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ABSTRACT

The existing methods of predicting the behavior and ultimate strength of ship
gross panels were evaluated, examined and in some instances, further developed.
The assumptions , approximations, and deficiencies in each method were identified
with the objective of determining the range of validity of each. The methods were
classified in five broad categories with respect to their theoretical bases.
Comparisons and correlations were conducted between the results of the different
methods when applied to identical gross panels under biaxial edge compression and
lateral pressure. Based on the identification of the assumptions and approxima-
tions in each method, and on the conducted comparisons and correlations, some
expressions and procedures were selected, discussed, and extended. Lack of ade-
quate procedures in certain areas were pointed out particularly when the collapse loads
and mechanisms involve coupling between several modes of failure, and a biaxial
loading condition exists in combination with lateral pressure. In some instances
no clear measure of the relative reliability of the different procedur~~ ~arI be
ascertained and a firm evidence of the “exact” solution is not available. A two-
phase test program was recommended with immediate objectives and final goals
outlined. An extensive bibliography is appended to this report.
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1. INTRODUCTIONANDOBJECTIVE

Shipbuildinghistorythroughouttheworldhasbeen,andstillis,largelyde-
pendentonexperienceandempiricism.Requirementsforthedesignofthestructural
elementsinshipshavebeendevelopedonthebasisofempiricaldataandpast
“successful”designs.Insomecasesthesedatahavebeenrefinedandconfirmedby
theoreticalanalysis,butinmanycasesnoanalyticalprocedureswereavailable
duringthecourseoftheirdevelopment.

Inthelastdecade,however,thedemandfornewandmoreefficientmodesof
marinetransportationandforotheroceanengineeringactivitieshasforcednaval
architectsandcivilengineerstosearchforgeneralandreliablemethodsof
analysiswhichwouldprovidethenecessarycorrelationbetweenthesealoadsacting
onthestructureanditsdimensions.Recognitionhasbeengiventothefactthat
itisnotsufficienttodefinea “successful”shipasonewhichhasnotfailed
(sinceitcouldbegrosslyover-designed),andthatrequirementsbasedpurelyon
experiencemightnotalwaysbesafelyextrapolatedtonewconfigurationsandlarger
shiptypes,Inshort,theneedexistsmorethanevertoprovidestructuraleffi-
ciencycombinedwithsafetyinwithstandingthesealoads.

The“basicstructuralelement”orthe“buildingblock”inshipsandmanyother
marinestructuresconsistsofa platereinforcedwithstiffeners.Thisplate-
stiffenercombinationisusuallysubjectedtoloadsnormaltoitsownplanedueto
waterpressure,cargoloads,deckloads,etc.Inaddition,inplaneforcesinduced
fromtheoverallbendingandtwistingoftheshipactattheboundariesofsuch
stiffenedgrosspanels,Ingeneral,theinplaneforcescantaketheformof
tensile,compressive,orshearloads,andsomeofthemmayoccursimultaneouslyon
allfourboundariesofthegrosspanel.Thepanelitselfcanbestiffenedinone
orbothdirections,andthestiffenersextendingineachdirectionareusually
similar.

Beyondcertainvalues,theinplanecompressiveandshearloadsmaycause
instabilityofthegrosspanelwhich,togetherwiththenormalloads,willinduce
largedeflections,Undersuchconditions,geometricnon-linearitieswillbe-
presentandtherefore,non-linearanalysishastobeconductedinanyanalytical
methodusedforthepredictionofthebehaviorofthepanelinthepost-buckling
range.Priortofailureofthepanel,largedeformationswillalsotakeplacedue
tomaterialnon-linearitiesintheinelasticrange;therefore,analytical.Pro-
ceduressuitableforthepredictionoftheultimatestrengthofthegrosspanel
shouldtakeintoaccountsuchmaterialnon-linearities.Thegrosspanelmayfail
inoneofseveralmodesdependingonthestiffeners’spacing,theirgeometric7 properties,theplatethickness,initialdeformations,andtheweldingcharacteris-
ticcs.Trippingofthestiffeners,localfailureduetoinstabilityoftheplate
elementsofthestiffeners,platefailurebetweenthestiffenersandfailureof
thecross-stiffenedpanelasawholearesomepossiblemodesoffailure.

Ingeneral,platebucklingdoesnotnecessarilymeanimmediatefailuresince
membranestresseswilldevelopasdeflectionbecomeslargeand,togetherwith
bendingstresses,willresisttheexternalloads.Initialdeformationand
deflectionsduetowelding,fabricationimperfectionsandpresenceofcambermay
havea ratherdistincteffectonthepanelbehaviorwhentheinplaneloadsarein
rangeoftheircriticalvaluesfor
pronouncediftheseloadsaremuch

buckling.Theireffect,however,isless
largerthanthecriticalvalues.
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Itisdifficulttodeterminetheboundaryconditionsofthegrosspanelwhich
describeexactlytheconditionsintheactualship.Nevertheless,inorderto
predictanalyticallythebehaviorandtheultimatestrengthofthegrosspanel,
specificinformationabouttherestraintsofthesupportisuseful.A widevariety
ofsupportconditionsmayexistintheactualship.However,frompossible
symmetryorantisymmetryofthestructuralconfigurationortheloading,certain
combinationsofboundaryconditionsaremoreusefulthanothers.

Theobjectiveofthisstudyistoselect,fromexistingmethods,reliable
analyticalproceduresforexaminingthebehaviorandpredictingtheultimate
strengthofweldedcross-stiffenedpanelsundercombinedlateralandbiaxialloads.
Theproceduresshouldcoverthewiderangeofparametersdescribingthegeometric
configurationsandloadingconditionsencounteredfrequentlyinshipstructures
andshouldbecapableofpredictingtheonsetofnon-linearbehaviorandthe
probableinitialmodeoffailure.Recorrrnendationsaretobemadeastothe
adequacyoftheproceduresandpossibleexperimentalprogramsforverifications
aretobesuggested.
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2. METHODSOFGROSSPANELANALYSES

Animportantfirststepintheselectionofappropriatemethodologyforthe
analysisofgrosspanelstrengthistoconducta completeandup-to-datesurvey
oftheexistingmethods.Itseemsappropriatethentoclassifytheavailable
methodswithrespecttotheirtheoreticalbasis,asforexample,methodsbased
onfiniteelementtechnique,equivalentorthotropicplates,grillagesandinter-
sectingbeam-columns,etc.Thebasicassumptionsandapproximationsmadeineach
ofthesemethodsarethenclearlyidentifiedandexamined.Therangeofvalidity
ofsuchassumptionsarealsoevaluatedinordertoestimateboundsontherelevant
designparametersbeyondwhichsuchassumptionsareinvalid.

Intheliteraturesurvey,twoaspectswereconsidered:

a. Methodsrelatedtoevaluatingandexaminingthegrosspanel
behaviorunderlateralandinplaneloadsincludingmethods
ofestimatingthecriticalbucklingloads.

b. Methodsrelatedtofailureanalysisandfailuremodeswhich
maybeusedforpredictingtheultimatestrengthofthe
grosspanel.

Basedontheconductedsurvey,themethodsexaminedcanbeclassifiedunder
fivebroadcategorieswhich,insomecases,mayoverlap.Thefivecategories
are:(a)orthotropicplateanalysis,(b)energyandplasticmethodsofanalyses,
(c)grillagesandintersectingbeams,(d)finiteelementmethod,and(e)beam-column
analysis.Eachoftheseisdiscussedseparatelyasfollows. ,

A. OrthotropicPlateAnalysis

Inthismethodtheactualplatestiffenercombinationisidealizedbyan
equivalentorthotropicplate.Thedegreeofapproximationinvolveddependstoa
greatextentonthenumberofstiffenersineachdirectionandtheuniformityof
thegrossstiffenedpanel.

Anorthotropicplatemaybedefinedasa homogeneousplatewhoseelastic
propertiesaredifferentinthetwoorthogonaldirectionsintheplaneofthePlate.
The”constitutiverelationscanbewritten-intheformof:

ax

‘Y
‘Xy

where

Exvy =

1=
1

- ‘Xvy

Evyx

ix Exvy O

EYVX Ey o

0 0 G(l-VXVYH‘x‘YYxy (1)
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Ifthethicknessoftherectangularorthotropicplateissmallrelativetoits
otherdimensions(a,b/h>40)sothatboththenormalstressIJzandtheeffectof
sheardeflectioncanbedisregarded,thenthegoverningdifferentialequations
includingthenon-lineartermsinthesenseofvonK4rmdn~1]*forthelargedeflec- .
tionbehavioroftheplatearederivedinreference[2]andaregivenby:

a4F a4F= a2w2 a2w32wfi+ 2JxY3x23Y2‘x3x4 + JY@ (—) ‘——axay ax2ayz (2)

wherewisthedeflectionfunction;F istheAiry’sstressfunction;I)x,D andD
arerigiditycoefficients;andJx,JyandJxyarecompliancecoefficlentsygivenXy
by:

Ex# Ey3 4Gh3
‘X=w ‘Dy’w ;2DXY= ~ + VXDY+ VYDX

Jx=& ;Jy=+2Jxy=+- vx~y- y xVJ
Y x

(3)

Equationssimilartotheabovehavebeenderivedinreference[3]forthecase
oforthotropicplateswithsmallinitialdeflection.Thetwofourth-orderpartial-
differentialequations(2)describethebehavioroftheplateinthepost-buckling

aswellasinthepre-bucklingrange.Equations(2)reducetovonKdrm&n’s
~%~mentalequations[1]forlargedeflectionofisotropicplateswhenEx= E = E,
andVx= Vy=v aresubstitutedintheexpressionsofthecoefficientsDX9Dys8Xys
Jx,Jy,andJxy.

Thetwopartialdifferentialequations(2)requirea totalof
conditions,eightofthesearespecifiedconditionsofeitheredge
displacements,theothereightspecifythesupportconditions.

sixteenboundary =
loadsoredge

arehardtoSometimes,theexactsolutionsfortheboundaryvalueproblem
obtain.Severalapproximatemethodscanbeapplied,suchasGalerkin’smethod
andthefinitedifferencemethod.IntheGalerkinmethod,oneconsidersthe
governingdifferentialequationoftheform:

L(w)= C in R

*Numbersinbracketsdesignatereferencesattheendofthereport.

(4)

.-
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Assumingw canbeexpressedintheapproximateform:
n

v =Z ai+i(x,y) i=’
i

thenfromtheweightedresidualconcept,thefollow
satisfied:

JR (L(i)-C) $idR= o j =

. . .n

ngcond”

in...

(5)

tionmustbe

(6)

Thisleadstoa totalof n simultaneousequationstobesolvedforthenunknowns
ai”

TheGalerkinmethodisinprincipleequivalenttotheRitzmethodwhichis
basedonthecalculusofvariation.Butindeed,intheGalerkinformulation
noreferenceismadetovariationalproblems.Moreover,theGalerkinmethodcan
beappliedtoa broadclassofproblemsphrasedintermsofintegralequations.

TheGalerkinmethodaswellasthemethodofvariationforapproximationof
boundaryvalueproblemsconsideranalyticalexpressionsfortheapproximation
functions.Whentheboundaryvaluesarenoteasilygivenbysimpleanalytical
expression,itisdifficulttomakea choiceofthecoordinatefunctions$i(x,y).
Inthiscase,thefinitedifferencemethodcanbeapplied.Thefinitedifference
methodgivesnumericalvaluesforunknownfunctionsata setofdiscretepoints
insteadoftheanalyticalexpressiondefinedoverthewholeregion.Itreduces
thegivenanalyticalboundary-valueproblemtoa problemofdifferenceequations.
Usuallythismethodleadstoconsiderationofa systemoflargenumbersofalge-
braicequationsinmanyunknowns.

Inreference[2],equations(2)aresolvedundertwosetsofsupportconditions:
(a)al1edgesclamped,and(b)twoedgessimplysupportedandotheredgesclamped.
Thebehavioroftheorthotropicplateisexaminedanddistributionsofdeflection,
membranestress,bendingmoments,etc.,
(noinitialdeflection).

alongtheplatecenterlinesarepresented
Inreference[3]non-dimensionaldesigncurvesofthe

centerdeflection,thecriticalload,theeffectivewidth,andthebendingmoment
arepresentedfordifferentvaluesofuniaxialcompressiveload,lateralload,
initialdeflection,andthevirtualaspectratiooftheplate.Someexamplesof
theuseofthedesigncurvesaregiveninwhichtheresultsarecomparedfor
differentinitialdeflectionsandboundaryconditions.Inbothreferences[2]and
[3]geometricnon-linearitiesareconsideredintheproblemformulationandthus
theresultsaresuitableforinvestigatingtheplatebehaviorinthepost-buckling
range.

Otherdesigncurvesbasedonorthotropicplateanalysiswereintroducedin
theoriginalworkofSchade[4,5].Inthesereferencesthedeflectionwas
assumedsmallcomparedtotheplatethickness(wMax/h< 0.5)andthedesigncharts
presentedaresuitableforexaminingtheplatebehavio~inthepre-bucklingrange.
Schultz[6]examinedthestabilityproblemoforthotropicplatesandpresented
designchartsforthecalculationofthecriticalloads.Inreference[7],
additionaldesignchartsaregivenforplatesunderlateralanduniaxialinplane

——
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loadswithinthescopeofthelinearized(secondorder)theory.Thebuckling
loadsarealsogivenforfourdifferentsetsofboundaryconditions.Smithand
Faulkner[8],RorenandHansen[9],Soper[10],Ames[11],Ando[12]amongothers
[13,14>15]usedtheorthotropicplatetheoryfortheanalysisofshipstiffened
plates.

