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TheSL-7InstrumentationProgramisoneof themostcomprehensive
coordinatedsurfaceshiploadandresponseanalysisprogramseverundertaken.
Theprogramincludesmeasurementof hullsrresses,accelerationsand
environmentalandoperatingdataon theS.S.SEA–LANDMcLEAN,development
andinstallationofa microwaveradarwavemeterformeasuringtheseaway
encounteredby thevessel,a wavetankmodelstudyanda theoretical
hydrodynamicanalysiswhichrelatetothewave-inducedloads,a struc–
turalmodelstudyanda finiteelementstructuralanalysiswhichrelates
tothestructuralresponse,andinstallationof longtermstressre–
cordersoneachof theeightvesselsof theclass.Thisreportpresents
anoverviewof theprogram.Theexperimentalbackgrounduponwhichthe
programwasbasedandthemajorfeaturesandexpectedoutputsof eachof
theprogramelementsarediscussed,andsomepreliminaryconclusions
drawnfromtheresearchresultsarepresented.A detaileddescription
of thepossibledatacorrelationsandtheirconsequencesisincluded.
Thelong–rangegoalof theprogramistoadvanceunderstandingofthe
performanceof ships‘ hullstructuresandtheeffectivenessof the
analyticalandexperimentalmethodsusedintheirdesign.A research
plantoachievethisisoutlined.
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S.S.SEA-LANDMcLEAN

CHARACTERISTICSOFS.S.

Name:
Builder:
Class:
Length,overall
Length,between
Beam.molded

perpendiculars

Depthtomaindeck,forward
Depthtomaindeck,aft
Draft,design
Draft,scantling
Deadweight- longtons
Displacement(34’O“draft)-

longtons
Machinery

Shafthorsepower-maximumcontinuous,
bothshafts

PropellerRPM
Speed,maximum,knots
Centerofgravity- fullload

Belowdeck
Abovedeck

TOTAL

SEA-LANDMcLEAN

SEA-LANDMcLE)iN
RotterdamDryDock(HULL330)
SL-7Containership
946’1-1/2”
880’6“
105’6“64,0,!
681 &
sol 011
341011
27,315

50,315
Twoseparatecross-compound
steamturbinesdrivingtwo
propellershafts

120,000
135
33
399.32’
dicular

ContainerCapacity

forwardofaftperpen-
42.65’abovebaseline

8’X 8.5’X 35’ 8’X 8.5’X 40’ Total

554 140 694
342 60 402
m 200 1,096
–vi–



INTRODUCTION

TheSL-7ResearchProgramisthemostcomprehensivecoordinated
surfaceshiploadandresponseanalysisresearchpro~rameverunder-
taken.Theprogramisa jointlyfunded,multi-elementresearchprogram,
sponsoredbytheShipStructureCommittee,theAmerfcanBureauof
Shipping,andSea-LandServiceInc.whichincludestheoreticalanalysis,
modeltests,andfull-scalemeasurementsofseawayloads.Althoughthe
analyticalandexperimentalworkwasperformedfortheSL-7container-
shlp,thetechniquesarecompletelygeneralandthusmaybeappliedto
similarconventionalshiptypes.

Asoriginallyconceived,theprogramincludedf<veelements:

1. Reductionandanalystsofthedataobrainedfromthe
instrumentsinstalledonboardtheSL-7vesselS.S.SEA-LANDMcLEAN,by
TeledyneMaterialsResearch,Waltham,Mass.;SR-211,“SL-7DataCol-
lectionProgram”.

2. StructuralmodeltestsoftheSLL7
California,Berkeley,Calfforni.a;ABSsponsored.

3. Finiteelementanalysis(DAISY)of
modelbytheAmericanBureauofShipping.

4. Bendingandshearloadmodeltests

bytheUniversityof

theSL-7andstructural

byStevensIns~itu~eof
TechnologyjHoboken,N.J.;SR-204,“SL-7TorsionalModelStudy”.

5. Theoreticalhydrodynamicanalysis(SCORES)byOceanics,
Inc.,Plainview,N.Y.;SR-205,“SL-7LoadandComputerResponse”.

Althoughthesefiveinitialprojectsweredesignedsothatthe
experimentaldatawereofsomeformandcontent,t-heresultsOfeach
werereportedseparately.Itwasthereforenecessarytointegrateand
correlatetheresearchresultsandtestdatatomaximizetheusefulness
ofthetotalprogram.ThisworkwzsundertakenbytheNavalShipEngi-
neeringCenterandconsistedofa reviewofthenatureandcharacter-
isticsoftheresultsoftheotherelementsoftheSL-7researchpro-
gram,definitionoftheinteractionsofthesecmtpucs(e.g.,correla-
tions)andidentificationofgroupsofdataandspec%ficquantitiesfor
detailedcorrelations:

6. SL-7DataanalysisandcorrelationbytheNavalShip
EngineeringCenter,Hyattsvflle,Maryland;SR-217,“SL-7DataAnalysis
andCorrelation”.

Thtsreporttncludesa descriptionoftheoverallprogram,outlines
someofthedetailsoftheplanningforthepro~ramnotreportedelse-
where,describessomeofthepossiblecorrelationsandcomparisonsof
theprogramresultsand,finally,presentsa summaryresearchplanfor
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theanalysisoftheprogramresultsandtheintegrationofthemintothe
long-rangegoalsoftheShipStructureCommittee.

TheSL-7ResearchProgramhasdeeprootsintheShipStructure
Committee’sresearchhistory.Itwasprecededbyanextensiveseriesof
modeltests,computeranalyses,andfull-scaledatacollectionprojects.
Infact,mostofthefullscalevesselinstrumentationtechnologyinuse
today,bothinthisprogramandelsewhere,wasdevelopedunderthe
sponsorshipoftheShipStructureCommittee.Inplanningforthis
project,itwasnecessarytoreviewthereportsofallofthepreceding
relatedprojectstoidentifythosefactors‘cobeconsideredandto
providea basisforselectionofthevariousmethodsofapproach.One
oftheresultsofthisreviewwasthepreparationofa briefhistoryof
theseprecedingprojects,whichisincludedinthisreport.Manyof
thesepriorprojectshadaprofoundimpactontheSL-7Researchprogram
and,wherepossible,thisimpacthasbeenidentifiedanddiscussed,
particularlywherethesepriorprojectshaveinfluencedtheformulation
ofthemethodofdataacquisitionintheSL-7ResearchProgram.

Thesecondsectionofthisreportcontainsa descriptionofthe
projectswhichmakeuptheprogram,includingthewavedatareduction
andcorrelationproject;SR-221,“Correla~ionandVerificationof
WavemeterDatafromSL-7”.Whilethisprojectwasnotoneofthose
originallyconsideredinthedevelopmentoftheSL-7ResearchProgram,
itquicklybecameapparentthatthiswasanobvious,ifnotvital>
aspectoftheoveralleffort.Infact,itisthemeasurementofwave
dataratherLhansimplevisualobservationofftwhichse~s~heSL-7
InstrumentationProgramapartfromother.sTmilarwork.

Thethirdsectionofthereportconsistsofa discussionofthe
preliminarycorrelationsandcomparisonsoftheresultsofthevarious
projects.A brtefdiscussionofsomeofthepossibleerrorsTnthedata
isalsoincluded.

Sectionfourpresentsanoutllneofthelong-rangeresearchplanby
whichitshouldbepossibletoutilizethedatafromtheSL-7Instru-
mentationProgramtomakesignificantprogresstowardachievingseveral
long-rangegoalsoftheShipStructureCommittee.Thisplancontemplates
numerousyearsbeforealloftheda~acollectioniscompleted,and
reliesheavilyonresearchouts?deoftheSL-7InstrumentationProgram
aswell.

Finally,thisreportcontainsthreeappendiceswhichdiscuss
detailsontherationalbehindandofdifficultiesandinaccuracies
involvedinstrain-gageinstrumentationofa largeship,suchasthe
SL-7containership.
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While thisreportiscompleteinitself,itmustbeemphasizedthat
itisonlyoneofa seriesofShipStructureCommitteexeportscon-
cerningtheSL-7ResearchProgram.Thediscussionsinthisreportof
theseparateprojectsintheprogramarenecessarilybriefandreference
shouldbemadetotheindividualreportsoftheprojectsbeforeany
conclusionsastotheirvalidityormethodofperformancearereached.
Furthermore,thesugges~ionsforfollow-onresearchprojectsincludedin
thisreportarebasedonpreliminaryexperimentaldata.Itisalto-
getherpossiblethatdetailedanalyseswillpointtowardresearchina
distinctlydifferentdirection.Eowever,workingwiththeinformation
availabletodate,thisreportrepresentsa summaryofthethinking
behindandthelong-rangepurposesofthesL-7InstrumentationProgram.

