIONTO THE S.S, WOLVERINESTATE.

G. 1 INTRODUCTION

Fig. G-1 illustratestheframearrangementof theWOLVERINESTATE.
It consistsof 15membersoneachsideofthekeelfor theclosedsec-
tionsadjacentto thetransversebulkheadsandof 11membersfor the
opensectionsinwayof thehatch. Fortheoptimizationprogram,how-
ever, thenumberoflongitudinalgirdersinthedoublebottomandsup-
portingthedecksis madeflexible.

Thegeneralequationsof theprecedingappendixare nowrelatedtothe
arrangementinhand.

G - 2 SLOPE- DEFLE~TIONEOUATIONSFC)RTHEFRAME

A separateframeanalysisis madedependinguponwhether,theframe
is locatedin a bulkheadsectionor intheopenhatchsection.

Theonlyjointsof interestoccurattheintersectionof frameanddecks.
Denotethesein numericalsequencestartingfromthebottom.

Followingtheusualsignconventionfor slope-deflectionequations,
slopesare consideredtobe positiveif clock-wisewhenmeasuredfrom
thezerodeflectionline. Likewise,momentsare positiveif theyinduce
thesamedirectionof rotation. Shearforces(Q)followtheusualbeam
convention,namely

Q._ E1d2W~~

— .-.
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Theslope-deflectionequationgivesthemomentMnln+l at a jointas

M M:/n+l +2EK [ 28n+ ~n+~ - 3~n/n+l]n/n+l = n/n+l

where:
M’ = fixedendmoment
K= stiffnessfactor

I
K“ n/n+1

n/n+l ❑
[ Yn+~- Ynl

or

‘n
I

= lengthof stiffener(between
zn

jointrotation,positiveclockwise
jointdisplacement,positiveupwards.
symmetrically,thejointdisplacement
jointindex

In/n+1
[ zn+~- @

joints)

Whenthesectionis loaded
is zero.

As to thefixedendn-iornent,twocasesare of interest: a uniformly
distributedloadof intensityQ gives

‘n/n+l
1=— Q Vn+l-yn]2
12

etc.

whilea concentratedloadofmagnitude‘P gives

[ Yp“-Ynl “[Yn+] - Ypl
M~,n+l = P

[ Yn+~- Ynl
2

where y is thelocationof theload, see Fig. ~. 2. At anintersection,
P

P willbethealgebraicsumof thereactionsRjk andtheconcentrated
laad P.lk”

rkuz”““2”‘e’ini’io
Yrl Yp Yn+l

Certainobservationsarepertinentpriorto applyingtheforegoing
equationsto theshiptobe analyzed

a) Forthisanalysis,theloadingover”thewholesectionis symmetric
aboutthecenterplane,hencetherelativejointdisplacement($) is
zero. Thus,to determinetheinfluencecoefficientsit is sufficient
to consideronlyhalfthesection.
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b) Sincetheshipstructureis assumedtobehaveelastically,node
rotationsek areidenticalfor all elementsintersectingata node
(k).

G. 2. 1 Section,t~rougha Hatchway(OpenSection)

ForthearrangementoftheWOLVERINESTATEthereare13bending
momentstobe determined.Thesemomentsareexpressedintermsof
thefive joistrotationsatthenodes, ThebendingmomentsareOk“
written:

a) Forthedeckbeams:

[2-‘h]’+~ [Pj,k - ‘j,k] [~ - ‘j,k]~/k= Qk.;~
j

where:
‘k/k ~ bendingmomentonthedeckbeamatnodek

‘k = uniformlydistributedloadonlevel k
yh = widthofhatchway
R. = reactionof joint j, kl,k
P. =j,k concentratedloadat joint j,k

Forthedesigninhand, k =
b) Forthesideframes:

‘5/4 =

‘4/5 ‘

‘4/ 3 ‘

‘3/4 =

‘f 3/2 =

‘2/3 =

‘2/1 =

‘1/2 =

2 through5.

2EK514 205+04 -

“2EK415 204+05 +

2EK4/3 204+~3 -

2EK3/4 293+04+

2EK3/2 203+82 -

2EK2/3 2Q2 +93 +

2EK2/1 202+% -

2EK1/2 2%+82+
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where~,k+,l is thebendingmomentatnodek onthesideframe
extendingfrom k to kil.

FIntheseequationshlk/k+1 is thefixedendmomentcorrespondingto
-1

theexternalheadofwater. If theexternalloadin lb in atthenode
k be definedby ‘k , thefixedendmomenthasthefollowingexpressions
dependinguponwhethertheexternalheadis lowerorhigherthanthe
nodek.

If theexternalheadis lowerthanthenode,

[

-HJHk-Zk-llz ‘k %- %-1
M;,k_l = - _-—

(‘k)2 12 20 1

I(ZJ2 [~ ‘ ‘k-~]2‘k [Hk - ‘k_l 1
—+
6 20 6 I

ThefactorK is thestructuralstiffnessandis givenby

lk/k-l
‘k/k-l = —Z - %.1

‘here lk/k-l is thesecondcentralmomentof cross sectionalareaof
frameandeffectiveshellplating. Of course,

Kk/k-l ❑ ‘k-l/k

c) Forthefloors:

2E 1181
—+ L

= [Pj,l -Rj,l]
‘1/1 = B ,j

B2
[

B
II

2
--- Yj,l

2 2
+ ~ Q, B2

B 1 12 ‘

If theexternalheadis higherthanthenode,
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For equilibrium,thesumofthemomentsateachnodemustequal
zero, hence,

‘5/5 + ‘5/4 ‘ 0

‘4/4 + ‘4/5 + ‘4/3 = o

‘3/3 + ‘3/4 + ‘3/2 = o

‘2/2 + ‘2/3 + ‘2/1 = o

‘1/1 + ‘1/2 = o

G. 2. 2 Sectionadjacentto a Bulkhead(ClosedSection)

TheeqUaLIO~S fortheclosedsectionare similartothosefortheopen
sectionexceptthataccountmustnowbetakenoftheconditionthatthe
deckbeamsarenolongercantilevered.Thisresultsinthefollowing
changedexpressionsfor thebendingmomentsactingonthedeckbeams:

[

B2 B
1

2
-. - - yj,k

+ x rp. R 12
2

j,k - j, k B
j

wherek = 2 through5.

.Forequilibrium,

‘5/5 + ‘5/4 ‘ 0

‘4/4 + ‘4/5 + ‘4/3 = 0

‘3/3 + ‘3/4 + ‘3/2 = 0

‘2/2 + ~2/3 + ‘2/1 = 0

‘1/1 + ‘1/2 ❑ 0
Solutionofthesesystemsoflinearequationsyieldsthefiverotations
ek.