Inparticular,orthotropicplatessubjectedtolateralloadandbiaxialedge
compressionandedgeshearhavebeenexaminedinreferences[13]and~In
thesereferencessomenon-dimensionaldesignchartsarepresentedgivingthecenter
deflection,criticalbucklingload,effectivewidth,andbendingmomentinthe
stiffenedplating.Someexamplesofapplicationillustratingtheuseofthe
chartsarealsopresented.

Intheapplicationoftheorthotropicplatetheory,therigidityandcompli-
ancecoefficient~areconceivedasapplyingtoa homogeneousorthotropicplateof
constantthicknesswhichisequivalenttotheactualplate-stiffenercombination.
Thetermequivalentrequirescarefuldefinition,sincetheorthotropicplate
obviouslycannotbeequivalenttotheactualstiffenedplateineveryrespect.
Thestiffenersineitherdirectionareassumedtobeequallystiffandequally
spaced,withspacingsmallenoughthatthestructuremaybeconsideredqtiitefully
effective.Sothevalidityofrepresentingthegrosspanelbyanequivalent
orthotropicplatedependstoa greatextentonthenumberofstiffenersineach
direction,theirspacing,andhowidenticaltheyareasfarastheirstiffness
characteristicsareconcerned.Suchanapproximationbecomescriticalwhenthe
numberofstiffenersissmall.

FromexperimentsconductedatStanfordUniversity[16]theauthorsindicated
that,orthotropicplatetheoryandexperimentshaveshowna differentdegreeof
correlationdependingontheboundaryconditionsandtypeofstiffenersused.The
correlationvariesbetweengoodforthecaseofa platesimplysupportedall
aroundtolesssatisfactoryforthecaseofa platefixedallaround.Itisalso
foundthat,underanyspecificcaseofboundarycondition,thecorrelationwith
theoryisbetterwhenthenumberofstiffenersineachdirectionisincreased.

AdditionalcomparisonsweremadebyC.Smithinreference[15].Theresults
showedthatforuniformsimplysupportedgrillages,theorthotropicplatesolution
givesveryaccurateresultsevenwhengrosspanelshave.asfewasthreelongitudinal
andthreetransversebeams.Forotherboundaryconditions,theorthotropicplate
analysisgavelessaccurateresult~.Seeref.[15]fordetailsonthemannerofloading.

Onthebasisofthesecomparisons[15,16],itappearsthattheapplicationof
theorthotropicplatetheorytoshipgrosspanelsshouldberestrictedtostiffened
plateswithmorethanthreestiffenersineachdirection.Inaddition,stiffeners
ineachdirectionshouldbesimilar,i.e.,uniformgrosspanel.

B. EnergyandPlasticMethodsofAnalyses

Exactsolutionofthegoverningdifferentialequationsofstiffenedplates
oftenpresentsa difficultanalyticalproblemandcanbesolvedinclosedformonly
insomespecialcases.Theintroductionoftheconceptofstrainenergyallowed
forconsiderabledevelopmentofstructuralanalysismethods.Oneformulationof
thestrainenergyisthestandardtypeofvariationalprinciplewhichconstitutes
a verypowerfulapproachtonumericalmethodssuchasthefiniteelementmethod.
*SeeSection3 andreference[14]forthedefinitionandtheapproximate
determinationoftherigidityandcompliancecoefficients.



7

Widelyusedmethodssuchasprinciplesofvirtualforcesanddisplacements,minimum
potentialenergy,limitanalysis,andshake-downanalysismaybealsoclassified
underenergymethods.

Inthemethodofstationarypotentialenergy,thestiffenersandtheplate
areforcedtodeflecttogetherandthefinaldeflectionshapeissuchthatthe
totalpotentialenergyofthesystemisminimal.Thefinaldeflectionshapeis
assumedtobeintheformofa serieswithfinitenumbersoftermsforapproxi-
mation:

W(x,y)= alfl(x,y)+ a2f2(x,y)+ ...

wherethefunctionsf,,f2,...arethebasesofthefunct’
coefficientsal,a2,...arethegeneralizedcoordinates.
energyprinciple,a setofsimultaneousequationsareobta
a;asunknowns.Whenthedeterminantofthissimultaneous

,,

(7)

onw(x,y)andthe
Usingtheminimumpotential
nedwiththecoefficients
equationisputequal

tozero,anequationfordeterminingthecriticalloadingforinstabilityproblems
willbeobtained.Forlargedeflectionproblems,theseequationsarenon-linearin
theparametersaiandnumericalmethodsmaybeusedinthesolution.

Thistypeofanalysisbecomescumbersomeiftheplatei!
numberofstiffeners.Thedeflectionfunctioncanbechosen
cases.Forthesereasons,thismethodseemsnottobeoften
solvepracticalproblems.Buttheconceptofthismethodis
applicationtothenumericalmethodssuchasintheformulat”
nessesusedinthefiniteelementmethod.

stiffenedwitha large
onlyforsomespecial
chosendirectlyto
veryimportantin
onofelementstiff-

Asmentionedearlier,theenergymethodscanalsoprovidea powerfultoolin
theorthotropicplatesolutions.Forexample,inreference[17]theenergymethod,
togetherwithLagrangianmultipliers,isusedtosolvethestabilityproblemsof
orthotropicplatesundervariousboundaryconditions.Thetheoreticalresults
presentedcomparedfavorablywiththosefromtestsandliterature.

Inthelimitanalysis,thegrosspanelcanbeidealizedasa frameworkof
beamswhicharemadeofmaterialwithanelastic-perfectlyplasticmoment-
curvaturerelation.Smallstrainsareusuallyassumedandtheappliedloadsare
assumedtobeproportional,i.e.,allloadsareincreasedgraduallytotheir
finalvaluesinconstantratio.Onthesebasesilowerandupperboundtheorems
oftheplasticlimitloadorthe“collapse”loadwereadvancedbyDrucker,
Greenberg,andPragerinreferences[18,19].Theupperboundtheoremsimplystates
thatthestructurewillcollapseifthereisanycompatiblepatternofplastic
deformationforwhichtherateatwhichtheexternalforcesdoworkexceedsthe
rateofinternaldissipation.Thistheorem,whichgivesthe“unsafe”valuesof
thecollapseloadpostulatesthatifa compatiblepathoffailureexists,the
structurewillcollapse.Thelowerboundtheoremstatesthat,ifanequilibrium
distributionofstresscanbeformedwhichbalancestheappliedloadandisevery-
wherebelowyieldoratyield,thestructurewillnotcollapseorwillbejustat
thepointofcollapse.Thistheorem,whichgivesthe“safe”valuesorthe
conservativelimitofthecollapseload,reaffirmsthatthematerialwilladjust
itselftocarrytheappliedloadwhenpossible.Thelimitloaditselfisthe
minimumupperboundorthemaximumlowerbound.Theexactlimitload,however,
canberarelydeterminedforcomplexgrosspanelsandthus,thelowerandupper
boundtheoremsprovidea valuablemeanstobracketitsvalue.
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Inthelimitanalysis,theloadsactingona structurearenotpermittedto
changetheirdirectionorratiooftheirmagnitudes.Theseconditionsarenot
satisfiedinanactualshipstructurewhereloadsareingeneralcyclicandrandom
innature.A suitablemeansforestimatingthelimitloadundertheirrepeated
loadingconditionistheuseofshakedownanalysis.A safelimittousemaybe
oneatwhichtheprogressiveoralternatingplasticdeformationislimitedandthe
responseofthematerialbecomesessentiallyelastic,i.e.,theshakedownload.
Ifthestructuredoesnotshakedown,plasticflowwillcontinuetotakeplace
duringeachcycleofloadapplicationleadingeventuallytofailure.Theshake-
downanalysis,however,doesnotprovideanyinformationonthenumberofload
cyclesrequiredforthestructuretoreacha shakedownstate.

Bleich,H.[20],$ymondsandPrager[21],andKoiter[22]developedand
advanceda lowerandupperboundtheoremoftheshakedownload.Itwasindicated
that,ifshakedownisnotreachedfailurecanbeeitherthrough“incremental
collapse”wherea definiteamountofplasticdeformationrecursalwaysinthe
samedirectionor“alternatingplasticity”whereplasticflowoccursatcertain
sectionsalternatelyi~theoppositedirections.

Theapplicationoflimitandshakedownanalysestoshipgrosspanelsand
structureshasbeenratherlimited.Inreference[23]elasticandplasticlimit
analysesofawebframeofa tankerarepresentedandthecollapsemechanisms
andthecorrespondingcollapsepressuresareestimated.Inreference[24]limit
andshakedownanalysesarepresentedforsomeshipframesandgrillages.
Additionalapplicationandcorrelationwithexperimentsforstiffenedplatesand
grillagesunderlateralloadonlyaregivenin[25]and[26].

C. GrillagesandIntersectingBeams

Inthiscategorythegrossstiffenedpanelistreatedasa systemofdiscrete
intersectingbeams(planeframe)withloadsperpendicularandintheplaneofthe
grillage.Eachbeamisassumedtoconsistofthestiffenerplusa portionofthe
plateoverwhichthestresscanbeassumeduniformwitha valueequaltothe
maximumvalue,i.e.,theeffectivebreadth.Thetorsionalrigidityoftheplate
andPoisson’sratioeffectsontheoverallbehaviorofthegrosspanelarethus
ignoredinthistypeofanalysis.Themodel,however,allowsfordifferent
stiffenersizesandspacingswithineachsetofparallelstiffeners.Althoughin
shipgrosspanelsthestiffenerspacingsareusuallyequal,theallowancefor
differentstiffenersizesisundoubtedlydesirable.Themodelalsoimposesno
restrictionsonthenumberofstiffenersineachdirectionoranyirregularities
intheboundaries.

Thevalidityofrepresentingthegrosspanelbya grillage(planeframe)
becomesparticularlycriticalwhentheflexuralrigiditiesofthestiffenersare
smallincomparisonwiththeplatestiffness.However,forratiosofthestiffener’s
rigidityperunitwidthtothe.platestiffnesslargerthanabout60>i.e”j
EI/bD>60,thisgrillageapproximationseemstobesuitable.

Inthegeneralmethodofgrillageanalysis,a setofgoverningdifferential
equationscanbeformulatedforallthediscretestiffenersusingbeamtheory.The
setcanbesolvedundertheappropriateconsistentconditionsattheintersection
pointsandtheboundaryconditions.Usually,inshipgrillages,itisassumedthat

—
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theexternallateralloadsactonthetransversestiffenersandthelongitudinal
stiffenersareacteduponbytheforces(reactions)attheintersectionpointsin
ordertosimplifytheproblem.A largesystemofsimultaneousalgebraicequations
willresultand,forallbutthesmallestgrillages,thistypeofanalysis
requirestheuseofdigitalcomputersifthegeneralmethodofanalysisisused[15].

Severalsimplifiedmethodshavebeenintroducedtoreducetheamountof
computationinvolvedintheelasticanalysisofgrillages[27,28,29,30].In
references[27]and[28]certainmatrixtransformationswereusedtouncouplethe
deflectionequationsthusconsiderablysimplifyingthecomputation.Inreference
[29]thestabilityproblemandcriticalloadsofrectangulargrillageswhoseedges
areelasticallyrestrainedagainstrotationhavebeentreated.Amethodfor
treatingsomeinelasticeffectsisalsopresentedwhichisbasedona plasticity
reductionfactorincorporatedonlyinthex-directionaccordingtoFaulkner[31].
Plotsofselectedcoefficientsaregiventoallowtheuseofthemethodinmanual
analysis.Inreference[30]explicitformulasandtablesarepresentedfortheedge
momentsandinteractionforceswhichallowforanalyzingthebeamelem~ntsofa
grillageunderlateralloadonlyusingsimplebeamtheory.

Faulknerinreference[31]usedthediscretebeamequationstodeterminethe
bucklingstressesforbiaxiallycompressedgrillageshavingoppositeboundaries
equallyelasticallyconstrainedagainstrotation.Heextendedthesolutiontothe
moregeneralcasewheretheoppositeedgesareunequallyrestrainedthrough
certainapproximations.Thereferencealsoincludesa discussionoftheinelastic
effectsinflatyieldmaterialanda suggestedtreatmentforstrainhardening.In
references[32]and[33]approximateformulationsforthecompressivestrength
ofweldedgrillagesispresentedwithemphasisgiventotheeffectofresidual
weldingstressesonstrength.Bothuniaxialandbiaxialcompressionareconsidered.

Kondo[34]andRutledgeandOstapenko[35]presenteda grillageanalysisin
whichthetransversestiffenerswereassumedtobeinfinitelyrigid.Theportion
betweentwoadjacenttransversesisthenanalyzedaslongitudinallystiffenedpanels.
Theultimatestrengthwasthencomputedforsuchpanelsunderlateralanduniaxial
loads.Inreference[36]ParsanejadandOstapenkoextendedthistypeofanalysis
andthetransversestiffenerseachwithanassumedeffectiveplateportionare
treatedaccordingtosmalldeflectionelastic-plasticbeamtheory.Thelongitudi-
nallystiffenedpanelistreatedasa seriesofbeam-columnseachconsistingofa
plateofwidthequaltothespacingofthelongitudinalstiffenersandthelongi-
tudinalstiffeneritself.Eachlongitudinalbeamisthenassumedtoactasifit
werea partoflongitudinallystiffenedpanelwithaninfinitenumberofidentical
stiffeners.Theeffectofresidualstressesisincludedassumingthattheir .
distributiondoesnotvaryalongthelength.Stressesproducedby
bendingoftheplatebetweenstiffenersareconsideredtohavea negligibleeffect
ontheinplaneplatebehaviorandtheaveragestressintheplate(smallb/h)
remainsconstantinthepost-bucklingrangeandequaltothebucklingstress.
Theplatecomponentsofthestiffenersaresoproportionedthattheultimate
strengthofthegrillageisreachedbeforelocalbucklingtakesplace,The
ultimatecapacityisdeterminedbyincrementingtheloadsusinga computerprogram
tosolvetheresultingnon-linearsimultaneousequations.Comparisonofthemethod
withsomeavailabletestresultsispresentedinthereport.Thelimitations
imposedbysomeofthemanyassumptionsmadeintheseanalysescanberestricting
particularlyinthepost-bucklingrange.
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D. FiniteElementMethod

Herethegross-panelbehaviorissimulatedbyapproximatingitwiththatof
amodelcomposedofelementsinwhichthedisplacementfieldisrestrictedto
preselecteddisplacementpatternsor“shapefunctions”.Thegeneraldeformation
ofthemodelisthenspecifiedbythemagnitudesofthegeneralizedcoordinates
associatedwiththeshapefunction.Thegeneraldeformationcanbedeterminedby
theenergymethodorGalerkinmethod,andistheninterpretedasanapproximation
tothegeneraldeformationofthegrosspanel.Thedegreeofapproximation
involvedinthistypeofanalysistorepresenttheconditionsinthegrosspanel
dependsprimarilyonthesetofshapefunctionsselectedandthecompatibility
conditionsimposedalongtheboundariesoftheelements.Italsodependsonthe
accuracyofthenumericalcomputation.