-3-



I, BACKGROUND

TheShipStructureCommitteehassponsoreda considexabieamountof
researchinvolv<ngmodeltests,Theoreticalanalysesantifull-scale
instrumentation.OneofthestepsinthedevelopmentoftheSL-7Instru-
mentationProgramwasa thoroughreviewofthereportsofEhtsearlfer
research.Thissectioncontainstheresultsofth%sreviewanda de-
scriptionofhowthispriorworkinfluencedtheSL-7Instrumentation
Program.

A..HydrodynamicModelData

Thedeterminationofwsve-inducedstructuralLoadsfrom experl-
m.entationonshipmodelsisa relativelynewprocedure.Lewis[1]at
wabbfirstpresentedanearlyanalysisin1954.TheseZnitialexperi-
mentsfnvolvedmeasurementofjustmidshipbendingmmen’csin only head
and folkwing seas. Subsequently,theexperimentalprocedureswere
expandedLOcovera greaterrangeofparameters.Ntmata12]atDavidson
Laboratory,conductedtestsofa modelofa T-2tankerrunningoblique
tothewavesinordertoob~ainverticalandlateralbendingmomentsand
torsionalmomen~s.NumatavsWQKkwasquicklyfollowedin1960byan
extensiveseriesoftestsonSeries60nodelsbyVossers,etal.>[3]at
theNetherlandsShipModelBasis(NSM13).Additional~esrswereconducted
fordeterminationofwave-inducedloadsatpointsalongthehullother
thanatmidships.However,fewresultsfromtheseexperimentsare
available,andsomeexperimentalproblemsstillexist.An%ntensive
restser$esofa modelofa Series60hull,wtthblockco-efficfentof
.80wasreportedbyWahab[4]in1967.Theseexperimentswereconducted
overa widerangeofregularwavelengthsandheadingangles.Measurements
includedvertical,la~eral,andtorsionalbendingmoments,andvertical
andlateralshears,allatmidships.

Recently,theShipStructureCommitteehassupportedexperi-
mentalworkatDavidsonLaboratory[5,6,7,8,9,10,11].Themajor-
ityofthisShipStructureCommitteeresearchinvolvedmeasurementof
modelmidshipbendingmomenrsinregularandirregularwavesandwas
relatedtofull-scalemeasurementprojects.Theinitialphaseofthis
groupofprojectswasconductedbyDalzell[5],andcoveredinvestiga-
tionsoftrendsofmidshipbendingmomentina modelofaMARINERclass
vesselasa functionofextremewavesteepness.Theseexperiments
includeda variationinfreeboard,twoweightdistributions,twospeeds,
i.e.driftingand20knotsprototype,forheadandfollowingregular
seasofsteepnessasgreatas1/9.In additiontobendingmoments,
trendsofpitchandheaveamplitudeswfthwavesteepness,inheador
followingseas,wereexamined.Comparisonsofrhedarafromthese
experimentswithpreviousindependentdatashowedreasonablyclose
agreementatlowwaveheightsin1.0Lwavesatbothspeeds[12],but
greaterdifferencesaroseattheotherwavelengths.Othermodeltests
[13,14],witha higherblockcoefficientmodel,generallyshowedhigher
moments,particularlyin1.0L waves.Thisistobeexpected,according
toDalzell[13],whodemonstratedthatwavebendingmomentincreasesas
theblockcoefficientincreases.
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SubsequentworkbyDalzell[6]involvedtherunningofmodel
tests,similartothosepreviouslyrun[5],fora tanker(106,000DW
tons)anda destroyer.Wavelengthratioswerevariedfrom.5L to1.75
L,speedsvariedfromdriftingLofullforward,intoheadortith
followingseas.Comparisonofdataobtained,withotherwork[12,13,
15]issatisfactory,andearlierresults[16]agreewiththiswork.
Thisimpliesthatmidshipbendingmomentsareroughlyproportionalto
wavesteepnessoveraverylargerangeofsteepnesswithnoapparent
uPPerphysicallimit.Thetankermodelresultswerecomparedwith
similarship-formdata[12,13,15]andgoodagreementwasshown.

Theearlierwork[5,6,7]waslimitedtomidshipbending
mommts,althoughitwasknownthatmaximummomentscouldoccurelse-
where.ThesucceedingphaseofthestudiesconductedbyManiar[8]at
Stevensexaminedthelongitudinaldistributionofbendingmomentsina
modelofa M&RINER-classcargoshipinregularwavesofextremesteep-
ness.ThemodelselectedwaschatoftheoriginalMARINERwiththesame
cargoamfdshipsloadingthathadbeentestedpreviously.Experiments
wereruninessentiallythesamewavesasthepreviousexperiments[5,
6,7],butwitha variationinwavelengthtoshiplengthratiosfrom.75
to1.75,andthewavelengthtoshiplengthratiosfrom.05to.11,for
forward,zero,anddriftspeedinheadseas,andwithforwardspeedin
followingseas.Dalzell’swork[5,6,7]wasdoneonthesameshipwith
thesameweightandconfiguration,exceptfora minordifferenceInthe
midshipdeckhouse.ComparisonofDalzell’sworkwithManiar’satmid-
shipsshowsthatthesaggingmomentsDalzellmeasuredwereconsistently
lowerthanthoseofManiarbyabout10percent,whileDalzell’shogging
momentresultsweregenerallyhfgherthanManiar’sbyabout30percent
inheadseasand12percentinfollowingseas.Inallcasesavisual
comparionofslopevariationsofcorrespondingcurvesshowgoodagree-
mentbetweenthetwosetsofresults.Additionally,bendingmoment
resultsinheadseascompareverywellwiththeDavidTaylorModelBasin
data[17].

ManiarandNumatacontinuedtheirexperimentswiththeMARINER-
typc+cargoship[9],augmentingtheirearlierwork[8]withhigh,irre-
gula~,long-crestedwaves,equivalenttoa seastate7,andobtained
time history recordsofwavebendingmomentsandwaveelevations.The
bendingmomentresponseamplitudewasobtainedandplottedversus
frequencyofwaveencounter,givinga ResponseAmplitudeOperator
(R.A.0.)plot.Thesedatawerethenanalyzedtotestthepremisethata
ship-wavesystemislinear.ThehypothesishasbeenstatedbyLewisas
follows:“~heresponseofa shiptoanirregularseacanberepresented
bya linearsummationofitsresponsetothecomponentsofthesea”[9].
Maniar’stestsofeachloadingconditioninregularwaves[8,9]showed
bendingmomentswhicharereasonablylinearwithwaveheight.The
superpositionprinciplewasappliedtothesedata,andthisshowed
resonableagreementbetweentheresultsfromregularandirregular
waves.Onlyintheforwardquarteroftheshipwasthereconsistent,
significantdifference.Manlarsuggestedthatthiswasduetosig-
nificantforefootemergenceandslammingdetectedintheregular-wave
tests[5,6].Itispossiblethatslammingaugmentedrhebendingmoment
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ina non-l?nearmanner,particularlyattheforwardquarter.Ochi[18],
alsousfngdatafroma MARINERhullmodel,hasshownthesuperposition
techniquetobevalidinroughseasifshipmotionresponsefunctions
areobtainedfromtestsinregularwavesofmoderateheight.

Reasonableagreementinirregular-regularwavecomparisons,as
wasshownbyManiar[9],leadstothealternateprocedureofusinga
responseoperatorfromtestsinregularwavestopredicttheenergy
spectrumofbendingmomentresponseofeithera shipmodelina known
wavespectrumora shipina realseaway.

ChioccoandNumata[10]obtainedwavebendingmomentresultsto
beusedbyWebbInstituteinthemodel-shipcorrelationprogram.A 1/96
scaleself-propelledmodelofthecargoshipWOLVERINESTATE(C4-S-BJ)
wasbuiltandtestedina proceduresimilar‘cothatusedfortheMARINER
[51a tanker[6],anda destroyer[7].TheobjectofChioccoandNumaa’s
ill-restigationswastoobtainwavebendingmomentresponsedatafrom
modeltestsandtoreducethesedatatoa formusablebyWebbInstitute
intheirpredictionandcorrelationproject.Theverticalandlateral
bendingmomentdatawerepresentedinthedimensionlessformofmoment-
amplitude/wave-amplituderatioasa functionofshipspeed,andwave
length/shiplengthratio.Modeltestswererunwitha full-scaleship
speedrangeof8 to17knotsatsevenheadingsrelativetoregular
waves.Wavelengthswerevariedbetween.3and1.8timesthemodelLBP
andwaveheightnotexceedingone-fiftiethofthelength.Thebending
momentsmeasuredwereduesolelytowave-inducedloadsandweremeasured
withrespecttoa stillwaterdatum.Datatrendsinthestudywerein
generalagreementwithanalyticalcalculationsmadebyFukuda[19]fora
shipofsimilarproportionsandfullness.