Knowledgeoftheslopesateachnodeleadsdirectlytothenodalrno-
rnents~ . These, alongwiththeloading,yieldtheshearforce Qk
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at eachnode. Appllcatlonofbeamtheorygivestnedeflection,slope,
bendingmomentandshearforcedistributionalongeachelement.
Derivationofthespecificexpressionsemployedintheanalysisis as
follows:

G. 2. 3 Horizontalor DeckElements

Considera genericdeckbeamor flooratlevel k andextendingtrans-
verselyfrompoint j-l topoint j . Its lengthis givenby

(Yj - yj-l~k

OtherdefinitionsaregivenInFig.G.3 Theexternalloadingsacting
untheelementare

Pj-1/j, k Qj-1/j, k andR.J-1/j, k

I
;ym:” Fig,G.3.DefinitionSketch

Thesumotmomentsaboutthejoint j is

M. +Q~-l, k j-l, k [Yj,k - ‘j-l, k!

[P - Rj-l, kl - ‘yj, k - yj-~,k]j-l, k

Qk

Thus,

Q.~_l,k = -

[Yj, k - 2
Yj-l, k] = o
2

‘j-l, k + ‘j-l, k - R.J-l, k
yj,k - yj-l, k

+ $‘k[‘j,k - ‘j-lSk]
Thedeflection

1
‘j, k =

E lk/k

-t Qj-l, k
[Yj, k - yj-l, k]4 [Yj, k - Yj-l,k]z

- M.
24

J-l, k 2
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+ 0. ‘Yj, ~J-1.k

wherethesummationis from j=l to
bendingmomentequationis <

1

‘j-l, k1I
thejointof interest. Whilethe

E lk/k ‘j, k =

[
Q E

1
[Pj-l, k - ‘j.l, k] “j,k- ‘j-l, k]j-l, k –

L
j

“j,k- yj-~,~lz
- ~k +

2
G. 2. 4 Verticalor SideElements

M.)-l, k

Consideringa genericverticalframe
Its heightis

extendingfromlevel k to k+1.

‘k+1 - ‘k

Otherdefinitionsare giveninFig, G.4. Thelateralloadingonthe
sideframeis dueto theexternalheadofwaterandits distributionat

z$k+f

ek+lT
‘k+l- ‘k

J@k

L‘k‘k

“=-B

‘k

Fig,G.4. DefinitionSketch

. .
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nodek is writtenHk etc.

Theshearforceresultsfromsimplestaticsas

Whilethebendingmomentis

%/k+l ‘% ‘%-[ %+l-”k]~~ ~ %+1 ‘Zk+l - ‘k]2

G. 3 FRAMEINFLUENCECOEFFICIENTS

all otherl~adsare equal
employed):

Bywayof exposition,considerthecaseof a decklongitudinalin a
hatchbay. A unitloadplacedattheedgeofthehatchwavonthemain
deckgivesthefollowingnodalmomentswhen
to zero(notethattheB systemof indexingis

‘5/.5

‘4/ -4

‘3/-3

‘2/-2

‘5/4

‘4/ 5

‘4/ 3

‘3/4

‘3/2

‘2/3

‘2/ 1

‘1/2

‘1/1

B
‘ T- ‘4/2, 5

= o

= o

.0

= 2 E ‘5/4 2G5+ ‘4 II

‘ 2 E ‘4/5 294 + 05 II

= 2 E ‘4/3 I 2f14+ e3 II

= 2 E ‘3/4 I 203 + 04 II

= 2 E ‘3/2 I 293 -t B2 II

=2EK 2/3 II202 + 03 II

‘ 2 E ‘2/1 II2e2 -t 91 II
=2E‘1/2 II2el ● e2

H -2 E 11 81/B
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Inversionofthemomentmatrixleadstothedeterminationofthenodal
slopesRk,andthese, inturn,yieldthenodalrnornents.Theequilib-
rim-nconditionsforthehatchbaygivethefollowingset ofequations:

E

4K4/5 2K4/5 .0

2K4154[ %@K3/~1 2K3/4

o 2K3/4 4[ K3/4+K2/31
o 0 2K2/3

o 0 0

0 0

0 0

2K2/3 o

4[ K2/3+Kl/21 2K1/2
211

2K112 13‘4K112

whichcanbe denotedby

II
Momentmatrix

II 1 ‘k = ‘k [

where
!1‘k is thejointworkmatrix. Thismatrixhasthe following

expressions:
b’

o

‘k = o

0

0

a) Forthe~77influencecoefficients

.
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b) FortheU76influencecoefficients

c) FortheU75influencecoefficients

d) FortheU74influencecoefficients

e) ForCL71influencecoefficients

Intheseexpressions

‘k =

‘k =

‘k =

‘k =

o
0
c1

o
B
7“ (b’)2

B

bl~B. yhT
whereyhis thehalfwidthofthehatchway.



-77-
Theinfluencecoefficientsreadas follows:

’77 ={ +M ~, ~ (bl)2+ V5 (b’)3]
&+e5b’

U67 = @4b’

U47 = ~2 b’

1 B2 B
%7 =-= [1‘1/1 2 ‘Glz

1

where

Notethatintheforegoingexpressionstwosysternsofindexinghave
beenemployed:B andC. Theinfluencecoefficientsonthelefthand
s_ideoftheequationsfollowthelattersystem,whilethemoments,shear
androtationsontherightsideoftheequationareintheformersys-
temof indexing.Suchheterogeneousindexingposesnoproblemtothe
computer.

Similarinfluencecoefficientarraysarederivedbyplacinga unitload
at 6, 5, 4 and1 in succession. Thesefivearraysmakeupthesquare
matrixof influencecoefficients.

G. 3. 1 ReleasedFrameDeflections

Thedeflectionsoftheframereleasedfromtheactionofthelongitudinal
girdersareobtainedbyapplicationoftheslope-deflectionequationsfor
theframesupportedonlybyprimarystructureandacteduponbythe
liveloadonthedeckandtheexternalheadofwateronthesidesandbot-
tom. Thus,theloadingsimposedbythelongitudinalgirdersare setto
equalto zero. Thederivedjointdeflections”w~(j)are subsequently
usedinthegrillagecalculation.Theprocedureis thesameas forthe
influencecoefficients,buttheresultis a somewhatdifferentexpres-
sionfortheworkmatrixwhichreflectstheconditionthattheloadsare
nolongerofunitmagnitudebuthave,instead,a specificdistribution.
Theworkmatrixis nowexpressedas

—---



‘k

‘5 “

B4 +

= B3 +

B2 +

131+

M;,4

M:, ~

M;,4

M;,3

M;,2 + B2 -t f [Pll

wheref (Pl) is thebendingmomentresultingfromtheactionof all
concentratedloadsonthebottomframeandwhereBkis thecomponent
of bendingmomentrelatedtotheexternalloadingalone. Thefirst sym-
bolis expressedas

wherePl,j andy”l,j referrespectivelytotheconcentratedloadandits
transverselocation. Thesecondsymbolhastwoexpressionsdepending
onthevalueofk. Pork= 1,

Bk ❑ j ● [~-yk,j]:~b’+~Pi,k

For k = 1

Giventhismatrix, theslopesOkareobtainedbyinversionoftherno-
mentmatrix. Fromthese”thejointmoments,jointshearforcesand
theintersectiondeflectionsateachlongitudinalareimmediatey deriv-
ed.

G. 3. 2 FrameBendingMoments

Thegrillagecalculationyieldsthereactionsattheintersections.The
frameslope-deflectionequationsyieldinturnthemomentsofthesup-
portedframecausedbytheexternalheadbythelive loadsonthedecks
andbythereactionsimposedbythelongitudinalgirders. Theworkmat-
rix nowbecomes
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111‘k =

F
‘5 - %4

F 1?
‘4 + ‘4/5 - ‘4/3

F F
‘3 + ‘3/4 - b13/2

F F
‘2 + ‘2/3 - ‘Zfl

1 Ql B2 -Ff(~l, RI)‘l+m

where,fork = 1

1E~Qk b’ + [Pj, k - Rj,k]‘k=z [:- ‘j,kl
j

G. 4 SOLUTIONOFTHESLOPE-DEFLECTIONEQUATIONS.

Thefollowingsolutionis obtainedontheassumptionthatthelongitudi-
nal arefixedatthebulkheadsandthatthestructureis longitudinally
symmetricbothin geometryandinloadings~seeFig. G- 5 Thus,the
followingsetofboundaryconditionsobtainsatt“hebulkheads:

II IWj(o) = wj(4) =0

II
w;(o) = Wy =0

Inaddition,thesumsof forcesandmomentsarebothzeroatxl and
x.2

[—’en~A~:-—--
0 x, X2 11

Bulkhead Bulkhead

Fig.G.5.DefinitionSketch
G. 4.1 Solutionfor theHatchBay.

