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1. Introduction

Thisarticlefocusesonthestructuralresponseofshipsduring
collisionsandgrounding,anddoesnotdiscussotherimportanttopics
suchastrafficandpollutioncontrolandcollisionandstranding
probabilities[1,2,etc].

Despitethisrestriction,a surprisinglylargenumberofarticles
havebeenpublishedonvariousaspectsofthestructuralstrengthof
shipsduringcollisionssinceMinorsky’spioneeringpaperonthepro–
tectionofnuclearpoweredships[31.However,bywayofcontrast,
verylittleeffortappearstohavebeenexpendedontheshipgrounding
problem.

Thefieldofcollisionprotectionisnotonljzrelevanttothe
designofnuclear-poweredsubmarinesandaircraftcarriersanda few
othervesselsexaminedintheearlierwork,butnowincludeswithin
itsprovince,oiltankers,LN”Gcarriers,andchemicalcarriers
withhazardouscargoes.Moreover,existingstudiesmustbecontinued,
oreveninitiatedinsomecases,toinvestigatethecollisionprotec–
tionoflargenuclear-poweredtankers(600,000dwtin [4]). the
effectsofcollisionsbetweensupplyshipsandvariousoffshore
structures,collisionprotectionofoffshoreoilstoragetanks[51,
protectionofshipstransportingspentnuclearfuelstonuclear
reprocessingplants(e.g.,fromJapantoWindscaleintheU.K.),the
protectionofbridgepiersagainstshipimpact,icecollisiondamage
ofshipsnavigatinginArcticwaters[6,7], andmanyothertoPics,
includingthecollisionprotectionofoilbarges[8]andhigh-speed
marinevehicles.

Minorskyprepareda comprehensivereview[9]oftheliterature
extantin1975onshipcollisionprotectionandotherreviewshave
beenpublishedbyWoisin[10]andinReference[11].Thus,to
preventfurtherredundancy,theseearliereffortsarenotduplicated
inthisreportandtheearlyworkonshipcollisionsisreviewedonly
whenitisrequiredforcompletenessofpresentation.However,all
theknownpublishedworkonthestructuralstrengthofshipsduring
collisionswhichisnotquotedintheReferencesofthisreportis
presentedinAppendix2 forconvenience.

2. SomegeneralRemarksontheCollisionProtectionof
ShipsandMarineVehicles

2.1 MinorandMajorCollisions

Thereappearstobenouniversalagreementastowhatconstitutes
minorandmajorshipandmarine-vehiclecollisions.Theimportant
characteristicsusedtodescribea ma-j~rcollisionofanoiltanker,
forexample,couldliewithintheclassificationofa minorcollision
fora nuclear-poweredshipbecauseofthequitedifferentdesign
requirements.Nevertheless,thefollowing,perhapsrestrictive,
definitionsareusedinthisreport:
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MinorCollision:thisisusedtodescribea collisionwh.qnthe
hulldamageofa shipsustainedbywhatevermeansisaccommodatedby
elasticandinelasticmaterialresponsewithoutfracture.Inother
words,theshellplatingofa shipcouldbebadlydentedbut,if
fracturedidnotoccurintheouterplatingofa single-hullshipor
intheinnerplatingofa double-hullship,thenitwouldbeclassed
asa minorcollision(i.e.,a lowenergy,collision). Thisisthe
kindofbehaviorexaminedinReference[12]foroiltankers.

MajorCollision:thisisusedtodescribea,collisionwhich
causeslargeinelasticstrainsandfractureoftheshellplating.
Minorsky’sworkinReference[3],forexample,wasdevelopedfor
majorcollisionsofnuclear-poweredships.~

Itisquiteclearthatfurth,erclassificationsmayberequired
inpracticetoprovidea moreaccuratedescriptionofa particular
shipcollision.Oneexampleisthefollowingclassificationscheme
whichispresentedheretopromotediscussionofthis,topic:

I - dentsinshellplating,withmaximumpermanenttransverse
displactientsuptotheorderoffiveplatethicknesseswithout
fracture.

11- similarto1,butwithlocalfracture.

111- dentsinshellplating,withmaximumpermanenttransverse
displacementsuptotheorderofone-quarterofthelongitudinal
distancebetweenadjacenttransversewebframeswithoutfracture.

Iv- similarto1111butwithlocalfracture.
.:

v - protrusionofanobject(e.g.,bow,bridgepier)into -
thehulla distancegreaterthanone-quarterofthelongitudinal
spacingbetweenadjacenttransversewebframes~butwithnodamage
ofanytransverseweb’frames.

w - similartoV,butwithonedamagedtransversewebframe.

VII- s“imilartoV!butwithtwodamaged,transversewebframes.

VIII- similartoV~butwiththreeormoredamagedtransverse
webframes. ‘,

,..
Clearly,evenmoreclassifications,could’redefinedinorderto

caterfordamagetothebottom,decks,andbows,an+todistinguish
betweendamageaboveandbelowthewaterline.

2.2 Energy-AbsorptionSchemes

Thepzotec;ivestructuralarrangementswhichhavebeenexamined’
inmostofthestudiesonnuclear-poweredships,oiltankers,andLNG
carriers[2]aresimilarandutilizeeitherthenormalstructural
designsforthesevesselsora slightmodificationwhichincludes
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additionaldecksspecificallydesignedtoabsorbthekineticenergy
lostduringa collision.However,itisclearthatthedesign
requirementsforthesevariousshipsare-different.Clearly,the
bdwofa strikingshipmustnotpenetratethecontainmentvesselof
a nuclearopoweredship.Presumablya similardesignrequirement
wouldbeusedforanLNGcarrier,exceptthata numberoftanks
wouldreqtiireprotection.Theentirelengthofanoiltanker
requiresprotectionsothatitisonlyfeasibleinthiscasetopro-
videprotectionforminorcollisions.NOdoubtevenotherdesign
requirementsmightbenecessaryforthevariousothershipcollision
scenariosmentionedinSection1.

Itemergesclearlythata designerneedsa collectionofpossible
collisionprotectionschemesanddevicessothatthemostsuitable
fortheparticularproblemathandmaybeused.Manyenergy-absorption
methodshavebeeninvestigatedintheengineeringliterature[13],
particularlyintheautomobilecrashworthinessfield[14,15].A
briefreviewofthisactivityupto1975waspresentedinReference
[ll]whereinitwasobserved,fromaneconomicviewpoint,thatmost
energy-absorptionschemeswerenotpracticalforshipsbecauseof
thelargesurfaceareasrequiringprotection.However,itwas
suggestedthathoneycombstructures,ornestsoftubes,providea
feasiblealternativetodeckstructures,particularlyformarine
vehicles.

Itisinterestingtoobservethatthecollisionprotection
schemefora nuclear-poweredshiphasevolvedintoa cellularstructure
[16,17],whichissuperficiallysimilartothehoneycombortubenest
schemesproposedinReference[11].However,theprotectivescheme
proposedinReferences[16]and[17]isa resistance-typestructure
whichmustbestrongenoughtowithstandthemaximumpossibleimpact
force,whileabsorbingonlya smallfractionofthetotalimpact
energy.Ontheotherhand,thehoneycombstructurediscussedin
Reference[11]isanabsorption-typestructurewhichisdesignedto
absorbmostoftheimpactenergy.

Itappearsthata resistancetypeofprotectivesystemwouldbe
expensivetobuildandquiteheavybecausetheassociatedstatic
collapseloadmustbegreaterthananyimpactloadwhichitmay
encounter,However,itmaybequitedifficulttoabsorba greatdeal
ofenergywithanabsorptiontypeofprotectivesystem.Insomecases
itmightbeattractivetodevelopa hybridsysteminwhicha honey-
combstructurewouldabsorbtheenergyofminorcollisions(andthen
bereplaced),whiletheheaviersupportingstructureoftheresistance
typewouldremainavailabletoprotecta shipfromthedamaging
effectoftheresidualimpactduringa majorcollision.Itis
conceivablethattheweightofa hybridprotectionarrangement
requiredformajorcollisionswouldbelessthana whollyresistance
typeofstructurebecausetheabsorptionstructuralportion(e.g.
honeycomb)couldactasanattenuatorbyreducingtheaccelerations
andthereforetheforceswhichactontheresistanceportion. ‘

Itisimportanttoemphasizethatmanyresearchgroupsare
currentlyinvestigatinganddevelopingnewenergy-absorption
devicesina numberofengineeringfields,sothattheforegoing
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conclusionsandthoseinReference[11]mustbeheldsomewhat
tentative.incaseimprovedsystemsbecomeavailable.Recently,
Johnson,Reid,andSingh[18]foundthata rollingtorusdevice
absorbsconsiderablymoreenergythanpreviouslyreportedin-the
literature.Thepossibleexcitationofhighermodedynamicplastic
structuralresponsesinordertoimproveenergy-absorptioncharacter-
isticswasrecentlydiscussedinReferences[19]and[20].Moreover,
theuse-ofcompositematerialsinenergy-absorptionsystemsrequires
furtherexploration.InReferences[21]and[22],forexample,it
wasobservedthatfiber-reinforcedbeamsabsorbedmorekinetic
energythansimilarisotropicones.Thus,theresearchworkon
variousenergy-absorptionsystemsthroughoutthefieldofengineering
mustbecontinuouslymonitoredinordertomorequicklygeneratea
numberofcollisionprotectiondesign’optionsneededbynaval
architectsfora varietyofapplications.

2.3 Scaling

Similarityprincipleshavebeendevelopedextensivelyinthe
fieldoffluidmechanicsbuthavereceivedlessattentioninstructural
mechanics,“eventhoughstructuralmodeltestingisprobablymorewide-
spreadthroughoutthevariousbranchesofengineering[23]. Thedemands
ofproperscalingcanbeveryrestrictive.Inreference[23],for
example,itisshown,fora linearelasto-dynamicproblem,that
1/(1-2v),2(1+v)pglo/E,and 2(1+v)pio2/Eto2mustbethesame
fora prototypeanda geometricallysimilarmodel,whereE and v
aretheelasticconstants,g isthegravitationalconstantand
ko and to arethecharacteristicorreferencevaluesoflength
andtime.Inaddition,theratioTij/13 mustbethesameonthe
boundaryofanelasticprototypeanda geometricallysimilarmodel.

Invarianceof v isobviouslyrestrictivebutcanbeachieved
whenusingthesamematerialsfortheprototypeanda geometrically
similarmodel.Inthiscircumstance,itisevidentthat p and E
arethesamesothatthedimensionlessparameter2(1+v)pgLo/Ecan
onlybesatisfiediftheprototypeanda geometricallysimilarmodel
havethe”same,physicaldimensionswhentestedatthesamelocation.
Invarianceoftheparameter2(1+V)pLo2/Eto2requiresequalityof
Ro/to“fortheprototypeandmodelwhichwouldbedifficulttoachieve
inpractice;whilethesurfacetractionsTij mustbethesameinthe
prototypea-ridmodel.Thus,difficultieswithproperscalingare :
encounteredevenforthelinearelasto-dynamiccase.Fortunately,
theinvarianceof v shouldnotpresentanydifficultiesfora ship
collisionproblem,whilegravitationaleffectsarenotanimportant
factorintheStructuralresponse.Furthermore,ifa shipcollision
mayberegardedasquasi-staticthentheparameterrelatedtoinertia
forcesisnotrelevantsothatproperscalingcouldbeachievedfor
anylinearelasticeffectsduringa shipcollision.

Itappearsthatnopublishedinvestigations,exceptReference.
[24],haveexaminedwhetherthestructuralresponseofshipsduring
collisionsmaybeconsideredtobestatic,orwhetheritisnecessary
toretaintheinfluegceofinertiaforces.Itwassuggestedin
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Reference[25]thatthestructuralresponseofa panelina marine
vehicleduringa severeslamcouldbeaccuratelypredictedwitha
staticanalysis,providedthedurationofthepressurepulseislong-
erthanthefundamentalperiodofelasticvibration.Indeed,
encouragingagreementwasobtainedbetweenthetheoreticalpre-
dictionsaccordingtoa staticanalysisandsomeexperimentalresults
whichwererecordedona one-quarterscalemodelofa sectionofthe
bottomofa CoastGuardcutter[25].However,theinertiatermsmust
beretainedwhenthedurationofa pressurepulseisshort.Itwas
showninReference[24]thatthestructuralresponseoftheshell
platingoftheparticulartankerdesignconsideredinReference[12]
couldbepredictedwithsufficientaccuracyusinga staticanalysis.
Itwouldthereforeappearworthwhiletodevelopfurtherthesesimple
ideasinordertoprovideguidelineswhichindicatewhenstatic
analysescouldbeusedwithnosacrificeinaccuracy,althoughit
islikelythattheretentionofinertiatermswouldbeunavoidable
whenanalyzingevenminorcollisionsofhigh-speedmarinevehicles.