SupplementingthesetestsontheWOLVERINGSTATE[10],Numata
andYonkerstesteda 1/96scalemodeloftheMARINER-classcargoship
CALIFORNIABEAR[11].Theobjectofthisinvestigationwastoacquire
lateralandverticalwavebendingmomentdatafrommodeltestsand
similarly,toreducethemtoa formusablebyWebbInstituteintheir
predictionandcorrelationproject.Thismodelwasrunwitha full
scaleshipspeedrangeof10to22knotsatsevenheadingsrelativeto
regularwaves.Wavelengthswerevariedbetween.2and2.0timesthe
modelLBP,andagainwaveheightswereone-fiftiethofthelength.
Unlikethepriorstudies,inthisprojecttimehistoriesofverticaland
lateralbendingmomentswerereducedtoobtaintheaveragerangeof
momentsduringthetestintervalofmodeltravel.Ifiaddition,the
phaserelationshipbetweenthetwomomentswasdetermined.Themodel
datawerepresentedinplotsoftheratioofverticalandlateral
bendingmoment-ampl%tudelwave-amplitudeversusshipspeed,forvarious
wavelengths.Testswereconductedfortwoloadingconditions,repre-
sentativeofactualwestboundandeastboundtrans-l?acificvoyages.In
thisstudyaswell,thedatatrendswereingeneralagreementwith
analyticalpredictionsfora shipofsimilarfinenessbyFukuda[19].

ConclusionsBasedonHydrodynamicYbdelData

A surveyofthesepreviousmodelteststudies[5,6,7,8,9,
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10,11]leadstothefollowinggeneralconclusions:

1. Noclearupperlimitonthebendingmomentsisindicatedfor
therangeofshiptypesandheadingstested.

2. Wavebendingmomentsareessentiallyproportionaltowave
heights.

3. Maximumbend%rlgmomentoccurswithin12.5%ofamidships.
Thereforethepracticeofconcentrationonmidshipsbendingmomentsboth
indesignstudiesandfull-scalemeasurementsappearstobejustified.

4. Analysisofwavebendingmomenrtrendsshowsthatmaximum
verticalmomentstendtooccurinheadseaswhilem.axirnumlateralmo-
mentsoccurineitherboworquarteringseas,withbothmaximaoccwcing
atthesamewavelengthtoshiplengthratio.

5. Thepaststudies,bydemonstratinga linearrelationship
betweenbendingmomentsandwaveheightsovera considerablerangeof
waveseverity,havestrengthenedthecasefordeterminingdesignmoments
onthebasisofsuperpositionusingstatisticalanalysisofseaspectra.

3asfsforSL-7HydrodynamicDataCollection

Thestudiesoutlinedabovesetthetoneforthehydrodynamic
modelingoftheSL-7containership.Inittallyitwasbelievedthatthe
torsionalloadswouldbethemostcriticalloadsthatthisopenhatch
structurewouldexperience;however,intheinterestsofcompletenessit
wasdecidedthatmodelingwouldincludethefullrangeofparametric
datacollection.Whenthefullscaleshipinstrumentationdatawere
obtainedmuchlaterintheprogram,itwasfoundthattheshipwas
actuallymuchmoretorsionallystiffthanhadbeenatfirstthought.

Mostoftheprevioustestshadmeasuredbendingmomentsat
midships,becauseearlyworkhadconcludedthatthiswaswheremaximum
lateralandverticalbendingmomentsoccurred.However,inthemodel
testsoftheSL-7,bendingandsheardatawereobtainedbothamidship
andattheforwardquarterpoint.Infact,themostnotabledifference
betweentheSL-7hydrodynamicmodelingandpreviousstudiesisthatso
muchmoreinformationwasobtainedontheSL-7model.Measurementswere
madeofvertical,lateralandtorsionalbendingmomentsandverticaland
lateralshearatthetwo“sections”(i.e.,amidshipsandforwardquarter)
andofroll,pitch,heaveandrudderangle,forsevenheadings,two
displacements,threerelativelyhighspeeds,(i.e.,24and32knots
full-scalespeed)andanumberofwavelengthsinregularseasofmoder-
atewaveamplitude.

B. HydrodynamicComputerModels

Whilemodelexperimentsoffera means‘coevaluatetheperform-
anceofa hullformovera rangeofconditionsinwhichitwouldbe
impractical,ifnotout-and-outunsafe,totestthefull-scaleship,

-7-



suchexperimentsaretimeconsuming,andbynomeansinexpensive.The
wideavailabilityoflarge,high-speed,electroniccomputershasopened
a possibilityOfmathematicalmodellingofshiphullresponseandcon-
siderableefforthasbeenmadeinthisarea[20,21,22,23,24,25].
TheShipStructureCommitteehassponsoredonesucheffortatOceznics,
Inc.todevelopa computerizedsimulationofshipstructuralresponsein
waves.Asmightbeimagined,suchamathematicalschemeisquitegeneral,
beingadaptedtoconsideranyregularhullformina reasonablesea
state,atanyrelativeheadingandforwardspeed.Moreover,“either
regularorirregularwaveinputscanbeconsideredandtheshort-crested-
nessofanactualseawaycanbeincluded.

Thevaryingverticalandlateralbendingmomentsduetowaves
areobtainedusinga linearizedmodelbasedonstriptheory,witheach
shiphullcross-sectionassumedtobeofLewis-formforthepurposeof
calculatinghydrodynamicforces.Theeffectofrollmotionandits
influenceinthelateralplaneisincluded,withthemodelsufficiently
generaltoalsoallowcomputationofresultingtorsionalmoments.

Onthebasisoflimitedhandcalculationcomparisons,itwas
expectedthatthecomputerprogram[21,22]wouldproduceresults~hat
showedgoodagreement,withmodeldata[10].Theversatilityofthe
computerallowedmanyparametricchanges,sothatcomparisonwith
availablemodeldatacouldbeaccommodatedeasily.Kaplan,in[21,231,
soughtverificationofthecapabilityofthisdigitalcomputertechnique
forconventionalhullformships.Inordertoevaluatetheanalytical
methodspresentedforthecalculationofwave-inducedmoments,the
resultsofsuchcalculationswerecomparedwithSteven’sexperimental
results[5,6,7,8,9,10,11].ThecomparisonsbetweenKap~an’s
calculationofverticalandlateralbendingmomentsandtheexperimental
resultsfortheWOLVERINESTATE[10]indicatedverygoodagreement,
accordingtoKaplan.Thisheldforbothloadingconditions,bothspeeds,
andovertherangeofwaveanglesandwavelengths.Inheadandfollow-
ingseas,lateralmotionsandloadsshouldbezero,andthisiswhatthe
calculationindicated,buttheexperimentalresultsforlateralbending
momentsshowednon-zeroresults,indicativeofthepossibleerror,or
rangeofdiscrepancy,tobeexpectedcombiningcalculationswithexperi-
mentalresults.Theseloadswerebelievedtoariseinthemodeltests
duetoitsfree-running,butruddercontrolled,condttion.Thatis,the
modelnayhaveundergonesmalllateraloryawmotions,withrudder
correctionstomaintaincourse,xhichledtothemeasuredlateralbend-
ingmoments.

ThecomparisonfortheSeries60,block.80hullbyWahab[4]of
verticalandlateralbendingmomentsindicatesexcellentagreement.
SimilarresultswerealsoshownforthishullbyFaltinsen[24]basedon
anewstriptheoryofSalvesen[25].Theagreementfortorsional
momentswasonlyfair,aadindicatedexcessiveresponseatrollreson-
anceconditions.Theagreementoftheshearforceswasquitegood,in
general,withtheexceptionofsomedeviationinlateralshearat110°
waveangle.A widerangeofshipspeedwascoveredintheSeries60,
block.70hullform[3]andT-2tankermodeldata[2].Ingeneral,
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Kaplansaidtheagreementwasfairlysatisfactory,consideringthe
factorsinvolvedintheexperimentalcomparison.