Applicationoftheprincipleofminimumpotentialenergytotheapproximating
structureresultsina reductionoftheproblemtooneofsolvinga setof
simultaneousequationsrelatingnodalforcesanddisplacements.Thegeneral
equilibriumequationfortheapproximatingstructurecanbeexpressedintheform:

[Kf]{A}+ A[Kg]{A}= {P} (8)

where{A}and{P}arethedisplacementsandappliedloadsatthenodes.[Kf]is
theconventionalflexurestiffnessmatrix,[K] isthegeometricstiffnessmatrix

?whichissolelydependentongeometricparameersandintroducestheparameterswhich
modelthestabilityproblem. Letting{P]= O and l[Kf]+ A[K9]I= O,onecan
determinetheeigenvaluesA andtheassociatedbucklingmodes{A}.Usuallya
greatnumberofdegreesoffreedomwillbeinvolvedintheeigenvalueproblem,
thereforecarefulconsiderationmustbegiventothemethodofsolution.If
geometricnon-linearitiesarepresent(e.g.,largedeflections)higherorderterms
ofthederivativesofthedisplacementsareconsideredinformulatingthestiffness
matrices.Theincrementalmodelcanbeusedwhichisbaseduponthetreatmentof
theloadingasa sequenceofstepswithlinearizationoftheanalysiswithineach
step.Intheplasticrange,eithertheincrementaltheoryorthetotalstrain
theor,yofplasticitycanbeappliedtoobtainthestiffnessmatrices.Generally,
thevonMisesyieldcriterionisupheldandmaintained.Also,iterativeandstep-
by-stepproceduresforsolutionofthecompletesystemisrequired.

Inrepresentingthegrosspanelbythefiniteelementtechnique,twodiscretized
modelscanbegenerated.Thegrosspanelcanbeeitherrepresentedby(1)bending
andstretchingplateelementstogetherwithbeamelementsmodelingthestiffeners,
or(2)orthotropicplateelementswhichreflectthedifferenceingrosspanel
propertiesintheperpendiculardirections.Ingeneral,thefiniteelementmethod
iswellestablishedforpredictingthebehaviorofthegrosspanelinthelinear
elasticrangeandforthelinearstabilityanalysisfordeterminingthebuckling
loadsandthecorrespondingmodeshapes.Itis,however,lessdevelopedforthe
plastic-bucklinganalysisandthedeterminationofthecollapseloadsandlocal
instability.

Itisnottheintentiontogivea completesurveyofthedevelopmentand
applicationofthefiniteelementmethodinthisreportasthenumberofpublications
inthisareaisenormous.Anexcellentsourceforsuchdevelopmentsurveyis
presentedinreference[37].However,a fewpaperswhichhavedirectrelevance
tothisworkwillbebrieflydiscussed.
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Probablythefirstpaperinthenavalarchitecturefieldinwhichthefinite
elementanalysisisusedinshipstructureisduetoPaulling[38].Sincethen,
thenumberofpublicationshasbeenincreasingveryrapidlyandclassification
societies(e.g.,ABS[39])useforsucha techniquehasbeenalsogrowingsteadily.

Recently,thetreatmentofinstabilityandnon-linearproblems(geometricand
materialnon-linearities)hasdrawnconsiderableinterest[40,41,42,43].In
reference[40]KavlieandCloughdevelopeda programfortheanalysisofstiffened
platesundercombinedinplaneandlateralloads.A computerprogramlistingis
givenanda fewexamplesofbendingandbucklingofstiffenedplatesarepresented.
Inreference[41]a finiteelementmethodfortheplasticbucklingofunstiffened
platesispresented.Terazawa,etal.,advanceda finiteelementmethod[42]for
theelastic-plasticbucklingofplateswithstiffeners.Thematerialisassumed
tobeelastic-perfectlyplasticandthemomentcurvaturerelationshipisobtained
intheplasticregionusingtheincrementaltheoryandthetotalstraintheoryof
plasticity.*Inreference[43]anefficientcomputationalprocedureforthefinite
elementelastic-plasticanalysiswasdeveloped.Themodelisbasedonseparating
theelasticpartsofthestructureandeliminatingitfromthenon-linearsolution
process,thusreducingthecomputationtime.Additionalrecentadvancesinthe
useoffiniteelementmethodsforpredictingtheultimatecollapsebehavioris
giveninreferences[44]and[45].

E. Beam-ColumnAnalysis

Inthismethoda single“beam”ofthegrosspanelconsistingofa single
stiffenerandtheeffectivebreadthofplatingisanalyzed.Thebeamisconsidered
tobesubjectedtolaterallineloadandaxialload.Thetorsionalrigidityof
thegrosspanel,thePoisson’sratioeffectandtheeffectoftheintersecting
beamsareallneglectedinthistypeofanalysis.Thelattereffectis,sometimes,
incorporatedintheanalysisbylocatingspringsattheintersectionpoints.This
methodofanalysisispopularamongdesignersbecauseitisrelativelysimpleand
lesstimeconsuming.Thedegreeofaccuracy,however,becomescritical
particularlyinthepresenceofbiaxialloadingconditionsandwhentheplate
stiffnessisrelativelylargecomparedtothestiffener’srigidity.

A bibliographywhichemanatedfromtheevaluation,classification,and
examinationofmethodsofgrosspanelanalysesisgiveninAppendixI. The
bibliographyisclassified,moreorless,inamannersimilartothemethods
discussedwithadditional“general”and“experiments”sections.Anotherbibli-
ographyfortheultimateloadofboxstructuresandprimaryandsecondarystructures

J hasbeencompiledandevaluatedbyStavovy[46].

Uponthecompletionofthedetailedevaluationandclassificationofthe
. methodofgrosspanelanalysisitwasapparentthatnosinglemethodora general

theoryexiststhatisalwayssuperiorforallgrosspanelsofdifferentproportions
(plateandstiffeners),loadingconditions,extentofdeformation(large,small),
andwhichcanpredictexactlythelowestfailuremodeunderawidevarietyofload
combinations.Thisimmediatelypointedtowardsthesignificanceofthebroadly
basedmethodofevaluationanditsimportanceinthefinalrecommendations.

*Themomentcurvaturerelationsinreference[42]werebasedontherelations
betweenstressincrementsandstrainincrementsasfurnishedbytheincremental
theoryofplasticity,andalso,onthestress-strainrelationsasgivenbythe
totalstraintheoryofplasticityforcomparison.

..— ..— —+ —“ .—
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., 3. COMPARISONSAND CORRELATIONS

A. ComparisonsBetweentheDifferentMethodsofGrossPanelAnalysis

SeveralmethodsamongthoseevaluatedinSection2 ofthisreportwereapplied
tothesamegrosspanelconfigurationandloadingconditioninordertoassesstheir
resultscomparatively.A generalloadingwhichconsistsofbiaxialcompressive
inplaneloadsinthex-andy-directionsandlateralpressureisconsideredto
actonthestiffenedpanel.Duetothelimitationofthetwofiniteelement
programsused(STRUDLandSOLIDSAP),onlythebehaviorinthelinearrange(pre-
buckling)wasexamined.Thenon-linearbehaviorofthepanelcanbepredicted,
however,fromthechartspresentedin[14]. Additionalcomparisonsusingplastic
limitanalysisaregiveninsub-sectionB.

Themethodsusedtopredictthebehaviorofthepanelunderthedescribed
loadsare:

(1)OrthotropicPlateAnalysis.Twotypesofanalyseswere
conducted.

(a) FirstOrderAnalysis*

(b)SecondOrderAnalysis**

(2)FiniteElementAnalysisusingICES-STRUDL11[47]program
(IntegratedCivilEngineeringSystem--StructuralDesignLanguage)

(3)FiniteElementAnalysisusing“SOLIDSAP”[48]program.Two
typesofanalyseswereconducted.

(a)Thegrosspaneldiscretizedusingbeamelements
tosimulatestiffenersandplateelementsto
simulatetheplatebehavior.

(b)Thegrosspanel
plateelements.

(4)Grillageanalysisof

(5)Beam-columnanalysis

discretizedusingorthotropic

a systemofdiscreteintersectingbeams.

usingbeamtheory.

ThegrosspanelconsideredisshowninFigure1withdimensionsandnumberof
stiffenersindicated.Thepanelissimplysupportedatthetwolongedgesand
fixedattheotheredges.Thestiffener’sdimensionsandpropertiesareshownin
Figures2 and3 forthelongandshortstiffeners’respectively.Thematerialis
assumedtobesteelwithE = 3OX1O6p.s.i.andv = 0.3.Theeffectivebreadth
ofplating,theneutralaxes,momentsofinertia,sectionmoduli,etc.,were
computedforthestiffenersineachdirectionandusedindeterminingtherigidity
coefficientsfortheorthotropicplateanalysesandthegrillageanalysis.

Fortheorthotropicplateanalyses,thedesignchartspresentedinreference
[14]wereused.Severalparametershadtobecomputedforapproximatingthe

*Theinplaneandbendingloadsareassumedtobedecoupled.
**Theeffectoftheinplaneloadsondeflectionandbendingstressisincluded.

.—
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stiffenedplatebyanequivalent*orthotropicplate.Allnomenclatureusedhere
torepresentthecoefficientsofthestiffenedplateandtheequivalentorthotropic
platearethesameasin[14](seealsothelistofnomenclature)”A su~aryof
thecomputationalresultsaregiveninthefollowing.(Seereference[14]).

E Ix
Dx=-—’ 30X106X7.g70= ~ 789x7~7 lb-in

SY(l-V2)12(1-0.32) “

4.44hx=~= 0.37 in

E ly
D= 30X106X20.815
J’ SX(l-V2)= 16(1-0.32)

h .&&!.o.37 in
Y 16

(9)

(lo)

=4.287X107lb-in (11)

Thethicknessoftheequivalentorthotropicplateis:
hx+hy =037 inh=2 .

2hxhy
ii’ hx+ hy =0.37 in

Thenon-dimensionalgeometryparametersare:

/~ “ my-
Y = (1+.)— - _

‘P i

=,3~- 03~~=1627. 0.25 - “ 0.37 -

(12)

(13)

(14)

(15)

-,,
(16) ,,

(17)

(18)

*Equivalencebetweentheorthotropicandthestl~fenedplatecanImplyequalstrain
energyorequalri,gidi.ty.Seeref.III-5ofthebibliography.

.—. . ——. .——. . . ..— —
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Thenon-dimensionalloadparametersare:

Q* = lateralload= 1

NX* . inplanecompressiveloadinthex-direction= 0.2
NY*= inplanecompressiveloadinthey-direction= 0.4

Thecorrespondingdimensions”

~4Dyh
~ = Q*— = 1.94B4

~

loadsareasfollows:

p.s.i.

#DxTX= Nx*m. 4,689.4poundsperinch
L
2D

Wy. ~y*~2 . 5,996.4poundsperinchB2

(19)

(20)

(21)

Thechartsin[14]wereenteredusingtheabovecomputedparametersandthe
bendingstress,membranestress,etc.,weredeterminedbyinterpolationandare
showninTable1.

ICESSTRUDLII[47]wasusednexttodeterminethestressesinthegrosspanel
underthesameloadingcondition.Onlyonequarterofthegrosspanelwas
discretizedwithsymmetryconditionsappliedattheappropriatelocations.For
thelateralloadanalysisthegrosspanelwasconsideredassuperpositionofa
plateinbendingplusa planegridmadebythestiffener.Rectangularbending
elementswereusedofthetypedefinedinSTRUDLasBPR[47]“&nding~late
Rectangle”.Thestiffenersweremodeledasbeamelementsofprismaticcrosssections
underbendingandtorsion.Duetothepresenceoftheinplaneloadsthe“stretching”
degreesoffreedom,i.e.,planestressandtrussactionwerealsoincorporated.
Figure4 showsthefiniteelementmeshused,thesyrmnetryconditionsandthe
boundaryconditions.Table1showsthecomputedstresses.

Additionalcomputationwasmadeusingthefiniteelementprogram“SOLIDSAP”.
Twokindsofdiscretizedmodelswereused.First,beamandplateelementswere ,
assembledtomodelthegrosspanelina similarmannerasusedintheICESSTRUDL
program.Thenorthotropicplateelementswereusedtomodelthegrosspanel.The
propertiesoftheorthotropicplateelementsarethesameasobtainedfortheuse
withthedesigncharts[14].