Theoriginofthehatchbayis takenatxl. Thefollowingconditions
applyattheboundariesthereofi

I
Wj(xl) = II

W.(x)J2 II

I
W:(X) = -J1 wj(x2)I

..-.-
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Wj’’’(xl) ~ F
+

IIW:;(xl) h

wh~rethesubscripth denotespertainingtothehatchbayandthesuper.
script1?denotesfixity. Thecorrespondingsolutionfor w~’(x2)and
w;”(X2)is obtainedfromtherelations:

II I
Wj’(xz) = - W;(xl)

III
W;II(X2)= - W;’’(xl)

Theshearforcesandbendingmomentsatx,andx=are:

I Qj(xl) I

I Mj(xl).

I ‘j(xz) II

IIMj(x2)I

=
II

-E I..~h
h

j(~tl! ~ )
1

W;(xl)

:“ (X2)I‘J

~W;(X2) , h

G. 4. 1 SolutionfortheBulkheadBay

Topreservepositivedirections,theoriginofthebulkheadbayis taken
atX2andtheequationsare setupfortheregion(X2,~), Thebayfrom
x = Otoxl is solvedby symmetry.

Theshearforceandbendingmomentcoefficientsare:

II
II Ill Ill II,, 1,,, l,,, ‘:’: ‘~ ‘: ‘

nWj’’(xl)~ -p II+1]‘5 ~11,11-11‘1 H ‘6 ‘j(xl)

=

Wj’(xl) h I-D4+ D6 In- D2i- J37 ‘j(x~) h
9 L
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Theboundaryconditionsattheendsofa symmetricallydisposedhatch-
wayare:

II ‘j(xl) II = II‘j(x2) II

II II
W;(X2)II

whileattheendsofthehold

II w,(o) =
I

Wj(t)II
Further,it is assumedthat

Thecoefficientsof shearforceandbendingmomentatX2are:

I W;’’(X2)
II

D3 DI ‘j(xz) W; ’’(X2) F
-_— +

I
wyx2) b D4 D2 b W!(x) W“;(X2)J2 b b

wherethesubscriptb indicatespertainingtothebulkhead.Theshear
forceandbendingmornen~atx2 are, consequently:

Qj(x2) !II(X2)I

II II
‘J

=. E I.”
Jb

Mj(X2) b W;’(X2)
I 1b

Thecoefficientsof shearforceandbendingmomentatx = ~ are:

I J(w!”4) D5 D6
I

F
‘j(xz) J(

w!”4)
= +

W!’(4) b D6 D7 b IW;(X2) b w;(t) b

Theshearfor~eandbendingmomentatx = ~ are,,therefore:
?

Qj(4) W;’’(T)
=-

11 IIE 1.
Mj(~} ~ ‘b w;(l) “b

G. 4. 3 JointSolution

TheunknownsII
W.(x) andJ2 I

W!(x)J2 IIare obtainedfromtheconditions
of compatibility

I
wj(x2) h= wj(x2)b

wj(x2)h= J2 tW!(x) ~
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andof equilibrium

II
W:’(X2)~ =

IIW;’(xz) ~

wj’’(x2) ~ = Wj’’(xz) ~
Theseyield

II -II D3II IIh+ D5h- 11 II II IID3 b,-

11-II II IID4h+D6h-D4 b,-

W.(x )J 2. w;’’(x2) h

W!(x)J2 1 IIwj’(x2)~

n~h+ 11D6h - DI ~II II

D2h+D7h - D2 ~ II

FW;(xz) ~
=0

W;(X2) ~

Finally, ‘j(xz) IIand
IIW!(x)J2 I areobtainedbyinvertingthe-left-

handmatrix. Thejointforcesare obtainedbyintroducingtheseval.
uesintotheslope-deflection@quati0n9for thehatchandb~khead
bays.

G. 5 GRILLAGEELEMENTSOLUTION

Thedeflectionequationforthegrillageinthebulkheadbay(O< x s xl
aridxz < x S 4) resultsas

I
Wj(x) b= IIL,(X) II - ~ B,(x) ~ ~ W;(L) 11+ ~ B2(X) II

BJx) IIIw;(X2) +
II‘4(X) I Iwj(xz)I

whilethebendingmomentequationis

- II II II
E I. w; (x)

II
1b=-Ejb II {II

L3(X) -
I

B3(x)Jb

.

w;’(~)
I

II
w: (’L)

!1

‘1‘4(X’III ‘W II- II‘F’x) IIII‘~(xJ II

+
I

B6(x) W.(x)J2 II}

Sirnila~ly,thedeflectionequationforthegrillageinthehatchbay
(Xlsx -X2) is

II ~ B~(x) I y’ (xl)II

I
Wj(x] h = L1(x) + B2(X)

II
w; (xl),II
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+ IIII IIIB3(x) , w;(xl) B4(x) IIW(XI) II,!
whilethebendingmomentequationbecomes.

R II II
E I. w;’(x) ~= - E Ij hII {II L3(x) +

II
B3(x)

I !1
w;”(xl)J ,h I

+ B4(x) w; (xl) + B5(x)
1!Wj(Xz)!1

+ ‘b(x) 1}
W.(x) “J2

G. 6 BENDINGMOMENTSANDSTRESSINTENSITIESINTHEFRAMES

It is nowpossibleto determinetheframereactionsR. . . Theseare
calculatedfrom

where:

u. . ~ influence1,J
w? . = deflection17J

laJ

IN
R. =’u.

II II
ow. - w.~,j I, j I, j 1,j II

coefficientarrayofthereleasedframe

arrayofthereleaseframe
. s grillagedeflectionattheintersectioni, j‘i*J

Withthereactionsinhand,theframecanbeanalyzedas a two-dimen-
sionalbeamas describedin SectionF. 2.

—
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APPENDIX H

BASICINPUTS

1. HULLGEOMETRY

Thebasicgeometricfeaturesofthe-hullforwhicha structureis tobe
synthesizedarelistedin TableH-1. Thebasicgeometryofthemids-
hip sectionis shownin Fig. G. 1

Thehullstructuralarrangementis describedbvthefollowingequations.--
(All dimensionsininches).

1.“1MidshipSection

a) Shell

2=0

z ‘~

y = 434

b) InnerBottom

2=60

c) FourthDeck

z= 204

d) ThirdDeck

z= 312

e) SecondDeck

z= 420

f) Main Deck

z= 534

z= 534- 0.0388 [ Y-120]

osys 309

3095 y < 434

05ys 434

OSy $432

05ys 434
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TableH-1
BasicGeometricFeaturesof

S.S. WolverineState

Type

c4-S-B5 Machineryaft,drycargovessel

PrincipalDimensions

Length,overall(ft)
Length,betweenperpendiculars(ft)
Beam,molded(ft)
Depth,molded(ft)

DesignCondition

Draft,molded(ft)
Displacement(tons)
Blockcoefficient
Longitudinalcoefficient
Waterplane

520 (6240in)
496 (5952in)
71.5 (868in)
43.5 (522”in)

30.0 (360“in)
20,000

0.654
0.664
0.752

MidshipSectionParticulars

Half-girthtoupperdeck,molded(ft) 75.8 (910in)
Thelongitudinalextentofthehatchwayis approximatelyone-

th~rdofholdlength.
Theframesandlongitudinalgirdersareassumedto“beuniform-

ly spaced.

