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INTRODUCTION

Forsurfaceshipstructures,entirelyra-
tionalelasticorplasticdesignprocedures
havenotyetbeenachieved,although,since
WorldWar11,researchactivityhasbeencon-
siderablyincreased.Theunderlyingreasons
forthepresentratherempiricalmethodsof
designaretobefoundintheconsiderable
complexityofthestructuresandthe~resent
lackofknowledgeonloadingsatsea.Itis
interestingtoobservethatsurfaceshipstruc-
turesareusuallyfarmorecomplexthanthe
submarineortheaircraft,andthiscomplexity
resultsina requirementforappreciablein-
genuitytoreducetheoreticalanalysestoman-
ageableproportions.Ontheotherhand,the
comparat~velackofknowledgeonsurf-aceship
structuresisnotparticularlycritical,since
thedesignofstructureshasevolvedquite
slowly,beingbasedmainlyonpreviousexperi-
ence,andthesafetyoftheshipandpersonnel
isseldomcalledintoquestion.Newdevelop-
mentssuchastheintroductionofmorebrittle
orfatiguesensitivematerials,includingthe
high-strengthsteels,aluminiumalloysor
glass-reinforcedplastics,mayalterthissit-
uationandleadtoa morepressingrequirement
forrationaltreatment.

Thepresentauthorhasbeenworkingat
theNavalConstructionResearchEstablishment
(N.C.R.E.)Dunfermline,Scotland,duringthe
past15years,mainlyinthefieldofsurface
shipstructures.Thisperiodhasseen.con-
siderableadvancesanddevelopmentbothinthe
understandingofthemechanicsofshipstruc-
turesandintheapplicationofdigitalcomput-
erstoshipproblems.A numberoflong-term
projectshavebeeninitiatedtomeasurethe
strainsexperiencedatsea.Althoughthework
familiartotheauthorhasbeenmainlycon-
cernedwithwarshipstructures,muchofitis
potentiallyapplicabletosurfaceshipstruc-
turesgenerally.Thepresentreviewisanat-
tempttohighlightsomeofthemoresignificant
advances.

MEASUREMENTOFSERVICESTRESSES

Thereisconsiderableagreementthatthe
presentlackofknowledgeoftheloadingon
surfaceshipsconstitutesthelargestunknown
affectingthestructuraldesignofsurface
ships,andN.C.R.E.isnowdevotingquitea
significantefforttowardsthemeasurementof
loadsatsea,usingstatisticalstraingauges.
Itiswidelyrecognizedthatloadingsmaybe
mostconvenientlymeasuredusingstra~ngauges
placedontheship’sdeckorbottomstructure
atpositionsunaffectedbystressconcentra-
tions.TheworkatN.C.R.E.hasbeenreviewed
ina recentpaperbySmith.1

Itisconsideredthatthemeasurementof
servicestressesshouldbedirectedtowardstwo
objectives.Thefirstrequirementistoobtain
informationontheextremevaluesofstressex-
periencedatsea,whilethesecondistoobtain
histogramsofstressreversals.Itisbyno
meansclearthatthesameinstrumentwouldbe
equallysuitableforboththesepurposes.

Morerealisticinformationonextremesof
stressisrequiredforplacingthelongitudinal
strengthcalculationona soundbasis,and
Yuille2firstproposedusinga verysimple
maximum-readingstraingaugewhichhassubse-
quentlybeenadoptedforextensivemeasurements
byN.C.R.E.(Fig.1). Theinstrumentispure-
lymechanicalinactionandrequiresnopower
supply.Wheninoperationthegaugeisbolted
inpositionbybearingagainstthesurfaceof
theteststructureontwopairsofhardened
conicalstudswhichgiveaneffectivebase
lengthof10in. Anychangeintheseparation
ofthesebearingpointsismagnifiedbya sim-
pleleversystemandismarkedbya recording
penona stationaryreelofrecordingpaper.
Themagnificationfactorisabout100,sothat
a line1 in.longontherecordingpapercor-
respondstoa strainvariationofabout0,001
ora stresschangeinsteelofabout13ton/
in.2.Thereelofpaperismovedforwardman-
uallyatfixedtimeintervalsleavinga series
oflinesonthepapereachofwhichcorres-
pondstothemaximumstrainvariationduring
oneinterval.Thegaugeisdesignedsothat
bysimplemodificationitsbaselengthcanbe
increasedtoanyrequiredspan.Theshort10-
in.baselengthhashoweverprovedsufficient-
lyaccurateandhasinanycaseprovedneces-
sarybecauseoftherestrictedspaceavailable
forfittingofthegaugesinwarships.

Twenty-fivemaximumreadinggaugeshave
nowbeenoperatedforsometime,andrecords
havebeenobtainedfrommorethanforty
Britishwarshipsofvariousclassesincluding
frigates,destroyers,cruisersandanaircraft
carrier.Animprovedproductionversionof
thegaugehasrecentlybeendeveloped,anda
furtherfiftyoftheseinstrumentsarenow
comingintouse.Itisintended,ultimately,
thateveryoperativeshipintheNavyshould
befittedwithoneofthesegauges.The
gaugesarenormallypositionedonthewebof
a longitudinalstiffenerunderthestrength
deck,wellawayfrompositionsofstress
concentration.