Thecollisionorgroundingofa shipislikelytoinvolve
extensiveinelasticbehaviorandothernon-lineareffects,which
wouldintroduceadditionalparametersintothebasicequations
governingthestructuralresponse.Duffey[26]hasshownthat,in
additiontovariousrestrictions,theinfluenceofmaterialstrain-
ratesensitivitycannotbeproperlyscaledwhena prototypeanda
geometricallysimilarmodelareconstructedofidenticalmaterials.
Furthertheoreticalobjectionsmaywellbeencounteredwhenattempting
tocorrelatetheresponsesofprototypesandmodelswhicharedescribed
bymoreaccurateconstitutiveequations(includingstrain-ratehistory
effects,forexample)andwhenfracturefeaturesintheresponse.It
shouldberemarked,however,thatverylittleisknownaboutdynamic
inelasticfracture,althougha criterionforthedynamicinelastic
failureofbeamsispresentedinReference[27].

Itisofsomeinteresttoassesstheimportanceofmaterial
strain-ratesensitivityontheplatingresponseduringa ship
collision,sincemildsteelisnotoriouslystrain-ratesensitive[28]
andexercisesanimportantinfluenceonthedynamicplasticresponse
ofvariousstructuralmembers[29,30].Thedynamicflowstress
(Cfy’) in a uniaxiallyloade~mildsteelspecimen,whichisstretched
ata constantstrainrate (E),approximatelyobeystheempirical
Cooper-Symondsconstitutiverelation

‘Y‘/uy = 1 + (:/40)y5 , (1)

wherea istheuniaxialstaticflowstress.Itwasestimatedin
Referenc~[241fora particularcasethatthedurationofimpactof
a strikingvesseltravelingwithaninitialvelocityof2 knotsis
2 seconds,approximately.Thiscalculationassumedthatthespeed
ofthestrikingvesseldecreasedlinearlyuntilmotionceasedwhen
thel-inch-thicksteelshellplatingofthestruckshiphaddeformed
40/150ofthespan,whichisthethresholdofruptureaccording
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totheexperimentalresults.Iftherupturestrainoftheplating
ina uniaxialtestis0.3thentheaveragestrainrateduringthe
responseis0.15see-landequation(1)predicts‘Y~=1.33ay. In
otherwords,thedynamicflowstressatthemaximumstrainlocation
intheplatingforthisparticularcaseisabout33percentlarger
thantheun$axialyieldstressrecordedina conventionaltensiletest.
Itshouldbenot~dthatequation(1)wasdevelopedfromexperi–
mentsonmildsteelspecimenswhichsufferedrelativelysmall
strains.TheexperimentalresultsofCampbellandCooper[31]
indicatedthatthecorrespondingrelationshipfortheultimate
tensilestresswasquitedifferent.Indeed,Wierzbickiet.
al.[32]andothershaveobservedthata linearcounterpart
ofequation(1)maybeadequateforstructuralmemberswhich
undergolargeplasticstrains.

Thecalculationfortheaveragestrain-rateata particular
locationisobviouslyveryapproximateanditisundoubtedlyquite
differentforothercollisionsituations.Nevertheless,this
calculationdoesappeartosuggestthattheinfluenceofmaterial
strain-ratesensitivityissufficientlyimportanttomeritfurther
consideration.Akitaetal [33]conductedsomeidealisedstatic
anddynamicshipcollisionmodeltestsandobservedthattheenergy
absorbedina dynamictestwaslargerthanthatwhichwasabsorbed
inthecorrespondingstatictest,a circumstancewhichwasattributed
totheinfluenceofmaterialstrain-ratesensitivity.

Woisin[34]hasexaminedtheinfluenceofvariousfactorsin
thesimilaritylawsforthestructuraldamageassociatedwithship
collisionsandalsoobservedthatnotallnon-dimensionalparameters
maybesimultaneouslysatisfiedfora prototypeanda geometrically
similarmodel.Woisinthenmakessomesuggestionsastowhich
effectsareunimportantandusesapproximaterelationsforthose
thatmustbeconsidered.

2.4 Influenceof“aStriking”Bow

Theshipcollisionproblemisobviouslya verydifficultoneto
analysetheoreticallyorevenexperimentallybecausetherather
complicatedshipstructurerespondsintheinelasticrange,with
largedeflectionsandothernon-lineareffectssuchasfractureand
buckling.Thiscomplexityisfurthercompoundedbythemanypossible
collisionscenariosbetweendifferenttypesofshipshavingdifferent
weightsandtravelingatdifferentspeedswithdifferentanglesof
approachandwithvariousimpactlocations,etc.Moreover,the
potentialforenergyabsorptioninthebowsofdifferentstriking
shipsisquitevariableandthereforeinfluencesthepartitionof
energybetweena strikingshipanda struckship.Minorsky[3]
considersthiseffectin hissemi–empiricalprocedurebyincluding
thevolumeofmaterialinthedamagedportionsofdecks,longitudinal
bulkheads,andshellplatingina strikingvessel.
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An interestingexperimentalstudywasreportedbyAkitaand
Kitamura[35]whoobservedthatthebowstructureofa striking
shipplaysa veryimportantroleduringa collisionbetweentwo
ships.Theincludedstemangle,rakeandframingofa bowclearly
areimportant,buttheratiobetweenthestrengthofthebowof
a strikingshipandthestrengthofthesideofa struckshiphas
a majorinfluenceonthepartitionofenergyabsorptionbetweenthe
twoshipsasshowninFigure1. Generallyspeakinga stiffbow

BowtoSideStrengthRatio

Figure1

VariationofAbsorbedEnergywithRatioofBowtoSideStrength[35].

(e.g.icebreaker)wouldabsorbverylittleenergysothatmostofthe
kineticenergylostduringimpactmustbeabsorbedbythesideof
thestruckship.ontheotherhand,a weakbowmayabsorbmostof
thekineticenergylostduringa collision,leavingthesideofthe
struckshipessentiallyundamaged.Incidentally,Cheung[361has
suggesteda designfora softbow.

TheauthorsofReference[12]evaluatedtheplasticenergy
absorbedbya shipwhenstruckbya verticalrigidbowandcompared
itwiththeplasticenergyabsorbedinanidenticalshipstruckby
a rigidbowwitha 15°rake.Thebowimprintsonthesidesofthe
struckshipsweremite differentasshowninFigure‘1ofReference
[12:]. It~urned
bya rakedrigid
whichwouldhave

o~tthattheplasticenergyabsorbedina shipstruck
bowranged.from49to60percentoftheplasticenergy
beenabsorbedifstruckbya verticalrigidbow.

7



3. RecentPublishedWorkonShipCollisionResearch

3.1 Japan

Theoutstandingtheoreticalandexperimentalworkonthe
structuralmechanicsofshipcollisionswhichwasconductedinJapan
priorto1975hasbeenreviewedinReferences[9]to”[11].Mor”eover,
Reference[33]containsanexcellentsummaryofthemajorresults
fromthiscomprehensiveJapaneseshipcollisionresearchprogram.

Morerecently,AndoandArita[37]examinedexperimentallyand
theoreticallythecollisionprotectioncharacteristicsofdouble-hull
structureswhichconsistofanouterhullp~atiinqandan,inners~ell
connectedbyflathorizontalandverticalg~rdersweldedtoform
cubicalcellularspacesasshowninFigure2 of [371,withthe
dimensionslistedinTable1 of [37].Thisstructuralarrangement
issimilartothatproposedinReference[11]exceptthatthecellular
spacesin [11]arehexagonal.

Theauthorsconductedexperimentson11structuralmodelspenetra-
tedstaticallybyrigididealizedbowswhichwereperpendicularto
thedouble-hullstructureasindicatedinFigure2 of [37]. Itis
evidentfromtheidealisedcurvesinFigure4 of [37]andFigure2
herethata typicalbow load/bowpenetrationcurvehastwodistinct
humps(seealsoFigure3(a)here).Thefirstpeakisassociatedwith
themembraneforceswhicharedevelopedinthehullplatingandis
presumablyreachedwhentheplateruptures,afterwhichthebowload
dropssharply,whilethebowpenetrateswithlittleresistancefrom
thehorizontalgirdersuntilitcontactstheverticalgirders.The
secondpeakisrelatedtotheultimatestrengthoftheverticalgirders.
Typicalabsorbedenergy/bowpenetrationcurveswithbowpenetrations
uptoapproximatelythetotalthicknessofa double-hullstructureare
presentedinFigures11to13of [37]andFigure3(b)here,andthe
relationbetweentheabsorbedenergyandthecorrespondingvolumeof
a double–hullmodelisshowninFigures14and15of [37].Theauthors
foundthatconsiderableenergywouldbeabsorbedduetothedevelopment
ofmembranetensionintheshellplatingduringa minorcollision
whichsupportstheconclusionsinReference[12].

Theinfluenceofbowradiusonthestructuralresponseofa
double-hullmodelisshowninFigures10and13ofReference[37].
Allthebowshadanincludedangleof60°andnorake.

Anapproximatetheoreticalanalysisbasedontheidealised
behaviordescribedinFigure2 herewasdevelopedinReference[37]
usinga strengthofmaterialsapproachandfoundtopredictthe
overallfeaturesoftheresponse.

It appearsfromFigure16ofReference[37]thata tenfold
increaseintheaveragerammingspeedofthe.bowfrom20mm\minto
200mm\mindoesnotproducea markedlvdifferentresponse.
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Akitaetal.reportedinFigures8,9,and12to14ofReference
[33]theexperimentalresultsobtainedfrom8 idealisedshipside
modelspenetratedstaticallybyrigidbows.Theshipsidemodels
consistedofa sideshell,twodecksandtransverseframing.The
behaviorof11othersidestructuraldesignswasalsoexaminedin
Figures41to53ofReferenCe[33].AritarAndoandArita[38]have
recentlypresentedsomeadditionaltestresultswhichexploremore
fullytheinfluenceofstiffenerspacing,deckspacing,sideshell
thickness,anddeckplatethicknessonthepotentialcollision
protectionofshipstructures.

TheauthorsofReference[33]observedthatdeformation-and
crack-failuremodessketchedinFigure4 herewereresponsiblefor
thefailureoftheshipsidemodels.A deformation-failuremodeis
characterisedby’bucklingofdecksandstiffenersovera relatively
largeareaofthesideshellanda largeportionoftheexternal
loadissupportedbymembranetensionpriortotheruptureofthe
sideshell.Thisbehaviorcontrastswitha cracktypeoffailure
whichischaracterisedbya localpenetrationofa rigidbowwhich
rupturesthesideshellanddecksasindicatedinFigure4(b)here.
Arita,AndoandArita[38]alsofoundthesekindsofbehaviorin
theirmorecomprehensivetestseries.However,a deformation-
failuremode isnowtaileda buckling-typefailure,andthecrack-
typefailureisrenamedanencroaching-failuremode.Theexperimental
resultsinFigure5 of [38]indicatethatthefailuremodechangesfrom
a bucklingtypetoanencroachingtypeasthestiffenerordeck
spacingdecreases.A semi-analyticalcriterionwasdevelopedin
equations(7)to (9)andFigure8 ofReference[381inorderto
predictthetypeoffailuremodefora particularsideshell.

Inthecaseofanencroaching-failuremode,theenergyabsorption
continuestoincreaseapproximatelyproportionaltothesquareofthe
bowpenetrationevenaftertheruptureofthesideshell.Thiscon–
trastswiththebehaviorassociatedwith.abuckling-failuremode.
However,ata given”smallpenetrationofa bow,anencroaching-
failuremodeabsorbslessenergythana buckling–typeasshownin
Figure5 here.ThisobservationledtheauthorsofReference[381
tosuggestthatthedimensionsofa sideshellmaybe selectedin
ordertoachieveoptimumcollisionprotection.Thus,a buckling-
failuremodewouldbesoughttoprovideprotectionagainsta minor
collisionandanencroaching-failuremodefora majorcollision.

Section2 [38]ontheoverallmechanicsofshipcollisionsand
Section4 [38]ondynamiceffectsaresimilartothestudiesreported
inReference[33].

Inordertogenerateinformationonthedesignofbuffersfor
thecollisionprotectionofbothshiphullsandbridgepiers,
Nagasawaetal.[39]havereportedrecentlytheresultsofan
experimentalinvestigationintothestaticstructuralbehaviorof
smallidealisedshipsideandbowmodelswhichcollidewitha rigid
bridgepier.