2. DESIGNCONSTRAINTS

Thebasisindependentvariablesbeingtheframea-ridlongitudinalgirder
spacingandthelengthof hold,themostimportantdesignconstraintsre-
lateto theirperrnissiblevalues.

Thereis a minimumframespacingbelowwhichonecannotgowithout
risk of irnpa”iringworkmanship,particularlyinwayofthedoublebot-
tom. Whatthisminimumis dependsinpartontheheightof thedouble
bottom,onthespacingofthelongitudinalgirdersandonwhetherthe
floorsandlongitudinalare non-tight,andtherefore,lightened,or
whethertheyarewateror oil-tight. No simpleempiricalformulation
appearsto beavailable. TheABSRulescallfor a minimumframe
spacingof 21 in (whenthelengthof theshipis 100ft) andit doesnot
appeartobeworthwhileto considerframespacingsmuchless than
thisvalue.

Thesameargumentsholdforthelongitudinalgirders.

Thespacingof framesis maintaineduniformwithina hold. Thespac-
ingofthelongitudinalgirdersinthedoublebottomis alsomaintained
uniform. Thespacingof decklongitudinal,if anyare fitted,is made
uniformbutnotnecessarilythesameas thatobtaininginthedouble
bottom.

Anotherconstraintis that,whereverfeasible, thestiffenersareto be
derivedfromstandardrolledsections.

—. ..——.
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Anadditionalconstraintis thatthestiffenersare of uniforms,ection
throughouttheirspan. Thuslongitudinalgirders, ontheonehand,and
frames, floorsanddeckbeamsontheotherdonotchangein scantlings
betweenpointsof support.

Themaximumholdlengthis determinedbytherequirementsof racking
strengthandof internalsubdivision.Thelatteris anexternalfactornot
readilytranslatableintoa specificfigure, Theformeris anaspectnot
consideredinthisstudyinasmuchas rackingdoesnotoccurwhenthe
hydrodynamicloadingis transverselysymmetricas is thecaseherein
studied. TheABSRuleslimittheholdlengthto a maximumof 100ft.
Thisconstraintis acceptedas a pro-temporelimitation.

3. LOADING

Theexternallyappliedloadat a genericpointof thehullenvelopeis
madeupof a hydrostaticandof a hydrodynamiccomponent,thelatter
beingin turndivisibleintoa wave-inducedanda motion-inducedcom-
ponent. By extension,integrationof.theexternallyappliedloadover
thehullgivesrise to thehydrostaticcomponentof thestillwaterbend-
ingmomentdistributionand.to thewaveandmotion-inducedbendingmo-
mentdistributionexperiencedin a se-away.Whento suchexternalload
andmomentdistributionsare addedtheparalleldistributionsof static
weightand.dvnarnicinertialoading,thestill waterandthesea-induced
loa~andmo~entdistributionsres-ult. T’ ‘ - ‘“ ‘- - ‘“
tratesthis subdivisionintocomponents.

nescnema01rlg. M-Llllus-

Load&
Moment

Distributionu
External~

Interrml+

Component*

Resultant+

Fig.

-&l-?I I

pJ- -+
14 I

*

Static Dynamic
(Weight-induced) (Motion- Induced)

Still - Water Sea-Induced

m’&
H.2. ForceandMomentComponentsActingontheHul1
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Theresultantpressure,shearforceandmomentdistributions
tainedas outputsof a studyonshipresponseandareassumed
forthepresentstudy. Theyaredenotedrespectivelyby

p (x, s, t)
Q (X, S, t)
M (x, s, t)

areob-
tobeknown

wheres is theordinateofa pointonthesurfaceofthehullandt repre-
sentstime. Whensuchinputsarenotavailable,it becomesnecessary
to estimatetheirvaluesempirically.Empiricalformulaewhichare
usefultothisendare discussedinAppendix~.

Applicationoftheseformulaeyields:

Externalhydrostaticpressureonbottom= 17.76 lb in-2

Externalhydrostaticpressureonsides= 17,76 - 0.445 z lb in-2

Minimumexternalhydrostaticpressure= 1.78 lb in-2

Internalhydrostaticpressureoninnerbottom= 15.54 lb in-2

Internalloadingindecks= 2.1 lb in-2

Shearforceamidships= negligible
Wavebendingmomentamidships= 4.05 x 108ft lb

Herez is theheightabovekeel.

4. MATERIALPROPERTIES

Thernaterialpropertieswhichenterexplicitlyintodesignoftheship’s
structurebyelastictheoryare: Young’smodulus(E), Poisson’sra-
tio (u), Yieldstrength(uw). Thefollowingvaluesofthematerial
parameterswereusedfortheinitialsetof computerruns:

E= 3x107, 2X107, 107lb in-2

~ = 0.33

= 35,000lb in-2
‘Y-P

..—-
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APPENDIX“I

DESIGNCONTROLCRITERIA

Thedesigncontrolcriteriaare specifiedas maximumallowablevalues
ofprimary,secondaryandtertiarystressintensities. Theyare stated
as follows:

a) Themaximumallowableprimarystressintensityatanypointis
.,.,,.

~1 z ‘1 ‘YP
wherefl is a primarystres~~actor

b) Themaximumallowablesecondarystressintensityis suchthat
atanypoint

wherefz is a secondarystressfactorandUl is theactualmaximum
primarystressintensityatthepoint.

Inaddition,thecriticalbucklingstrengthof anypanelofplatingof any
plateandstiffenercombinationshallbe

whicheveris less,

c) Themaximum
suchthat

i. e. ,

allowabletertiarystressintensityatanypointis

wheref3 is a tertiarystressfactorandal,, 02 arematimumactualstress
stressintensitiesatthepoint.

Thestressfactorsf] , f2 andf3 control,in effect,thedistributionof
materialoverthesectionas a wholeandbetweenplatingandstiffeners.
Theyareofthenatureof (thereciprocalof)factorsof safetyso, because
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it doesnotfollowthatif thestressintensitiesexceedthecriticalvalues
~llt, ~2:k,~3:Xcollapse willautomaticaUYfoilOw~Theinabilityto deter-
minetheloads, hencethestressintensities,atfailure,makesthe
stressfactorsusefulfor designonlyif theycanbeinterpretedproperly.
Theyprovidetheadvantagethatthewholebackgroundof experiencewith
shipstructurescanbe reducedto a definitionof permissiblerangesof
valuesof stressfactors. It is inthesefactorsthatempiricismis chief-
ly introduced,a necessarystepbecauseofthebasicassumptionof elas-
ticityas a basisfor design.

Intheprocessto bedeveloped,thestressfactorsare consideredas
parameterssinceit doesnotappearpossibleatthistimetojustifyspe-
cificvalueswhichmightbeassignedtothem. A choiceof stressfac-
tors canbemadeonlyaftera largenumberof analyseshavebeencor-
relatedwithexperience.