Intheanalysisofresults,hoggingand
saggingstressesareseparated,Thisisac-
complishedbymarkingstillwaterdat’umsim-
mediatelybeforeandaftereachvoyage.Low
amplitude5trainvariationscorrespondingto
periodsofcalmweatherarealsoused,tofix
intermediatedatums,andtheseareconnected
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bya datumline.Mostofthemaximumstrain
readingssofarhavecorrespondedto24-hour
periodsatsea.Withtheobjectofrepresent-
ingaccumulateddataina conciseform,allow-
inginterpolationbetweentheresultsforships
ofdifferenttypesandpossiblyallowingex-
trapolationbeyondtheobservedrangesof
strain,thedailymaximahavebeenanalysed
andplottedusinganextreme-valuestatistical
theorydescribedbyGumbel.3Inthisanalysis,
thecumulativefrequencyoftheobservedex-

tremevaluesisrepresentedbya seriesof
pointsplottedona specialprobabilitypaper.
Anextreme-valueprobabilityfunction,which
appearsasa straightlineontheprobability
paper,isfittedtotheobserveddatabya
leastsquaresmethod,togetherwithcontrol
curveswhichdefinelimitswithinwhicha
specifiedproportionofthedatashouldlie.
A typicalprobabilitypaper,showingthere-
sultsfroma groupoffourshipsofthesame
class,isshowninFig.2. Itmaybeseen
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thatthemeasuredstressesbearlittlerelation
tothosepredictedbythestandardL/20static
wavecalculation,andalsothatthesagging
stressesareappreciablyhigherthanthehog-
gingstresses,possiblyduetotheeffectsof
slamming.Ithasbeenfoundthatextrapola-
tiontolongerperiodsusingtheGumbelplot
producesresultswhicharenotgenerallycon-
firmedbysubsequentmeasurements.Oftenthe
extrapolationpredictsextremeswhicharetoo
high,andforthisreasonithasbeendecided
tomeasureextremesforverylongperiodsof
time,possiblyfortenyearsormoreoneach
ship.Untilmoredataareobtained,itwill
notbepossibletoestablishanystatistical
patternoftheextremes.

Themainreasonforinvestigatingcyclic
leadingasdistinctfrommaximumleadsisto
provideameansofensuringthatnewshipswill
notrununacceptablerisksoffatiguefailure.
Inex~stlngships,theproblemoffatiguehas
notprovedcritical,andminorfatiguecracks
havebeentroublesomeratherthancatastrophic.
Infuture,thepossibleuseoffatigue-
sensitivematerialssuchashigh-yieldsteel,
aluminiumandglass-reinforcedplastics,may
leadtomoreseverefatigueproblems.Inmild-
steelships,anyincreaseintheacceptable
generalstresslevelmustbeaccompaniedby
improvedfatiguestrengthofstructuralcom-
ponents.Itisalsopossiblethatmajorstruc-
turaldiscontinuitiesofanunfamiliartype
mayoccur,inevitablycausingstressconcen-
trationsandrequiringanestimateoflocal
fatiguestrength.

Itisconsideredthattheexistingtheo-
riesofcumulativedamagesuchasMiner’sLaw
arenotfullysatisfactory,andfutureimprove-
mentsmaybeexpected.Equally,itiscon-
sidereddesirabletobeabletoseparatevibra-
torystressesinordertoindentlfytheeffects
ofslammingandbowflareimmersion.A sample
ofa continuousstraincurveisshowninFig.3,
anditisclearthata simplecountinggauge
wouldberatherunsuitable,theresultinghis-
togrambeingdependentontheparticularmethod
ofcounting.AtN.C.R.E.,a strain-recorderde-
sign‘isbeingsponsored,whichwillsupplythe
equivalentofa continuousstrainrecordina
formsuitableforinterpretationandanalysis
bya digitalcomputer.Theinstrumentwill
recordtheamplitudesofmaximumandminimum
pointsonthestraincurverelatlvetoanar-
bitraryfixeddatumwhichwillsubsequentlybe
correctedtothestillwaterdatum.Special
provisionwillbemadetoidentifyvibratory
strainswitha periodoflessthantwoseconds.
Minorstrainvariationslessthana specified
amount6willbesuppressed,and6maybead-
justedintherange0.00002to0.0002(0.27to
2.7tons/in.2forsteel).Thelengthofthe
digitizedrecordwilldependquitecritically
onthevalueof6.

Twopossiblesystemshavebeenconsidered,
thefirstbasedona ship-borneslowmagnetic-
taperecorderinconjunctionwitha shore-based
analoguetodigitalconverteranddata-process-
ingunit.Thesecondconsistsofa self-
containedship-bornedigitalrecorderincorpor-
atinganalogue-digitalconversionanda data
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processingunitemployingmicro-logiccir-
cuits.Ineachcasetheanaloguestrain
signalwouldbeobtainedusingelectrical
resistancestraingauges.Atthepresent
time,thesecondtypeofsystemisfavoured,
since~treducestheeffortindataprocess-
ing,ismorecompact,andisthoughttobe
potentiallymorereliable.A designhasbeen
producedbyPlesseyLimited,anditislikely
thattwoprototypeunitswillbeorderedin
thenearfuture.

ELASTICANALYSIS

MostoftherecentworkInthisfieldhas
beenconcernedwithtransversestrength,
though,withthesecondgenerationofdigital
computersnowbecomingavailable,complete
structuralanalysisincludinginteractionbe-
tweenlongitudinalandtransverseload”ings
mayshortlybecomefeasible.Althoughtrans-
versestrengthanalyslshasbeentraditionally
basedontreatmentofa singleringframe,the
subjectismorecorrectlyconcernedwiththe
analysisofflatorcurvedplatedgrillages.
Untiltheadventofthedigitalcomputer,
grillageanalysiswasrestrictedtoverysim-
plecases,andmucheffortwasdevotedto
findingshortcutstotheveryheavyarithme-
ticinvolved.Nowadays,straightforward
grillageanalysisisquitecommonplace.A
textrev~ewlngelasticgrillageanalysisap-
pliedtoshipstructureshasrecentlybeen
publishedbythepresentauthor.q

Ideally,eachplatepanelofa grillage
shouldbeanalysedbythewell-knownlinear
platetheoryequations,