12



uo3

Deformationor

EncroachingType

BowPenetration

(a)

Deformationor
$ BucklingType
z
;
u
z
&
2a EncroachingType

BowPenetration

(b)



Thefirstpartofthisstudyexploredthebehaviorofthe
idealisedshipbowsillustratedinFigure1 ofReference[39]when
loadedstaticallythroughtheflatplaneofa rigidbridgepier.It
turnedoutthatthebucklingofthesidebowplating(seephotograph
l(b)in [39])controlledthestrengthoftheseparticularbows.In
fact,thisconclusionalsocouldbepredictedfromtheexperimental
resultsreportedinReference[35]forweakbowscollidingquasi-
staticallywithstrongshipsidestructures.Itisevidentfromthe
experimentalresultspresentedinFigure3 of [39]thatthemaximum
loadexperiencedbya verticalbowforsmallamountsofbowdeforma-
tionisconsiderablylargerthantheloadassociatedwitha raked
bow. However,theexperimentalresultsinFigure5 of [39]indicate
onlya smalldifferenceintheabsorbedenergiesforlargedeformations
ofa bow.

InthesecondpartofthestudyreportedinReference[391,the
authorsexaminedthestructuralbehavioroflongitudinallyframedand
transverselyframedshipsidemodelsloadedstaticallybya rigid
cylindricalbodywhichisanidealisationofthecornerofa bridge
pier(seeFigures2 and18of [3~]).Itisapparentfromphotograph
2 andFigures14and15inReference[39]thatthestructuralbe-
haviorofthetransverselyframedshipsidemodelswerequite
differenttothelongitudinallyframedones.Theparticularex-
perimentalresultsinFigures10to13of [39]indicate,fora given
deformationofa sideshell,thatthecorrespondingloadandabsorbed
energyofa transverselyframedsideshellareconsiderablylarger
thanfora longitudinallyframedsideshell.

Thecollisionforcesdevelopedduringbowandsidecollisions
withbridgepiersareestimatedinFigures17and19of [39]. Again,
ittranspiredthatt“l~ecollisionforcesinshipsideswithtransverse
framingarelargerthanthoseassociatedwithlongitudinalframing.

Thisbridgepiercollisionworkiscontinuingandthebehavior
ofcurvedplatemodelswhichsimulatetankerbowsarebeingexamined
currently.FurtherinvestigationsarealsoinprogressinJapanon
thecollisionprotectionofoffshoreoil-storagefacilities.

3.,2TheNetherlands

A numericalstudywasundertakenintheNetherlandstoevaluate
thecollisionresistanceofdouble–hullL.N.G.tankerswithdouble
bottomsstruckbyshipshavingrigidbows[40].

Thebasicequationsforthisnumericalworkweredevelopedby
isolatingthevariousstructuralmemberswhichparticipateina ship
collisionandestimatingtheassociatedload–deformationcharacteristics.
Inthisway,approximaterelationsforthebehaviorofthehullplate~
de,cks,stringersandwebframeswerederivedusingvarioussimple
formulaefromseveralsources.Thisgeneralapproachtotheproblem
wassimilartothatdevelopedinReference[12]exceptthecollisions
werenotonlyminorones.Itwasthenassumedthatthetotalforce
actingonthesideofa shipequalledthesumofthecontributions
fromallthestructuralmembersofanL.N.G,tankerwhichdeformed
duringa collision.Thisimpliesthatthebehaviorofthevarious
membersarecompletelyuncoupledandactinparallelwithnonein
series.Theimportanceandaccuracyofthisassumptionwasnot
examinedinReference[40]andthereforeremainscontentious.
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TheauthorsthenformulatedtheequationsofmotionforanL-N-G.
tankerstruckbya shipwhenbothwereidealisedasrigidbodies,but
withthelocalforcesbetweenthevesselsdescribedbytheapproximate
force–deflectioncharacteristicsdiscussedabove.Virtualaddedmass
coefficientsof0.5and0.4wereusedforanL-N.G.tankerindeep
wateranda strikingship,respectively.Theyieldstress”ofthe
shipstructuralmaterialwastakenas o ‘=280N\~2

z
inordertocater

forthephenomenonofmaterialstrain-rae sensitivity.Howeverrno
informationwasofferedonthechoiceofthisvalueandobviouslyno
distinctioncould”havebeenmadebetweenthetemporalandspatial-
variationsofstrainratefordifferentstructuralmembersduring
variouscollisionscenarios.

Theequationsofmotionwereintegratednumericallywithrespect
totimeusingtheRunge-KuttamethodandO.01-secondtimesteps.
NumericalresultsarepresentedforL-N,G.tankerswithintegrated
cargotanksystems,freestandingcargotanksmadeofaluminumalloy,
andsphericalpressurevesselcargotanks.Itwasfoundthata
10,000tonstrikingshiptravelingat4 knotscoulddamagethecargo
tanksofthethreetypesofL.N.G.tankers.However,theamountof
damageisobviouslysensitivetothedetailsofbothstruckand
strikingshipsbutitissurprisinglyinsensitivetotheimpact
locations,‘obliquity,andeccentricityof a collisionaccording
tothenumericalresults.

A greatdealo’finterestinginformationispresentedinReference
[40]butsince”itisa numerical-empiricalstudytheactualvaluesof
thevariousparametersmustremaintentativeuntilsomesupporting
experimentalevidencebecomesavailable.However,thephilosophyof
approachtothisdifficultproblemisa sensibleoneandiscapable
offurtherrefinementasadditionalexperimentalresultsaregenerated.

3.3 UnitedKinadom

Itappearsthatonlyonepaperhasbeenpublishedinthe
UnitedKingdomsinceanappealinglysimpleapproximatetheor–
eticalprocedurewasdevelopedbytheNavalConstructionResearch
Establishment(NCRE)andpublishedin1967[41].Haywood[42]
usedMinorskyls[3]approximatecalculationproceduretoassess
thecollisionresistanceofa 57,000tondisplacement~G carrier
(75,000m3). A numberofassumptionsallowedsimplecalcula-
tionstobemadewhichindicatedthattheinnershellLNG
carriertanksandinsulationsystemarelikelytoberuptured
bystrikingshipsof20,000,50,000,or100,000tonsdisplace-
menttrayellingatapproximately9,6,and5 knots,respectively.
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JohnsonandMamalis[43]haverecentlyprepareda monog-
raph onthecrashworthinessofvehicleswitha sectiononship
collisionswhichlargelydiscussestheworkcontainedinRefer-
ences[3]and[11]. ,.

3.4 UnitedStates
IthasalreadybeenremarkedthatMinorskyprepareda valuablesurvey
ofmostshipcollisionpaperspublishedupto1975[9].Thisreport
containsa bibliographyof74paperswithextendedsummariesof34.

Zahnpresenteddataonthedetailsof134shipcollisionsin
Reference[44].Minorsky[45]hasaddedtothisdatabaseand
observedthataboutone–thirdofstrucktankers(oillL.N.G.,L.P.G.,
ore-oil,chemical)caughtfireorexploded,whileaboutone-fifthof
strucknon-tankerssankastheresultofa collision.

Minorsiy,Parker,andGotimer[46]havefurther”studiedthe
availableshipaccident”datainanattempttopredictthecasualty”
statisticsfornucleartankers.Itisconcludedthata nuclear
tankerequippedwitha propercollisionbarrier(e.g.[16,171)would
becollision–proof,exceptforpossibleruptureofpipingandequipment
inthereactorcompartmentduetoexcessivedynamicloads.

TheprocedureinReferences[121,[47]and[48]wasdeveloped,in
ordertoevaluatetheabilityoflongitudinallyframedships,suchas”
tankers,towithstandminorcollisions.Theplasticenergyabsorption
ofthesideofa struckshipwasestimatedusingplasticitytheory
andvariousempiricalrelationsfromseveralsourcesfortheload–
deflectionandenergy-absorbingcharacteristicsofthestructural
memberswhichweredeformedduringa shipcollision.Ittranspired
thattheelasticenergyassociatedwitha shipcollisionwasnegligible
comparedtotheplasticwork.Tosimplifythecalculations,thebow
ofthestrikingshipwasassumedrigid.“Theproposedcalculation
procedurewas”usedtoexaminesixparticularcasesofsingle-shell
anddouble-shell120,000dwttankersstruckbya 20,000tondis-
placementship.

16



ItisevidentfromTable4–2inReference[48]thatthemembrane
strainenergyinthelongitudinalsidemembersmakesa majorcontribution
tothetotalplasticstrainenergyabsorbedbeforeshellplaterupture.
Themembranestrainenergyabsorbedinthedeckisthenextmost
importantcontributiontothetotalstrainenergy.I-tturnsoutthat
themembranestrainenergiesdevelopedinthesideshellanddeck
accountforabout88to98percentofthetotalstrainenergyinthe
sixcasesexaminedinReference[481.

Theconfigurationofthestrikingbow,eventhoughrigid,has
a significanteffectontheenergyabsorptioncharacteristicsof
thestruckshipsinReferences[12]and[48]asalreadyremarkedin
Section2.4. ItwasalsoobservedinReference[48]thatthetotal
plasticenergyabsorptionina hullisapproximatelyproportional
totheshellplatethickness.Thus,similarenergy-absorption
capacitieswerefoundforsingle-hullanddouble-hullshipswiththe
sameoverallsideplatingthickness.However,a doublehullis
superiortoa singleshellwhenpunchingortearingactionwithlittle
energyabsorptionoccurs,sincetheinnershellmayremainintactand
preventleakageofthecargoafterruptureoftheoutershell.

ObliquecollisionswerealsoexaminedinReference[48]andit
wasobservedthatlessenergywasabsorbedbya struckshipthanwould
beduringa right-anglecollision.Moreoverrtheactualimpactlocation
ofa rigidbowrelativetothetransversebulkheadsofa struckship
wasfoundtoexercisea veryimportantinfluenceon.theamountof
energyabsorbedina struckship.

AnestimateoftheenergyabsorptioncapacityofanL.N.G.ship
withsphericalaluminumcargotankswhenstruckatrightanglesbya
20;000tondisplacementvesselwitha verticalrigidbowwasalso
examinedinReference[481.Itwasfoundthata strikingshipwith
a velocityof7.4knotscouldbeaccommodatedbyplasticenergy
absorptionina 125,000m3L.N.G.shippriortoplatingrupture.
However,theamountofenergyabsorptiondependsstronglyonthe
locationofthestrike.Moreover,.exceptforstrikeswithintwo
webspacesofthebulkheads,theproximityoftheL.N.G.cargotank
totheshellpreventsthefullpotentialofplasticenergyabsorption
beingrealisedinthesideofthestruckshipbeforea cargotankis
ruptured.

ThecalculationsinReference[48]werepredicatedona large
numberofsimplificationsandassumptions,manyofwhichrequire
furtherexperimentaljustification.Forexample,nofrackur=-mechanics
criteriawereincorporatedinthemethodofanalysissothatthere
wasnopossibilityofplatingfracturepriortotheattainmentof
theductilitylimit.Dynamiceffectswereneglected.Moreover,
neitherthedestructivecapabilityofnortheenergyabsorbedina
strikingbowwereexamined,althoughsomeconsiderationwasgiven



tothislatterpointinSection7 ofReference[4B].Furthermore,the
shipbottom,bilgestrake,andtransversebulkheadsdidnotbuckle,
yield,orrupture.Thus, thedamagedareaina struckshipwas
confinedbetweentwoconsecutivetransversebulkheadsandabovethe
bilgestrake.Nevertheless,thetheoreticalmethoddevelopedin
Reference[48]providesa usefulframeworkforthefuturestudyof
minorshipcollisionsandiscapableoffurtherrefinementas
eXPerirneII~al r@SultSbecomeavailable.

Chang[49]examinedthecollisionprotectionofnuclear-powered
shipswiththe.grillagearrangementproposedbyWoisin[161. Chang
usedthewell-knownlimittheoremsofplasticityinordertostudy
theforcesinthecollisionbarrierofa stuckshipandinthebow”’.
ofa strikingship.