Thecalculationshavebeenbasedonthefollowinginitialvaluesofthe
stressintensityfactors:

fl =.0.56

‘2 =.0.80

‘3 = 1.00

of course,exceptforthelast, theseare
ly resultwhenthestructureis designed.

notthefactorsthatnecessari-
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APPENDIXJ

EMPIRICALFORMULAE

J. 1 GENERAL

Thisappendixcontainsa compilationof empiricalformulaeusefulfor
supplyingapproximateinputdata,for initiatingtherationaldesignpro-
cess andfor selectingcommercialscantlings.-

J.2

The

INPUTDATA

programrequiresthefollowinginputs:

a) Theexternalheadofwateratanypoint
b) Theinternalloading
c) TheShearforcedistribution

ofthehullsurface

d) Themaximumbendingmomentonthehullgirder

J.2.1 ExternalPressureHead

Thehydrodynamicpressuredistributionwithdepthis assumedtobe re-
placeablebyanequivalenthydrostaticpressuredistribution.Themaxim-
um externalpressureheadamidshipsobtainsinthe’hoggingcondition.
Whentheseais
symmetricand,
pointof thehull

whereh is thew
takento be4 ft.

fromaheador astern,thehydro-loadingis transversely
accordingto St. Denis(1954),thepressureheadatany
surfaceis givenby

H+ O.4h -zw
waveheight. Theminimumpressureheadis arbitrarily
Thepressuredistributionis furtherassumedtobe

invariantalongthelen-gthoftheholdandtobe symmetricwithrespect
to thelongitudinalcenterplane.Referto Fig. J.1.

Thisassumptionreflectsstandardpracticeforthedeterminationofthe
numeralof stressintensitywhichis associatedwiththe staticalmethod
of calculatingthewave-inducedbendingmoment. It hasnotbeenproved
thatsuchpracticeis eitherrelevantor reliable.

J.2.2 TheInternalLoadiilg

Also assumedknownaretheinternalloadsonthedecksandtankbound-
aries.

Themaximumnormaldeadloadpressureactingona deckcanbetaken
equaltothe‘tweendeckheightmultipliedbya cargodensityfactor. The
cargodensityfactordependsontheintendedserviceoftheshipandis

Fora fullscantlingshipthevalueof 75 lb ft
-3 is

purelyempirical. -3
normallyused,for a shelterdeckshipthevalueof40 lb ft .

Themaximumhydrostaticloadactingontankboundariescorresponds
to thetesthead.
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4 4ft. headonmaindeck

1 Maindeck> .— - —- Landde~kx
0.4 x Waveheight=10ft.

I -— .
3rddeck t

Full loaddraft
I 4+hdeck = 30 ft.

Innerbottom
1 - BL

I Fullloaddraft
plus

0.4x WaveheightI =40ft.

I

Fig.J.1.ExternalPressureHead

TheABSRulesspelloutthisheadto befor innerbottomtanksupto:

a) Thefreeboarddeck.
b) Thebulkheaddeck.
c) Thehighestpointto whichthetankcontentsmayrise in service.

whicheveris thegreatestandfor deeptanksupto:

a)
b)
c)

Theoverflow.
Theloadline.
Two-thirdsthedistancefromtanktoptothebulkheador free-
boarddeck.

whicheveris thegreatest.

J.2.3 ShearForceDistribution

Inthemidshipregion;theverticalshearforceis closeto zeroanddoes
notinfluencethescantlings. Thehorizontalshearforceis zeroby
symmetryof loading. Consequently,bothdistributionscanbe neglected.

A summaryof rnaximu~midshipwavebendingmomentexperiencedby
modelsin extremeregularwavesis dueto Dalzell(1963). Themodels
testedwerethoseof a cargovesselof theMARINERclass, a tankerand
a destroyer,hencethefindingsareusefulto thepresentstudy.

Thewavebendingmomentsinhog(h)andsag(s) arewritten

‘h =kh PgL3B

M =ks PgLs 3B

J.. _—. .—. .
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where:

o ~ densityofwater(lb sec2ft-4)
-2g ~ accelerationof gravity(ft sec )

L s shiplength(ft)
B = shipbeam(ft)
‘h’ ‘S s hogandsagcoefficients
Thehogandsagmomentcoefficientsdependontheshiplsfullnessof
form, onherfreeboard,onthedistributionof internalloadandonthe
encounteredwavesteepness.

Anaveragevalueforthesagcoefficientis:

ks = 0.0145
[1?

where:

h = waveheight(ft)

~ = wave length(ft)

Thisvalue.is increasedsome10percentbyunfavorabledistributionof
cargo(concentrationamidshipsor neartheends). However,whena
tankeris inthefully-ladencondition,thecargodistributionis notun-
favorable.Anaveragevaluefor thehogcoefficientis

‘h = 0.0080
[1?

butunfavorableloading(midshipor endconcentration)canincreaseit
by some50percent. Also, fullnesstendstohavea powerfulinfluence.
TOaccountforthis, theaveragevaluefor thehogcoefficientdeter-
minedabo~eis to bemultipliedby

3HCb
0.61

whereC is theblockcoefficient.b
Applicationof theforegoingformulaetotheWOLVERINESTATE
(Cb = O.66)yields

[1
kg = 0.0145 ~

A

[1
kh = 0.0101 h

i

for favorableloading. Thus,thebendingmomentinthesaggingcon-
ditiondominatesandits valueis usedto determinethep~irnarystress
intensitiestobemeasuredagainstthedesigncontrolcriteria.
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J.3 INITIATIONDATA

Toinitiatethecomputationprocess, anapproximationis requiredfor
theheightabovekeeloftheneutralaxis.

J.3.1 NeutralAxis

Evans(1958)interpretstheABSrules as being basedona height of
neutral axis equal to

z =. O.40 Do

whereDis thedepth of the vessel. The specific d>ta of the WOLVER-
INE STATE give z = 209 in.o

J.4. SELECTIONOF COMMERCIALSIZESOFPLATESAND
STIFFENERS

Twoiternsrequiringdeterminationaretheaveragewidthofplatingto
be used, inasrnuc~ as this width dekermi~es the number of seams, and
the choice of stiffeners.

J.4.1 PlateWidths.

Thelocationof seamsmust“bemadeinaccordancewithcertainrules
of a practicalnaturewhichreflectshipyardpractice. Although,ina fi-
nalcomputerprogramtheserulesshouldbeenteredas constraints,it
is preferableto disregardtheminitiallyandtolocatetheseamsarbi-
trarily. Thecomputationalworkis materiallysimplifiedat, what
appearstobe, buta trivial10Ssinflexibility.Accordingly,thefollow-
ingruleonplatewidthsis observed

Bottomplating- fromcenterlinetoturnofbilge
Bilgestrake- frombaselinetoinnerbottom
Sideshell- frominnerbottomtofourthdeck

fromfourthdeckto thirddeck
fromthirddeckto seconddeck
fromseconddecktomaindeck

Seconddeck- fromhatchcoamingt~ side
Thirddeck- fromhatchcoamingto side
Fourthdeck- fromhatchcoamingto side
Innerbbtiom- fromcenterlineto side

However,whencalculatingweldmaterialandcost, s~chsimplification
is notpermissibleandor, atleast, morereasonableplatewidthsmust
beintroduced.For suchcomputations, the platewidthhasbeenestab-
lishedarbitrarilyas justunder6ft.Thisgives13strakesofbottom
andsideplatingoneachsideif thekeelbeexcluded.

J.4.2 Stiffeners

Selectionof stiffenerdependsonits geometricpropertieswhencoup-
ledtotheplatingit supports.Thegeometriccharacteristicpertinent
to a structuralanalysisof stiffenerandplatingcombinationsare:

,. ..
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a) Stiffenerdepth(d~), cross-sectionalarea
tance(ys), andsecondcentralmoment(Is).