Thegrosspanelwasmodelednextasa grillageora systemofdiscreteinter-
sectingbeams.Eachbeamconsistsofthestiffenerplustheeffectivebreadthof
platingasdescribedearlier.Additionalresultsbasedonsimplebeam-column
analysiswereobtainedandbothresultsareshowninTable1.



v .,

OrthotropicPlate
Analysis

FiniteElement
SOLIDSAP

FiniteElement
ICESSTRUDL

GrillageAnalysis

SimpleBeamTheory

TABLE1- COMPARISONSOFMETHODSOFGROSSPANELANALYSES

Istorder

2ndorder

Beamand
PlateElements

Orthotropic
Plateelements

Membrane
Stress
(p.s,i.)

16,150

16,150

16,292

16,180

16,155

16,152

16,152

Bending
Moment

(lb-in/in)

2,335

2,420

3,256

2,200

3,267

3,117

4,569

Bending
Stress
(p,s,i.)

7,170

7,435

9,993

6,753

10,031

9,569

14,032

Total*
Stress
(p.s,i,)

23,320

23,585

26,285

22,933

26,186

25,721

30,184

Percentage
Difference**

-11%

-lo%

+0.4%

-12%

--

+2%

+J5%

*Stressesindicatedinthetableareatx = O,y = B/z(Figure1).

**PercentagedifferenceistakenwithrespecttoICESSTRUDLresults.
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Thepercentagedifferenceinthetotalstress(membraneplusbending)ofthe
differentmethodsofanalysistakenwithrespecttoICESSTRUDLresultsisshown
inthelastcolumnofTable1. Asexpected,thesimplebeamresultsarethemost
conservativewitha differenceofabout15%aboveSTRUDLresults.Thefirstand
secondorderorthotropicplateanalyses,usingchartspresented:in[14]gaveclose
resultstotheSOLIDSAPfiniteelementanalysis,usingorthotropicplateelements.
Thedifferencebetweentheseresultsisoftheorderof2%. Thegrillageanalysis
gavecloseresultstothefiniteelementcalculations(2%difference).Thesame
computerprogramwasusedforbothcalculationsandthedifferenceisonlyinthe
mannerofrepresentingthegrosspanel.In general,thedifferencebetweenthe
resultsofthedifferentmethodsofanalysesiswithintheengineeringlimitsof
accuracy.

Therangesoverwhichthemethodsofgrosspanelanalysiscanbeusedare
categorizedasfollows:

(1)Linearelasticbehavior(firstordertheory):Inthisrangethelimita-
tionincludessmalldeflectionrelativetotheplatethicknessandtherequirement
thatthestressesremainwithinthelinearelasticrange,i.e.,Hookes’sLaw
applies.In addition,theeffectofsheardeformationisneglected,i.e.,
Kirchhoff’sassumptionisupheld.Thefirstoftheselimitationsissatisfied
whentheratioofthemaximumdeflectiontotheplatethickness“h”islessthan
0.50.Thelastconditionissatisfiedwhentheplatethicknessissmallrelative
totheotherdimensions“a”and“b”oftheplate(a,b/h>40).Finally,thedirect
stressinthedirectionperpendiculartotheplaneoftheplateisconsidered
negligiblesothattheproblemmaybetreatedasa two-dimensionalinsteadofa
three-dimensionalprobleminelasticity.Thisassumptionisagainsatisfiedwhen
platethicknessissmallrelativetotheotherdimensionsoftheplate.The
bendingandmembranestressesareconsideredtobeuncoupledifinplanetensile
orcompressiveloadsarepresent,inadditiontothelateralload.

(2)Elasticbuckling(secondorderlinearizedanalysis):Theeffectofthe
externalinplaneloadsontheequilibriumequationsisconsideredinthistypeof
analysis,thuscouplingthemembraneandbendingstresses.Thedeflection,-however,
isstillassumedtobesmallrelativetotheplatethickness(w/h<O.5]iAllother
limitationsstatedunder(1)abovearestillupheld.In the abseliceof lateral
loads,thesolutionoftheresultinglinearizeddifferentialequationprovidesa
setofhomogeneouslinearalgebraicequations.Fora non-trivialsolution,the
determinantmustequaltozero(bucklingcriterion).Thisgivesa solutionin
theformofdiscretevalues(eigenvalues)fromwhichthebucklingloadsare
determined.Thesmallestofthesegivesthecriticalbucklingload.

In thepresenceoflateralloads,thecriteriafordeterminingthebuckling
loadsisobtainedbysettingtheresultingdeflectionsolutionequaltoinfinity,
i.e.,bysettingthedenominatoroftheequationequaltozero.*A similar
procedureisusedwhentheeffectofinitialdeflectionoftheplateisincluded
inproblemformulation.

Theenergymethod(insteadofthedirectsolutionofthelinearizeddiffer-
entialequation)maybealsousedfordeterminingthebucklingloads.An
expressionforthetotalstrainenergycanbeformulatedandequatedtothework
donebytheexternalloads.Minimizingtheresultingequationwithrespectto
*Theresultingcriticalloadinthiscaseisthesameasthatdeterminedwhenthe
lateralloadisnotpresent.
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theunknowncoefficientsintheassumeddeflection
geneousalgebraicequations.Fromtheseequations

surfaceprovidea setofhomo-
thebucklinqloadsare

determined-bysettingthedeterminantequaltozero.

InSection4 ofthisreportsomecollectedandsomedevelopedformulations
ofthebucklingloadsundera varietyofloadingcombinationsandstiffenersand
platepropertiesarepresentedandfurtherdiscussed.Interactioncurveshave
beendevelopedwhichgivethecriticalcombinationofthebiaxialloadsfor
variousaspectratioofthegrosspanelandvariousratiosofstiffener’sflexural
rigiditytotheplateflexuralrigidity.

(3) Inelastic bucklinyOneofthelimitationsinitem2 above(elastic
buckling)isthatthestressesmustremainwithinthelinearelasticrange.This
isthecaseforslenderplatesandgrillages,i.e.,aslongastheslenderness
ratiob/hisabovea certainlimitwhichdependsonthematerialproperties.For
structuralsteelofE = 30x 106p.s.i.,v = 0.3,yieldstressofabout34000p.s.i.and
proportionallimitof30000p.s,i.,thislimitingvalueofb/hisabout60iftheplate
issimplysupportedandcompressedinonedirectiononly.Forb/hlowerthanthis
valueexperimentshaveshownthattheyieldstressbecomesa limitingvalue.

Underbiaxialcompression,thelimitingvalueofb/hdependsontheratioof
thex-andy-compressiveloads.Fora structuralsteelofthesamepropertiesused
aboveandfora simplysupportedsquareplatesubjectedtobiaxialcompressive
stressinonedirectionequaltothreetimesthecompressivestressintheother
direction,thelimitingvalueofb/hisabout64.

BeyondtheproportionallimitofthematerialthemodulusofelasticityE
ceasestobeconstant.Intherangebetweentheproportionallimitandtheyie”
stressitisusualtouseinthemathematicalformulationoftheproblemthe
tangentmodulusEt= ~ insteadoftheelasticmodulusE. Thisisdoneata se”
numberofstresspointsbetweentheproportionallimitandtheyieldstressand
corres~ondinatanaentmodulusisdeterminedfromthestress-strainrelationof

d

ected
the

thematerial:Ba;edonthesevaluesofo andEtthecorrespondingvaluesofb/h
aredeterminedandplottedversusthecriticalstress.

Ifthecompressiontestdiagramforthestress-strainrelationisnotavailable,
ananalyticexpressionrepresentingitmaybeutilized.Theformulaforthetangent
moduluscanbethenobtainedbydifferentiation.Ifthematerialhasa welldefined
yieldpointsuchasstructuralsteel,thefollowingexpressionforthetangent
modulusmaybeused:

ThisexpressiongivesEt=Oata =o andEt= E=elasticmodulus
“k”isa parameterwhichdependsonthema!~rialproperties.Thevaluek
correspondstoHooke’sLaw,i.e.,o = E c. Thevalueofkforstructural
betakenbetween0.96to0.99.

(22)

fo;o’ = o.=
steelmay
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(4)Non-1inearanalysisincludinglargedeflectionandpost-bucklingbehavior:
In thepreviouscategories,theeffectofthedeflection(oritsderivatives)on
thestraincomponentsofthemiddleplaneoftheplatewasignored.Thisis
validaslongasthedeflectionremainssmallandthemiddleplaneoftheplate
remainsunstretched.Whenthedeflectionbecomeslargecomparedtoplatethickness
(asisthecasewhentheplatebuckles),theeffectofthedeflectiononthe
straincomponentsmustbeincluded.Thesestrain-displacementrelationscanbe
thencombinedwiththestress-strainrelationsandwiththeuseofAiry’sstress
function,a fourthorderpartialdifferentialequationrepresentingthecompati-
bilityofdisplacementscanbeobtained,the“compatibility”equation. The
equilibriumindirectionperpendiculartotheplaneoftheplateprovidesthe
secondfourthorderpartialdifferentialequation;the“equilibrium”equation.
Thesetwocoupledequationscanbethensolvedforthedeflectionandthestress
function.Themembraneandbendingstressescanbedeterminedfromthestress
functionanddeflection,respectively.

pane

fail

Thisanalysishasbeenusedtodevelopdesignchartsforgrossstiffened
sundercombinedbiaxialinplaneloadsandlateralloads[14].

5) Failureanalysis.(non-linear):Thematerialnon-linearitiesinthe
reranaeofthemoss~anelmustbeconsidered.Twodistincttypesof

approximate-analysis~aybe’used.Ifthelateralloadactingonthe-grosspanel
iscombinedwithsmallcompressivebiaxialloads,limitanalysismaybeusedto
estimatetheulti=strengthofthepanel.Ontheotherhand,ifthecompressive
biaxialloadsaredominantthenseveralmodesoffailurearepossible.Thelowest
ofthesemodesde~endswimarilvontherelativeflexuralri~idityoftheplate
tothat of thest~ffene~sandtkest”
includefailureofplatesbetweenst”
underpurebuckling,torsional-buckl
failureofthegrillageasawhole.
laterinthissection.

B. ComparisonwithExperiments

ffeners’torsionalrigid;ty.‘Thefailuremodes
ffeners,failureoflongitudinalstiffeners
ng(tripping)oflongitudinalstiffeners,or
Thesefailuremodesarediscussedindetail

Comparisonsbetweenexperimentalmeasurementsandanalyticalresultswere
considerednext.Unfortunately,thescarcityoftheexperimentaldataonstiffened
panelsunderbiaxialcompressiveloadsandlateralpressurelimitedthescopeof
thecomparison.ShipStructureCommitteeReportSSC-223[49]providedsomeinfor-
mationinthisregard.Reference[50]providedalsosomegoodadditionalexperi-
mentaldata.Thisreference,however,givesexperimentalresultsofa seriesof
testsonfull-scaleweldedsteelgrillagesunderuniaxialcompressiveloads
combinedinsomecaseswithlateralpressure.A recentexperimentalstudy,not
yetpublishedonstiffenedpanelsunderbiaxialloadsisbeingcarriedoutinthe
CivilEngineeringDepartmentattheImperialCollege,London.A recentDetnorske
Veritasreport[9]andotherrecentcorrespondence[51,52]indicatedalsothe
scarcityofexperimentalresultsonstiffenedpanelsunderbiaxialcompressive
inplaneloadsandlateralpressure.

Mostoftheexperimentalworkonstiffenedpanelsiscarriedtotheultimate
strengthofthepanel.Forthepurposeofcomparisons,severalanalyticalmethods
forpredictionoftheultimatestrengthofshipgrillageswereexamined[14,24,25,

...— —.,.- ..—
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26,31,34,36,42].Inparticular,plasticlimitanalysisofgrill’ageswasgiven
considerableattention.Theplatingwasconsideredaseffectiveflangetothe
stiffeners,i.e.,grillagerepresentation.Theusualassumptionofneglectingthe
influenceoftheshearforceontheformationoftheplastichingeswasmade[24].
Thetorsionalrigidityofthestiffenersoftypicalshipgrosspanelisusually
smallanditseffectonthisparticularmodeoffailureofthegrosspanelasa
wholeisalsosmall.*Anupperboundofthecollapseloadcanbethenesta~hed
bychoosingaone-parameterdeformationpatternandequatingtherateofinternal
energydissipationtotherateofexternalwork.Thecorrectcollapsemechanism
istheonewhichgivesthelowestupperbound.Thistypeoflimitanalysiscan.be
employediftheinplanecompressiveforcesarerelativelysmallandthecollapse
isprimarilyduetolargelateralpressure.In thiscasetheinplaneloadstend
toreducethemagnitudeoftheplasticmoment,butnoinstability(buckling)is
assumedtotake.place.Aninteractionrelationshipofbendingandinplaneloads
canbeusedtodeterminetheeffectoftheinplaneforceontheplasticmodulus,
asgivenlaterinthissection.

Simplifiedplasticlimitanalysisbasedontheaboveassumptionswasdevelopedin
thisstudyonthebasesoftheworkpresentedinrefs.[12,19,24,25,26]forthecase
whenthelateralloadiscombinedwithsmallbiaxialinplaneloads.Theresulting
governingequationsfortheultimatelateralpressureare:

Pultimate= !S$lll

wherePcisgivenby: (1)Forfixedendtransversestiffeners,

Pc = 8(m’+1)2(Mte+Mtc)+ (m’+1)~c” m,= even
m’(m’+2)L2 L

or

Pc = 8(Mte+Mtc)+ (m’+1)~c ml=odd
L2 L

(2)Forsimplysupportedtransversestiffeners,

Pc = = Mtc+ w R ml
m’(m’+2)L2 c = even

or

8MtcPc=— +~Rc ml.oddL2 L

(23)

(24)

(25)

(26)

(27) ‘

*Thestiffenersmaytrigger,however,theothermodesoffailuresuchastripping,
orlocalbucklingwhichmayleadtofailure.