Theplastic-limitanalysistheoremsweredevelopedusing’ .!
equilibriumequationsandgeometricalrelationsforstructureswhich
undergoinfinitesimaldisplacements.However,thepost-yield
characteristicsofmanystructuresarehighlynon-linear(see
References[50]and[51]fora listofthosereferencesrelevantto
NavalArchitecture). Infact,theexperimentalandtheoreticaltrans-
verseload-carryingcapacityofthelongplateinFigure5 ofReference
[52]isfourtimestheclassicalstaticplasticcollapseloadwhen
themaximumtransversedisplacementisdoubletheassociatedplate
thickness.Furthermore,theelasticorplasticbucklingandpost–
bucklingcharacteristicsofstructuresarenotrecognisedbythe
staticplastic-collapsetheorems.Theseseverelimitationsare
acceptableforthedesignofa protectivegrillagebecauseitisa
resistancetypeofbarrierandmustthereforeremainintacta’ndnot
deform(appreciably)duringa collision.Ontheotherhand,thebow
ofa strikingshipmaydeformsignificantlyuponimpact-witha ,.
resistancetypeofprotectivebarrier.Thus,thelimittheorems
shouldnotbeusedtostudythestrengthofa bowsincethepre-
dictionscouldhavesignificanterrorsandmayunderestimateorover-
estimatetheactualfailureloadofa bow. Nevertheless,Chang’s
statementthatthefailureloadoftheprotectivegrillagemustbe
largerthanthe“failureloadofa strikingbowmustremaintrue.

Chang[49]employeda numericalfinite-elementmethodtostudy
thebehaviorofa protectivebarriersubjectedtothecollisionload’
estimatedfromtheexperimentaltestsofWoisin.Thenumerical
stressdistributionassociatedwiththepeakcollisionloadindicated
thatmostportionsofthestructureremainedelastic,withplastic
yieldingatonlya fewlocations,whichwasapparentlyconfirmedby
theexperimentalresults.ThepreliminaryresultsinReference[49]
willbeincorporatedintoa finalreporttobepublishedinthenear
future.

TheauthorsofReference[531conductedsomecollisiontestson
a stationaryfloatingsteelshipmodelwhichwasimpactedatright
anglesonthecentretransversebulkhead(locatedatthemid-ship
section)bya floatingwoodenshipmodel.Itwastheobjectofthese
teststorecordtheshockresponseduringa shipcollisioninorderto
assesstheimportanceofthisphenomenonforthedesignofshipboard
nuclearreactorsafetysystems.Thetestssimulatedlow-energycollisions
andthedeformationsoftheidealisedshipmodelswereessentially
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elastic.Instrumentationwasattachedtobothshipmodelsinorderto
recordseveralvelocityandaccelerationtimehistoriesduringa
collision.

Anadded-masscoefficientof0.384wasfoundforthehorizontal
vibrationofthestruckshipmodel,whichissimilartotheexpected
theoreticalvalue.

Thestrikingshipbehavedessentiallyasa rigidbodythroughout
theresponse,whilethestruckshipexperiencedarigid-bodyaccelera-
tionwhenthestrikingvesselwasincontact,togetherwitha significant
horizontal(hullwhipping)vibrationmode.Themaximumaccelerations
inthestruckvesseldidnotoccuratthelocationoftheimpactbut
were70percentlargerattheendbulkheads(bowandsternforthe
model),whichisconsistentwiththeclassicalvibrationmodesofa
free-freebeam.Over100vibrationcyclesofthestruckmodelwere
requiredforthewatermediumtoreducethehorizontalvibration
amplitudesby50percent.

Itappearsthatthewatersupportsthefloatingbodiesessentially
asa frictionlessmediumduringtheinitialcollisionphase,whenthe
maximumaccelerationsoccur.Thus,anycollisiontestsofconstrained
struckmodelsconductedinairwouldnotgivevalidestimatesofthe
shockresponseforsimilarfloatingbodies.

Therectangularshapeofthesteelstruckvesselroughly
correspondstothemid-shipsectionofa moderntanker.However,no
attemptwasmadetoproperlyscaletheshipmodelssothatthe
experimentalresultsinReferenceE3] cannotbescaleduptopredict
theshockresponseduringa full-scaleshipcollision.Nevertheless,
theexperimentalresultsareusefulinidentifyingthe~ajorresponse
featuresandinprovidingsomedatawhichmightbeusedforchecking
numericalschemes.

3.5 WestGermany

Woisinhascontinuedhislongassociationwiththecollision
protectionofnuclear-poweredships[10,34,etc]andrecently
examinedthecharacteristicsofa resistancetypeofcollision
barrier[16,54,551. Woisin[161pointedoutthata resistance
typeofcollisionprotectionscheme(grillage)occupiesabout1/12
ofa ship’sbreadth,whereasa conventionalenergyabsorptiondeck
structurerequiresatleast1/5ofa ship’sbreadth.Furthermore,
a resistancetypeofprotectionbarrierenablesa vesseltoremain
seaworthyafteracollisionandcanprotectthevesselduringa
secondarycollision.However,theweightandcostofa resistance
typeofprotectiveschemewouldprobablybegreaterthana conventional
energy-absorptiontype.Moreovertheshockforcesdevelopedduringa
collisionmightbelargerandpossiblyleadtofailuresinregions
remotefromtheimpactarea,assuggestedbytheexperimentalresults
reportedinReference[53]. Nevertheless,W@isin[16]concluded
thata properlydesignedresistancetypeofprotectionbarrieris
anattractivealternativefora nuclear-poweredcontainership
because.oftheseverewidthlimitationsimposedbythePanamaCanal.
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InReference[16],Woisinreportedtheresultsof8model
experimentswithscale,ratiosof1:7.5and1:12usingthesame “’
experimentalarrangementasdescribedinReference[56],but
withsidestructureshavingresistance-typebarriers.TeStswere
conductedusingfourdifferentkindsofbows:a typicalbulbous
bowfortankersandotherbulkcarriers,a typicalcylindricalbow
forbulkcarriersandcrudeoiltankers,bowofthecontainership
TOKYOBAY,andtheextremelysharpbowofthelinerFRANCE.Insome
cases,thebowswerefilledwithballastwater.The‘sidemodels
wereprotectedbythreedifferenttypesofresistance”barriersso
astoexaminetheinfluenceofvariousstructuraldimensions.

Instrumentationwasusedtomeasuretheimpactvelocity,
decelerationofthecarriagemass(withattachedbow),impactforces,
andstrains.However,ittranspiredthattheinstrumentationfrequently
failed,ortherecordingswerenotvalid,sothatnoneofthese
detailedresultswerepresentedinReferences[16,54,55]. This
isunfortunatebecausesuchdatawouldberequiredtovalidatewholly
numericalschemes.Nevertheless,theexperimentalresultsin
References[16,54,55]arevaluableanddodemonstratethefeasibility
ofa resistancetypeofcollisionprotectionsystem,butfurtherwork
isrequiredtoestablishtheaccompanyingshockforces.

Paralleltotheexperimentalinves~iga~ionsofWoisin,Reckling
[17,57]developedanapproximatetheoreticalproceduretoexamine
thestructuralbehaviorofstrikingandstruckshipsduringcollisions.
Recklingestablishedthatelasticeffectsweresmallandtherefore
thecollisionproblemwasalmostentirelyplastic.From’anexamination
ofWoisinlsexperimentalresults,Recklingdistinguishedthreemajor
typesofdamage:accordion-shapedfoldingoflongitudinallystressed
plating(e.g.,outerhullofstrikingshipanddeckofstruck-ship,
etc), tearingopenoflongitudinallystressedplatingwherethe
collisionopponentintrudes~andtearingopenoflaterallystressed
platingduetolargemembranestrains(e.g.,outerhullofstruck
ship). Recklingdevelopedsemi-analyticalmethodsforcalculating
theenergyabsorbedineachofthestructuralmemberswhichresponded
toanyofthethreemajortypesofbehavior.Thetotalenergywhich
couldbeabsorbedbythestruckandstrikingshipsineachofthe
failuremodeswasestimatedandcomparedwiththecorresponding
experimentalresultsfortwocasesinTables1 ofReference[17]and
[57]. ItisevidentfromtheseresultsthatReckling’smethodfails
toaccountforonly4.3percentofthetotalabsorbedenergy”inthe
firstcaseand3.7percentinthesecond.Thisisa remarkable
achievement,thoughitmustbetemperedwiththefactthata number
ofassumptionshavebeenintroducedintothetheoreticalanalysis
whichmightnotremainvalidforothercases.

Recklingthenexamineda resistancetypeofprotectivegrillage
whichwasdiscussedbyWoisininReference[16]fora nuclear-powered
containership.. Inthiscase,thelimitloadoftheprotectivesystem
onthesideofa struckshipmustbelargerthananyimpactload
appliedbythebowofa strikingship.Recklingcalculatedthe
instabilityloadsofallthelongitudinallystressedplatingina
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strikingbowandaddedthemtoestimatethequasi-staticimpactforce.
Thesevaluesagreedtowithin10to20percentoftheimpactforces
measuredduringtheexperimentaltestsofWoisinlinwhichthebows
werecompletelydestroyed.Themaximumforcesexpectedfromvarious
full–scalebowsaccordingtothistheoreticalprocedurearepresented
inTable2 ofReference[17].

Reckling[17,57] idealisedtheprotectivebarrierontheside
oftheskruckship.asa grillageandusedtheupper-boundtheorem
ofplasticityto”estimatethecorrespondingquasi-staticcollapse
load,whichhefoundtobe1.5to2.5timeslargerthantheload
requiredtocauseinitialplasticyielding.Inaddition,thefailure
loadsofthedecksandtheplateelementswereestimatedandthe
smallestofthethreecalculatedfailureloadswastakenasthe
ultimatecollapseloadofthesideofa struckship.Finally,by
comparingtheultimatecollapseloadoftheprotectivesystemforthe
struc,kshipwiththatrequiredtocollapsea strikingbowallowsa
designertojudgethedegreeofprotectionaffordeda particular
ship.

i. GroundingofShips—
Thevariousshippingaccidentsdiscussedonpage297of

Reference[58]clearlyillustratethatgroundingisnotanun–
commonevent.Card[591examinedthecasualtydatafrom30
tankerbottomgroundingdamageincidentsinUnitedStates
watersandobservedthatifallhadbeenfittedwithB/lSdouble
bottoms?then27ofthemwouldnothavecausedpollutionand
87%ofthepollutionwouldhavebeenprevented.

Mlnorsky”[46,601collectedthestatisticsfo~ 333+vessels
over6000grosstonswhichgroundedduringthesix-yearperiod
1970-1975.Itturnedoutthatanaverageof4 to5 shipsper
thousandshipsgroundedeachyearineachoftheweightcategories
6000–10000tons,10000-30000tons,30000-60000ton,“and60000+ tons.
One-thirdofallthesegroundingwerewrittenoffasa totalloss
althoughonly8 percentactuallysank.Minorskyfoundtheprobability
ofgroundingfora containershipontheNewYork-Rotterdamrunwasabout
0.04initslifetime,thatofa shipover6000grosstonsontheU.S.-
PersianGulftradeabout0.004and0.01fora VLCConthesameroute.

Incontrasttotheextensiveliteratureonshipcollisions,very
fewarticlesappeartohavebeenpublishedonthelocalstructural
damageofshipssustainedingroundingaccidents.

-t333VesselsinReference[60]and336iiReference[46]-
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Cokerobservedthatthestructuralfailureofthestranded
cargovesselLQCHMONARwasinitiatedata discontinuityinthehull
plating[61].Cokeridealisedthesituationandconductedan
experimentalphotoelasticinvestigationintothepurebendingbehavior
ofa beamofdepthD whichchangestoa depthd witha circular
filletatthediscontinuity.Theseexperimentalresultsdemonstrated
thepresenceofimportantstressconcentrationeffectsatsuchsections
whichshouldbeavoidedinshipsbyredesignortheareastrengthened
ifunavoidable.

Inaninterestingpaper,Thomson[62]examinedthecircumstances
ofsevenstrandedvesselsandcalculatedthestressesinthedeck
platingwheninstabilityoccurred.

TheauthorsofReference[53]investigatedthebehaviorofa bow
ofa shipwhichstrucka rockthatpenetratedhorizontallythebottom
structure.Insometests,a rigidwedgewasforcedinanin-plane
senseintotheouterplatingofa 1/4scalesteelmodelofa ship
doublebottom.Inotherexperimentaltests,a rigidwedgewasforced
intotheentiredouble-bottomstructureinordertosimulatea grounding
accidentin.whicha rockorotherobstruction,torethroughtheentire
doublebottom.

Inadditiontotheabovein–planetests,theauthorsofReference
[63]alsoconductedsomeexperimentson1/8scaledouble-bottomsteel
structuressubjectedtolateral(i.e.,transverse)loadsinorderto
simulatethegroundingorstrandingofa shipona rock.Theloads
wereappliedthroughsolidconicalprotrudeswhichwereforced
laterally(i.e.,,transversely)intotheouterplatingofa double
bottomtravelinghorizontally.