V4$= o (1)
V4W= q/D (2)

where$ istheAirystressfunction,w isthe
bendingdeflectionq isthelateralpressure
andD = Eh~/12(1-u2).Thebeamsmaybean-
alysed”bytheusualEuler-Bernoullitheory,
andtheboundaryconditionsforequations(1)
and(2)areobtainedbyspecifyingequilibrium
andcompatibilityateachbeamposition.This
approachwasadoptedbythepresentauthorto
analysea simplysupportedpanelstiffenedin
onedirectiononly,undera singleconcentrat-
edloads Theanalysishasbeengeneralised
morerecentlybySmithGtoapplytoa very
widevarietyofinterconnectedsystemsof
rectangularplatesandparallelbeamsinone
direction,simplysupportedattheends.
Structureswhichcanbeanalysedincludeun-
symmetricalorskewstiffeners,swedgedor
corrugatedplating,boxbeamsortheVee bot-
tomregionofa frigatewitha riseoffloor,
asshowninFig.4. A rathersimilarana-
lysisfororthogonallyIntersectingbeamgril-
lageswasattemptedabout10yearsagoby

Kendrick7whoassumedthattheorthogonalcom-
ponentsofthein-planedisplacementcouldbe
consideredseparately,theonlyinteraction
arisingfromtheverticalshearforcesatthe
stiffenerintersections.Kendrick’sworkin-
dicatedthatveryaccurateresultscouldbe
obtainedbytreatingthestiffenersaloneusing
beamtheoryandincludingtheplatingasanef-
fectiveflangetothelongitudinalandtrans-
versebars.Theeffectivebreadthofplating
wastakeninthisinstanceasthefullstiff-
enerspacing.Inpractice,theplatepanelsof
warshipgrillagesareseldomperfectlyflat,
andtheremaybepermanentsetuptoabouta
platethicknessdeepcausedeitherbywelding
distortionsorearlyloadingsonthestructure.
Thishastheeffectofrenderingthesimple
linearplateequationsinvalid,and,inview
ofthecomplexityoftheproblem,thepractice
atN.C.R.E.istoestablishmethodsofchoos~ng
structuralidealisationsbycomparisonwith
experiment.

Nowadays,transversestrengthandgrillage
analysisisbasedonfiniteelementidealisa-
tionswiththeproblemsbeingsolvednumerical-
lyona digitalcomputer.Untilrecently,a
comparativelysmallfirstgenerationcomputer,
theFerrantiPegasus,hasbeenusedatN.C.R.E.
Initiallytherewasa 4096wordhigh-speed
storewhichhasnowbeenincreasedto7168
words.Generalstructuralanalysisprograms
havebeendevelopedforthiscomputer,includ-
inga planeframeprogram8suitableforthe
traditionaltransversestrengthcalculation.
Thisprogramwilltreatanyrigid-jointedmulti-
connectedframeuptoabout20intersections.
A facilityexistsfortreatingmoreintersec-
tionsbypartitioning,andsheardeflections
canbeincluded.Twoprogramshavebeenwritten
forflatgrillages.g-~oThefirstisverygen-
eralandwilltreatanynetworkofstraight
elements,notnecessarilyorthogonal,upto
about20intersections,includingbothshear
andtorsion.Thesecondislimitedtoortho-
gonalgrillageswitha rectangularboundary
ignoringtorsion,butitcantackleupto72
intersections.Atthepresenttimeprograms
arebeingwrittenfortheEnglishElectricKDF
9 computerwhichwilltreatgrillageswithup
toabout200intersections.Theplaneframe
andgrillageprogramsconsidertheplatingto
berepresentedasaneffectiveflangetothe
beamelements.A programhasalsobeenwritten
toanalysethetransversestrengthofa com-
pletemidshipcompartmentofa ship’shull.11-12
Thisprogramincludesshearpanelelements,in
additionto~hebeamelements,toallowfor
transferofin-planeforcesbetweenadjacent
frames.Duetothelargenumberofunknowns
andthelimitedsizeofcomputer,theanalysis
isrestrictedtocylindricalcompartmentsiden-
t~calthoughnotnecessarilyevenlyspaced
frames,andlongitudinaluniformalongtheir
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lengththoughnotequalinsize.

Throughoutthegrillageandtransverse
strengthinvestigations,experimentalworkhas
beencarriedoutoftenatfullscaleontypi-
calsteelstructures,toassistinformulating
structuralidealisations,Inparticular,the
choiceofaneffectivebreadthofplatingand
oneffectiverigidityofshearpanels.The
procedurehasusuallybeentocarryoutcal-
culationsfora wholerangeofassumedvalues
fortheseparameters,andchoosethevalues
givingthebestagreement.Generally,forflat
grillages,theassumptionthateffective
breadthisequaltohalfthebeamspacing
givesresultswhicharesufficientlyaccurate
fordesignpurposes,andsometypicalresults
fora grillageunderuniformpressureare
showninFig.5. Thisgraphisparticularly
interestingasitillustratesthepronounced
effectoflocalbendingbetweentheintersec-
tionsina gr~llagehavingwidelydifferent
longitudinalandtransversemembers.The
choiceofidealisationfortransversestrength
curvedgrillagecalculationshasbeensupported
byexperimentsbothonsmall-scalemodelsin
xylonite(aplasticmaterial)andona near
full-scalesteelmodelofa frigatesection.~3
Th~smodelisillustratedinFig.6,andthe
resultsformsometrialcalculationsfora
loadatthekeel,usingvariouseffective
breadths(PLandPT)andshearrigidities(G),
areshownirIFig.7. Itwasfoundthatcalcu-
lation2,shownasthefull-linecurves,gave
thebestoverallagreementwithexperiment.

GRILLAGEN..3-STRESSESON TABLESOF
OUTERLONGITUDINALBEAMS.
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FIG.5. STRESSMEASUREMENTSONGRILLAGE
UNDERUNIFORMPRESSURE.

Thestructuralidealisationcloselyfollowed
theshapeoftheframeandincludedallthe
Iongitudinalsintheregionoftheapplied
loadatthekeel,butamoreapproximateide-
alisationwasadequateelsewhere.