— ..- —-



Thevaluesoftheinteract”
stiffeners“Rc”aregivenby:
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onforcesbetweenthelongitudinalandtransverse

(1)Forfixedendlongitudinalstiffeners,

~ =8(n’+l)(Mle+Mlc)n,= even-L n’(n’+2)B

or

~ =8(Ml~+Ml~)
c (n’+1)B

(2)Forsimplysupportedlongitudinal

or

where,

Pultimate=

Rc =

Mte =

Mtc =

Mle =

M,c =
B.

L =

mr =

nt =

Whenonlylateral

R =8(:’+1)~lcc n (n’+2)B

~ = 8M1C
c (n’+1)B

n’= odd

ultimateuniformpressure

interactionforcesbetweenlong
stiffeners

plasticmomentoftransversest

tud”nalandtransverse

ffeneratends

stiffeners,

n’= even

n‘ = odd

(28)

(29)

plasticmomentoftransversestiffeneratcenter

plasticmomentoflongitudinalstiffeneratends

plasticmomentoflongitudinalstiffeneratcenter

lengthoflongitudinalstiffeners

lengthoftransversestiffener

numberoflongitudinalstiffeners

numberoftransversestiffeners

pressureispresentthenMle=MlcandMte=Mtcandone

(30)

(31)

mayreplaceMle+ MICandMte+M ~ with2M1and2Mt,respectively,intheabove
formulas. iMlandMtaretheplaslCmomentsforthelongitudinalandtransverse
stiffeners,respectlvelym

—
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Forthecaseofa stiffenerwithaweb-sectionareaAwanda flangeareaAF
attachedtoa plateofareaApandsubjectedtolateralloadonly,theplastlc
momentisgivenby:

‘plastic= [SF+ $W+ SplUyp= SOyp (32)

inwhichSF,Sw,andS
Y
arethecontributionoftheflange,web,andplate,

respectively,tothepasticmodulusS,asdefinedby(32).SF,SW,andSPcan
bedeterminedintheusualmanneras,forexample,giveninreference[53].
Figure5 showstheformulasfordeterminingtheirvaluesasobtainedfrom[53].

WhenthesectionissubjectedLOcombin~dinplaneandlateralloadings,the
plasticmodulusS isreducedtoS-2m,wherem isthemomentabouttheequalarea
axis(E.A.A.)oftheareabetweentheequalareaaxisandtheplasticneutral
axis(P.N.A.). Thepositionofthelatteraxisisdefinedbygl,asgivenbythe
formulasshowninFigure6obtainedfromreference[53].

Whenboththeequalareaaxis
intheplate,themodifiedplastic
thefollowingsimpleforms:

.j,

s’

andtheplasticneutralaxislieinthewebor
modulusS’duetoaxialforcecanbereducedto

A2;2. s - (m.)
w

‘s-(#v2

(33)

(34)
‘s

Thefirstoftheseequationsisforthecasewhenbothaxeslieintheweband
thesecondforthecasewhentheylieintheplating.“R”isthesquashloadratio
definedasthemeanaxialstressovertheyieldstressand“s”and“tw”arethe
platebreadthandwebthickness,respectively.(SeeFigure6,)

Limitanalysisbecomescomplicatediftheinplaneforcescontributeappreciably
tothecollapsefailureofthegrillageparticularlyifarbitraryshapesof
stiffenercrosssectionsareconsidered.Forlargeinplaneforces,itisseenthat
thegrillagestabilityproblem(orlocalbuckling)willbecomemoreimportant,i.e.,
stabilityconditionsratherthanlimitanalysiswouldbegoverninginthiscase.

Thedevelopedproceduredescribedabovewasappliedtothreegrosspanels.
ThefirstoftheseisshowninFigure1. Itisidenticaltotheoneconsidered
inthepreviousbehavioranalysesusingseveralmethods.Thesecondandthird
grosspanelshavethesamedimensionsandstiffenercharacteristicsasgrillages
numberedlband4bofreference[50].Theexperimentalcollapseloadsforthese
grillagesare15p.s.i.lateralpressurewith12.1t.s.i.averageuniaxial
compressive,stressforgrillage“lb”;and8 p.s.i.lateralpressurewith13.5t.s.i.
averagecompressivestressforgrillage“4b”.Theresultsofthelimitanalysis
togetherwiththedimensionsofthethreegrosspanelsareshowninTable2. All
edgesaresimplysupportedforgrosspanels2and3. Othercomparisonsbetween
limitanalysisandexperimentswithoutthepresenceofinplaneloadsareavailable
intheliterature[25,26]andarefavorable.
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CASE(i) E!EE_ML
AP>AF+

tF

AW

A.

Ap<

AF

AF~ AM

tF

u EQUALAREA
AXIS

)_l--i

1

CASE(i) CASE(ii)

c1 (Ap- Al,- A~)/2Ap(Aii+AF-Ap)/2Aw

C2 C12- c1+ 1/2
v

9 c1‘P Cld

SF AF(d+ 9+ l/~tF) AF(d-g + } ‘tF)

% Aw(:d + g) AwdC2

Sp AptpC2 Ap(g+ } tp)

FIGURE5-MEMBERUNDERBENDINGMWENTONLY,REF.[53]
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FORMULASFORCALCULATINGPOSITIONOFTHEPLASTICNEUTRALAxIS.

FOR A MEMBERSUBJECTEDTOBENDINGANDANAXIALLOAD THE
DISTANCEOFTHEPLASTICNEUTRALAXISFROMTHEWEB-SIDEOFTHE
PLATINGISDEFINEDBYg~,WHICHCANBECALCIJLATEDFROMFORMULA
(1),(2)or(3) BELOW,WHICHEVERISAPPROPRIATE.INALLCASES
FORMULA(1)SHOULDBEEVALUATEDFIRST. /AF

/I /
‘w- -w

i- .—.
g~ ‘-—P.N.A.

v \ .I

IF FORMULA(1)GIVESA NEGATIVEVALUEFORg~,THEN
THEPLASTICNEUTRALAXISLIESINTHEPLATING,
ANDFORMULA(2)SHOULDBEUSED.

(2) gl=+ [~- AF-A/AE]

&
L

q
.— -

s

IFFORMULA(1)GIVESgl> d,THENTHEPLASTIC
NEUTRALAXISLIESINTHEFLANGE,ANDFORMULA(3)
SHOULDBEUSED.

A

ii= THESQUASHLOADRATIOWHICHISEQUALTOTHE
MEANAXIALSTRESSOVERTHEYIELDSTRJZSS.

NOTE: THEUPPERSIGNPRECEDINGAiiSHOULDBEUSEDWHENTHESTRESSDUETOTHE
AXIALLOADALONEISOFTHEsmm KIND(TENSILEOFCOmpreSSiVe)ASTHATINTHE
FLANGEDUETOTHEBENDINGMOMENT.THELOWERSIGN
APPLIESWHENTHESESTRESSESAREOFOPPOSITEKINDS.

d= ‘ 1N2
EXAMPLE:

ii= MOMiNTOF
SHADEDAREA
ABOUTE.A.A.

““8’GLZ-’A”’1N2

‘P
FIGURE6 - MEMBERUNDERBENDINGAND

AXIAL LOAD, REF. [53].

= 9 IN2
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TABLE2- LIMITANALYSISAPPLIEDTOTHREEGROSSPANELS

I
1

}

I

I

I

I

ConfigurationPlate LongitudinalBeams TransverseBeams
Number Thickness I pult(psi)

spacingD B2 tz tw spacingD B2 tz tw

L =“9611
1 0.25” 16“ 5“ 3“ 0.25”0.25” 12” 3.5”2.5”0.2.9’0.25”5.208x10-40
B = 168” YP

L= 126”
2 0.31” 24” 6“ 3“ 0.56”0.28” 48.” 10” 5“ 0.72”0.36”6.440x10-4Gyp

B =240”

L =126”
3 0,25” lo” 3“ 1“ 0.25”0.179” 48” 8“ 4“ o‘64”,329”3.366x10-4UYP

B =240”

Intheabovetable,L isthelengthoftrans.stiffeners,B isthelengthoflongt,stiffeners,D isthe

F.)
-4

depthofthestiffener,B2istheflangebreadth,t2istheflangethickness,twisthewebthicknessand

Uyptheyieldstress.
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Aswasmentionedearlier,iftheinplaneloadsaresufficientlysmalltocause
nolocaloroverallinstability,theultimatestrengthandthecollapsemechanism
canbedeterminedusingthesimplifiedproceduredevelopedabove.Alternatively,
iftheloadsactingonthegrosspaneldidnotincreaseproportionallyshakedown
analysisismoresuitable.In this caseiftheshakedownloadisexceeded,plastic
flowwillcontinueduringeachcycleofloadapplicationleadingeventuallyto
failureeitherby:(1)alternatingplasticity,or(2)incrementalcollapse.

If theinplaneloadsaredominantthenthestabilityandpost-buckling
behaviorbecomethegoverningconsiderationsratherthanthelimitanalysis.
Severalpossiblemodesoffailuremayarise[50]inthiscase.Theseare:

(1)Platefailurebetweenstiffeners:In thiscollapsemode,theultimate
strengthoftheplateisexceededbeforeextensiveyieldoccursinthestiffeners.
i.e.,theultimateloadforthestiffenedpanelis~eachedbeforestiffeners
failureoccur.Reliableestimatescanbemadeoftheultimatestrengthofiso-
tropic(unstiffened)platesunderuniaxialcompression.(Seeexpressionsinthe
nextsection.) Someinteractionrelationsbetweencompressionandlateralloads
arealsoavailable.

(2) Flexuralbucklingofstiffeners:Inthiscollapsemodefailureoccurs
bycolumn-likeflexuralbucklingofstiffenersandplatingbetweentransverseweb
frames.Becauseoftheinitialdeformationofthestiffenersandthedirection
ofthelateralload,bucklingoftenoccurstowardsthestiffeners.Butbuckling
mayalsooccurtowardstheunstiffenedsideoftheplateandinthiscase,flexural
bu~klingmaybecoupledwithsidewaytrippingofthestiffeners.

Twomechanismsleadingtotheflexuralbucklingofstiffeners
failurearepossible.Theplatebetweenstiffenersmayfirstbuck”
a reductioninthetotaleffectivenessofthestiffeners’rigidity
column-buckling.Thesecondmechanismpostulatesthatcolumn-buck”

modeof
e leadingto
andto
inqma.vfirst

occurwithfullyeffectiveplatingifthestiffenersareveryflexibl=.-

Whencolumn-bucklingispurelyflexuralthisfailuremodecanbeinvestigated
usinginelasticcolumnanalysisbasedon (a)numericalsolutionsusingbeam-column
elastic-plasticrelationsor(b)incrementalfiniteelementmethod.

(3)Trippingofstiffeners(Lateral-torsionalbuckling): Thismodeof
failureislikelytooccurinflexurallystifflongitudinalwhichhavelowlateral
torsionalrigidity.Itmaybecoupledwiththeflexuralmodeifbucklingoccurs
towardstheplating.

Someelasticanalysisexistsoftorsionalbucklingcoupledwithflexure,e.g.,
byF.Bleich[54],butnosatisfactorymethodseemstoexistforinelastic
trippingofstiffenersweldedtocontinuousplatingandforthepredictionofthe
inelasticcollapsestrength.

(4) Overallgrosspanelbuckling:Thiscollapsemodeinvo”
grosspanelbucklingoveritsentirelengthwithbendingofboth
longitudinalstiffeners.Twomechanismsleadingtothisfailure
(a)reducedplatingstiffnessduetobucklingbetweenstiffeners
stiffenerstripping.

vestheoverall
transverseand
modearepossible:
and(b)local
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Foruniformgrosspanelbucklingloadsandmodes)theentiregrosspanel
underuniaxialcompressioncanbeestimatedfromorthotropicplateformulas
[3,6,7,14,15].Thisanalysiswasfurtherdevelopedtoincludegrosspanel
bucklingunderbiaxialload.Designchartsweredevelopedshowingthecombination
ofcriticalloadsforvariousaspectratiosandrigiditiesofboththeplateand
stiffeners.Thesechartsarepresentedinthenextsectionofthereportwith
examplesshowingtheiruse.

In veryslendergrosspanelsforwhichtheelasticbucklingstressiswell
belowtheyieldpointa significantpost-bucklingreservemayexist.Theultimate
strengthinthiscasecanbeestimatedusingthevonK#rm#neffectivewidthtechnique.
Somecurvesareshowninreferencer14]whichgivetheeffectivewidthofthe
panelwhichcanbeusedinaniterativemannertoestimatetheultimatestrength
underthisfailuremode.

.—— .. ......... . . .. .. —
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4. RECOMMENDATIONSANDDISCUSSION

In thefirstpartofthissectionsomesuitableexpressionsforestimating
thebucklingloadsofgrosspanelsarerecommendedanddiscussed.Someinteraction
relationsbetweenthebiaxialcompressiveloadsaredevelopedandpresentedwith
examplesofapplicationsgiveninAppendixII. In thesecondpartofthesection
somerecommendationsaremadeformethodsofevaluatingthegrosspanelbehavior
andmethodsforestimatingitsultimatestrengthindicatingareasoflackof
reliableprocedures.A testprogramisdiscussedinthefinalsectionwithgoals
andobjectivesoutlined.

A. ExpressionsforEstimatingtheCriticalBucklingLoads
inGrossPanels

(1)ElasticBuckling

(a)platingbetweenstiffeners(isotropicplates):Forsimply
supportedplatesunderuniaxialcompression,thecriticalstress~xcrisgivenby
theusualexpression[54,55]:

where

D
Eh3

= 12(1-V2)

(35)

(36)

(37)

h istheplatethickness,b anda aretheplatebreadthandlengthbetweenstiffeners,
andm isthenumberofhalfwavesinwhichtheplatebuckles.Forotherboundary
conditions,thecoefficientk isgiveninmanybooksasforexample[54,55,56].