“...
Theauthorsobservedfromtheirrock-strikingexperimentaltests

thatcrushed(buckledortorn)memberssuch”asouter”andinnerbottom
plating,longitudinal,andgirders,collapsedat80percentofthe
associatedyieldload,approximately.Ontheotherhand,deflected
members,suchasfloors,developmembraneforcesandruptureat
about20percentelongation(formildsteel). Thesamesituation
prevailsinthecaseofgroundingona rockexceptthecrushed
membersarenowfloorsandgirders,whilethemembranemembersare
the”bottomplatepanelssupportedbythefloorsandgirders.

TheauthorsofReference[63]estimatedonthebasisofthese
teststhata rockwouldpenetrate0.2to0.5oftheshiplengthof
a fullyladen100,000tonoilcarrierwitha doublebottomwhen
travelingatnormalspeed.Iftheoilcarrierstrandedona rock,
thenthebottomplatewouldruptureata forceof900tonandthe
rockwouldreachtheinnerbottomplatingat3600ton.

TheauthorsofReference[64]investigatedthetheoretical“and
experimentalbehaviorofa doublebottomwhenstrandedona rockwith
a cylindricalshape.Anexperimentaltestwasconductedona 1/7
scalemodelofa doublebottomwhichwasloadedthrougha solid
cylindricalprotruderwithanaxisperpendiculartothebottomplating.
A theoreticalanalysiswasalsodevelopedinReference[641andfound
togivegoodagreementwiththecorrespondingexperimentalresults.
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Vaughan[65,66]hasdevelopedrecentlya simplesemi-
empiricalproceduretoestimatethedamagesassociatedwiththe
collisionandgroundingofships.Minorsky’s[31approximate
procedurewasdevelopedformajorship-shipcollisionswith
largevolumedistortionsofthestructure.Ontheotherhand,
groundingincidentsmayinvolverelativelylittlevolumedistor-
tionbutsignificantplatetearingwhichcannotbeexamined
usingMinorsky’smethod.

Vaughan[66]presenteda dimensionalanalysisofa plate
whichwaspenetratedalongthemid–planebya rigidwedgeand
observedthattheworkdone(equation(2.6))consistedoftwo
parts.Onepartwasrelatedtothevolumeofdistortionasin
Minorsky’swork[3],whileanotherpartwasproportionaltothe
totalarea.offractureoftearingofa plate.Equation(2.7)
ofReference[66]givesa simplisticformulafortheenergyab-
sorbedbya shipbowwhichiscrushedasitimpactsagainsta
sidestructure.The.twoequations(2.6)and(2.7)involvethree
unknownconstantswhichweredeterminedusingtheempiricalfor-
mulaofMinorsky[3]andtheexperimentalresultsonidealised
modelsreportedbyAkitaandKitamura[35].

ItisevidentfromFigure4 ofReference[66]thatVaughan’s
equation(4.1)agreesquitewellwithMinorsky’sformula[3]
forthepenetrationofa sidestructurebya rigidbow. How-
ever,Minorsky’sformulaisnotappropriatewhendamageconsists
primarilyoftornplatingwithnegligiblevolumedistortionwhich
mayoccurwhena shiprunsagroundona sharpreeforonanice
projection.Vaughan[65]examinedthegroundingdamageofa
newdesignfora 107,QOOtondisplacementLNGcarrierwhich
collideswitha fixedsharpobjectandfoundthatthesafeoper–
stingspeedsassociatedwith.atearlengthof8.4m.areonly
1.5to2.8.knotsdependingonthegeometryoftheobstacle.

5. CurrentShipCollisionandGroundingWork

Anattemptismadeinthissectiontoreviewthetheoretical
andexperimentalinvestigationsonshipcollisionsandgrounding
whicharecurrentlybeing.conductedorcontemplatedinvarious
researchcentersaroundtheworld.Theauthorwouldbegrateful
forcommunicationsfromanyonereadingthisSectionwhoisaware
ofanystudiesomitted.

5.1 Canada

Vaughan[671iscontinuinghisrecentinvestigationsinto
thegroundingdamageofshipswhichheinitiatedinReferences
[65]and[661.Thetearingstrengthofplatesisbeingstudied
morecloselywiththeaidofexperimentaltestsonmildsteel
platesofvariousthicknesseswhicharepenetratedinanin-plane
sensebysharprigidwedges.Theexperimentalresultsappearto
supportthemainsimplificationintroducedinReferences[65]and
[661whichinvolvessplittingthetotalworkdoneintoonepart
due”totearingandanotherpartassociatedwithbending.In
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ordertorevealthedependenceontheplatethickness,Vaughan
[671inthiscaseassumedthattheworkdoneduetotearingwas
proportionaltothepenetrationdistance,whilethebendingenergy
wastakentobeproportionaltothedeformedarea(equation(2.1)).

ItappearsthatVaughan[671intendstoconductfurtherex-
perimentaltestsinwhichtheplatinghastobepiercedbefore
itcanbecut.

5.2 Denmark

Pedersen[68]iscurrentlydevelopinga finite-elementnu-
mericalschemetoexaminethebehaviorofa linearelasticrec-
tangularbeam(idealisedship)whichimpactsatrightangleswith
anotherbeam.Theimpactforcesanddurationofimpactarebeing
soughttodeterminewhena collisionisquasi-staticordynamic.
A somewhatrelatedproblemhasbeenexaminedbyGarnetandArmen
[69]whoalsouseda finite-elementprocedurebuttoexaminethe
mechanicsofimpactandreboundofanelasticlinearworkhard-
eningrodwhichhitsa rigidwallatrightangles.However,
Pedersen[68]intendstodevelopfurtherhisnumericalworkto
examine&hedynamicresponsewhenbothbeamsarefloatinginwater
ina mannersimilartotheexperimentalarrangementinReference
[531whichwasdiscussedinSection3.4.Itisalsointendedto
includenon-linearspringsattheimpactlocationinorderto
caterforrealisticimpactforces.

5.3 France

Loisance[70]hasrecentlypublisheda briefreviewonship
collisions.TheauthormadesomecalculationsusingMinorsky’s
method[31fora 120,000mgmethanecarrierandcomparedthe
predictionsforthecriticalspeedsofvariousstrikingships
wit-htheJapaneseruleswhichprovidea lowerboundasshownin
Figure2 ofReference[70].Itappearsthatfuturearticleswill
examinethestatisticalaspectsofshipcollisionsandresistance
typeofcollisionprotectionschemes.

5.4 Greece

Manolakos[71]iscurrentlypreparinga literaturesurvey
onshipcollisionsandisexaminingthepotentialroleofplas-
ticitytheoryinshipcollisionstudies.

5.5 Italy

Itappearsthatnoshipcollisionprotectionstudieshave
beenconductedinItalysincethepublicationofReference[72]
inwhichitwasshownthattheNCREcalculationmethod[41]men-
tionedinSection3.3gavegoodagreementwiththeirexperimental
resultswhendueallowancewasmadefortheenergyabsorbedina
strikingbow.’
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5.6 Japan

Furtherworkisbeingconductedinthestudyonthecollision
protectionofbothshiphullsandbridgepierswhichwasreported
inReference[391anddiscussedinSeCtiOn3“1-?dxperimentaltests
arecurrentlybeingperformedusingcurvedplateswhichrepresent
scalemodelsoftankerbows[73].

Thecollisionprotectionoffloatingoil-storagetanksisalso
beingimves~igatedattheShipResearchInstikute[73].scalemodels
ofthesidestructuresofoffshoreoil-storagetanksarebeingloaded
staticallybya rigidwedgewhichsirn~latesthebowofas~riklng
ship.

5.7 Norway

Larsoniscurrentlyexploringvariousenergy-absorptionschemes
madefromrubberwhichcouldbeusedtoprotectoffshoreplatforms
duringshipcollisions[741.

DetNorskeVeritashasinitiateda researchproject“Impacts
andCollisionsOffshore”sponsoredbytheRoyalNorwegianCouncil
forScientificandIndustrialResearch.Aspar-tofthisproject,
Hysing[75]recentlyinvestigatedtheforce-deformationandenergy–
absorptioncharacteristicsofa shiphullwhichimpactsa legof
anoffshoreplatform.Thestruckobjectwasassumedtoberigid
andtheindentationofa hullconstantovertheentireheightof
theship’sside.Additionalassumptionsandsimplifications
wereintroducedinordertoobtaintheindividualcharacteristics
ofthetransversewebframes,side,deck,andbottomplating
whichwerethenusedtoestimatethestrikingloadandgenerate
theload-penetrationandenergyabsorptioncurves.Thecalcula-
tionprocedureofHysing[75]followsthespiritoftheapproxi–
matemethodsdevelopedinreferences[40]and[57].

Hysing[75]comparedhisapproximatetheoreticalpredictions
withthecorrespondingJapaneseexperimentaltestresultscon-
ductedonidealisedmodelshavingverticalrigidbowswhichwere
reportedinReference[33,etc]. Generallyspeaking,thecompar-
isonsbetweenthetheoreticalpredictionsoftheload–indentation
behaviorandthecorrespondingexperimentalresultsinFigures
16to21arequitereasonableforthistypeofproblem.Theenergy
absorbedbytheidealisedmodelsinFigures22and23duringinden-
tationalsoagreesreasonablywellwiththecorrespondingexper-
imentalresultspresentedinReference[33,etcl.

5.8 Poland

Itappearsthatnostudiesonshipcollisionsorgrounding
arebeingconductedcurrentlyinPoland[76].
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5.9 TheNetherlands

ThestudyonthecollisionprotectionofLNGtankersin
Reference[40],whichisdiscussedinSection3.2,ispartofa
largerprojectwhichincludesinvestigationsintothespreading
andevaporationofburningLNGspillsonlandandwaterandthe
heatradiationfromLNGfiresonlandandwater[77,78]. In
addition,riskassessmentsofvariousaspectsofLNGtranspor-
tationandstoragehavebeenexploredintheNetherlands[79,80].

ThegeneralmethodwhichwasdevelopedinReference[40]is
currentlybeingusedtoexaminethecollisionresistanceofa
newdesignofLNGcarrier[81]. Inaddition,a projectonthe
safetyofsmallboatswhichtransporthazardousmaterialson
inlandwaterwayshasjustcommenced[81].

5.10UnitedKingdom

Asfarastheauthorisawarenostudiesintheshipcollision
fieldhavebeenconductedintheUnitedKingdomsincethepubli-
cationofReference[42]asnotedinsection3.3.

5.11UnitedStates

Minorskyiscontinuinghisworkonshipcollisionsandis
usingtheapproximatemethodofReckling[17,57]forthecollapse
strengthofshipbowstopredictthemaximumimpactforceswhich
actonstruckships[82].

InReference[83],whichhasrecentlybecomeavailable,
Minorskydemonstratedthatreasonablevaluesoftheimpactforces
andenergyabsorptioncanbepredictedusingtheempiricalfor-
mulaeofGerardforanexperimentaltestona modelbulbousbow
oftheESSOMALAYSIAwhichwasconductedbyWoisin[S4]. HOw-”
ever,Minorskyfoundthatthemeasurementoftheimpactforces
duringthetestwasnotsatisfactoryandobserveda vibrationof
thegirderwhichsupportedthesidemodel.

Minorsky[84]hasusedReckling’smethod[57]toexaminethe
collapseresistanceofa modelcylindricalbowofthe0130TARIM
whichwasalsotestedbyWoisin[54]. However,itwasfoundthat
theareaoftheimpactforce-bowpenetrationcurvewas39percent
lessthantheenergyexpendedduringtheactualtest.Minorsky
suggeststhatmanystructuralmemberscontinuetofoldortear
aftiercollapsetherebycontributingtoanadditionalresistance.

ASremarkedinSection3.4,ChanghaspresentedinReference
[49]SOmepreliminarynumericalfinite-elementresultsonthe
collisionprotectionofnuclear-poweredships.Thisnumerical
workiscontinuingandthenumericalresultsarebeingcompared
withtheexperimentaltestisofWoisin[16]onresistancetypepro–
tectivegrillages.