Theverys~gnificantadvanceusinggril-
Iageanalysis,overtheoldsingle-ringframe
calculations,canbeseeninFig.8 fora con-
centratedkeelloadandFig.9 fora hydrosta-
ticwaterpressureloadingextendingto28ft
abovethekeel.Theseresultsarefora com-
parativelyshortcompartmentmeasuring13%ft
longby24-3/4ftwide.Thecurvedgrillage
transversestrengthanalysisagreesverywell
withthemeasurementsinbothcases,whereas
theringframecalculationisout.byfactors
from5 to25,andbearslittleornorelation
totheactualbehaviour.Fora longercom-
partmentora structureonlytransversely
framed,theagreementusingthesinglering
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Nowthatconsiderablylargerandfaster
computersofthesecondgenerationai-ebecoming
available,generalstructuralanalysisprograms
arebeingdevelopedforthree-dimensionalstruc-
turescomposedofstiffenedplatepanelsor
platedgrillages.Onesuchprogramisbeing
writtenbytheEnglishElectricCompany,Ltd.
atKidsgrove,England.Usingthistypeofpro-
gram,itshouldbepossibletoexaminethein-
teractionbetweenlongitudinalandtransverse
loading,andalsoanyeffectduetotaperof
theshipsection.Equallywell, generalstruc-
turalanalysisprogramsareapplicabletoprob-
lemsmoreconcernedwithlongitudinalstrength
suchasthebreakofforecastleindestroyers
andfrigates,theeffectofsuperstructures,
andtheanalysisinwayoflargehatchesand
openingssuchasthesidel~ftopeningsinair-
craftcarriers.Atthepresenttime,the
EnglishElectric(Kidsgrove)programisbeing
evaluatedatN.C.R.E.forthetypeofproblems
whichariseinshipstructures.Asyet,itis
notclearthatthegeneralanalysisprogramre-
ferredtoisIdeallysuitedtoallproblems,
anditisquitepossiblethatprogramsforpar-
ticulartypesofproblemwillstillbere-
quired.Inviewoftheconsiderablerecentde-
velopmentsinthecomputeranalyslsofship
structures,particularlyinregardtotransverse
strength,thecommitteeoftheInternational
ShipStructuresCongressdealingwithstiffened

I
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FIG.7.THEORETICAL
ANDEXPERIMENTALCOM-
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platepanelsinthree-dimensionalstructuresis
sponsoringanenquiryregardingcomputerpro-
gramsinvariouscountries.

Toconcludethissectiononelasticanaly-
sis,Iwouldliketorefertotheanalysisofa
shipina floatingdockbyVaughan.15Inthis
analysis,theshipisrepresentedasa beam
consistingofa numberoffiniteelements,each
ofwhichisreactedbya dockblockregardedas
anelasticspringrestingonthedockfloor,
itselfa grillage.Thecompletesystemisre-
actedbybuoyancyforces,andinitiallackof
fitbetweenthedockblocksandfloorisin-
cluded.Thisisa veryusefulexampleofa
particularproblemwhichcouldnotbetackled
usingoneofthestandardcomputerprograms.
Nevertheless,realisticanalysiscouldnothave
beenaccomplishedat.allwithouta computer.In
a previousanalysls,AmerikianlGassumedthat
thefloorofthedockwasrigidandthatthe
shiphaduniformrigidityandwassupportedby
uniformdockblocks,inordertobeableto
calculatethedockblockloads.Induecourse,
itisintendedtocarryoutparametricnumeri-
calstudiesusingtheN.C.R.E.computerprogram
toexaminemorewidelytheeffectoflackof
fitandnon-uniformityofthedockblockswhich
areimponderableaffectingthepractical
problem.

PLASTICCOLLAPSE

Themostimportantpotentialapplication
of plasticcollapsetheoryto,ships’structures
isinlongitudinalstrength,wherethemoment
tobreakthebackoftheshipisequaltothe
fullyplasticmomentoftheship’scross-
section.This“strength”approachtolongitu-
dinalbendinghasbeenproposedina recent
paperbyCaldwell.~7

Inalmostallothershipstructuralprob-
lems,themethodsofbendingcollapseanalysis
arenotsoobviouslyapplicable.Thisisbe-
causea stiffenedpanelsupportedalongallits
edgescannotbelaterallydeformedwithoutde-
flectionswhichhavecurvatureintwodirec-
tions,andthisinturnleadstoa significant
membranestretchingaction,oncethedeflec-
tionsbecome“large”.Fora singleplate
panelbetweenstiffeners,“large”deflections
Implyamagnitudefromaboutoneplatethick-
ness,sayhalfaninchinthecaseofa war-
ship.Membranestretchingarisesevenifthe
supportingstructureattheedgescannotpro-
videanymembranerestraint,andtheaction
insidethegrillageisthenoneofmembrane
tensionaroundthecentreandtangentialcom-
pressionattheedges.Theplatingofship
grillagesaddsappreciablytothemembrane
strengthofthesestructures.Longafterthe
structurehasexhausteditsbendingstrength,
thestructurewilldeformasamembrane,and

thefinalfailurewouldusuallybeexpectedat
someweakpointinthedetailsoftheconnec-
tions.Itwouldbedifficulttopredictwhe-
thergrossplasticdeformationwouldoccurbe-
foreanylocalfailures.

Althoughthesimplecollapsetheoryisnot
consideredtobeparticularlyrelevanttoship
structures,thepresentlackofknowledgeon
strengthandcollapsebehav-iourmakesitalmost
mandatorytoloadallexperimentalormodel
structurestocollapse,andthispolicyhasbeen
invariablyfollowedatN.C.R.E.