Experimentaldatapointsformidshipverticalbendingmoments
i~duceclbywavesonthe1/136scalemodeloftheaircraftcarrierUSS
ESSEX[26]showconsiderablescatter.Inspiteofthtsscatter,Kaplan
saidthecomputerresultsappearedtoshowgenerallygoodagreementwith
theexperimentaldata,withtheleastagreementforthezerospeedcase.
PowerspectracomparisonswiththeESSEXhaveshownreasonableagreement
with theoreticalpredictionsusingcomputerresults.A comparisonof
zhebending-momentoutputcharacteristicsobtainedfromthehybrid-
computersimulation,withtheESSEXexperimentalmodeldatain[26],for
twocases,showedquitegoodagreementfortheseastate7 condition,
b~tpooragreementfortheseastate9 case.Thislackofconformity
forseastate9 couldbean~icipatedinviewoftheextremewaveheights
andthebottomimpactandbow-flareslammingpossibtl%ty.Lackofcom-
parisonforthisparticularenvironmentalconditio~wouldnotneces-
sarilybeimportantsincetheshipwouldnotbeexpectedtoproceedat
sucha highspeedina seaofsuchseverewaves.

SincetheESSEXmodeltestdatahavebeenshowntobeinagree-
mentwithfull-scaleda~a[27]JKaplaninferredthatthismethodof
computersimulationprovideda usefulpredictionofzhestructural
responseoftheUSSESSEXina seaway.Tkeretore,z reasonablemeans
existedtoobtainspectra,andresultingR.M.S.values,forbothver-
ticalandlateralwave-inducedbendingmoments<nobliqueseas,fora
shipmovingata prescribedforwardspeedandheading.

InfluenceontheSL–7Correlation

ThetestdatausedbyKaplanforcomparisonweretheresultof
modeltestsinregularwavesinobliqueheadings.Thesetestswere
conductedbyusinga free-runningself-propelledmodel.A modelsuchas
thismusthaveanoperatingrudderwhichmaintainsthemodelonthe
prescribedwave-to-courseangle.Thecomputercalculationsdonot
includeanyrudderforceandmomenteffects.Thispointsouta differ-
encebetweenexperimentalconditionsandthecomputercalculations.The
pointisthatthecalculationsarebeingcomparedwithexperimentswhich
includeadditionalunaccountedforceandmomenteffectswhicharenot
necessarilyrealisticwithregardtofull-scalebehavior.Obviously,
theseforcesandmomentshavesomeeffectuponthemotionresponsesof
themodelandthereforeuponthemeasuredloadings.Theextentand
natureoftheseeffectsareunknown,althoughtheonlyimportantones
willbethoseforcesatthefrequencyofencounterintheregularwave
tests.However,inthereportsoftheexperimentalwork[2,3,4],
littleornosignificancehasbeengiventotheseforces.Thedetails
oftherudderandcontrolsystemwerenotdescribed,ruddermotionwas
notgiven,andevenleewayandyawangleswerenotalwaysreported.The
effectsofleeway,yaw,andrudderforcesmayturnouttobesmallin
manycases,buttheymuststillberecognizedasanunknownelementin
thecomparison.EachoftheseeffectsmustbeconsideredintheSL-7
correlation.
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WhatWasDonefortheSL-7Program

Basedonthesatisfactoryresultsobtainedfromthecomputer
program,a projectwasbeguntoexercisethecomputerprogramforthe
modeloftheSL-7contalnership.

c. Full-ScaleInstrumentation

Thethirdportionofthisresearchprogramwasthecollectionof
full-scaledatabyTeledyneMaterialsResearch,a DivisionofTeledyne,
Inc.[28,29,30,31,32].Thisincludedtherecording,reduction,and
preliminaryanalysisofmidshipbendingstressesfrommanyship-yearsof
operation,fornumerousships.Theseinstrumentedshipsweredrycargo
carriers,twoofwhichhada similarC4hull.IncludedweretheHOOSIER
STATE,WOLVERINESTATE,MORMACSCAN,CALIFORNIABEAR,andlastlythe
containershipBOSTON.

Theaveragedoutputofelectricalresistancestressgages
mountedamidshipsontheportandstarboarddeckedgeoftheseshipswas
automaticallyrecordedforthirtyminuteseachfourhours,andcontinu-
ouslywheneverstressesexceededa presetlevel.Therecordedsignal
resultedfroma combinationofbendingmomentsproducedbystillwater
loading,waves,slamming,anddiurnaltemperaturevariation.During
reductionofthedata,thesignalswerefilteredtoremoveallbutthe
signalsrepresentingthestressintheforeandaftdirectioninducedat
thegagelocationbytheverticalcomponentofthewave-inducedlongi-
tudinalbendingmoment,i.e.,thestressesresultingfromhoggingand
sagging.

Foreachparticularship,therewasconsiderablescatterofthe
datapoints,eachofwhichrepresentsa thirtyminutesampleoffour
hoursofshipoperationsfora givenBeaufortwindstate.Thisscatter
maybeattributedtovariablesneglectedInthedateanalys%s,i.e.,th@
shipoperatingatvariousheadingsrelativetothesea,andatvarious
speedswithina givenseastate.BecausethereportedBeaufortwind
stateinformationwasbasedonvisualobservations,somespreadinthese
valuesasa resultofindividualinterpretationisalsolikely.There
isoneaddedcomplication.Themajorityofthepreviousworkhadpre-
sentedbendingmomentandwavedataasbendingmomentamplitudetowave
amplituderatioversuswavelengthtoshiplengthrat%o.Inherentin
thisprocedureisa strongrelianceonthe“correctness”ofboththe
waveheightandwavelengthdata.Thispresentsnodifficultyintank
testsorcomputermodeling,butitleadstoverycomplexproblemswhen
anattemptismadetocorrelatethesedatawithfull-scaleresults.
Normallyfull-scalewaveinformationisbasedona visuallyobservedor
estimatedwaveheightandreallyreliesonthemariner’sjudgment.
Sometimes,waveheightisreportedona basisofa measuredwindspeed.
Unfortunately,neitherthevisualestimatesnortheimpliedheightbased
ona measuredwindspeedyieldreliableorconsistentinformation.Thus,
anyattemptedcorrelationbetweenmodelandfullscaledatamustbe
temperedbyanawarenessofthepoordatauponwhichthecomparisonsare
based.A waveheightmeasuringdeviceisa necessityifthereistobe
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anyrealcorrelarionmOperationofzheTuckerwavehe?ghtmeterandthe
radarwaveheightmeterontheSL-7shouldprovideInformationleading
toa signif~cantreductionofscatterfromzhislattersource.

Itnwstbenotedthatthedata?nallofthe“Teledyne”reports
werepresentedaspeak-to-troughstressvariations,andnotas.sTngle
pos%+civeornegativeamplitudeaboutanaveragelevel.Thenumberof
stress>-ariationsco-anteddur~~gtheanalysisrange,tngeneral,from
about200to500perrecordintenral.3utona probzb?l%sticbasisit
ispossiblethatactualmaximumpeak--to-troughstressvariationsmayYZX
zsmu& as2Qpe~cen~h.%ghezthanLh.oseappearing%nthe20minute
sanplerecord.Absoluteaveragevaluesa~edTfficul~todetermine,and
arevar~ab~ewith~ozdt~gandthexmalcondi~to~s.S~aEist%cal~rocedzres
forana~yzin.gpeak-to-troughvaluesofrazzdomv2riables,moreover?are
wellestablished.



successfulwavebuoylaunchingwasaccomplished,providingwaveda~a
whiletheseawzsdroppingfromwindforce8 to6.

Full-ScaleInstrumentationResults

A comparisonoftheaveragevaluesofalldatapointsw%thin
eachwindstateindicatesgoodagreementbetweenthetwostscerships!
HOOSIERSTATEand WOLVERINESTATE[28].Thiswasespeciallyevidentin
windstates3 to7,wheremostdatawereavailable.Closeagreementwas
expectedsincetheshipswereofthesametypeandoperatingonthesame
route.