(As), centroidtotoedis-

b) Thicknessof shellor deckplating(h)andstiffenerspacinga orb

c) Effectivebreadth(~_e)andarea(Ape)andeffectivesecondcentral
moment(I ) ofplatingassociatedwitheachstiffener.pe
Theeffectivebreadthis discussedinAppendixD. Theeffectivearea
ofplatingis, consequently,

Ape ‘%eh

Thesecondcentralmomentsof effectiveplatingaboutthefayingsur-
faceis

I LA h2pe=3pe

If thestiffenersaretobe of standardroll~dsections,thefollowing
possibilitiesareavailable:

a)
b)
c)
d)

e)
f)
g)
h)

AmericanstandardI-sections(I-ST)
WideflangeI-sections(1-WF)
H-sections(H)
CutAmericanstandardI-sections(i. e. , fayingflange
reducedto approximatelyhalfwidth)(cutI-ST)
CutwideflangeI-sections(cutI-WF)
CutH-sections(cutH)
T-sectionscutfromAmericanstandard”I-sections(T-ST)
T-sectionscutfromwideflangeW-sections(T-WF)

Notethatthedepthof T sectionsis halfofthedepthoftheI section
fromwhichcut.

Ofthelistedgeometries,themostefficientfromtheviewpointof
strengtharetheT-sectionscutfromwideflange.I-sections(T~WF);
theyarehowever,fairlydeepin comparisonwithuncutor partially
cutI andH sectionsof equivalentstrength. Thismayposea problem
inthatsuchframesreducethenet‘tweendeckheightsomewhatmore
thandoshallower(butheavier)sectionsof equalstrength.Resolution
of thisproblemis notsoughtwithinthescopeofthisanalvsis.since
it involvesexternalinputseithernotavailableor notreadilyformu-
lable. However,thisstepmusteventuallybemadeif t-herationalde-
signprocessis to yielda practicalsolution.

FigureJ.’2presentsa plotsectionalarea(As) againstdepthof section
(ds)for T-sectionscutfromwideflangeshapes(T-WF). I?orthelight-
est and,therefore,structurallymoreefficientsections,theempirical
fit

A = O.20 ds1.585
s

obtains.
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Fig. J.3 is a plotof thedistancefromcentroidtotoeof sectionfor
whichthefollowingempiricalfit obtains

where

k = 0.70 + Ls 2d s
Fig. J.4 i= a plotof secondcentralmoment
thetoeforwhichthefit is

oftheframesectionabout

I = 0.12 d3*70s s

forthelightestsections.

Thecentroidofthecombinedplateandframeis ata distancefromthe
centeroftheplategivenby

As ks d - h Ape/2s
~psz

A +Ape s

Thismakesthesecondmomentoftransferenceequalto

Theeffectivesecondmomentof theplateframecombinationis

I Ipf = pe +1s-1 t

Thewebthiiknessoftheframesectionsis givenbythesimplerela-

tion h = O.036 dw
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APPENDIXK

PROPERTIESOFTHEMIDSHIPSECTION

To determinetheprimarystressintensitiesinthemidshipsection,
thesection”modulusmustfirstbe obt’ained.Thiscalculationfollows
thestandardprocedurewiththeexceptionthatonlyeffectivematerial
i.stakenintoaccount.Theeffectivebreadthofplatingis discussed
inAppendixD. FortheWOLVERINESTATE,thecalculationyields
be/b = O.85 whichmeansthatonlythisfractionoftheflangematerial
(i. e. , all longitudinallycontinuousmaterialexceptthesideshell)
canbe consideredas fullyeffective.Thecalculationsareas follows:

“ Effectivecross-sectionalarea

A= ~ (~e)i hi+ ~ (As)i
i i

where:

h = platethickness
b .- effectivebreadthofplatee

“b = b for sideshellplatese
be = 0. 85b for all otherplates

A= cross sectionalareaof stiffeners
Thefirst summationis overall platingandthesecondsummationis
overalllongitudinalshapeS.
D Momentaboutbaseline

M= zZi (be)i hi+ z (As)i Zi
i i

where z is theverticalcoordinatetothecentroidof a plateor shape.

o Neutralaxis
M;= T

Secondcentralmomentof areaaboutneutralaxis

1=’ x(be)i hi Z: +
x

(As)i Z; - A Z:
i i

Sectionrnodulito deckand“keelrespectively

Zd’+



-99-

APPENDIXL

ELASTICSTABILITY

L. 1 GENERAL

Platingandshapes’subjectto in-planeloadingin compressionand/or
shearmustbe of adequatesizetowithstandbuckling.Thedesignof
platingsubjectto suchin-planeloadingandtonormalloadingis dis-
cussedinAppendixB. Inthisappendixformulaearepresentedfor
determiningtheelasticstabilityofplatingnotsubjecttonormalloading
andof shapes.

Thecriticalstressintensitydependsinanessentialmannerongeomet-
ry andondegreeof fixityatthesupports.Thedispositionof stiffening
is suchthatonlyrectangularplatesneedbe considered.

L.2 PLATINGIN COMPRESSION

Theonlycaseof interestobtainswhenthecompressionis ufii-axial.

Thecriticalstressintensityofa rectangularplateis givenby

u
cr

— k IT2I)

b2h
where:

D ~ flexuralrigidity

D- E h3

E s Young’smodulus
h = platethickness
P ~ Poissonlsratio
b ~ platewidth
k ~ factordependentonaspectratio andconditionsof fixity

For simplysupportedplating

where:

a ~ platelength(indirectionof compression)
m= integerchosenso as tominimizethevalueoftheexpression.
Fora/b s 1, m = 1 and

Fora/b>l, k%4

.- ..-__
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Thisis theonlycasethatneedsbe considered.

L. 3 PLATINGINSHEAR

Thecriticalshearingstressintensityofa rectangularplateis

T .kn2D
cr

b2hwherefor a simplysupportedplate

[1

2.
k=5,35+4~

a
whilefor fixededges

k = 8.,8+ 3.85[:] + 2.56[:]2

L. 4 STIFFENERSIN COMPRESSION

Thecriticalcompressivestressintensitywillexceedtheyield strength
ofthematerialwhen“lateralsupportsare spaceda pitchdistance
givenbykwwherewis thewidthof theflangeandk is a factorde-
pendentontheratioof flangewidthto sectiondepth(w/d). For
mediumsteel r 1

whilefor hightensilesteel

[1
k=17+10~

d
Inthisstudy,sucha criterionappliestothedecklongitudinal.Since
supportis providedbytheframes, oneneedsonlyinsurethat

.- –-
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APPENDIX

WEIGHTOFHULL

M

STRUCTURE

To obtaintheweightof hullstructureperunitof shiplength(theinch
beingusedas thedimension),requiresbuta simpleaccountingproce-
dureoncethescantlingshavebeenestablished.Thisprocedureis out-
linedherein.

Thestructuralitemsare groupedin 13homogeneoussets. Thetotal
weightperinchis obtainedbysimplesummationofthecomponentsets
andanallowanceforrniscellanea.

a) Shellplating

‘1= 2Y x Wi h.1
iwhere:

w. = widthofplatei
hil‘- thicknessofplatei
y ~ specific‘weightof steel = 0.283 lb ft-3

Thesummationis overtheplatescoveringa halfgirthofthesection.

b) Innerbottom

‘2 = YBh

whereh is theinnerbottomthickness

c) Deckplatingina bulkheadbay

‘3 = zYBc ‘hi
iwhere:

B ? beam=c– fa’ctar

~ho~d~ lengthofhold
t. hatchs lengthofhatch
hi ~ thicknessof decki inwayofbulkheadbay

Thesummationis overall decks.
d) Deckplatin~inthehatchbav

s~z Y [B - 2yhI [1 - C]
z

h.1
i

where:

. .—
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2yh z widthofhatchway
hi ~ thickness“ofdeck i

Thesummationis overall

inway ofhatchbay

decks.

e) Doublebottomlongitudinalgirders

s~= y d x hi
i

where:

d ❑ depthof inner“bottom
hi = webthicknessoflongitudinalgirder i

Thesummationis overall longitudinalgirders.