ThreereportspreparedbyChanghavebecomeavailablere-
cently[85-87]: Thefirstreport[85]containsa simplified
versionoftheinputinstructionsforthefinite–elementcomputer
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programANSYSwhenusedfortheelastic-plasticbehaviorofa
grillage.ChangusesthenumericalschemeANSYSinthesecond
report[86]inordertostudya resistanceprotectionbarrier
fora nuclear-poweredvessel.Changsimplifiedthisdifficult
problembycalculatingthestaticresponseassociatedwitha
fewpeakvaluesoftheload–timehistoriesofthescalemodels
testedbyWoisin.Itwasfoundthatthestressfieldinthe
barriertestedbyWoisinwasalwaysbelowthecorrespondingyield
stress.ThisledChangtoclaimthatcollapsewouldnotoccur
accordingtothelimit-analysistheorems,which,asremarkedin
Section3.4,weredevelopedfortheinfinitesimal-deflection
behaviorofelasticperfectlyplasticstructuresloadedstatically.
Thethirdreport[87]essentiallycontainsa morecompleteren-
deringoftheworkalreadypresentedinReference[49].

TheexperimentalworkofPakstys,Koenigsberg,andshee~s
iscompleteandtheauthorunderstandsthatReference[53]IS
thefinalreportforthisproject.

VanMater[88,89]iscurrentlystudyingtheavailable
theoreticalandnumericalprocedureswhichhavebeendeveloped
topredictthestructuraldamage,duringminorshipcollisions.
Itwasalsointendedtoseeka well-documentedcaseofanactu,al
minorshipcollisioninordertoevaluatetheaccuracyofthe
varioustheoreticalmethods.However,although728shipcolli-
sioncaseswereexamined,ittranspiredthatnoneoftheminor
collisionswithoutrupturehadsufficientlywell-defineddata
withlargeenoughindentationstobeofinterest.Thisstudyis
continuingandVanMater[891iscurrentlyexaminingindepththe
approximatetheoreticalschemeofReferences[12,47,481for
minorcollisionsandthenumericalfinite–elementworkofChang
[49],bothofwhichwerediscussedinSection3.4.

5.12WestGermany

Itappearsthattheexperimentalshipcollisionresearchpro-
gramofWoisin[16,55,90]hasbeenterminated[911.Reckling
[911iscurrentlyexaminingtheimpactofshipsincludingthe
influenceoftorsionaleffectsandvibrations.

6. Discussion

-6.1Experimental

Itisevidentfromtheforegoingliteraturereviewthatmanymore
experientialinvestigationsarerequiredbeforetheshipcollision
problemisfullyunderstood.Basicexperimentalstudiesmustbe
undertakeninordertorevealvariousfeaturesoffracturemechanics~
bucklingandpost–bucklingbehavior,constitutiveequations,strain
rateeffects,etc,butthesearenotconsideredhenceforth.Inaddition~
furtherexperimentaltestsarerequiredonidealisedmodelsofships
orshipsectionsinordertoclarifythemechanicsofshipcollisions~
whilefull--scaletestsarenecessaryforfinalverification.
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Thefull-scaleresultscouldbeobtainedeitherbyconductingfull-
scalecollisionsonoldshipsimmediatelypriortoscrapping,orby
usingdatacollected“fromactualshipcollisions.Unfortunately,
vitaldataisoftenmissingfromtherecordsofactualshipcollisions
[88,89]whichissimilartothe’situationforslammingandicedamage
[25,51]. Full–scalecollisionsonoldshipswouldbeanexpensivebut
worthwhileexerciseprovideda teamofactivestructuralmechanists,
structuralnavalarchitects,andhydrodynamicistsoversawtheentire
projectto.ensurethatmeaningfulandcompletedataforfutureas
wellascurrentusewasobtained.Thisteamofspecialistsshould
comefromoutsidetheestablishmentresponsiblefortheexperimental
testsandshouldassistinthepreparationofinterpretivereports
whichproperlycondensetherawdata(whichshouldalsobepublished
asa reportbytheoriginal.contractor)j.Onestruckshipcouldhe
usedforseveialminorcollisionsand”atleas~”onemajorcollision
sincebothsidesofa hullareavailablefortesting.Inaddition,
ifthebottomofthestruckshipwasnotdamagedduringthecollision
tests,thena coupleofgrounding.orstrandingexperimentscouldbe.
performedsimilartothetypeexaminedonidealisedscalemodels
inReferences[63]and[64].Furthermore,itisimperativetotest
idealisedmodelsofthesameshipwhichisusedforthefull-scale
shipcollisionandgroundingtestsinordertoprovidereliable
informationonscaling.

Itis”unrealistictoattempttoresolveallaspectsofthe
complicatedshipcollisionproblemwithfull–scaletests.Thus,
itisnec~ssarytoconductexperimentaltestsonidealisedmodels
toexplorevariouscharacteristicsofshipcollisionse.g.,influence
anddestructivecapabilitiesofdifferenttypesofbows,obliquityof
shipcollisions,impactlocations,differentshipconstructionsand
types,differentenergy–absorptionsystems(absorption,resistance!.
honeycomb,hybrid,etc),minorandmajorcollisions,etc.The
availableliteratureintheshipcollisionfieldhasexamined
severaloftheseaspectsbutmuchworkstillremainstobedone.
Furthermore,itisimportanttorecordtheshockresponseduringany
experimentaltestssinceonlyoneexperimentalstudyhasexamined
thisimportanttopic.Incidentally,itshouldbenotedthatexperimental
testsonconstrainedmodelsinairratherthanfreelyfloatingmodels
inwatermightgiverisetomisleadingshocktestresults[53]as
remarkedinsection3.4.

Itbecomesquicklyapparentfromtheforegoingcommentsthata
whollyexperimentalapproachtotheshipcollisionproblemeither
using-full-scalevesselsoridealised
thereforevariousmethodsofanalysis
fullyinstrumentedexperimentaltestis
theoreticalpredictions.

6.2 Numerical

modelsisnotrealisticand
mustbedevelopedwithoccasional
toprovidechecksonthe

..

ItwasremarkedinthepreviousSection-thatitisnotfeasible
toobtainall“therequiredinformationonthemanyfacetsofship ::.
collisionsfromexperimentaltestsonfull-scalevesselsorusing
idealisedmodels.Thus,recoursemustbemadetonumericalmethods
whichareconsideredinthisSectionandtheoreticalmethodswhichare
discussedinSection6.3.
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Therearetwomajortypesofnumericalstudies:eithercomputational
procedtireswhichautomatetheapproximatetheoreticalmethodsdeveloped
inReferences[12,17,40,47,49,and5~],orwhollynumericalstudies
usingfinite–elements,finite-differences,orsomeotherschemeto
integratenumericallythedifferentialequationswhichgovernthe
response.Thissectionfocusesonwhollynumericalschemes,while
approximatetheoreticalmethodsareconsideredinthenextsection.

A whollynumericalschemefora shipcollisioniscertainlynot
a trivialexercise.Apartfromthewidevarietyofscenariosreferred
@ ~n.the.~n~.Kodu.ctiornandinS.ection..$,.l,a numericalmethodmust
caterforelastic–plas”t~c–strain-ratesensitivestructureswhich
sufferlargedeflections,largestrains~b~ckling~ and fracture.
Inaddition,boththestrikingandstruckshipsmustbediscretised
spatiallyaswellastemporallyandtheimpactforce–timehistoryis,
ofcourse,unknowna priorisinceitispartofthesolution.Moreover,
thecontactareabetweenthebowofa strikingshipandthesideof
a struckshipistime–dependentandthefluidsurroundingtheships
mustbeproperlyidealised.

Itisworthwhileatthisjuncturetomakea fewcautionaryremarks
aboutthedevelopmentofnumericalfiethodsinplasticity.Theform
ofthemultidimensionalconstitut-iveequationsforelastic–plastic
materialsisstillnotclear,evenforstaticproblems.Thisshort–
comingwasdiscussedata workshop[921organizedastheresultof
unexpectedfindingswhichwererecentlyrevealedwhencomparingsome
numericalresultsgeneratedwithdifferentconstitutiveequations.
Theroleoftransverseshearforcesontheplasticyieldingof
structuresisanothercontentioustopic[93,94]. Moreover,itis
alsoimportanttocarefullymonitortheconvergenceofelastic–plastic
problems”.BelytschkoandHedge[95]examineda plane-stressproblem
whichsomepreviousauthorshadsolvedusinga finite–elementmethod,
andobservedthatthepredictedcollapseloadwassignificantlylarger
thanitshouldhavebeen,duetoaccumulationOferrorsinthenumerical
scheme.Thedynamicfractureofstructuresisyetanothertopicwhich
requiresconsiderablefurtherstudyinordertodevelopreliablefailure
criteria[27].

Thus,itisnotpossibleatthispointintimetoobtainanexact
numericalsolutionoftheactualshipcollisionproblembecausesome
ofthemorebasicmechanicsarenotyetfullyunderstood.Therefore,
theresultsofwhollynumericalschemeshavetobeviewedwithcaution.
However,itmaybeworthwhiletointroducevarioussimplifications(e-g-,
strain-rateinsensitiveconstitutiveequations,rigidbows,et-c)and
generatewhollynumericalsolutionsforthese“idealisedsituations.

6.3.ApproximateTheoreticalMethods

Approximatemethodsforthestructuralanalysisofshipcollisions
havebeendevelopedinReferences[12~17,33,37,38,40,47,48,57,75].
Thesetheoreticalproceduresuse“somewhatsimilarapproachesinthe
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sensethattheyallidealisethestructuresparticipatingina ship
collisionasa collectionofsimplercomponentswitha known skruc~ural
response.Insomecasestheoreticalformulaeareavailableforthe
components,whileinothers,empiricalformulaemustbeused.This
approachisattractivebecausealltheshipstructuresinvolvedinthe
variousshipcollisionscenariosreferredtointheIntroductionafid
inSection6.1mayalwaysberesolvedintoa numberofstandard
structuralelements.

TheapproximatetheoreticalmethodsinReferences[12,17,33,37,
38,40,47,48,.57,75]arebynomeansdefinitivebecausesomeconsider
rigid-strikingbowsandmakevariousothersimplifications.
less,

Neverthe-
itappearsthatthegeneralapproachisa fruitfulonesince,it

is capableoffurtherdevelopmentandrefinementasnewinformation
becomesavailable.

Numericalresultsobtainedona computerwithsuchmethods
wouldcostonlya fractionofthosefroma whollynumericalscheme,
whilethedegreeofaccuracypossibleisprobablyadequatefroman
engineeringviewpoint.Indeed,Reckling[17,57] hasalreadypre-
dictedthemagnitudeofthebowforceswhichactona struckship
duringa collisionwithin10to20percentofthecorresponding
experimentalvalueasremarkedinSection3.5.

Ifenergyisabsorbedinbotha strikingbowandtheside
structureofa struckshipdurinqa collision,thenthemethodsin
Reference[12],forexample,requirea simpleiterativescheme
becausethepartitionofthetotalenergybetweena struckshipand
a strikingbowisunknown.Theenergyabsorbedinthesideofa
struckshipandina strikingbowandtheassociatedquasi-static
impactforcemaybecalculatedforanassumedamountofdamage.
Theamountofdamageina bowanda strucksidemustbeiterated
untilthetotalenergyabsorbedec@alsthekineticenergylost
duringa collisionandthequasi–staticforceona strikingbow
anda strucksideareequal.

Alternativelyrtheindividualquasi-staticimpactforce-
penetrationcharacteristics”ofa strikingbowanda struckside
ofa shipcouldbeobtainedbycalculatingthequasi–staticloads
requiredtoproducepenetrationsuptosomearbitrarymaximum
value.Theassociatedenergyabsorbedateachincrementofthe
penetrationcouldbecalculatedinordertoconstructtheindividual
energy-absorption-penetrationcharacteristicsfora bowanda ship
side.A straightforwardgraphicalprocedurecouldthenbeused
toequatetheimpactforceinthebowanda sideandtoensurethat
thetotalenergyabsorbedequalledthekineticenergylostduring
a collision.Infact,itispossibletogeneratetheindividual
quasi-staticimpactforce-penetrationandenergy-absorption-penetration
characteristicsfora largenumberofstandardbowsandshipsides.
Thus,a designercouldthensimplyusea graphicalprocedurein
ordertoestimatethedamagesustainedbya particularshipfora
givenlossofkineticenergywhenitisstruckbya varietyof
standardbows.
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Thetheoreticalpredictionsoftheseapproximatemethods
shouldbecontinuouslymonitoredandcomparedwiththeresultsof
full-scaleshipcollisions(experimentalandactual)andwithtests
onidealisedmodels.Tnaddition,theapproximatetheoretical
predictionscouldalsobecomparedwiththeresultsofwholly
numericalschemesforidealisedshipcollisionscenariostoseek
anyimportanterrorsandtoestablishtherangeofvalidity.