TheaverageR.M.S.stressmeasuredontheMORMACSCAN[29]w-as
generallyhigherthancomparablevalues from cheWOLVERINESTATE.The
maximumpeak-to-troughstressesversus13eaufortNo.plotsshowsfm%lar
trends.TheactualaveragesforseveralBeaufortNos.sho~quiteclose
correspondencebetweenthetwo.Itwouldbeexpected,however,thatthe
dissimilaritiesbetweenthetwotypesofships[theMORMACSCANisa
machineryamidshiptype,whtletheWOLVERINESTATEhasmachinery.afc),
mightcausegrearerdivergenceofthetunes.Infact,theaverage
maximumpeak-to-troug”hstressesrecordedontheMORMICSCANaregeneralljT
higherthanthosefromtheWOLVERINGSTATE,especiallyatthehtgher
wiadstates.ThedatafortheMORMACSCAN[30]wasgraphedforbothits
NorthandSouthAtlanticruns.WOLVERINESTATEdztzwerepresentedfor
threecategoriesw;nterNorthAtlantic,smer NorEhAtlan~ic,and
Pacific.ThisseasonaldivisionwasfoundnecessaryfrtheNorthAtLsEz5c
databecauseofthegreaterlikelihoodofencounteringlargeswellsat
rela~ivelylo~-BeawEortwindstatealluringthewfnterseason.Theseasonal
variattonisnotassevereTnthePaciftc.

AlthoughtheTuckerwaveheightmeterdatafortheWOLVERINE
STATEdonotagreewtththeesttmatedwaveheights,theaccuracyofthe
esti~atewasprobablynotgood.Severaldifferen~peoplewereinvolved
inmakingtheseestimates,andtheirabilityEojmigewaveheights
correctlyis3ofcourse?unknown.Notsurprisi@y,themeasuredbend-
tngstressandwavehe~ghtcorrespondenceisalsopoor,probsblyalso
becauseoftheclifficulciesofobtatningaccura~eanticonsistentwave
heightdata.

ComparisonofBOSTONdata[32,33]withWOLVERINESTATEdata
[28,29,30]hzsshownsomedisparity.ComparisonsoftheBOSTON’sbow
verticalaccelerationdatawiththatcollectedontheWOLVERINZ3STATE
showquitegoodagreement.A decreaseing levelSEtheh?ghersea
statesintheBOSTONvalueswasmostlikelyduetotheSea-La~dpolicy
Ofimmediate“slow-do-wn”ifstrongheadseaswereencountered.The
purposeofthispolicywastominimfzetheposslbtlttyofon-deck
containerandczrgodamagewhichwouldresultfromtakingwateroverthe
bow.ComparisonoftheR.M.S.waveheightcomputedfromdatapower
spec-traldensitywiththelogbookdatagaveacceptableagreemenr.

Full-scalestrainmeasurementsonshipsinservicehavebeen
madeinseveralothercountries[33,34].Actualstressrecordshave
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beenfoundLObeveryirregular,bothwithina singlerecord,andfrom
onerecordtoanother,bothbecauseofthefluctuationsofthewaves
encounteredandbecauseofvariationsintheinstrumentationtechniques.

AnalysisandInterpretationofFull-ScaleData

A thoroughanalysisandcomparisonofstressdatafromfull-
scalemeasurementsonthetwoC-4-typecargovessels,theS.S.WOLVERINE
STATE,andS.S.HOOSIERSTATE,andadditionally~heMORMACSC.ANandthe
CALIFORNIABEARwasperformedbyLewis[35,36].Bargraphsofstress
probabilitydensityversusstresswerepresen~edshowinganapparent
agreementwithanidealRayleighdistributioncurve.Thesebending
stresseswereplottedversusthecalculatedprobabilityofexceeding
Zharstress,andalsothenuxberofsrressreversals.Thiswasdonefor
eachoftheshiFs,%ncludingseparateplotsfor~hemoreimportan~
seasonalzuns,andvariedaceanroutes.Ina s%m?larmannerthebending
nomen~coefficien~wasplottedversustheprobzbilizyofexceedingzhat
bead%ngmomen~,andversusthenumberofmomentreve~sds~forso=e
routesandshtps.

Basedonhis analysisandinterpretationofCull-sczledata,
LewisreachedLheZollotizgconclusion.s:



1. Classifyingshipstressdatainrespecttowindforcepro-
videsa basisforanalystsoflong-termtrendsthattakeintoaccount
thedifferentweatherconditionsencounteredbydifferentsh$psin
service.

2. Dataobtainedfromseveraldifferentshipsonthesame,and
ondifZerenttraderoutes,canbecomparedonthebasisofnon-dimen-
sionalwavebendingmomentcoefficientsinthesame“standard”weather
distributions,extrapolatedtolongperiodsoftime.

3. Analyticalmethodswereproventoyieldlong-termdistribu-
tionsofstressthatagreeverywellwithhistogramdataoverthe
limitedperiodcoveredbythedata;themethodsthatcouldbeextra-
polatedtolongerperiodsoftimealsohaveshowngoodagreementwithin
therangeofinterest.

DirectionofFull-ScaleTestingPrevioustoSL-7Work

Thedatacollectionaboardthefiveships,HOOSIERSTATE,
WOLVERINESTATE,MORMACSCAN,CALIFORNIABEAR,andBOSTONaccomplished
severalobjectives.Considerableconfidencehasbeenbuiltupinthe
meansofdataacquisition,andthetypeofdatacollected.

DatacollectionwasbegunontheWOLVERINESTATEonamodest
scale,withonlyverticalbendingmomentdatabeingcollec~edatmid-
ships.Asthelarge-scaleprogramprogressed,thesmall-scalehydro-
dynamicmodelingsuggestedmeasuringlateralandtorsionalbending
moments,andshipmotionsdata,whichwereaddedtothelargescale
program.

PriortotheSL-7program,themostimportantfailingoffull-
scaledatacollectionwasthemethodof“measuring”theseaway.Most
full-scaledatawerepresentedbasedupontheBeaufortwindstateatthe
particularintervalofstressmeasurement.TheseBeaufortwindstates
arerecordedbaseduponvisualsightingsoftheeffectofthewindOQ
thewaves.Theinherentshortcomingsasfarasrepeatabilityandcon-
sistencyareconcernedareobvious.Inthefirs~place,thereisnoway
tomeasureandaccountforthevariationsfromobservertoobserve:
althoughtheyareknowntoexist.Secondly>thereisnoassurance~ka=
cheseasurfacehasrespondedtothewindex~stingandthereisnone~ns
ofallowingforrapidchangesofwindstateduringthemeasuremer.t
period.Anyvalidw~vemeasurementsystemmustremoveallpersonal
judgmentandopinionfronthedataacquisitionandmeasuretheseawayat
thetimetheothermeasurementsarebeingtaken.

Thefull-scaledatawereplottedagainstBea.ufwrtwindstate,
butunfortunately,thesmallscalehydrodynamicmodelingofStevensand
Oceanicswasbaseduponseastates,usinga normal?za~ionofdztato
waveheightandwavelength.ComparisonofKhefull-scaledatawi=h
thismodelingmustbebasedonoceanwavedata.Thismaybeaccomplish-
edbya s~atistical analysis andcomparisonofBeaufortwtnclsta~eanti
seastates.Fromthis,anaccurateappraisalofwhatwaveheightad



wavelengtharerepresentative(onthestatis~icalaverage)ofa par-
ticularseaorwindstatemustbemade.Thishasessentiallybeen
accomplishedbyBand[37]andLewis[361.Valuessuggestedbythese
authorsmustbetemperedbytheknowledgethattheyarestillstatis-
itcal,andbynomeansmaytheybeinterpretedastheactualorinstan-
taneousdata.Thesevaluesarestillbasedonthesailor’svisual
estimateofseastateoratbestanemometerreadings.Alternatively,
comparisonsandcorrelationsmaybebaseddirectlyuponsailors’visual
sightingsofthewaveheightandlength,ratherthanusingthestatistical
process,whichisitselfbasedonthesamevisualsightings.Neither
wayissatisfactoryforcorrelationpurposes,butintheabsenceofmore
accuratewavedata,theymustbeused.

SL-7InstrumentationDifferences

TheSL-7containershipinstrumentationprogramdiffersfrom
previousS.S.C.full-scalemeasurementprogramsinthreeimportantways:

1. Extremestressmeasurement
2. Waveheightmeters(Tuckerandradar)
3* Torsionalstressmeasurement(Open-hatck’ ship).

1. EachoftheeightSL-7shipshasbeeninstrumentedwith
unattendedextremestressscratchgageswhichrecordbendingstresseson
sensitizedgraphpaper.Datacollectedwillallowforinterpolationof
longtermmaximumstresses.Thiswasundertakenbecauseofencouraging
stressextrapolationscompletedbyLewis[35].Sincethereareeight
essentiallyidenticalSL-7ships,andtheyoperatenearlycontinuously,
a greatnumberofship-yearsofopezationmaybecollectedina short
spanoftime.