Forplatesunderbiaxialcompressionthecriticalbucklingcombination
oftheinplanestressesoxandOycanbedeterminedfrom[55]:

where

~xm2+oyn2a2=oe(m2 +n2a22~)g (38)

(39)

..:

D isgivenbyequation(37).

—. -. .,—-
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Equation(38)reducestoequations(35)and(36)wheno = Oand

n= 1,i.e.,uniaxialloadconditions. iValuesofm andn (numberof alfwaves
inwhichtheplatebucklesinthex-andy-directions,respectively)shouldbe
chosensuchthatthesmallestvaluesoxandOywillresult.Thefollowingin-
equalitiescanbeusedinthisregard.

(i)Ifaxlieswithinthefollowinglimits,thevalues
m= 1,n= 1shouldbeusedincalculatingthe
criticalvalueofu‘, Y

Oe(l - 4&I-x<qJ5+2#b2

(ii)IfthevalueofIS
ofinequality(401

islargerthantheupperlimit
andliesbetweenthefollowing

limits”thanthevaluesn= 1,m = i (wherei= 2,
3,4)mustbeusedindeterminingthecritical
valueofOy.

.20e(21- a22i+l+2~)<ux<ae(2i2 +2i+l+2—)b2 b2

(iii)Ifthevalueofa issmallerthanthelowerlimit
ofinequality(40~,thenthevaluesm = 1,n=i
(i= 2,3,---)mustbeusedindeterminingthe
criticalvalueofUyifthefollowinginequality
holds.

Oe[l- i2(i-1)2~]> ox> ~e[l- i2(i+l)2~]b4 b4

(40)

(41)

(42)

Asanexample,considerthecasewheretheplateaspectratio~= 0.3
andletthecompressivestressox= 0.2ae.Sinceoxissmallerthanthe
lowerboundofineaualitv(40).wemustusetheqeneralinequality(42)whichis
satisfiedbytakingi=‘

fromwhichthecritical

3.“Thusform = 1andn-=3,equation(38)”gives
a22a2 . ~e(l+9w)Dx+9ay_b2

compressivestressis,

~ycr = 3.8~e

(b)Flexuralbucklinqofstiffeners:
theflexuralbucklingofa simplysupportedstiffener
platingmaybeestimatedfromtheusualEulerformula
included[50,54,5556]:

..— —... - —_ —

Thecriticalstress“ucr”for
withaneffectivebreadthof
withsheardeformation
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~2EIUcr= —
Aa2

inwhichI is the effectivemomentofinertiaofthestiffenerwiththeattached
plating,a isthelengthofthelongitudinalstiffenerbetweenthetransverse
girders,A isthetotalcrosssectionareaandAsistheeffectivesheararea.
Forotherboundaryconditions,referencecanbemadeto[54,55,56].

(c)Lateral-torsionalbucklingofstiffeners(tripping):The
criticalstress~erCanbeapproximatelyestimatedfroma formulationdueto
Bleich[54]:

2ITE~cr‘
(a/re)2

(43)

(44)

wherea isthestiffenerlengthandreistheeffectiveradiusofgyration.The
effectiveradiusofgyrationfora varietyofstiffenershapesandforstiffeners
whichcanrotatewithorwithoutrestraintaroundtheenforcedaxisofrotation
(intersectionlinewiththeplate)canreobtainedfromcurvesandexpressions
giveninreference[54].Otherpossibleformulationssuchasdiscussedin[57]using
folded-plateanalysiscanbeusedtoestimatethetrippingcriticalload.

(d)Overallgrillagebuckling:Thisbucklingmodecanbeestimated
fromorthotropicplateanalysisifthenumberofstiffenersineachdirection
exceedsthree.*Forgrosspanelsunderuniaxialcompressionthecriticalbuckling
loadisgivenby[58]:

~T2KOxcr=
hxB2 (45)

wherek isgivenbydifferentexpressionsdependingontheboundaryconditions[58].

(i)Forsimplysupportedgrosspanels.

(ii) Forgrosspanelswithbothloadededgessimply
supportedandbothotheredgesfixed.

*Forgrosspanelswiththreestiffenersorless,thecriticalbucklingloads
canbedeterminedfromreferences[56]or[55].

(46) “~

(47)

—.—. —
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(iii) Forgrosspanelswithbothloadededgesfixed
andbothotheredgessimplysupported.

whered isa parameterthathastosatisfythe
transcendentalequation158]:

(48)

(49)

Thusfora givenvalueofp;6whichsatisfies
equation(49)mustbedeterminedandusedin
con.iunctionwithequations(48)and(45)to
det~rmine

Equations(45)and
materialpropertiesareused.
reference[6]and[59]canbe

thecrit{calbuckiingload:-

(46)reducetoequations(35)and(36)whenisotropic
Forgrosspanelsofotherboundaryconditions
usedtodeterminethefactork inequation(45).

Forsimplysupportedgrosspanelssubjectedtobiaxialedgecompression,
thecriticalcombinationoftheedgestressesa anda oftheoverallgrillage
bucklingwasdevelopedusingtheenergymethod~seeAp#endixII).Theresulting
criticalcombinationisgovernedbythefollowingequation:

Symbolsusedinequations(45)to(50)aredefinedasfollows:

r
4DY ; DxyP=*
~ ‘==

(50)

-. -—..—
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DxandDyaretheflexuralrigiditiesperunitwidth[14,50].

I)xytwistingrigidityperunitwidth114,50].

h~,h averagecrosssectionalareasperunitwidthofeffective
{plaingandstiffenersinthex-andy-directions,respectively.

Bgrosspanelbreadthinthey-direction.

L grosspanellengthinthex-direction.

nl,nnumberofhalfwavesinwhichthegrosspanelbucklesinthe
x-andy-directions,respectively.

FortheapproximateevaluationoftherigiditycoefficientsDx,Dyand
Dxyofanactualplate-stiffenercombinationreferenceshouldbemadeto[4,5,7,
10,14].

Equation(50)reducesto(38)whenisotropicmaterialpropertiesare
used.Inequation(50)thevaluesofm andn shouldbechosensuchthatthesmallest
valuesaxandOyresult.Forthispurposesomeinteractioncurveshavebeendevel-
oped[60]whichassistindeterminingvaluesofm andn tobeusedin(50)for
differentvaluesofp, TI ox and ~ . Figures7 to14showsuchinteractioncurves.~ oy*

Examplesofapplicationofequation(50)andtheinteractioncurvestoactualship
grillagesaregiveninAppendixII. Interpolationbetweenthecurvesshouldnotbe
performedbecauseofthenon-linearrelationshipbetweenthevariablesp, T-I,m,andn.
Insteadequation(50)shouldbeusedafterdeterminingthevaluesofm andn.

Thecriticalbucklingloadofgrosspanelscanbealsodeterminedon
thebasisofdiscretebeamsolution,i.e.,grillagerepresentation.Convenient
chartsforestimatingsuchloadsforelasticallysupportedgrosspanelsaregiven
inreference[29].

Itshouldbementionedthat,ingeneral,platebucklingcannotbe
observedinfull-scaleexperiments.Thetransitionfromthepre-bucklingintothe
post-bucklingrangeisusuallynotaccompaniedbya suddenincreaseindeflection
becauseofpresenceofinitialdeflectionsandplateimperfection.Forplatesunder
uniaxialinplaneandlateralloadsreference[3]giveschartsforthetotaldeflection
Wt,effectivewidthandplatebendingmomentincludinginitialdeflections.Figure
15isa sampleofthesechartstakenfromreference[3].Itshowsclearlythata
perfectlyflatplatewithnolateralloadappliedexhibitsatheoreticalbifurca-
tionpointofequilibrium.Italsoshowsthatthesuddenrateofincreaseofplate
deflectiondisappearswithincreasinginitialdeflectionandlateralload.These
initialdeflectionsneednotbeverylargetoobscurethebifurcationpoint.Figure
15showsalsothattheorderofmagnitudeofthefinaldeflection(inthepost-
bucklingrange)isalmostindependentoftheinitialdeflection.

—.— —.. .— — .
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(2) InelasticBuckling

AswasmentionedInSection3,iftheslendernessratiodecreasesbelow
acertainIi.mitingvaluewhichdepend$onthematerialproperties,yielding
mayoccurpriortobuckling.Experimentshaveshowningeneralthatplatesand
beamsmaybuckleatanyvalueoftheslendernessratioifthecompressivestresses ‘
reachtheyieldpointofthematerial.Betweentheproportionallimitandthe
yieldpointthetangentmodulusEtinsteadofEcanbeusedinmostofthepreceding
elasticbucklingformulations(equations35to44)forpredictingtheinelastic
bucklingloads.Thetangentmodulusistobedeterminedfroma compression-test
diagram.Intheabsenceofa compression-testdiagram,thefollowingexpression
maybeusedformaterialswithwell-definedyieldpointsuchasstructuralsteel:

Et= E.aYP-”c~
‘YP

(51)

AnotherformulationforthetangentmodulusisgivenbyBleich[54].
inwhichOypistheyieldstressanrdtheParameterc canbetaken0.96to0.99for
structuralsteel.lieproposedtheuseofaquadraticparabolaintheform:

Et=E (% -‘)~
(“YP- ‘P)‘P

(52)

whereOpistheproportionallimitofthematerial.Faulknersuggested[31],however,
thatupbetakenasthestructuralratherthanthematerialproportionallimit.

Formaterialsthatexhibitpronouncedstrain-hardening,Ramberg-Osgood’s
[61]threeparameterrelationmaybeused[31].Fromthisrelation,thetangent
nmdulusisgivenby:

Et=E 1 (53)
1+~nr (O/so)nr-1

whereOQisthebasestresswhenEs~ 0.7Eandnrisempiricalconstantderivedfrom
curvefitting.Reference[62]givestypicalvaluesofO.andnrfora varietyof
materials.

B. MethodsofEvaluatingtheGrossPanelBehaviorandits
UltimateStrength

(1)LinearandLinearizedElasticBehavior

Inthisrange,thedifferentexistingmethodsofexaminingthebehaviorof
grosspanelsseemtobereliableandadequate.Basedonthecomparisonsmadein
Section3,thedifferenceintheresultsofapplyingthevariousmethodsofanalysis

— —



(seeTable1)toa grosspanelsubjectedtobiaxialinplaneandlateralloadsfall
withinreasonablelimitsofengineeringaccuracy.Inparticularthefiniteelement
analysis[47,48],orthotropicplateanalysis[4,5,6,7,15]andgrillageanalysis
[47,48,27,29,30]aresuitable;eachsubjecttocertainlimitationsasdiscussed
inSections2and3. Thefiniteelementmethodprovidesaccurategeometricrepre-
sentationofthegrosspanelbutrequiresmoretimeandeffortthantheothertwo
methodsparticularlyifthelattermethodsarepresentedbydesignchartssuchas
givenin[4,5,6,7,29,30].

(2)Non-linearLargeDeflectionBehavior

Itiswellknownthatbucklingofshipgrosspanelsasawholemayoccur,
ins~eca5e5,atratherlowvaluesofinplanecompressiveloadswhiletheplating
betweenthestiffenerssustainadequate(larger)bucklingloads.Thiscondition
canbe,generally,foundindeckfieldsadjacenttohatchopeningsoftransversely
framedshipswithlengthsof350feetormore[67],andinbottomplating[70].It
hasbeenindicatedtheoreticallyandexperimentally[14,66,67]that,forslender
grosspanels,thebucklingloadofthegrosspanelasawholecanbeexceededby
a certainamountwithoutdangertothestructure.*

Althoughthetransitionfromthelineartothenon-linearlarge-deflection
behaviorisusuallycharacterizedbytheelasticbucklingloadsasgivenunder
“A”ofthissection,insomecases,however,thegeometricnon-linearitiesarise
duetotheactionoflargelateralpressureonthegrosspaneleventhoughthe
biaxialinplaneloadsmaybewellbelowtheircriticalvalue.Ineithercasethe
effectofdeflection(oritsderivatives)onthestrain-displacementrelations
mustbeconsideredintheanalysis.

Inthefiniteelementmethodthisrequirementledtotheformulationof
thegeometricstiffnessmatrixinadditiontotheusualaxial-flexurelinear
stiffnessmatrix.Theapproachestothesolutionofthenon-lineargoverning
equationscanbeachievedusingeithera directiterativemethod(e.g.,Newton-
Raphsonprocedure),oranincrementalmodelinwhichtheloadingistreatedasa
sequenceofsteps,withlinearizationoftheanalysiswithineachstep.Computer
programswhichhaveevolvedfromsuchconsiderationarediscussedin[42,63,64,
65].

Considerationsofpost-bucklingbehaviorandlargedeflectionscanbealso
evaluatedusingorthotropicplateanalysis.Somebehavioranalysisofplatesunder
combinedlateralpressureanduniaxialedgecompressionisgivenin[2].Design
chartsforstiffenedandunstiffenedplates,withandwithoutinitialdeformation,
subjectedtouniaxialinplaneloadandlateralpressurearepresentedin[3].For

*Somecomputationsinreference[67]showed,asanexample,fora deckgrosspanel
ofMarinertypevesselshavinga platethicknessof1.125inchesanda framespacing
of30inches,thecriticalbucklingloadofplatingbetweenthestiffenersisequal
totheyieldstresswhilethecriticalbucklingloadofthegrosspanelasawhole
withconsiderationsofelasticrestraintatthesidesisonlyabout8,200p,s.i.
Thelattervalueislowerthantheexpectedcompressiveloadresultingfromthe
maximumsaggingmoment.
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stiffenedandunstiffenedp“
loads,chartsarepresented
centerdeflection.bucklina

ates,subjectedtobiaxialedgecompressionandlateral
-inreference.[14]forcalculatingtheeffectivewidth,
loadsandbendingstressesinthe post-bucklingrange.