Threeflatgrillagesweretestedtocol-
lapseunderconcentratedloads,thegrillages
beingsupportedonlyatthecornersforexperi-
mentalconvenience.18Twoofthegrillages
failedina simplemechanisminvolvingonly
bendingaction,generallyconfirmingthesimple
plastictheory,butthedeformationsofthe
othergrillageinvolvedmembraneaction.The
load-deflectioncurveforthislattergrillage
isshowninFig.10,anditcanbeseenthat
thereisnoindicationofanycollapsearound
thetheoreticalbendingtheoryvalueof47.5
tons.Finalfailureoccurredduetofracture
ofa weldatanintersectionjoint.Single-
directionstiffenedpanelshavealsobeen
testedtocollapseunderconcentratedloadinglg
andfairlyconsiderablestrengthduetomem-
braneactionwasindicated,whichwouldbeex-
pectedintheabsenceofanyintersection
joints.Someflatgrillageshavealsobeen
loadedtocollapseunderuniformpressure.LO
Inonecase,collapsewasbyplasticlateral
instabilityoftheheavytransversebeams,as
showninFig.11,ata loadhigherthanthe
theoreticalbendingcollapsepressure.

Morerecently,thelarge-scalesteelfri-
gatemodelreferredtoearlierhasbeenloaded
tocollapseundera uniformpressureapplied
tothebottomstructure.~3 Thestressdueto
theappliedloadfirstreachedyieldlocally
inthelongitudinalatabout20lb./in.2,but
therewasnosignoffailureuntil28lb./in.Z
wasreached.Atthisstage,a numberoflocal
bucklesandcracksoccurredinthemainlongi-
tudinalandframes.Thestructurewasloaded
severaltimesfromzeroto28lb./in.2,and
thefailuresbecamesuccessivelymoremarked.
Eventually,itwasonlypossibletomaintain
a pressureof22lb./in.2.A generalviewof
thedamage,seenfromtheinsideofthemodel,
inFig.12,showsmarkedshearbucklingof“the
framewebsadjacenttothekeelinwayofscal-
lopholestotakethe2-3/4in.deepsmall
longitudinalstiffeners.Thesewebsweresome-
whatslenderbeing0.22in.thickand9%in.
deep.Afterthefinalloading,thewebs
wereverybadlybuckledandfractured,asshown
inFig.13. Inassessmentofthecollapsetest,
itwasconcludedthatthesewebshadfailedby
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$00 Io 20 30 40 50 60 70 HO 90DEFLECTION,INCHES
FIG.10.LOAD-DEFLECTIONCURVEFORCOLLAPSEOF
GRILLAGEUNDERCONCENTRATEDLOAD.

a combinationof”plasticinstabilityandfrac-
turecausedbyhigh-stressconcentrationsat
thescallopsandintermittentweldsbetween
thewebandflange.Otherpositionsofhigh
stresswereonthemainlongitudinalflanges
adjacenttotheendbulkheads.Theseflanges
buckledplasticallyinwayofgapsinthein-
termittentweldruns,asshowninFig.14.
Similarbucklesoccurredinthetransverse
frameflanaesat the bilae wherethere wasa
reduction. . ;nthesection:Inaddition,there

werea fairnumberofminorcracksandbuckles
throughoutthestructure.

Althoughthecollapseofthefrigatemodel
tooktheformofa seriesoflocalfailures,
allofwhichoccurredatapproximatelythe
samepressure,itisofi[lteresttocomparethe
28lb/in.2maximumpressureattained,withthe
theoreticalmechanismcollapsepressure.The
theoreticalcollapsepressure,inthisinstance,
wasmodifiedtoinclude,veryapproximately,
theeffectofin-planedisplacementsormem-
braneaction.Thesecalculationsindicated
thatthetruecollapsepressureintheabsence
ofanylocalinstabilityorfractures,or
failureofthesupportingsidestructureor
bulkheads,wouldbesomethinglike45lb/in.~,
andthatthemodeofcollapsewoulddiffer
somewhatfromthatobserved.Thetheoretical
collapsepressurefortheobservedmodewould
be70lb/in.2withallmemberstakingthefull
plasticmoment,andwithoutallowingfor
strengthduetoa planeaction.Thisresult
emphasisesthattheratherlowcollapsepres-
sureofthemodelwasentirelycausedbyin-
adequatedetaildesign.

Theimportanceofrationaldesignofde-
tails,particularlyweldedconnections,has
beenrecognizedatN.C.R.E.forsometimepast,
andFaulkner2~haspresenteda reviewofwork
onthestaticstrengthofsimpleweldedknee
joints,longitudinaltobulkheadconnections,

FIG.J1. PORTIONOFGRILLAGELOADEDTOCOLLAPSEUNDERUNIFORMPRESSURE.
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FIG.12. GENERALVIEWOFDAMAGETOFRIGATE
MODELAFTERCOLLAPSETEST.

andgrillageintersections.Theobjectofthis
workwastoexaminethestrengthofa number
ofsimplejointdesignsandplacethemintoan
orderofmerit.Asa resultofthiswork,
jointsofvariousdegreesofsophisticationare
nowrecommendedforuseinshipdesign,accord-
ingtothemagnitudeofloadinganticipated.
Itisappreciatedthat“thefatiguestrengthof
connectionsisalsoanimportantissueaffect-
ingsurfaceshipsandfatiguetestsona num-
berofgrillageintersectionjointsareplanned
forthenearfuture.

STRENGTHOFBOTTOMSTRUCTURES

A knowledgeoftheultimatestrengthof
thestiffenedplatepanelsorgrillagesform-
ingship’sbottomstructuresisrequiredto
determinethefullv~lasticmomenttobreaka
ship’sback.Thisl~nconjunctionwitha
knowledgeofthemaximumbendingmomenta-
swillpermitthetruemarginofsafetyor
factoragainstcollapsetobedetermined.
isalsonecessarytounderstandthebehav
oftheindividualplatepanelsundersimu’
taneouslyappliedlateralandendloadbe-
thedesignofthemid-shipcross-sect~on(
beoptimised.

sea,
oad
It
our

ore
an

Withregardtotheplatingofwarships,
fewquantitativeresultsapplicableinde-
signhaveyetbeenobtained,despitea great
dealofworkatN.C.R.E.andelsewhere.The
principalachievementssofarhavebeenfor
thecaseoflateralpressurealone.A concept

FIG.13.DAMAGE
TOFRAMEWEB
AFTERCOLLAPSE
TEST.
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FIG.14. BUCKLESINKEELANDLONGITUDINALADJACENTTOBULKHEAD.