2. TheSL-7,S.S.SEA-LANDMcLEANhasbeenequippedwithboth
a Tuckerwaveheighrmeter,andtheradarwaveheightmeter.Usingboth
oftheseforcomparisonandcross-checkpurposes,itshouldbepossible
tohaveanaccuratewaveheightmeasurementsimultaneouslywiththe
stressandshipmotiondatacollection.Inaddition,itwillbeposstble
tocomparetherelativeaccuracyofthesetwodevices.Measuredseaway
datawillmakethecorrelationwithmodeldatapossible,andfurthermore
willimprovetheaccuracyofthestatisticalprocedures.

3. TorsionalstressmeasurementsweremadeontheBOSTON[32],
buttheSL-7differsintwoimportantwaysfromtheseearlierexperiments.
TheSL-7isapproximatelytwiceaslong,whichshouldmeanhighertorsional
moments.TheSL-7$salmostentirelyanopenhatchship,witheffective
deckareaonlyatthebow,stern,andinthewayofmachinery.

D. SignificantCorrelations

WOLVERINESTATEandCALIFORNIABEAR- Lewis

Thecomparisonoffull-scaledataunderrealseacondtzionswith
simulatedmodelresultsrequireseitherelaborateinstrumentationfor
full-scaletrialsor,alternatively,a lengthyprocedureofstatistical
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datacollectionandreduction.Lewis[39]madecomparisonsona statis-
ticalbasis,althoughsomelimiteddirectcomparisonsweremadeincases
inwhichwaverecordswereobtained.

A statistical approachwasnecessarybecausea shipinservice
encountersmanydifferentseaconditionsin.anyonevoyage,andmany
moreina yearofoperation.TOpredicta maximumbendingmomentthat
theshipmustwithstanditisnecessarytoknowthelong-termdistribu-
tionofbendingmoments.Toobtainthisitisnecessarytodetermine
theshipresponsetomanydifferentseaconditions.Bysuperimposing
responsestheaverageortypicalspectrumrepresentingseaconditonsof
differentlevelsofseverityisobtained.Theresponseofa shiptoan
irregularseaisdescribedbyitsresponsespectrum,whichcanbepre-
dictedbya techniquepresentedbySt.Der,isandPierson[40].This
methodhasbeenconfirmedexperimentally[41],andhasproventobevery
versatile.Itinvolvestheassumptionthata ship’sresponsetoa
seawaycanbeobtainedbythelinearsuperpositionofitsresponsesto
allofthewavecomponents.Usingmodeltestresultsinregularwaves,
togetherwiththeappropriateseaspectrum,leadstoa responsespectrum
thatprovidesa completestatisticaldescriptioninstatisticaltermsof
theship’sresponsetothatpartfcuhcsea.Thusthebendingmoment
responsecanbedeterminedbycalculationsforanynumberofrepre-
sentativeseaconditons.

Forpurposesofpredictionfrommodelresults,%thasbeenfound
moresatisfactorytousewaveheight>ratherthanwindspeedasz basis
forclassifyhgseaspectra,althoughfull-scaleresultswers~sually
referredtov%nd~28,29,30,31,32].ItlRaSbeenshowmtkr a normal
distributionofR.M.S.bendingmom,entiss-tillapplicable?butthe
standarddev~atfonwillbelessthanwhenw?ndisusedasa bas$s[42].
Severalrelationshipsbetweenwaveheightandwindspeedarecommonly
givenforopenoceanconditionsandcaremustbetakentodistinguish
thoserepresentingidealfullydevelopedseasfromthosedescribing
averageconditions.

ExperimentallydeterminedResponseAmplitudeOperators(R.A.O.’S)
fortheWOLVERINESTATEandtheCALIFORNIABEARatsevendifferent
headingsof0°,30”,60°,90°,120”,150°and180”wereobtainedfrom
modeltests%nregularwavesattheStevensDavtdsonLaboratory~lOj
11]. TheR.A.O.VSforbothships,takenatnumerousfrequencies,along
withwavespectrumdata,wereusedtocalculatethemeanresponseand
itsstandarddeviationatdifferentLevelsofwaveheight.Thepre-
dictionofwave-inducedbendingmomentsonshipsoperattngiarealist%c
short-cres~edirregularseaswasEhenaccomplishedbytheprincipleof
superposition,tnwhichR.A.O.’Sfrommodeltestresults,andtheshwrt-
crestedseaspectrawerecombined.Theproductsofpointsonawave
spectrumcomponentcurveandthecorrespondingR.A.D.curveatthesame
headinganglegavepointsonthebendingmomentresponsespectrum
componentcurve.

Thestatisticallypredictedtrendsofbendingmomentarenot
directlycomparablewithfull-scaledatabecauseofthewaveheight
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measurementproblem.Onewaytofacilitatecomparisonistoconvert
thesetrendspredictedonthebasisofsignificantwzveheighttodata
basedonBeaufortnumber.Butbecausethiswind-wavecurreassumesa
fullydevelope~sea, a largestandarddeviationofbothwaveheightand
bendingmomentISfoundwhenclassifyingo=awindscalebasis[43].

ThepredictedvaluesofR.M.S.bendingmomentad standard
deviationforbothshipswereplottedversuswindspeedforthevarious
draftsandroutes.Theconsiderabledifferencebetweenfull-scale
resultsforezst-andwes~boundvoyageswasrofigblypredictedfrommodel
testsonthebasis05differencesinfiraft.Modelpredictionstendedto
overestimatebendingmomen~ssomewhatatlowermindspeedsbo~heast-
zndwestbound?butespeciallywestbo-find.Furthermore,thevpwardtrend
of~hepredictionswasmuchlesssteepthanfull-sczle.However$inEfi.e
rangeof30-Mknotwindspeedthemagnitudesweresatisfactory.The
magnitudeofthepredicteds~andard6eviations%-asquttegoodwestbound
butsomewhathigheastboundathigherwindspeeds.However,whenmea~.
drzf’cwasusedasa basisofcomparison,theagreenentbetweenmodel
predic~ionEndfull-scaleresultswasmuchbet~er.Thelesssatk-
factoryresultsforeas~-anclwestboundsep.erazelyCOU16be&tieto ‘the
reductioninE’nestatisticalsamplesizeoft’hefull-scaleZata as a

result of Ehe sepzra?ionofGata.

Theficalstep~zke~byLewiswas‘comake3 we%ghEeZinzegrztio~
ofbendingmomentcurvesforindividualwea~her groups o-r the basisof
~hefrequencyofoccurrenceofthedifferentweatherco~.d%t%oxs.These
long-termpredic~ionsforbothshipsoverbothroutes,resul~edina
tiefiniteovezes~imationincomparisonw?thfull-scale.

Lewismadethefollow~ngbzsiccoxclus%onsbasedonthese
correlationstudies:

1. Wheathemodifiedstatisticaltechn%qfiewasappliedCo the
WOLVERINESTATEandCALIFORNIABEARdatait was fotmd to overestimate
thelongtermtrendsofbendingmomen~s,whereasthemoretraditional
procedures,i.e.obse~vedwavespec~ra[44],agreevery closely ~-<th
full-scale trends.

2. likeneast-andwestboundvoyzgesof~heCALIFORNIABEARwere
comparedseparatelythedifferenceswereaccouztedforOPti-iebasisof
draftdifferences,butlong-termbendingmomenttrendswerefurther
overestimated,perhapsbecauseofaninadequatesamplesizeof~ull-
scaledata.

3. Ingeneral,itwasevidentthatsuccessinusingthestatis-
ticalpredictionprocedurewasdependentonthequalityofseadata
available.However,morecompleteandaccurateoceanwindandwavedata
wereneeded,includingwaverecordsfromwhichspectracanbedetermined,
particularlyforotherimportanttraderoutesbesidestheNorthAtlantic.
13uc,aspointedoutbyLewis,a PurelYStatisticaltreatmentoftheshtp
wavebendingmomentproblemcannotyielda satisfactorygeneraldesign
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tool. Statisticsarehelpfulindesigningshipssimilarto
whichstressdatawerecollected,butcannotprovidedirect
designingdifferentships.

4. Itisbelievedthattheapplicationofthestat:
procedureforpred~ctinglong-termbendingmomenttre~dsto
ferentshipsintwodifferentoceanshasdemonstrateda rat:

Ehosefor
gutdance<n

S’tied
twodif-
onalbasis

forthequantitativedeterminationofwavebendingmomentrequirements
forpossiblenewdesignsofthefuture.