Noq-tight.girdershavecut-outsfor accessanddrainopenings.These
arenottakenintoaccountontheconsiderationthattherefinementis
notworththeeffort.

f) Decklongitudinal

S6 F
y Z ‘iAi

i
where:

Ni = numberoflongitudinalsupportingdecki
Ai = cross sectionalareaoflongitudinalsupportingdeck i

Thesummationis overall decks. Notethatthelongitudinalhatch
girdersarenotincluded.

d Longitudinalhatchgirders

Therebeingtwosuch,theirweightperinchof shiplengthis

i
whereA is thecross sectionalareaof thelongitudinalgirdersup-i
portingdeck i andthesummationis overall decks.

h) Floors

s = [Nt ht + Nnhn]~Ey&
hold

.—
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where:
Nt ~ numberof (oil orwater)tightfloorsina hold
ht = thicknessoftightfloors
Nn ~ numberofnon-tightfloorsina hold
hn ~ thicknessof non-tightfloors

i) Frames

where
Ai ~ cross sectionalareaof framesupportingdeck i
&i ~ length(i. e. , ‘tweendeckheight)of framesupportingdeck i

Thesummationis overall ‘tweendeckheights.

j) Deckbeamsina bulkheadbay

whereAi is thecross sectionalareaofthebeamsupportinga bulk-
headbayof deck i andthesummationis overall decks.

k) Deckbeamsinthehatchbay

whereAi is thecross sectionalareaof thebeamsupportinga hatch
bayof deck i andthesummationis overall decks.

1) Transvers~hatch~irders

Therearetwosuchat eachdecklevel, hence,

whereA: is thecross sectionalareaofthetransversehatchgirder
at deck i andA. is thatof thedeckbeamatthesamedeck.1 The
summationis overall decks.

m) Stanchions

Therearefourstanchionsat eachdecklevel, hence,

... ..__L.. .. .. . ___
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whereAi is thecross sectionalareaand&i is theheightof stan-
chionsupportingdeck i. Thesummationis overall decks.

n) Miscellaneous

Therearea largenumberof srnallitems,suchas’brackets,rein-
forcementof openings,etc., whichremaintobetakenintoaccount.
Allowancefor theweightoftheseitemscanbestbemadebypropor-
tioningthemtothetotal, Inthecalculations,thefactoris takenas
3 percent. Notethatthismannerof accountingdoesnotaffectthe
relativestandingswithregardtoweightofthedesignsanalyzed.

Thetotalweightofhullstructureperinchoflengthis

.—
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APPENDIXN

WELD MATERIAL

Incalculatingtheweldmaterial,distinctionis madebetweentransverse
andlongitudinalwelds. Theformerincludethebuttconnectionsinthe
shellplatingandtheconnectionsto shell, innerbottomanddecksof
floors, frames, deckbeamsandtransversehatchgirders. Thelatter
consistoftheseamconnectionsintheshellplatingandtheconnections
of doublebottomanddecklongitudinalandlongitudinalhatchgirders
to shell, innerbottomandor decks. Thematerialis calculatedinac-
cordancewiththerulesoftheAmericanBureauof Shippingexceptthat
stepchangesinweldsize andspacingas a functionofplatethickness
havebeenreplacedbya continuoussmoothchange.

Someconsiderationsprefacethecalculationofweldmaterial:thelength
andwidthofplatingtobeusedintheconstructionof shell, innerbottom
anddecks; andthetypesofweldstobeemployed.

Thelengthofplatingdependsessentiallyonthepracticeatthespecific
shipyardwheretheshipis built. Presentpracticeis tamaketheplate
lengthabout30feetandthisfigureis usedherein,inasmuchas even
substantialvariationsfromthisvaluedonotaffectcriticallytheoverall
weldingcostthatresults. Thus,all platingis assumedto havebuttcon-—nectionsevery30feet.

Thewidthofplatingalsodependsonshipyardpractice;however,it is
notpossibleinthiscaseto statet-hattheoverallc,ostofweldingis fair-
ly insensitivetowidthofplating. Thecalculationshavebeencarried
outontheassumptionthattheaveragewidthofplatingis near6 feet.

Theweldingconnectionsof interestare:

a) Continuousreinforced60 deg. veeweld.
b) Continuousdoublefilletweld.
C) Intermittentdoublefilletweld.

Thecontinuousreinforced(6Odeg.) veeweldhasa weightperinchof
runequalto

0.20 h2+0.04h= fl (h)

whereh is theplatingthickness. Whenplate-sof dissimilarthickness
arejoined,theaveragethicknessofthetwoplatesis used.

Thecontinuous double filletweldhasa waightperinchof

whereh is
inchofthe

-.

0.283

thethicknessofthe
intermittentdouble

h2 z f2 (h)

discontinuousplate. Theweightper
filletweldis
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0.07 h2 = f3 (h)

basedona weldspacingof 4 timestherun.

Theweightofweldsperinchof shiplengtharecalculatedas follows:

a) Buttweldsintheshell

1
x

fl (hi)
‘1=— w. “

180 i 1
where:

w. = widthofplatei
h; = thicknessof shellplatei
andwherethesummationextendsovertheshellplatesinonehalfof
thecross section.

b) Buttweldsintheinnerbottomandinthedecksina bulkheadbay.-— .

B
~2s~ x ‘1

i

where:

B ❑ beamof ship
hi = thicknessof deck(orinnerbottom)
tendsoverall decksandinnerbottom.

(hi)

i andwherethesummationex-

c) Buttweldsinthedecksina hatchbay
B- 2yh

‘3 = z.
fl (hi)

360
i

where2yhis thewidthofthehatchway.andwherethesummationex-
tendsoverall thedecks(butnotinnerbottom).

d) Connectionstotheshell, innerbottomandlongitudinalgirdersof
a non-tightfloor

{
L [B + Ng d] f3(h)} ‘n‘4= a

‘hold
where:

framespacing
numberoflongitudinalgirdersin doublebottom
depthof doublebottom
floorthickness

..—
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e) Connectionstotheshell, innerbottomandlongitudinalgirdersofan
oil-tightorwater-tightfloor

~ [B + Ng d] fz(h)m5=a

whereh is thefloorthickness.

f) Frameconnectionstotheshell

2~6F:
x

4. ● f3 (hi)1
i

where:

~j ~ length(’tweendeckheight)of framei
hi= webthicknessof framei andwherethesummationextendsover
theframesin one-halfofthesectiow

g) Connectionof deckbeamsto deckplatingina bulkheadbay

.B
m7-:c z f3(hi)

i
where:

hi= webthicknessofthebeamsupportingdecki
c - factor

‘hold - ‘hatchc?

4hold = lengthofhold
4 lengthofhatch
hatch=

Thesummationis overall decks.

h) Connectionof deck.beamsto deckplatinginthehatchbay

B-
‘8 =

2yh [1 . C]~ f3 (hi:
a i

whereh. is thewebthicknessofthebeamsupportingdecki andwhere
thesumhationextendsoverall decks,

i) Transversehatchgirderconnectionsto deckplating.