FIG,15. TESTARRANGEMENTFORGRILLAGEUNDERCOMBINEDLATERALANDAXIALLOADING.
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FIG.16. FIRSTGRILLAGEAFTERCOLLAPSEUNDERAXIALLOAD.

hasbeenadvancedofdesigningtoa smallbut
acceptablepermanentset,assumingthat.the
edgesareclampedagainstrotationbutfreeto
slideinwards.22Ithasrecentlybeenes-
tablishedthattherearesomecaseswherea
compressivestressfieldintheplatingdue
tobendingofthestiffeningmembersmaysig-
nificantlyaffectthepermanentset.20

ExperimentalworkIsnowinhandinthe
LargeTestingFrameatN.C.R.E.tostudythe
behaviouroffull-scaleweldedgrillagesunder
simultaneouslyappliedlateralpressureand
endload.Fivepairsofmild-steelgrillages
arebeingtestedinitially,eachwithoverall
dimensionsof20ftby10ft,coveringa range
ofwidthtothicknessratiosforplatepanels
betweenstiffenersfrom40to100,anda range
ofspantoradiusofgyrationratiosforlongi-
tudinalgirders(betweenframes)from20to60.
Thefirst’grillageofeachpairisbeingtested
tocollapseunderendloadonly,whilethe
secondwillbecollapsedundera combination
oflateralandendload.In-planeloadingis
appliedthroughsix150-.tonhydraulicjacks
actingthroughloadcellsandballcaps;later-
alloadisappliedbya waterfilledrubber
bag,asshowninFig.15. Approximatecondi-
tionsofsimplesupportareprovidedbylight

flexureplatesattheendsofeachgrillageand
bytie-barsatthesides.Thecompletetest
assemblyisshowninFig.16,whichalsoillus-
tratesthecollapseofthefirstgrillageby
elasto-plasticinstabilitybetweentwoadjacent
frames.Inparallelwiththeexperimentalwork,
numericalcomputerprogramshavebeendeveloped
fortheelastlcanalysisofgrillagesundercom-
binedlateraland~n-planeloading,andtocal-
culatethebucklingloadsandmodes.Programs
forPegasusarecomplete,andprogramsforthe
largerKDF9 computerareinpreparation.

EXPERIMENTALTECHNIQUES

Evenwiththelargeandhigh-speeddigital
computersnowavailable,thecomplexityofship
structuresissuchthatconsiderablesimpliflca-
t.ionandapproximationareusuallyrequiredbe-
foretheoreticalanalysisisfeasible.At
N.C.R.E.,allthestructuralinvestigationshave
includedexperimentalworktoassistinformu-
latingidealisationsandtocheckontheaccu-
racyoftheresults.Ideally,large-scale
modelsusingfull-scalematerialsandfabrica-
tiontechniquesaredesirablesothatthede-
tailsatjointsandtheweldingdistortionsare
typicaloffull-scalepractice.Thesedistor-
tionshaveanimportantbearingontheeffec-
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F.IG.17. SMALL-SCALEGRILLAGEMODELAFTERCOLLAPSE.

ofthe~latinuasstiffenerflanaestiveness
andundershear.Becafiseoflimitations&
thesmallestsizeofstraingaugeavailable,
large-scalemodelsarealsonecessarytocarry
outdetailedstrainsurveys.Informationon
collapsestrengthcanonlybeobtainedfrom
realistic,preferablylarge-scalemodels.

N.C.R.E.isfortunateinhavinga large
testingframemeasuring69ftlongby33ft
wideby39ftfthigh,capableofwithstanding
loadsupto500tons(or2,000tonsaxially).!!3
Thefrigatemodelmentionedearlierwastested
inthislargetestingframe.

Large-scaletestshavetheunfortunate
disadvantageofprovingextremelycostlyand
difficulttocarryoutduetotheverylarge
loadsandtestrigsrequired.A largenumber
ofsmallmodelscanbeconstructedandtested
forthesameoutlayasonelargemodel,and
smallmodelsareusuallyadoptedbyN.C.R.E.
wheneveritisdesiredtostudytheeffects
offairlywidechangesofparameters.Onthe
otherhand,small-scaleweldedsteelmodels
haveoftensufferedfromlargeandcompletely
unacceptableweldingdistortionswhichrender
strainmeasurementsintheelasticrangeof
verylimitedvalue.Small-scalesteelmodels
mayalsobefabricatedusingsilversolder
techniquesorbyintermittentorspotwelding,
buttheseconstructionsareseldomsufficient-
ly strong for tests in the plastic range, In
recentyears,thediptransfergasshielded
electrodemethodofweldinghasbeenadopted
forcomparativelysmall-scalesteelmodels.
Thisprocessproducesverymuchsmallerweld-
ingdistortionsthanthemanualprocesses,

owingtothesmallerheatinput.Partlyasa
testonthediptransferprocedures,twosmall
grillageshaverecentlybeenconstructedat
N.C.R.E.usingmaterialrangingfrom0.15to
0.27in.thick,whichmightberegardedas1/3
or1/4offullscale.zqThemodelsincorpor-
atedfilletwelds,buttweldsintheplating,
andcorrectlyscaleddetailsattheintersec-
tions.Onlyverysmallweldingdistrotions
wereobtainedwhichwerequitetypicalofgood
full-scalepractice.Themodelswereloaded
elasticallyandthenintotheplasticrange.
Themaximumloadsappliedwereabovethe
theoreticalplasticcollapseloadsbutthere
werenocracksorsignsoffailure.A view
ofthefirstmodelaftertestingisshownin
Fig.17. Thepresenceofbuttweldsinthe
platingdidnothaveanynoticeableeffecton
eitherthebehaviourofa panelbetweenstiff-
enersundera localizedloadingorontheover-
allbehaviouruptothemaximumloadapplied.
Asa resultofthesedevelopments,it~san-
ticipatedthatfuturestructuraltestingmay
tendtobecarriedoutmoreonsmall-scale
steelmodels.