E. ~

ManypreviousstudieshaveledtothedevelopmentoftheSL-7
InstrumentationProgram.Fromthesepaststudiesmuchinformationhas
beenculled,andareasforfutureworkdefined.Thefollowfngisa
synopsisoftheinfluenceofthesestud<eson~heSL-7program.

WhatHasB~enLearned

1. AnanalysismethodandaccompanyingcomputerprogramTS
availablewhichcanconstderbothregularandirregularwaves,‘cogive
goodpredictionofstresses,moments,andshipmotions.

2. A correlationbetweendatabasedonBeaufortw%ndstate,and
databaseduponwavedata(wavehetghtandwavele~g-th),willneces-
sarily‘nsvetomakemajorassumption.sandMealizattcm.svTn.ecorTek-
tioncanbenobe~~erthan~lhejudgmen~usedTZ‘thema7KTngof~’hese
assumptionsandhas?7husfarprovenzn.acceptableo

3. Stat?stksarehelpful?ndesigntngsh$pssimilar?0those
forwhichextens%vestressdatahavebeencollecced,butcanaotprovide
directguidanceindesig~ingdifferentships.

CrTt%queofSL-7OverallBackground

InbrieffDrmL9klnefollowingopinionswereformedfromthe
historicalsearchofSSCsponsoredprojects:

1. Hydrodynamicmodelfnghashadaweli-checkedandconsistent
hiszory.Mostdatafscons~stentw%thttself~andwiththatofother
researchers.Morehport2ntly,it$sreproducible.Whileexperimental
dif~icultieswerefoundwitha fewofthemanyvarb~ions of parzme?ers,

these “were 207rtunately in parametersoELIttksignificance?ad there-
foretheeffectwaslargely<nconsequentTal.Itisfeltchatthehydro-
dynamicmodelinghasshowmandwillcontinuetoshowh<ghrel%ab?ltty.

2. Computeranalyticalmodelinghasrecetvedliczkpubltshed
comparisonwithpreviouswork,probablydueto%tsnewnessandcQn-
tlnuingdevelopment.In-depthhandcalculationresultshaveshowngood
comparison?butfull-scalecorrelations,andtoa lesserdegreethose
basedonhydrodynamicmodeling,remainunproventoanyexten~.Onthe
plussidethecomputerprovfdescompletereproducibili~yandgreatease
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ofparametricchanges,featureswhichhaveobviousapplicationtoward
actualuseofthemethodinshipdesign.

3. FullscaledatacollectedundertheSSCprogramhasbeen
gatheredalmostexclusivelybyonecontractor,thusthedataformatare
intimatelyconsistentbothwithintheindividualprojectandusually
withearlierwork.Comparisonswithoutsidesources,especiallythe
extensiveworkbeingdonebyforeignconcerns,havenotbeenperformed.

4. Statisticalcorrelationsmustnecessarilymakenumerous
statisticalandwavedataassumptions.&y analysfsbasedon“observed”
wavedatamustbeviewedwithcaution.Ofcoursethisstatistical
correlationbasiswaschosenbynecessity,buthopefullycanbeavoided
inthefuturebytheuseofwaveheightmeasuringdevices.

WhaCAreasNeedMoreResearch—

1. A fundamentalareaofneed,basedonpreviouswork,wasa
meansofmeasuringactualwaveheight.Itwasfor~hisreasonthata
Tuckerwaveheightmeter,anda radarwaveheightmeterwereinstalled
ontheSL-7containership,S.S.SEA-LANDMcLEAN.

2. Computeranalysisofshipboardloadsandwavedatahashad
insufficienttimetobefullydevelopedanddoesnotincluderesponseto
allsignificantwaveloadings.Furtherdevelopmentisnecessary.

3. Thecomputeranalysisandfull-scaledatacollectionhave
notbeencomparedsufficientlywithoutsidedatasources.



11. THEELEMENTSOFTHESL-7INSTRUMENTATIONPROGRAM

A. SL-7ShipInstrumentation- TeledyneMaterialsResearchCO.;
SR-211,“SL-7DataCollectionprogram”.

Theobjectiveofthis effor~ wastoobtafnhll-scalecalibra-
tionandmeasurementofseawayloadsresponse.Tlnistaskincludedthe
designandinstallationofaninstrumentationsystem,thecalibration
andoperationofthissystem,andreductionandanalysesofthedata.
DatacollectionbeganinSeptember1972andcontinuedthroughthewinte~
of1972-1973and.winterof1973-1974-

Theprimarymeasurementsmadeonthevesselwereasfollows:

a. Midshipwave-inducedverticalbendtngstress
b. Torsionalshearstresses
c“ Principalstressesatha~chcorners
d. Vesselpitchandroll
e. Grosshullaccelerations
5. Accelerationsofforwzrdandaftdeckhouses
g. Longitudinal.stressesatthefourextreme“cornerstua~d

attheneutralaxisofthemidshipsection.

Theabovedataweresupplemen~edbylogbookentriesofenviron-
mentalandopeyat$onalconditions.Foradditionaldetaf~sO:<nst~G-
mentationseeTIWRReportE-1345(b)andE-155?J(f),ssc238,and.AppendixA.

T~2estressesmeasuredonzhevesselare not absolute~eve~sOf
stresstn.Zh.estructure,buzratheronlytb.edynamicimcrementofszrwss.
Theabsolutevalueofstress%smadeupofa combinationofres~dualand
fabricationstresses,“’stillwater”stressesresultingfroncargo
and/orballastloading>‘“t”hermal”’stressesresultingfromtemperature
differencesside-to-side,deck-to-bottom,andvariousotherunknown
stresses.KU ofthestressesexceptthosewhichresul~Zromtheactioa
oftheseawaychangeveryslowly,=-adthusft$spossibletoexam%ne
onlythosewave-fnducedstxesseswf.t’no=~regardfortheothereffects.

Thesewave-fmducedstressesshowgreatirregularityandvari-
ability,andhavebeenevaluatedstatisticallyinotherprograms[45?
46,47].Appendix3 containsa furchezdiscussionofLhetotalstress
experiencedbya shiphull,andtheIroblemsOZevaluatingthosepor-
tionsresultingfroma particularC2USE.

The~esultsofthewave–inducedstressmeasurementswillbe
comparedwithmodelandcomputeranalyticaldata.Theultimateaimis
tosecuresufficientconfidencetnthecalculationprocedure,sothat
modeltest%ngandfull-scaledatacollectionmaybeellm.?n.ated.

Theobjectiveofthiseffortwastomeasurestressesand
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deflectionsofa small-scalestructuralmodelforvariouscomponent
loadings.Themodelloadingisoneofseparateandcombinedtorsionand
bending.

ThemodelofEheSL-7containershipisofweldedsteelcon-
struction,with,geometricscalingof1:50.Thicknessesoftheplating
aredistortedtoa ratioof3:50becauseitwasnotpossibletoweldthe
thinnermaterialsatisfactorily.Becausethescaledplatingthickness
wasnotavailableinallcases,itwasnotpossibletoretainrhisscale
ratioforallofthestructuralcomponents.

Theexperimentalinvestigationwasconcernedwiththeprimary
responseoftheship.Thereforeonlythosestructuralcomponentswhich
wereexpectedtocontributetotheprimarystrengthoftheship’shull
wereincludedinthemodelconfiguration.Thesecomponentswere:

a. longitudinallycontinuousplattngofsideshell,inner
andouterbottom,anddecks

b. longitudinalgirdersInwayofthedoublebottom,
c. longitudinalstringers,
d. longitudinaltorsionboxes,
e. watertightandnon-watertighttransversebulkheadswith

verticalstiffenersandhorizontalstringers,
f. transverseboxesatthebulkheads.

Generally,severalofthegirdersandstiffenersweretaken
togetherandwererepresentedbyonecomponentwitha cross-section
equivalenttothesumoftheirindividualcross-sections.Theareasof
smallplacestiffenerswereincludedintheareaoftheplates.

Themodelwasplacedina loadingframeandloadedbymeansof
weightsandpulleys.Themodelwasequippedwithstraingagerosettes,
singlegages,anddialgagestomeasurestrainanddisplacements.

Thefollowingtorsional,vertical,andlateralbendingmoments
werecombined,scaled,andappliedtothemodel:

A.

B.

c.

D.
E.

F.

G.