Therebeingtwosuchgirdersperhold,theexcessofweldoverthat
correspondingto anordinaryframeis distributeduniformlyoverthe
holdlength

1’!....-..,,_
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J3
‘9”– E [fz{hi)- f3(hi)]

‘h 1
where:

x~ = lengthofhold
hi = webthicknessoftransversehatchgirdersupportingdecki
hi = webthicknessof ordina~yframesupportingdecki andwherethe
summationextendsoverall decks

j) Plateseamsintheshell

“0=2~ “ri+?’l

whereh. is thethicknessofplatei andwherethesummationextends
1

overall theshellplatinginthehalfgirth(fromcenter-keelatbaseto
gunwale).

k) Plateseamsintheinnerbottom

N’11 = s . fl (h)

where:

N5 = numberof seamsininnerbottom
h- z innerbottomthickness

whereGis theaveragewidth
integer)

,,

Ns = L 1“,
G

oftheinnerbottomplating(B/fi is an

1) Seams inthedeckplatingina bulkheadbay

where:

hi = thicknessofplatinginwayof
G~ averagewidthof deckplating
decks. NotethatB/w mustbe aninteger,thevalueof~ beingadjusted
tothisend.

bulkheadbayof decki
andthesummationextendsoverall

m) Seamsinthedeckplatinginthehatchbay

’13 = [l-cl ~~2yh]Zfl(h)
i

— --
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where:

hi ~ thicknessofplatinginwayofhatchbayof decki

Thesummationextendsoverall decks.. Notethat[B-2yh]/G mustbe
aninteger,thevalueof3 beingso adjusted.

n) Doublebottomoil or watertightlongitudinalgirders

’14 s 2N ● f2 (h)gt

whereh is thewebthickriessof thelongitudinal
numberof oil orwaterlightlongitudinalgirders

girderandN is thegt
inthedoublebottom.

‘15 ❑ 2N . f3 (h)gn .

whereh is thewebthicknessofthelongitudinalgirderandN thenurn-gn
ber ofnon-tightlongitudinalgirdersinthedoublebottom.

p) Decklongitudinalina bulkheadbay

’16 = c ‘~ z
f3 (hi)

i
where:

N%Gnumberoflongitudinalsin a bulkheadbay
h. ~ webthicknessoflongitudinalinbulkheadbaysupportingdecki1
Thesummationextendsoverall decks.

q) Deck~Ongitudinalsin thehatchbay

’17 = [l- C] N* oz
f3 (hi)

i
where:

N%~ numberoflongitudinalina hatchbay
h. = webthicknessoflongitudinalinhatchbaysupportingdecki1
Thesummationextendsoverall decks.

r) Longitudinalhatchgirderconnectionsto deckplating

Therearetwosuchgirders,therefore,

’18 = 2x
fz (hi)

i
whereh-is thewebthicknessofthehatchgirderandthesummation
extendsoverall decks.

+.- .“ .___...... -. _—-.......
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S) Miscellaneous

Therearea largenumberof smallitems, suchas brackets,stanchions,
reinforcementof openings,etc. whichrernaintobetakenintoaccount.
Theweldmaterialfor these itemsis bestestimatedas a fractionofthe “
total. Inthecalculationsthisfactoris takenas 3 percent.

Thetotalweightofweldmaterialis simply

18
M.= 1.03

x ‘j
j=l
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APPENDIXO

COSTOFHULLSTRUCTURE

Incomputingthecostofhullstructure,onlythematerialandlabor
chargesaretakenintoaccount,thecostof engineeringandtheburden
onthesechargesareignoredaltogether.

Thematerialcostofplatesandshapesdependsonthequalityof steel
used. Thisshowsitselfina correlation(thoughnotnecessarilya sim-
ple one)betweencostandyieldpointofmaterial. Mediumsteelis used
inthecalculationsreportedherein. Its presentpriceis about0.065
dollarsperpound.Althoughthereis a smalldifferencebetweenthe
priceof steelofplatesandshapes,thisis nottakenintoaccount.Thus,
materialcostis obtaineddirectlybymultiplyingtheweightsof the
structuralcomponentsbythecostofmaterial. Thus,

c ❑ 0.065S

whereSis theweightperinchofhullstructure,seeAppendix-L

Thematerialcostof electrodesis convenientlyincludedinthelabor
costofwelding.

Laborcostis dividedintotwocomponents:costof fabricationande-
rectionandcostofwelding. Thecostof fabricationanderectiondoes
notappeartobe directlyproportionaltoweightbutfollows,instead,a
morecomplexrelation.

Theliteraturedoesnotaboundwithdescriptionofquantitativemeth-
odsfor estimatingthecostoffabricatinganderectingshipstructures.
Thefewmethodspresentedareat variancewitheachotherandrange
frommakingthiscostproportionalto platesurfacetomakingit pro-
portionaltoplateweight.Personalcommunicationshaveledto a choice
intermediatebetweentheseextremes. Theempiricalformulaepres-
entedbelowareplausibleandheuristic:noargumentis madeas to
theirrangeof validity. Theyalsoareflexibleandcanbe readilysub-
stitutedbyothersinthesubroutinefor calculatingcost. Theformulae
forthecostperinchof shipof fabricationanderection(excludingwel-
ding)areas follows:

a),Longitudinalplating.—

z
Carpl Wi f(hi)

where:
r = hourlyrateoflabor
w.1 ~ widthofplatei
f(hi) ~ tirne-thicknessfactor

Thesummationis overall longitudinalplatesincludinginnerbottom
longitudinalgirders. Thetime-thicknessfactorhasbeentakenequal
to

f5(hi)= 0.04 h2/3i

,..: ._._._- . . . .—. .
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Also, thehourlyratehasbeentakenat

r = 4. 00 dollarsperhour.

b)Longitudinalshapes—
Csl~ r z f(Ai)

1

whereAi is thecross sectionalareaoftheshapeandf(’Ai)is a time
sizefactor. Theempiricalexpressionassumedfor thisfactoris

f (A,) = 0.04A 2/3
A

c) Transverseplating(floors)

c NE—pt ~ z diaf (hi)
hold

wherediis thedepthoftheinner

j

bottomandB is thebeamoftheship

d) Transverseshapes(frames, deckbeams)

c=:St z
f (A.i) &i

a i
where~ is the‘tweendeckheight.

e) Stanchions

Therearefourto eachlevelina hold,hence

hold i
where:

w. ~1
weightof stanchionsupporting

f (Wi)= time-weightfactor

~ f(wiw.

deck i

Thesummationis overall decks. Thetime-weight
f(wi)❑ O.02hoursperlb.

)

factoris takenas

Thetotallaborcostof erectionandfabrication(exclusiveofwelding)
is by summation

Cfe = Cti + Cs+ + cti~ + c~t + Cs

Thecostofweldingis directlyproportionaltotheweightofwelds,the
constantofproportionalitydependingonthequalityofthesteel, hence
ontheelectrodes,tobeused. Forweldsinmediumsteel, thepresent
laborrate, includingcostof electrodes,is about3 dollarsperpoundof
depositedweldandthe calculationsarebasedonthisfigure. Thus,the
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cost ofweldis

,C = 3.00Mw

whereM is thetotalweightofweldmaterial;seeAppendixM.

Thetotalcostofhullstructureis, consequently,

c= c + cm Cfe + w

GP O 904.209

. . ———.--..—. —.
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