Forpurelyelasticmeasurements,small-
scalemodelsina plasticmaterialsuchasXy-
lonite(cellulosenitrate),celastoid(cellulose
acetate),perspex(polymethylmethacrylate),or
vybak(rigidpolyvinylchloride)havemanyad-
vantages.Despitetheirnomenclatureasplastic
materials,themechanicalbehaviourofthese
materialsiselastic,obeyingHooke’sLawup
toverylargestrains,say0.6to0.8%,pro-
videdthemeasurementsaretakenata constant
timeintervalafterapplicationoftheloadto
allowforcreep.Oftheseplasticmaterials,
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FIG.18. GRILLAGEMODELINVYBAK.

celastoidcanberuledoutsinceitisvery
sensitivetohumiditychanges,whileperspex
isonlyavailablefora fairlylimitednumber
ofthicknesses.Xyloniteispossiblythemost
commonlyusedplasticmaterialformodelsus-
ingstraingaugetechniques.Incommonwith
mostplastics,xylonitehastheadvantagesof
a veryuniformthicknesswithsmoothsurfaces
readyforcementingstraingauges,softness
makingiteasytocutandwork,andeaseof
formingbymouldingatabout120”C,somewhat
aboveitssofteningpoint.ThelowYoung’s
modulus,roughly1/100ofthatofsteel,leads
toappreciablysmallertestloadsandsimpli-
fiestheproblemofprov~dingstiffsupporting
structures.Unfortunately,Xylonitehaspoor
dimensionalstability,andthematerialis
frequentlyfoundtowarp,distortandcontract
overperiodsofmonths.Itselasticconstants
atanyonetimeareaffectedbytemperature
andhumiditychanges,andtheyalsovarywith
thelifeofthesheet.Also,thebondsat
connectionswhicharemadebywettingwiththe
solventacetoneora mixtureofacetoneand
amylacetatearenotfullyreliableandmay
“give”orevenfailatquitelowstresses.
AnotherdisadvantageofXyloniteisitsin-
flammablenature.

AtN.C.R.E.,a rigidpolyvinylchloride
materialmanufacturedbyBakelite,Ltd.under
thetradename“Vybak~’,hasbeenadoptedasa
superiorreplacementtoXylonite.Vybakhas
completedimensionalstability;itisnotin-
flammable;it’sYoung’smodulusismoreuni-
formthanXylonite;anditisnotaffectedby
atmospherichumidity.Therigidityofthe
materialisaffectedbytemperature,rather
morethanXylonite,sothattemperaturecon-
trolofthelaboratoryisrequired.Vybakcan
bebondedveryeasilyusingthecementsTensol
No.6 andTensolNo.7,manufacturedbythe
PlasticsDivisionofImperialChemicalIndus-
tries,Ltd.forusewithperspex.Boththese
cementsarecoldsetting,TensolNo.6 is
suitableforshearconnectionsbutshrinkson
curing,whilecementNo.7 canbeusedtofill
gapsandwilldevelopalmostthefulltensile
strengthofthevybak.Vybakhasbeensuccess-
fullyusedatN.C.R.E.fora numberofgrillage
andtransversestrengthexperiments,(suchas
theaircraftcarrierflightdeckstructure
showninFig.18)andmodelstoinvestigate
stressconcentrationsathatchopenings.

A reviewofmodelproceduresfornaval
structureswaspublishedbythepresentauthor
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in1962,25butthispaperwaswrittenbefore
thediptransferweldingwasintroducedfor
small-scalesteelmodels.Anothermodel
technique,currentlyunderdevelopment,Isto
usevybakmodelsforelasticinstabilityex-
periments.Duetotheverylargeelastic
rangeofstrainforvybak,bucklinganalysls
canbecheckedforrealisticfull-scalegeo-
metriesofdesignswhichwouldfailbyyield
whenconstructedinsteel.Inthisway,the
truemarginofsafetyagainstbucklingmaybe
determined.Vybakisalsoverysuitablefor
instabilityexperimentsbecauseitcanbe
bondedtogetherwithonlyminordistortions,
evenwhenverysmallthicknessesareused.
Thismakesitpossibletoapproachthebuck-
lingloadmore closelywithoutlargeeffects
causedbymagnificationofinitialimperfec-
tions.

PROTECTIONSTRUCTURESFORMARINENUCLEAR
REACTORS

N.C.R.E.hasmadeanimportantcontribu-
tiontothedesignofcollisionbarriersto
protectthereactorofa proposednuclear
poweredship.Theworkhasbeensponsoredby
theMinistryofTransportTechnicalCommittee
ontheStructuralProtectionofMarineNuclear
Reactorsandthereportofthiscommitteeis
nowbeingdrafted.Fourpossiblemethodsof
providingstructuralprotectionhavebeen
considered;namely,a decksystem,grillage
system,membranetensionbarrierandmembrane
compressionbarrier.Ofthese,thedecksys-
temwasfavouredsince,bystiffeningtopre-
ventinstability,thestrikingshipwouldbe
resistedbyforcesneartoyieldstress
throughoutthedeckmaterial,andthespace
requirementswouldnotbetoosevere.The
principleofthedeckresistingstructureis
illustratedinFig.19,thestrikingwedgebe-
ingresistedbya directcripplingstressin
thedeck,normaltothewedge,anda frictional
forcetangentialtothewedge.Thedeckre-
sistanceattheleadingedgeofthebow,and
thebendingrigldltyandfrictionfromthe
outershellplatingwereconsideredtobe
secondaryterms.Withtheseassumptions,some
verysimpleexpressionswerederivedforthe
penetratingforceandworkdone,andthese
weresubsequentlyconfirmedbystatictestson
a seriesofmodels.Inordertoachieveas
highaspossiblea valueforo,thecrippling
stressnormaltothewedge,thebreadthto
thicknessratioforeachplatepanelbetween
stiffenerswaslimitedto50,andtheeffec-
tivespantoradiusofgyrationratioforthe
stiffenerswaslimitedto40.