Simpleapproximatetheoreticalmethodshavealsobeen
developedinReferences.[39],[63],and[64]forthecollisions
ofshipswithbridgepiersandforthegroundingandstranding
damageofships.Theseapproximatemethodshavepredicted
reasonableagreementwiththecorrespondingexperimentalresults.
However,varioussimplificationshavebeenmadewhichrequire
furtherverificationbeforethe”app-;oximatemethodscould”be
programmedandusedwithconfidenceindesign.

6.4 SimpleDesignMethods

It appearsthatthewhollynumericalschemesdiscussedin
Section6.2andtheapproximatetheoreticalproceduresinSection
6.3wouldbetootime-consumingandtooexpensiveforpreliminary
designandthereforemoresuitableforthefinaldesignstage.
Ontheotherhand,Minorsky’s[3]simplesemi–empiricalmethodis
veryattractiveforpreliminarydesign.Thisapproximateprocedure
wasdevelopedfromthedataassociatedwitha numberofactual
majorshipcollisionssothatitdoesnotsufferfromanydifficulties
withscaling.Itagreessurprisinglywellwiththeexperimental
resultsofWoisininFigure21ofReference[10]andisnottoo
dissimilarfromtheapproximatetheoreticalpredictionsforcrack
orencroachingbehavior(definedinFigure4)inFigure10of
Reference[33].However,differentfactorsmayberequiredinthe
semi-empiricalrelationtoaccountforstrikingshipswithvery
strongbows(e.g.icebreaker)orforotherconditionsnotprevailing
twodecadesagowhenMinorsky’smethodwasdeveloped.

TheNavalConstructionResearchEstablishment[41]derived
anothersimpledesignprocedureformajorcollisionsandBelli~2]
observedthatitgavesurprisinglygoodpredictionsoftheexperimental
testresultswhentheenergyabsorbedina strikingbowwasconsidered.

Ttwouldappearworthwhiletofurtherrefinethesetwosimple
methods[3,41]forpredictingtheoverallcharacteristicsofmajor
collisions.

unfortunately,nosimpleapproximateproceduressimilarin
spirittothoseinReferences[3]and[41]appeartobeavailable
forminorcollisions.ThetheoreticalworkinReferences[12]and
[37]hasshownthatasignificantportionofthekineticenergy
lostduringa minorcollisionisabsorbedduetothedevelopmentof
membraneforcesinthehullplating,whileReferences[12], [17]and
[57]havedemonstratedthattheenergyabsorptionduetomaterial
elasticbehaviorissmall.Theseobservationsledtothesuggestion
inReference[96]thattheenergydissipatedinthehullanddeck
platingduringa minorshipcollision(ET)couldbeestimatedusing
theload–lateraldeflectionresponseforthemembranebehaviorof
a rigidperfectlyplasticbeam.ItisshowninAppendix1 that
thisproceduregives
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‘T= 0.030288o’~ (W/L)2~ , (ton-knot2) (2)

whereu istheuniaxialyieldstress(lb\in2), 2L(in.)isthe
spanofyamember(deckorhullplating),W (in)isthemaximum
transversedisplacementordamageofa member(withoutrupture)
while~ (ft2in)isdefinedbyequation(1.5)andisthevol–
umeofmaterialintheparticipatingmemberswhichissimilar
totheresistancefactor~ usedbyMinorsky[31.

Thetheoreticalpredictionsofequation(2)forminorship
collisionswithvariousamountsofdamage(W/2L)arecompared
withMinorsky’sformulainFigure6. Theplatinginthetests
whichwerereportedinReference[12]wouldrupturewhenw/2LEl./3
(seealsoReference[241)fora right-angledcollisionatmid-
span.ItisevidentfromFigure6 thatthetheoreticalpredic–
-Lionsofequation(2)withW/2L=l\3aresimilartoMinorsky’s
formulawhichwasdevelopedformajorcollisions.

Thetheoreticalpredictionsofequation(2)withW/2L<l/3
givea familyoflineswhichradiatefromtheoriginofFigure
6 andtraversetheentireareawhichcontainminororlowenergy
collisionsaccordingtoMinorsky[3]. Thus,itisnecessaryto
specifythedamageW ina minorcollisioninadditiontothe
parameters~ andET. OncetheamountofacceptabledamageW
isspecifiedfora minorcollision,thenanacceptabledesign
associatedwitha valueof RT couldbefoundfora givenre–
quiredenergyabsorptionET. Thisis,ofcourse,a verysimple
schemewhichclearlyrequiresfurtherjustificationanddevelop-
ment.Nevertheless,itishopedthatitmayeventuallyformthe
basisofa simpledesignprocedureforminorshipcollisions.

ItisshowninAppendix1 (equation1.8)howtheproposed
approximateprocedurecanaccommodatedeckandhullmemberswith
variousspansandthicknesseswhichsustaindifferentamounts
ofdamageduringa minorshipcollision.Differentdesigns
accordingtoequation(1.8)couldnowbedistinguishedina plot
suchasFigu.re~,6byassociatingeachdesignwithanaveragevalue
ofdamageR = ~ W./N,ora maximumdamageWm= max.Wi.i=l1

VanNlater[97]hasextendedrecentlythetheoreticalmethod
inReference[96]tocaterforanappliedloadactingatan
arbitrarylocationonthespanofa beamandhasexploredthe
possibilityofusingotherdefinitionsfor%-

Aritaetal [38]havedevelopeda simpleempiricalformula
inordertopredictwhena shipcollisionmaybeclassedasa
minorora majoroneinthesensethatminorcollisionswouldbe
governedlargelybybucklingordeformationmodesandmajorcol-
lisionswouldbecontrolledlargelybyencroachingorcrackmodes
whichareillustratedinFigure4. A simplemethodtoevaluate
thedynamicinelasticfractureofbeamsispresentedinReference
[27]. Thesatisfactionofthecriteriondevelopedinthisarticle
wouldensurethata collisionremainsa minoronewithlarge
ductiledeformationsofthetypeexaminedinReferences[7]and
[251withoutfracture.
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Thevalueofsimpledesignmethodssuchasthosediscussed
inthissectioncannotbeoveremphasized.Forexample,the
availabilityofa simpledesignschemecouldhaveobviatedthe
situationfoundinReference[48]inwhichthefull,energy-ab-
sorptionpotentialincertaincollisionsituationscouldnotbe
realisedbecausetheLNGtanksaretooclosetothehull.

7. RecommendationsforFutureWork

7,1 Introduction

It isevidentfromtheliteraturesurveyinthisreportthat
therearemanypossibledirectionsforfutureresearchworkinthe
shipcollisionfield.A resistancetypeofprotectivesystemmay
berequiredtoprotecta nuclear-poweredship,whereasa honeycomb
absorptionsystemmaybenecessaryfora high-speedmarinevehicle
inordertosatisfythestringentweightrestrictions.Moreover,
itmaybenecessarybecauseofoverridingsafetyconsiderations
toconductfull-scale’testsontheactualprotectivegrillageof
a nuclear-poweredship,whereasapproximatetheoreticalmethods
withsomesupportingexperimentaltestsmight,beadequateformany
conventionalandnon-conventionalvessels.Classificationsocieties,
insurancecompanies,andthepublichavespecialdemands,whilethe
collisionprotectionofshipsstrikingbridgepiers,ice,andoffshore
structurespresentuniqueproblems.Inaddition,ther~isthequestion
ofshockloadswhichhasreceivedscantattentionasremarkedin
Section3.4.

Thus,therearemanyresearchproblemsanddiverseviewpoints
associated“withthevariousshipcollisionscenariosmentionedin
theIntroduction.Itthereforeappearsmorerewardingtoseekthe
underlyingprinciplesofbehaviorratherthanattempt,tosolvethe
manyspecialcases.Inthismanner,a long-rangeresearchprogram
couldcontributetoa betterunderstandingofthemechanicsofship
collisionswhichinthelongtermwouldbelessexpensivebecause
unnecessaryexperimentaltestingorotherworkcouldbeavoided.
Inotherwords,a completeunderstandingofthebasicstructural
mechanicsofshipcollisionswouldenableallthespecialcases
tobesolved.Theultimategoalofthisresearchprogramisa body
ofknowledgeondifferenttypesofenergyabsorption,resistance,and”’
hybridprotectivesystemstogetherwithaccompanyingtheoretical
methodssuitablefordesign.Thesetheoreticalmethodsshouldhave
beenverifiedbyoccasionalwell-instrumentedfull-scaleandnmdel
testingandshouldbemadeavailableascomputerprogramswhichare
sufficientlyversatiletohandlemanycollisionscenarios.Many
yearswillpassbeforethesehalcyondaysarereached,but”the
timewillbehastenedbyensuringthatalltheshipcollisionprojects
aroundtheworldarecarefullymonitoredandaremutuallyexclusive
unlessthereisa goodreasonforduplication.
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7.2 ShipCollisions

Theapproximatetheoreticalmethodswhichweredevelopedin
References[12,17133,37?38,40,47,48,57,751anddiscussedin
Section6.3areveryattractivecandidatesforfurtherdevelopment
becausetheyidealisea shipstructure(bowand/orsidestructure)
asa collectionofsimplerelementswitha knownstructuralresponse.
Theshipstructuresinvolvedinthevariousshipcollisionscenarios
referredtointheIntroductionandinSection6.1includingcollisions
withice,bridgepiers,andoffshoreplatformsmayalwaysberesolved
intoa numberofstandardstructuralelements.Moreover,this
generalapproachisa fruitfulonesinceitiscapableoffurther
developmentandrefinementasnewexperimentalandtheoretical
informationisgenerated.Infact,thephilosophyofapproachis
nottoodissimilartothatdevelopedbyHughesandMistree[981
fortheautomatedoptimisationofshipstructures.

Th@theoreticalworkthathasalreadybeenaccomplishedin
References[12,17,33,37,38,40,47,48,57,75 ] onsimple
approximatemethodsshouldbeincorporatedintooneprocedure
suchasthatinReferences[17]or [48](seealsoReference[99])
orinReference[40]anda simplecomputerprogramwrittento
eliminatethebookkeepingrequiredintheanalysisofa particular
problem.Someoftheassumptionsandsimplificationsinthese
methodscouldbeeliminatedsincetheyareunnecessaryfora
numericalversion.Thisprocedurewouldbecapableofcatering
fora broadrangeofstrikingbowdesignsandthereforeproperly
partitionthelostkineticenergybetweenthestrikingandstruck
shipsmentionedinSection2.4aswellasrecognizingtheimportant
influenceofbowrakewhichwasdiscussedinSections2.4,3.1,and
3.4.Moreover,thesuggestedprocedurecouldaccommodatea variety
ofabsorption,resistance,andhybridsidestructures.Incidentally,
theauthornotedinSection2.2thatitisworthwhileexploringthe
possibilitythata hybridprotectionsystemmayweighlessthana
resistancestructureandhavesmallerassociatedshockforces
iftheabsorbingpartisdesignedasanattenuator.Indeed,this
isjustoneofmanyshipcollisionprotectionsystemswhichshould
beexaminedwiththeultimateobjectiveofprovidingnavalarchitects
witha broadrangeofprotectionschemestomatchthevarietyof
collisionscenarios.

Thegeneraltheoreticalmethoddescribedabovewouldnotprovide
anyinformationontheshockresponseofstruckandstrikingships
duringa collision.However,iffurtherstudiesonthistopicbeyond
thosediscussedinSections3.4and5.1andReference1100]demonstrated
thattheshockresponsemustbeconsideredinshipcollisionprotection
schemes,thentheoreticalmethodswouldalsohavetobedeveloped
toexaminethisaspect,perhapsusingbeamtheories.Itshouldbe
notedthatshocktestsconductedonconstrainedshipmodelsinair
mightgivemisleadingresultsbecausetheauthorsofReference[53]
(seeSection3.4)foundthatthewatersupportinga floatingmodel
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essentiallyactedasa frictionlessmediumduringtheinitialstage
whenthemaximumaccelerationsoccurred.Furthermore,“theimpact
forcegeneratedina sidestructurebya strikingrakedbowis
significantlylessthanthatassociatedwitha strikingverticalbow,
accordingtotheexperimentalresultsonReference[39]whichare
discussedinSection3.1.Ifthelocalstructuraldamageofa ship
intheregionofa strikingbowis’essentiallyquasi-static(i.e.,
long-termresponse[30])thentheassociatedforce–penetration
characteristicsmaybecalculatedusingtheapproximatethtioretical
procedurediscussedpreviously(e.g.extensionofReferences[17,481).
Themaximumvalueofthisforcecouldthenbeusedasinputintoa
beamanalysisinordertogeneratetheapproximateshockresponse
associatedwithhorizontalflexuralmotionsofthestruckship.
Ontheotherhand,ifdynamiceffectsexerciseanimportantinfluence
onthelocalstructuraldamageinthevicinityofa strikingbow,
thentheapproximatetheoreticalmethod(e.g.extensionofReference
[401)mustbecoupledwitha beamanalysis.TheidealmannertO
tacklethisproblemisunknownbecausemoreexperimentaland
theoreticalinvestigationsarerequiredinordertoestablishthe
impor~anceandcharacteristicsofshockinbothstruck(primarily
horizontalortransversemotions)andstrikingships(primarily
longitudinalmotionsfora right-anglecollision).