Examplesshowing~heappli~ationofsuchchartsarealsogiveninr141.Additional
analysisandexamplesofapplicationaregivenbySchultz-in[66].’-

Inexaminingthefiniteelementmethod,theorthotropicplateanalysis,
andthegrillageanalysisinthenon-linearlarge-deflectionrangeofgrosspanels
underbiaxialcompressionandlateralloads,itwashopedtoconcludethatoneor
theothermethodisconsistentlymorereliableandadequateinallsituations.
Unfortunately,nosuchstatementscanbemadewitha highdegree-ofcertaintysince
theamountofavailableevidenceisnotsubstantialenoughtosupportsucha state-
ment.EachmethodhasitsownlimitationasdiscussedinSection3ofthisreport.
Thefiniteelementmethodprovidesamoreaccurategeometricrepresentationofthe
grosspanel.Theeffortandtimeinvolvedintheapplication,however,ismuch
largerthantheothermethods.

(3) UltimateStrengthandFailureModes

Intheultimatestrengthanalysisitisdesirableandconvenientto
distinguishbetweentwocasesasdiscussedinSection3. Thedistinctionbetween
thetwocasesdependsontherelativemagnitudeanddominanceoftheinplaneloads.
Suchdistinctionisjustifiedsincethebasicconceptsandmethodsofapproachare
quitedifferentinthetwocasesasindicatedbelow.

(a)Smallinplaneloads:Iftheinplaneloadsaresmallcompared
totheircriticalv~their criticalvalues),thelimitand
shakedownanalysesprovideadequateapproachforestimatingthecollapselateral
loadandtheultimatestrengthofthegrosspanelssubjectto-thelimitations
discussedinSection3. Typicallyinthelimitanalysisofgrillagestheele-
mentarycollapsemechanismorthecombinationofelementarycollapsemechanisms
whichgivethesmallestultimateloadisthemechanisminwhichthepanelwill
collapse.Thisrequirestheconsiderationandevaluationofseveralcollapse
mechanisms.A simplifiedmethod,however,hasbeenextendedtoincludebiaxial
loadingconditionasdiscussedinSection3-B.Thegoverningequations(equation
23to34)presentedandappliedtothreegrillagesinthesamesectioncanbe
usedforestimatingthecollapseloadundertheseloadingconditions.

(b)Dominantinplaneloads:Iftheinplaneloadsarelarge,the
adequacyofexistingmethodsofpredictingtheultimatecollapseloaddependson
theparticularmodeoffailure.Someexperiencehasbeengainedincertainmodes
offailureand,correspondingly,someexpressionshaveevolved.Insomeother
modesoffailure,however,theprogresshasbeenslowandeithernowellestablished
reliableprocedureisavailable,orinsomecases,noclearmeasureofthe
relativereliabilitybetweentheavailableprocedurescanbeaffirmed.Ingeneral,
ifthecollapse.ofthegrosspanelunderbiaxialcompressionandlateralpressure
occursbycouplingofmorethanonemodeoffailure,itisfairtostatethatno
procedureisavailableatthepresenttimewitha firmevidenceofprovidingthe
correctsolutionunderallphysicalcircumstances.

Someoftheavailableexpressionsandproceduresfortheindividual
failuremodesarepresentedbelow.Recommendingtheseexpressionsandprocedures

— ,— . .—
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neithernecessarilymeansthattheycanbeappliedwithabsoluteconfidencenor
thattheyarereliableinallsituations.Itonlymeans’thattheyarethemost
suitableandpromisingexistingmethods.

(i) FailureofPlatingBetweenStiffeners

Thismodeofgrosspanelfailurebecomesparticularlyimportant
intransverselyframedships,especiallyindeckplatingsnearhatchopenings.
Providedthattheslendernessratiooftheplateislarge(seeSection2),it
iswellknownthatplates,unlikebeams,cancarryloadsbeyondthecritical
bucklingload.Theultimatecompressiveloadcanbedeterminedinthiscase
usingvonK~rm6n’sconceptwhichstatesthattheload-carryingcapacityofthe
plateisexhaustedwhentheedgestressapproachestheyieldpoint.Suchconsid-
erationsleadtothefollowingexpressionfora simplysupportedplatesubjected
touniaxialcompressiori[55].”

Pult 2choYP (54)

whereaypistheyieldstressofthematerial,“h”istheplatethicknessand“2c”
istheeffectivewidthofplating,giveninthiscaseby:

2C= mh
Fm .:p

(55)

Experimentsareinsatisfactoryagreementwithequation(54),(see
reference55).A betteragreementcanbeobtainedbyusinginequation(55),
insteadoftheconstantfactor-rrl~~= 1.9(forv = 0.3”afactorKvarying
withthenon-dimensionalparameterE ..E ~. Reference[55]givesthe

v‘YP b
experimentalvaluesofthefactorKwhichdecreaseswithincreasingvaluesofthis
parameter.

Forwideshipplatingsubjectedtouniaxialcompressiononly,,. analyticalvaluesoftheeffectivewidth“2c”canbeobtainedfromcurvespresented
in[67].Whenbiaxialloadingconditionexists,theeffectivewidthcanbedeter-
minedfromthechartspresentedin[14]amlcanbeusedinconjunctionwithequation
(54).

Ifthe
thatfailureof
equalto1 0 ,2 YP
Timoshenko[55]

edgesoftheplatearekeptstraightduringbucklingandassuming
theplateoccurswhenthemaximumshearstressreachesa value
thefollowingexpressionfortheultimateloadisgivenby

fora simplysupportedsquareplateunderuniaxialcompression:

‘crPult= 2ahOyp(0.434+0.566—)
5YP

(56)

-.
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wherea istheplatelengthand~cristhecriticalbucklingstress.Comparisons
betweenresultsofequations(54)and(56)togetherwithtestdataaregivenin
reference[55].Thestraight-edgeconditionseemstobemorerepresentativeof
platingbetweenstiffenersinshipgrosspanels.

Theeffectofthelateralpressureisunlikelytocausesignificant
lossintheplatingcompressivestrength,particularlyif,theultimatecompressive
loadsaremuchlargerthantheircriticalbucklingvalue.Chartspresentedin
[3]and[14]showclearlysuchtrends.Experimentaldataconfirmedthisconclu-
sion[50,68]. Chartspresentedin[14]showalsothata smallinplaneloadin
thetransversedirectionhaslittleeffectontheeffectivewidth,particularly
iftheinplaneloadinthelongitudinaldirectionismuchlargerthanthecritical
bucklingvalue.Reference[3]showstheeffectofinitialdeflectiononthe
effectivewidthforplatesunderlateralanduniaxialloads.Ingeneral,the
effectoftheinitialdeflectionistodecreasetheeffectivewidthbutsuch
effectsbecomelesspronouncedastheinplaneloadbecomeslargerthanitscritical
value.

BeckerandCalao[62]presentedaninterestingsemi-emperical
approachtothedeterminationoftheultimatestrengthunderbiaxialloading
conditions.Intheirapproachtheuniaxialstrengthdataareutilizedtogether
withinteractionrelationsbetweentheinplanestresses.Toapplytheprocedure
properlyforthebiaxialstrengthpredictionitisnecessarytohaveacomplete
backgroundofdataontheuniaxialstrength.Theexperimentalcomparisonwiththis
approach[62]isfavorable.

(ii)FlexuralBucklingofLongitudinalStiffeners

Inthismodeoffailure,theultimateloadcarryingcapacityofthe
grosspanelisgovernedbycolumn-likeflexuralbucklingofthelongitudinal
stiffeners(togetherwiththeeffectivebreadthofplating)betweenthetransverse
stiffeners.Ifbucklingisassumedtobepurelyflexuralandunderuniaxialand
lateralloadingconditionelasto-plasticfiniteelementprograms[42,50]canbe
usefulinthisregard.Alternatively,grillagerepresentationandbeam-column
elasto-plasticbehaviorsuchasadoptedbyKondo[34]andRutledgeandOstapenko
[35]canbeused.Developmentofparametricstudies,designcharts,andsimplified
designmethodsbasedontheseapproachescanbeveryusefulfortheusualdesign
work.Forlargevaluesofb/handunderlateralpressurecombinedwithuniaxial
loadonlyVojtaandOstapenko[69]presentedsuch-designn.oinogr~phs.

Inreference[46]Stavovypresentsa simplifiedpracticalformulation
forthelongitudinallystiffenedpanel(betweentransversestiffeners)subjected
toedgecompressiononlywhichcanbeeasilyusedindesign.Unfortunatelyno
similarformulaexistsforthecaseofbiaxialinplaneloadscombinedwlth’lateral
pressure.

(iii)TrippingofLongitudinalStiffeners

Thismodeoffailureisusuallya resultofcoupledflexuraland
torsionalmodesofbuckling.SomeelasticbucklingexpressionsobtainedbyBleich
werepresentedinSection4-Aofthisreport;however,nosatisfactorymethodseems

— .— —
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toexistfortheinelastictrippingofstiffenersweldedtocontinuousplatingand
forthepredictionoftheinelasticcollapsestrength.A detaileddiscussionof
thismodeoffailureisgivenin[50].

. (iv)OverallGrossPanelBuckling

AswasmentionedearlierinSection4-B,slendergrosspanelshavea
certainamountofpost-bucklingreserve,i.e.,thebucklingloadsasgivenin
Section4-Aunder“overallgrillagebuckling”canbeexceededbya certainamount
withoutdangertothestructure.Inabiaxialloadingconditioncombinedwith
lateralpressureveryfewproceduresareavailableforpredictingtheultimate
strengthofsuchgrosspanels.

AssumingthatvonK#rm~n’seffectivewidthconceptholdsina similar
mannertothatintheunstiffenedplates,thedesignchartspresentedinreference
[14]canbeusedinaniterativemannertodeterminetheeffectivewidthofthe
grosspanelanditsultimatestrength.Theeffectivewidthcanbedeterminedfrom
thesechartsfora varietyofbiaxialloadingcombinationstogetherwithI.ateral
pressure.Thechartsindicate,however,thattheultimatestrengthisverylittle
affectedbythemagnitudeofthelateralloadparticularlyiftheedgeloadsare
muchlargerthecriticalbucklingload.Thisobservationisinagraemimtwtthrecent
experimentalresultsgivenin[50].Also,accordingtothesechartsaninplaneload
inthetransversedirectionhasa smalleffectintheeffectivewidthiftheinplane
loadinthelongitudinaldirectionismuchlargerthanthecriticalvalue.No
experimentalconfirmation,however,existsofthislatterobservation.

Theultimategrosspanelstrengthinthismodeoffailurecanalsobe
predictedusingexpressionsgivenbyFaulkner[31]ifbiaxialloadingconditions
existbutwithoutlateralpressure.Inhisapproach,Faulkneruseda discrete
beamsolutionforgrosspanelswithsidesandendselasticallyrestrainedajdinst
rotation.Thegeneralbiaxialelasticbucklingsolutiongivenbyequations(12)
and(13)ofreference[31]maybeusedinconjunctionwithequations(33)and(34)
ofthatreporttoallowfortheinelasticeffectsusingthetangentmodulusconcept.
Noallowanceismade,however,inthisapproachtothenon-linearlargedeformations
whichmakeitmoresuitableforapplicationtogrosspanelswithheavystiffeners.

Ifonlyuniaxialinplaneloadispresentinconjunctionwithlateral
pressure,themethodpresentedbyParsanejadandOstapenkoinreference[36]and
discussedinSection3 ofthisreportcanbeusedforestimatingthegrosspanel
ultimatestrength.Nodesigninformationformanualcalculationis,however,
presentedinthereport[36].

Eachofthethreemethodsdiscussedaboveforpredictingtheoverall
grillagemodeoffailureissuitableundera specificloadingcombinationand
geometriccharacteristics.A needclearlyexistsfortestdatatoevaluate
thesemethodsandprobablyforfurtherdevelopmentoftheunderlyingtheory.
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C. TestProgram

It hasbeenpointedoutunder“A”and“B”ofthissectionthat,inmany
instances,therecommendedexpressionsandproceduresforestimatingthebehavior,
thecriticalbucklingloads,thefailuremechanismsandthecollapseloadsof
shipgrosspanelsstillarefarfrombeingcompletelywell-establishedand
reliableinallphysicalsituations,particularlyifa biaxialloadingcondition
existsincombinationwithlateralpressure.Itwasalsopointedoutthatinsome
casesnoclearmeasureoftherelativereliabilitybetweentheavailableprocedures
can beascertainedanda firmevidenceofthe“exact”solutionisnotavailable.
Althoughtestprogramsmaynotprovidetheultimateanswertoallthequestions
discussedintheprecedingsections,a well-developedprogramwill,undoubtedly,
providesomeinsightintotheproblemanda possiblemeasureoftherelative
reliabilityoftherecommendedformulasandprocedures.Itisalsoenvisioned
thatsucha testprogramwillenhanceandcontributetotheprogressoftheunder-
lyingtheoriesandanalyticalprocedures.Atthesametime,improvementof
existingempiricalformulasanddevelopmentofnewonesmayevolvefromtheexisting
experimentaldatatogetherwiththedevelopedresults.Theneedforsucha test
programhasbeenpointedoutinmanyreferences[46,9,14,50,62],particularly
forbiaxialloadingconditionscombinedwithlateralpressure.