Thepossibilityofcarryingoutdynamic
testswasconsidered,butwasruledoutdueto
difficultiesincorrectlyscalingboththe
velocityofloadapplication,andinertiaef-

\/ Hedge

l-#\
Crippling Stressi \.Frictional Stress= ua
inDeck= o

(Takena. 90%of 0.3%ProofStress)

PenetratingForce= 2oA(sin~ + UCOE~) foreachdeck

= 2kut(tml; + U)X

where A = effectiTemea of contactoneachBideofwedge

k = (effectiveareaofCOntact)i(areaofplating)= A/AP
t - thicknessof plating

Workdone .
I

Fdx . kmt(tan; + “)X2

ResultB~or54in.penetrationonModel2:

k“+ u IF tons workEme tonsin. I
1.0 0.2 105 284o
1.0 0.3 128 3440
1,85 0.2 ‘- 5250

Experimental\ 126.5I 3200-l

FIG.19. PRINCIPLEOFDECKPROTECTION
STRUCTUREFORNUCLEARREACTOR.

fects.Itwasthoughtthatdynamiceffects
wouldbesmallina practicalprobleminvol-
vinggrossplasticdeformationofmanysquare
feetofmaterial.Thetestsweretherefore
carriedoutonsmall-scalemodelsloaded
staticallyina 500-tontestingmachine.Static
testsalsoprovideda continuousrecordofthe
relationbetweenloadanddepthofpenetration
whichwouldrequirea largenumberofmodels
ifdeterminedbydynamictests.Thepossibil-
ityofa finaldynamictestatfullscalewas
considered,buthasnotbeenfollowedupdue
totheprohibitivecostsinvolved.

Themodelswerebasedona full-scale
barrierdepthof20ftanddeep-framespacing
of10ft. Twodesignswereconsidered,one
havinga deckplatingthicknessof1/2in.and
thesecond1 in. Thefirstmodelwasa 1/8
scalemodelofl/2-in,thickdeckstructure,
constructedinmildsteelusinga silversol-
dertechnique.Itwasloadedbya rigidwedge
witha 30°includedangleand3/4in.radius
nose.Thistestwasnotfullysuccessful,due
toinsufficientendconstraintinthetest
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ring,andfailureofsomeofthesoldered
joints.Thesecondmodelwas1/4scaleof
weldedconstruction,andthismodelfailed
progressivelybylocalcripplingofthestif-
feneddeckstructureinwayofthepenetrating
wedge.Theresultsarecomparedwithpredic-.
tionsfromthesimpletheory,fora 54-in.
penetrationinFig.19.

Thethirdmodelwassimilartothesecond
butrepresenteda l-in.thickdeckatfull
scale,andthemodelscalewas1/8.This
modelwasfabricatedbyweldingusingthedip
transferweldingprocedure.Themodelwas
loadedbya rigidwedgewitha 20°rakeand
anincludedangleof30°.Inthismodelthere
wasmorepronouncedcurlingofthedeckasit
waspushedbackbythesidesofthewedge,and
theenergyabsorbedwasabout70%ofthevalue
estimatedfora verticalwedge,basedonthe
testofModel2. Thefourthmodelwasidenti-
caltothethird,andwasloadedbya bowrepre-
sentativeoftheactualstructureIna fastcar
cargoship.Inthiscase,thebowwassevere-
lycrumpledwithlittlepenetrationofthebar-
rierdecks.ThisIndicatesthatthetypesof
deckstructurebarrierinvestigatedwouldbe
mosteffectiveinfull-scalecollisions,and
thattheenergyabsorbedwouldbesignificant-
lygreaterthanthatderivedfromcripplingof
thecollisionprotectionstructurealone.The
experimentswiththerakedrigidbowhavein-
dicatedthat,atfullscale,theenergywhich
couldbeabsorbedbytheprotectionstructure
wouldbe32,000tonsft(or360,000
tons- knot2)foreachdeck,anditiscon-
sideredthatthiswouldbeincreasedbyat
least1/3foranysimulatedactualbowstruc-
ture.Bearinginmindthatpartoftheenergy
ofanycollisionwillremainaskineticenergy,
itisfeltthata satisfactoryprotection
structurecanbebasedintheN.C.R.E.design
usingsaysixdecks,andthatthiswillbe
adequateagainstalmostallpossiblecolli-
sionsatsea.

CONCLUSIONS

Itmaybeseenthatsignificantprogress
hasbeenmadeintheunderstandingofship
structures,particularlybydeveloping.methods
ofelasticanalysisusingelectroniccomputers.
Furthermore,researchisinprogresstoobtain
informationonloadingsatsea,withregardto
bothextremesandrepeatedcyclicloading.It
is consideredthatthemostimportantoutstand-
ingproblemaffectingsurfaceshipstructures
istoformulaterationaldesigncriteria.
Withmoreinformationontheloadingbecoming
available,thechoiceofmaximumallowablede-
signstressmustbere-examined,forboththe
meanfieldstress,andlocallyatstresscon-
centrations.Atthepresenttimethereap-
pearstobesomeinconsistencyindesigners’

attitudestostressconcentrations.While
majorstructuraldiscontinuitiessuchasthe
breakofforecastleormajorhatchopenings
receivecarefulattention,itisquitecommon
forsmallerdiscontinuitiessuchasscallop
holes,jointsandconnectionseithertobede-
signedbyeyeorhardlytobeconsideredat
all.Ourshipdesignersmustalsoassess
whetherminimumweightdesign,possiblyac-
companiedbyincreasulmanufacturingcosts,
isofinterest.Minimumweightandcosting
studiesarenowquitefeasibleusingelectron-
iccomputers,thoughdifficultiesmaybeex-
periencedinobtainingdataonthebreakdown
ofmanufacturingcosts.
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