Thewriterremainstobeconvincedofthevalueofundertaking
a whollynumericalapproachtotheactualshipcollisionproblem
atthispointintimeforthereasonsstatedinSection6.2.
over,

MOre-
thecostofa whollynumericalschemewouldprobablybe

comparabletothecostofa full–scalecollisiontestingprogram
usingoldships.Full-scaleexperimentalresultswouldpossibly
havegreatervalueandmoreimpactontheshipcollisionfield
thanwhollynumericalresults.However,itmaybeworthwhileto
obtainsomeexactnumericalsolutionsofa fewidealisedsituations
in“ordertoguidethedevelopmentoftheapproximatetheoretical
procedures.

Iffull-scalecollisiontestsaretobeundertakenthenone
fullyinstrumentedsnipcouldbeusedforseveralminorcollisions
atdifferentbowimpactlocationsrelativetothetransversebulk-
headsandvariousanglesofobliquityandoneortwomajorcolli-
sionsinadditiontoa coupleofgroundingorstrandingtestsas
remarkedinSection6.1.Someexperimentaltestsshouldalsobe
conductedonfullyinstrumentedscalemodelsoftheactualship
toexaminetheinfluenceofscalingandtoassesstheaccuracy
ofresultsobtainedusingscalemodels.Thescale-modeltests
should,preferably,becompletedpriortothefull-scaleexper-
imentsandtheresultsmadeavailableinordertoassistinthe
wisestselectionofcollisioncases.ItwasremarkedinSection
6.1thatthedatacurrentlyavailableintherecordsof”actual
shipcollisionsareu5uallyincompletefroma structuralmechanics
viewpointandarethereforeoflimitedvaluetoa structuralaria-
lyst. However,thiscouldbea veryfruitfulandrelativelyin–
expensivesourceofinformationifmorecornpl~terecordsofactual
shipcollisionscouldbegatheredandputonfile.
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Furtherdevelopmentofthesimpledesignmethodsdiscussed
inSection6.4andAppendix1 wouldappearworthwhilebecauseof
theirvalueinpreliminarydesign.

7.3 GroundingandStrandingofShips

ItwasremarkedinSection4 thatthereisa paucityof
publishedpapersonthestructuralaspectsofthegroundingand
strandingofships.However,therecentJapaneseexperimental
andtheoreticalinvestigations[63,641whicharediscussedin
Section4 offera goodstartforfutureworkinthisfield.This
theoreticalworkrequiresfurtherrefinementandadditional
experim~ntal,testsareneededbeforethemethodshouldbepro-
grammedfordesign-use.Therecenti“nvestiga”tionsofVaughan
[65-671Providesomevaluableinformationonthetearingof
mildsteelplatingwhichmayoccurduringgroundingincidents.

It wasnotedinSection6.1thatanyfull–scalecollision
testsonoldshipsshouldincludea coupleofgroundingor
strandingtestsinordertoverifytheexistingtheoreticalmethods
andtoguidethedevelopmentoffuturetheoreticalworkonthis
topic.Inaddition,somegroundingandstrandingtestsshouldbe
conductedina laboratoryonscalemodelsofthefull-scaleships
inordertoprovidereliableinformationonscalingsincemost
futureexperimentalworkinthisareawouldbeconductedwithmodels
ratherthanfull-scaletests.
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7.4 SummaryRemarks

Itisevidentfromtheforegoingdiscussionthatmuchwork
remainstobeaccomplishedbeforereachingtheultimategoalof
a designtoolintheformofa computerprogramwithvarious
optionswhicharecapableofexamininganykindofshipcollision
includinggroundingandstrandingwitha knownaccuracy.Thus,
thereisa needforseveralsimultaneousresearchinvestigations
intovariousaspectsofthemulti-facetedshipcollisionproblem:

(i) Developanapproximatetheoreticalschemeandwritea
computerprogramusingReferences[12,17,33,37,38,40,47,
48,57,75,99]asa startingpoint(seeSections6.3and7.2).

(ii) Organisea full-scaleshipcollisionandgrounding
experimentaltestingprogram(seeSection6.1and7.2).

(iii)Executeanexperimentalship,collisionprogramusing
fullyinstrumentedscalemodelsofthefull-scaleshipstobe
usedinresearchprogram(ii). Thesetestsshouldbecompleted
priortothecommencementoftheactualtestsinresearchpro-
gram(ii)(seeSections6.1and7.2).

(iv)Conductsomeexperimentalgroundingtestsonfully
instrumentedscalemodelsofthefull–scaleshipstobeusedin
researchprogram(ii). Thesetestsshouldbecompletedprior
tothecommencementoftheactualgroundingtestsinresearch
program(ii)(seeSection6.1and7.3).

(v) Determinethepotentialimportanceoftheshockresponse
invarioustypesofshipcollisions.Thisstudycouldbecon-
ductedinclosecooperationwiththeresearchgroupmentionedin
Section5.2.

(vi)Examinethefeasibilityofvarioustypesofshippro-
tectionsystems(e.g.hybridsystemmentionedinsections2.2and
7.2andhoneycombabsorptionsystemformarinevehiclesdiscussed
inReference[11]andSection2.2).

(vii)Developanapproximatetheoreticalprocedureforground-
ingdamagesimilarinspirittotheschemeinresearchprogram
(i)(seeSections6.3and7.3).

(viii)Inadditiontotheaboveshipcollisionresearchpro-
grams,somefundamentalexperimentaltestsshouldalsobecon-
ductedintothebehaviorofthebasicstructuralelementswhich
willbeincorporatedintotheapproximatetheoreticalmethodin
researchprograms(i)and(vii). Thisworkisrequiredinorder
toprovidemoreaccurateinformationontherupture,fracture,
andpost-bucklingbehaviorofthestructuralelementsthanis
availablecurrently.
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Oncethefull-scaletests’inresearchprogram(ii)have
beencompletedandtheresultsanalysed,thenthestatusofall
theaboveresearchprojectscouldbeproperlyassessed.The
nextstepcouldthenbechartedtowardstheultimategoalofa
provendesigntoolintheformofa computerprogram(orpossibly
graphicalresultsgeneratedwiththeaidoftheprogram).Inthe
caseofa shipcollision,a navalarchitectwouldusethecomputer
programtoestimatethelocalstructuraldamageinthesideofa
struckshipintheareaofa strikingbowandtheassociated
shockdamage(whichmaybeneartheboworsternofa struckship
accordingtoReference[531)sustainedbya v@s~@lwhichishit
by,anothershiporwhichstrikesanotherobject(e.g.,ice,bridge
pier,offshoreplatform,ship,etc). Inthecaseofgrounding,
thecomputerprogramcouldbeusedtoestimatethedamagesustained
bythebottomofa shipwhens~rikinga “standardrock”ata certain
speed.Thecomputerprogramcouldalsobeusedtocalculatethe
forcerequiredtopuncturethebottomofa shipwhichisstranded
ona rock.

Inordertoaccomplishtheaboveresearchprogramitisimportant
tocarefullymonitoralltheshipcollisionresearchprojectsaround
theworldandtoavoidduplication.
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APPENDIX1

ExtensionofMi.norsky’sMethodforMinorShipCollisions

It is evidentfromTable1 inReference[12]andTable4-2i-n‘
Reference[48]thatthemembraneenergyabsorbedinstiffenedhull
platingandinstiffeneddecksisimportantandisbetween88and
99percentofthetotalenergyabsorbedina struckshipduring
a minorcollision.Furthermore,theenergyabsorbedduetoelastic
deformationswasfoundtobesmallcomparedtothatabsorbed
plasticallyasshowninReferences[12,17and57]. Theseobservations
suggestthatMinorsky’sgeneralapproach[3]couldbeusedforminor
collisionsbutwiththeresistancefactordevelopedusingthe
equationsforrigid-plasticbeamsloadedtransverselyintothe
membranerange.

Now,considera rigidperfectlyplasticbeamwithfullyclamped
supportsacrossa span 2L whichissubjectedtoa concentrated
loadP atthemid-span.Thus,equation(23b)inReference[1011
gives

P/~c=2W/H

whenW/H>l,andwhere

Fc=u BH2/LY

u istheuniaxialyieldstress,B
t~ebeamthickness.Ifitisassumed
occursforalllateraldisplacements
estimatessliqhtlythetotalinternal

i (1.1)

t (1.2)

isthebeambreadth,and H is
thatthemembranebehavior
W$H and W>H ,whichunder-
energyaccordingtoFigure1

inReference.[51]~thentheenergyabsorbedbya beamwitha lateral
displacementW is

IwEa= PdW,
o

whichwhenusingequations(1.1)and(1.2)becomes

Equation(1.3)maybe

Ea=a BHW2/L.Y

recastintheform

(1.3)

(1.4)Ea= 72D~ ~ (w/L)2 ,
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where

~ = 2LBH/144 (1.5)

2isthevolumeofmaterialinft in.unitswhen B, H and 2L
aremeasuredininches.IfthesameunitsasMinorsky[3]areused
then

‘T= 0.030288u~ ~ (w/L)2 , (1.6)

whereE isthet talenergyabsorbed(ton-knotL),9 isthe
yieldst?ess(lb/in),and RT ‘Yisdefinedbyequation(1.5)(ft2in.)~
whileW and L musthavethesameunits(eitherin.orft.).

Equation(1.6)with ‘Y= 30,000lb/in2isplottedinFigure6
forvarious.Valuesof W/2L andiscomparedwithMinorsky’ssemi-
empiricalresult[3].

Theforegoingtheoreticalanalysiswasdevelopedfora perfectly
plasticmaterial.If Ou istheultimatestressofthematerial,
thena roughestimateoftheinfluenceofmaterialstrainhardening
couldbeobtainedbyreplacingOy inequation(1.6)by (Oy + ~u)/2
(seealsoReference[24]),or

= 0.015144(0 2
‘T Y + Uu)~ (W/L). (1.7)

Equations(1.6)and(1.7)werederivedfora singlebeam,although
theequationswouldremainvalidforanynumberofsimilarbeams
which’havethesameamountofdamageprovided~ correspondsto
thetotalvolumeofthematerial.Ingeneral,however,different
amountsofdamagewouldbesustainedbythevariousdeckandhull
memberswhichcouldalsohavedifferentspansandthicknesses.In
thiscircumstance,equation(1.6)wouldbereplacedby

N
ET=~ 0.0302880yi~i (Wi/Li)2 , l<i<N, (1.8)

where ‘Yi! Wi ,andLi arethevaluesassociatedwith
eachof‘{;e‘N md,vidualmemberswhichparticipateina minor
collision.Differentdesignsaccordingtoequation(1.8)couldnow
bedistinguishedina plotsuchasFigure6 byassociatingeach
designwithanaveragevalueofdamage~ = ~ W*,N ora maximum
damageWm=max.Wi . ti=l ~

Itshouldberemarkedthatequation(1.1)andthereforeequation
(1-8)isalsovalidforstiffenedplatingprovidedRTi isinterpreted
asthetotalvolumeofmaterialinthestiffenerandtheassociated
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platingasremarkedinReference[241.

Thecorrespondingversionofequation(1.8)toaccountfor
materialstrainhardeninginanapproximatemannercouldbeobtained
fromequation(1.8)byreplacing‘yi .by‘“yi+ ‘ui)/2.

Itwouldbepossibletoaccountfortheinfluenceofin-plane
displacementsatthesupportsassuggestedinReference[24].In
thiscircumstanceequation(1.1)herewouldbereplacedeitherby
equations(23)ofReference[lOIJforbeamswithrotationallyfixed
supportsorbyequations(22)ofReferenceml] forthosebeams
whichcouldbeconsideredrotationallyfreeatthesupports.
However,ifonlythebehaviorinthemetiranerangewereconsidered,
thentheexpressionsinthisAppendixremainvalid[24].
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APPENDIX2
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intheReferencessectionoftheReport.Aninterestedreadermay
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