Thetestprogramshouldbedirectedmainlytowardsfulfillingtwoobjectives:

(1)Verifyingandcalibrating*methodsforpredictingthenon-linear
behaviorofgrosspanelsandestimatingtheircollapseloads
andmechanisms.Forthelatterpurposeatleastonegross
panelshouldbedesignedineachofthecollapsemodesdiscussed
earlier.A directcomparisoncanbethenmadebetween
experimentalresultsandtherecommendedanalyticalexpressions
andproceduresasgivenunder“A”and“B”ofthissection,
andothersiffoundsuitable.

(2) Examininggrillagesofdimensionsandstiffnesscharacteristics
similartothoseexistinginships,thustestingthelikelihood
ofthedifferentfailuremodesandthecorrespondingultimate
loadcarryingcapacityinactualshipstructures.

Theaboveobjectivescanbeaccomplishedthrougha two-phasetestprogram.

PhaseI

Thisphaseshouldbeconcernedprimarilywithfulfillingtheelementsof
objective(1)above.Grosspanelmodelsofscaleapproximately1/4or1/5should
besuitableinthisregard.Theplatethicknessshouldbeoftheorderof0.10in.
to0.20in. Severalstiffenersineachdirectionshouldbeusedandend-baysshould
bereinforcedtoavoidprematurefailureintheseregions.A highqualityof
fabricationandmanufacturewithminimumweldingdistortionsshouldbesought.The
initialdeformationsanddistortionsshouldbethoroughlymeasuredandrecorded
beforetesting,particularlytheprofileoftheplatingsbetweenstiffeners.The
materialpropertiesfromwhichthegrosspanelmodelsaremanufacturedshouldbe
determinedbycompressionaswellastensiletests.Theloadingconditionson
themodelsshouldconsistof:
*Analyticalmethodscanbecalibratedusingtestresultsinordertodevelopsemi-
empiricalformulations.
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(i)Lateralpressureanduniaxialedgecompression,

(ii)Lateralpressureandbiaxialedgecompressioni

(iii)Biaxialedgecompression.

Inthebiaxialcompressiontests(ii)and(iii)thetransverseedgecompression
shouldbeoftheorderofmagnitudeof20%to40%ofthelongitudinaledge
compression.

Themodelsshouldbeloadedfirstelasticallythenintotheelastic-plastic
regionandfinallytotheplasticcollapse.Measurementsofdeflectionsand
strainsatselectedlocationsintheplatingbetweenstiffenersandatthe
stiffenersshouldbetakenwiththeobjectiveofverifyingtherecommendedana-
lyticalexpressionsgivenunder“A”and“B”andothersiffoundsuitable.
Wheneverpossible,theboundaryconditionsusedinthederivationoftheanalytical
expressionsshouldbeadoptedinthetestprogram.Alternatively,ifthis
causesexperimentaldifficulties,theanalyticalformulasshouldberederivedto
correspondtotheexperimentalboundaryconditionsofthegrosspanel.Thebehavior
ofthegrosspanelis indeedsensitivetotheboundaryconditionsandtherelia-
bilityofthecorrelationdependstoa largeextentonachievingaone-to-one
correspondenceinboundaryconditionsbetweenthetestandtheanalysis.

Severalgrosspanelmodelsshouldbedesignedandtested.Atleastone
shouldbedesignedtofailineachofthecollapsemodesdiscussedearlier.In
thisregardtheproportionsofthelateralpressuretotheedgecompressionshould
bevariedsothatthedistinctionbetweenlateralpressurecollapsemechansims
andtheultimatecompressiveloadmechanismscanbemadeandcorrelatedwiththe
correspondinganalyticalexpressions.Thestagesofdevelopmentofeach
mechanismshouldbeobservedandrecorded.

Animportantpartinfulfillingthisphaseobjectiveisthesubsequentanalysis
ofthetestdataandcorrelationwiththeanalyticalexpressionsandprocedures.
Calibrationofsuchanalyticalexpressionsshouldbemadewhenevernecessarywith
anobjectiveofdevelopingsemi-empericalformulas.Theeffectofa transverse
compressionoftheorderof20%to40%ofthelongitudinalcompressiononthe
behaviorandultimatestrengthsofthemodelsshouldbeinvestigatedfromthe
resultingexperimentaldata.

TheinitialexperimentalworksponsoredbytheShipStructureCommittee[49,
68]fitsand

PhaseII

Thisis

contributestothisphase.

envisionedasa long-termphasewhichinvolvesexpensiveexperiments
onfull-scaleshipgrosspanelsandisconcernedmainlywithsatisfyingobjective
(2)statedaboveasa finalgoal.Thedetailsofthisphasecannotbecompletely
outlinedwithoutexaminingtheresultsofPhaseI,or,atleasta considerable
partofthem.Forexample,whetherornota biaxialloadingconditionshouldbe
incorporatedinthisphasetestingprogramisdependentprimarilyonitseffect
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onthegrosspanelbehaviorresultingfromPhaseImodelexperiments.However,
somegeneralneedswhichactuallycomplementPhaseIprogramcanbeidentified
atthepresenttime.Theseare:

(i)Examinationoftheeffectoftheresidualstressesandweld-
induceddistortionsandstrainsinactualfullscalegross
panels.Thiswillrequiremeasurementsofresidualstresses
inthestiffenersandtheplatings.

(ii)Identificationofthelikelihoodofthedifferentfailure
modesandthecorrespondingultimateloadsofthefull
scalegrosspanels.

(iii)Furtherverificationormodificationoftheanalytical
orempericalexpressionsdeterminedinPhaseI.

Itisenvisionedthattheextensive(butlessexpensive)testprogramof.
PhaseIwouldreducethenecessarytestingInPhaseIIandthecorresponding
costtoa reasonablelimit.
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5. GENERALREMARKS

A. Basedontheanalysesofthepossiblefailuremodesandthediversityof
failuremechanismsitisclearthat,atthepresenttime,thereexistsno
generaltheorywhichallowsforthepredictionandidentificationofall
possiblefailuremodesunderdifferentloadingcombinationsanddifferent
geometriccharacteristicsoftheplate-stiffenercombination.Such
theory,ifandwhendeveloped,wouldlikelybetoocomplicatedfor
practicalapplicationanddesignwork.Nordoesthereexista reliablemethod
forestimatingthegrosspanelcollapsestrengthunderbiaxialandlateral
loadingconditionswhenthecollapsemechanisminvolvescouplingbetween
severalmodesoffailure.Somemethodsexist,however,whichcanbeused
toestimatethebucklingandultimatecollapseloadsundersomeuncoupled
modesoffailureasdiscussedinSection4. Inallcases,premature
failureofa localcharactersuchasweldandjointweaknessisassumed
nottooccur.

B. Theavailablemethodsforestimatinggrosspanelstrengthdonotallow
forcumulativedamagebyfatigueandbrittlefra~ture.Whenconditions
areconducivetosuchkindsoffailureseparateanalysesmustbeconducted.

c. Becauseofthelimitationsonthecontrolofthepropertiesofsteel,and
thelimitationsonfabricationofshipcomponents~certainvariability
willariseintheactualstrengthofapparentlyidenticalgrosspanels.
Uncertaintiesassociatedwiththeplateandstiffenerrigiditiesand
dimensions,yieldstrengthofthematerial,residualstresses,plate
fairness,manufacturingimperfections,etc.willcontributetosuch
variability.Thispointstowardtheneedforstatisticaldatacollection
(fullsealeandmodel)andprobabilisticmethodsofanalysis.

D.Existingexperimentaldataongrosspanelstrengthshouldbecompiled,
classifiedandstoredindatabanksasanimportantstepinthe
recommendedtestprogram.Suchdatashouldbeanalyzedandusedin
conjunctionwiththenewtest-datatoverifytheanalyticalmethodsand
modifyordevelopsemi-analyticalorempericalformulationsasdiscussed
inSection4. Disseminationofthesedatawouldalsocontributetonew
developmentsintheory.

E. Inspiteofthedifficultiesdiscussedabove,
ultimateloadcarryingcapacfityof$hipgross
indicatedinreference[53]:““Itsvaluelies
thatitmightleadtoeconomiesinstructural
butmoreintherealismthatknowledgeofthe
beyondwhicha structurewillfailtoperform
partofa rationaldesignprocess.”

theknowledgeofthe
pdnelsisimportant.As
notsomuchinthefact
weightandperhapscost,
limitingconditions,
itsfunction,isanessential
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APPENDIXII

CRITICALBUCKLINGLOADSANDTHEIRAPPLICATIONTOSHIP

GROSSPANELSUNDERBIAXIALLOADINGCONDITION

A simpleprocedureusingtheenergymethodcanbeusedtodeterminethe
bucklingloadsofanorthotropicplatecompressedintwoperpendiculardirections.
If the,workdonebythecompressiveinplaneloadsislessthanthestrainenergy
duetobendingandtwistingoftheplate,thentheinitialequilibriumoftheflat
~lateisstable.If theworkdonebythe inplaneloadsontheplateisgreater
thanthetotalstrainenergy,theequilibriumoftheplatebecomes
bucklingwilloccurinsomemode.Thecriticalvaluesoftheload
transitionoccursfromthestableto theunstableconditioncanbe
bveauatinatheworkdoneb.vtheinplaneloadsto-thetotalstrain
d;ne””T”b;theexternalloadsisgivenby:

dxdy

unstableand
atwhich
thusdetermined
energy.Thework

(i)

where~vand~vareinplanecompressiveloadsperunitlengthinthex-andy-direc-
tions,;espectfvely.

ThetotalstrainenergyU duetobendingandtwistingoftheplateisgiven
by:*

BL
u =L

SS200 [()a2w 2 a2wa2w
-] [)a2w 2

Dx — 1a2wa2w +
ax2 + ‘y% ay2 ——+Dy~ ‘iVx3x2ay2

()
a2w 2

( )1

a2~ 2
+ 2D - 2DXVY— dxdyXy K ax~y

Fora simplysupportedrectangularplatethedeflectionsurfacew canbe
expressedby:

(ii)

(iii)

*NoticethatDxvy= Dyvx

—
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EquatingthetotalstrainenergyUtotheworkdoneT andsubstitutingthe
expressionforw,thefollowingexpressionresultsaftercarryingtherequired
differentiationandintegrationandutilizingtheorthogonalitypropertiesofthe
trigonometricfunctions.

m2m2 n2~2 m4m4 m2m2n2i2
Fix— +Fi —=D ‘+2D— n4fi4

L2 y B2 x L4 +D—Xy L2 B2 Y B4

Multiplyingbothsidesoftheaboveequationby ~2B2
— andusingthe

notation: m

oneobtains,

iix K
—m2+An2 = ~+2nm2n2+p2n4~x* NY* $

Usingtheaveragecrosssectionalareasperunitwidthhxandhyinthe
x-andy-directions,respectively,weget:

ax m4—- m2+&n2 . — +2~m2n2i-p2n4
OX* OY* p2

where

(iv)

(v)

—. . — — — .—” -“
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—

Equation(V)isthesameasequation(50).

APPLICATION

Example1:

Considera grosspanelinthe
transverselyandlongitudinallyby
respectively.Fiqure16showsthe
sectionsof-thes~if-
determinedaccording

Dx = 8.’

eners.The)
toreference

04X1010lb-

bottomstructureofa 70,000DWTtankerbounded
thetransverseandlongitudinalbulkheads,
grosspaneloveralldimensionsandtypicalcross
giditycoefficientso“thegrosspanelwere
[2].Thefollowingviueswereobtained[60].

n

‘Y = 1.653X1010lb-in

n= 0.617

Ifan LBP/20”waveisused,theresultingfullloaddraftyieldsapproximately
a transverseloadTV= 10,554lb/inanda longitudinalhoggingbendingmoment
1,207,453ft-ton.thelattervalueyieldsaninplanecompressiveloadonthe
-panel~x= 34,070lb/in.Thus,typically,thetransverseinplanecompression
about30%ofthelongitudinalcompression.

T?~8.104Xl.653X1010
(532)2 =

1.276X106lb/in

2.572X105lb/in

0.041

of -
gross
is

—
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IiFrom equation (IV), the smallest value of & occurs when m=2 and n=l.

ix’

xx
= 3.56

NX*
thus , (Qcr = 2030 tons/in

Example 2:

Consider next a section of the gross panel of the 70,000 DWT tanker between
transverse web frames. Figure 17 shows a typical section dimension and stiffener
cross section. The following values were computed [60].

Dx =

o=
Y

P=

n’

fry, .

xx. .

4.044X108 lb-in

9.27zx106 lb-in

0.173

0.73

~2~.044x9.272X107 . 43 036 lb/in

(118.5)2

8,541 lb/in

For a transverse inplane load ~ = 10,554 lb/in due to an “Lpp/20” wave draft, the
ratio: Y

Ky _ 10,554 = 0.245

NY* - 43,036

i
From equation (IV) ~ is minimum when m=l , n=l and is equal to the following.

ix’

—
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Tx
— = 34.66?TX*

and

.
(IT)x CP = 132 tons/in

Example3:

Considernexta sectionbetweentwolongitudinalandtwowebframes.The
resultingisotropicplatehasthefollowingdimensions.

a = 118.5in. ; b = 33.25in.

and

DX=D =D=
E h3

9.272X106lb.in.Y 12(1-V2)=

118.5~ 3,56~=
P 5 b 33;25

n = 1.0

n2D = 6,517lb/inNY*= ~

~x*. h = 82,773lb/inb2

thus,

~= 10,554. 1 62
NY* 6,517 “

Fromequation(IV)theminimumcriticalloadinthex-directionoccurswhen
m=3,n-1andisequalto:

N-L= 3.94
Fix’

— -. —
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fromwhich,

(Kx)cr= 145.6tons/in

FromtheresultsofExamples1,2,and3 itisseenthatthelowestbuckling “
modeofthegrosspanelunderbiaxialloadingconditionsisthatofthepanel
betweenwebframes.

—..— —
-..,
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