LongitudinalBending
1. LargeBendingMoment
2. + 1/2LargeBendingMoment
Tors~on
1. + LargeTorque
2. ~ 1/2LargeTorque
Late~alLoading
1. ~ LargeBendingMoment
+ LargeMidshipShear
~argeCombinedLoads
1. VerticalBendingandTorsion
2. LateralBendingandTorsion
DistributedLoading(WaveForm)
1. Vertical,HorizontalBendingandTorsion
DeclcsideTests(variouslevelsofloading)
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Itwasfoundnecessarytcusetheloadings“LargeHog,1/2
LargeSag,etc.”,duetoexperimentaldifficultiesresult%ngprharily
fromtheveryhighsttffnessofthemodel.ThTswasexpectedtocreate
norealproblemasthedistributionoftheresultingstressespnottlnetr
absolutevalues,wasofprimaryimportance.

Themodelstressesanddeflectionswillbescaleda=dcompared
withthosecalculatedbytheDAISYStructuralAnalysisPrograii5andthe
full-scaleSL-7Instrumentationdata.

c. FiniteElementStructuralAnalysisProgram(DAISY)-
AmericanBureauofShipping

ThepurposeofthisprojectwastoapplytheDAISYprogramto
analyzetheSeaLandSL-7containership.Theprogramisgeneralwfth
regard-toprogramtype,computers~ze,andconfiguration.

A promisingapproachtakenwithintheDAISYprogram,isZhaEof
reducedelementsubstructure.Thereducedelemenksubs~ruc~uremodel$s
par~icularlyadvantageousbecausenotonlyis theneedforlocalanalysTs
eliminated,butthesubstructuremodelisincorporatedinthecomputa-
tionoftheoveralldisplacements,renderingthemmoreaccurate.Tne
analysisofanentirecontatnershiponanobliqueseawaveusing“the
finiteelementmethod(DAISY)wit’nthereducedelementsubstructure
techniquerepresentsa stepforwardinanalyticalstructuralanalystsof
complexshipstructures.tilysnidealizedquasi-stat%ctrea’cmentof
theloadingrepresentingexpectedmaximumvaluescanbemadeatthis
time,untilmorerealist%crepresenta~ionsofloadingaredeveloped.
Theresultsofthecalcula~ionsshowresponseofthehullgirderand
resultantstressdistributions.Adthoughthemagnitudesofthecal-
culatedstressvaluesweredependentontheappliedloads,whichwereto
a certaindegreeidealizedones?thesestressmagnitudesservedto
defineregionswhereactualhighstressescouldbeexpected.For
additionaldetailsoftheprogramaadtheresultsobtained,seeAM
Report“StructuralAnalysisofEL-7ContainershipUnderCombinedLoading
ofVertical,LateralandT.orsiona~PIImentsUsingFiniteElementTech-
niques”,November1972,andSSC243.

l). BendingandShearLoadModelTests- HydrodynamicModel;
StevensInstituteofTechnology;SR-204,“SL-7TorsionalModelSCudy”

Theobjectiveofthtse~fortwastoconductanexperimental
modelinves~igationofwave-+nducedvertical,horizontalandtorsional
bendinginthehullgirder,,Thedataobtainedfromtheseshipmodel
stadieswillbeusedinlatercorrelationsbetweentheory,modeltests
andfull-scaleexperiments.

Ve~ttcal, lateralandtorsionalwavsbecdingmoments,and
verticalshearswer~measureda~tw-osectf.ossofa L/140-sczlemodelof
theSL-7contafnership.Themodelwasself-propelled,with pxotot~ype
ship speeds of24and32knotsztsevenhead?ngstoregularwavesof
lengthsbetwee=.25and2.0timestheIeng’ckbetweenperpendiculars.
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Shipmotionsweremeasured,andtwoshipconditions,lightandfullload
werecovered.Theresultsarepresentedinchartsofloadormotions
amplitude/waveamplttudeversuswavelength,andphaselagversuswave
length,withheading,shipspeed,andloadingconditionsasparameters.

Theprincipalaccomplishmentofthisstudywastoobtainthe
threecomponentsofwave-inducedbendingmoments,andtheLwocomponents
ofwaveshearforcesattwosectionsofa highspeedcon’cainership.The
resultsofthismodelstudyprovideonlyanindirectcorrelationwith
fullscaleduetothepracticallimitationsofbeingabletomodelonly
%egularr’waves,ratherthana generalirregularwavespectrum.Theaim
wastoestablishR.A.O.’Sfortheregularwavesforpredictionof
irregularseacases.Foradditionaldetatlsofthemodelstudy,andthe
resultsobtained,seeStevenslnsti~uteofTechnologyReportDL-71-1613,
andSSC239.

E. TheoreticalHydrodynamicAnalysis(SCORES)- Oceanics,Inc.j
SR-205,“SL-7LoadandComputerResponse”

Theobject:veofthiseffor’cwastoapplytheSCOREScomputer
programtotheSL-7containership.Eothverticalzndlateralmottons
~nd-loadswereconsideredfortheshipunderwayatseveralspeed-heading
combinationsinregularwaves,andir.irregularseas.StrTptheorywss
usedandeachshiphullcross-sectionwasassumedtobeofLewis-form
shapeforthepurposeofcalculatinghydrodynamicaddedmassanddamping
forcesinvertical,lateralandrollingoscillationmodes.Thecoupled
equat%onsofmotionarelinearpandthesuperpositionprinciplewasused
forstatisticalresponsecalculationinregularseas.Allthreepr%mary
shiphullloadings,i.e.,verticalbending>lateralbending,andtorsional
momentsweredetermined,aswellasshearforces,atpredetermined
pointsalongthelength.Additionaldetailsofthecomputeranalysis,
maybefoundinSSC229and230,andtheresulzsofthisanalysfsare
presentedinOceanicsreport73-96,andSSC2L6.

F. WaveheightDataReductionandComparison- StevensInstituteof
Technology;SR-221,“CorrelationandVerificationofWavemeterDatafrom
theSL-7°

Underrhisproject,seawaymeasurementsmadewiththeTucker
waveheightmeterwillbecomparedwiththosemadewiththeradarh-ave
heightmeter.Thesecomparisonswillbecomplexbecausetheshipmo~?on
mustfirstberemovedfromthewaveprofilesignal,asmeasuredbythe
radarwaveheightme-~er,andthenthereducedsignalmust‘beprocessed
todeterminethe‘rrecordeil’gseaconditions.Inordertoobtainan
accumterepresmtafzionoftheoceansurfzce,themo~%onofthe-wave
heightmeterantennaduetoshipmotionsmustbedeteminedandremoved
fromtk ra;arrangedata.TOachievethis,thesh%phasbeenfn-stTu-
mentedwithaccelerometers,androllanclpitchpendul~ms(seeAppendfxA)
bywhich?heship=otionsaremeasuredandrecorded.Theaccu~.acyof
therzdarwzveheightmeterwillbecomparedtotb.ztofa Tuckerwave
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heightmeterthathasbeeninstalledaboardtheMcLEAN.Seaspectra
willbedeterminedbyperforminga waveformanalysisonthe
correctedmeasuredoceansurfaceprofile.Thelogbookwavedata
entrieswillbecomparedwiththederivedseawaydata,todeterminethe
relativeaccuracyofthelogbookdata.Correlationbetweenthelog
bookandthemeasuredheightswillbeinvestigated.
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111. PROGRAMELEMENTINTERACTION

TIEprojectsoftheSL-7Instrumentation Programareinterrelated
intwoprimaryrespecrs,correlationandprediction.Thehydrodynamic
andstructuralmodelsarecobeusedprimarilyforcorrela~ionwirhrhe
theoreticalcomputerFrogramsthatwillbeusedto?redicrhytirody~anic
loadsandsrressesontheSL-7.Themodelandanalyticaldata,in~urn~
willbecorrela~edwiththefull-scalemeasurements.Figure1 showsa
schematicofthevariousclazacomparisonswhichcanbemade.

A. HydrodynamicModelandSCORESComparison

Aspreviouslymenttoned,vertfcalpIateralpad torsionslwave

bentiingmomentsandverticalandla~exalshearsweremeas~redatrwo
sect?oasofthel/140;hydrodynamicaodel.Themodeltestconditions
wereusedas5npuccond%tfonscotheregularwavecaseoftheSCOEUIS
programcalculations.Thecalcula~edresponseamplitudeopera~ors
(R.A.O.)caahecompareddirectlycochosemeasuredini~hemodel~es~s.
17igure.2Tlkszratese<ghtpossiblecomparisonsbetweentheinodeltests
and~hecompu~ercalculations.Dfrecrcoinpartsonbe~~-eenXheseresul~s
ispossf’ole,andwillservetoverifythedegreetowb-fchtheSCORES
p~ogramappliestoa shipof~heSL-7hullformandspeed.

VerificationofzheDAISYprogramasa~plfedcoopenhazch
containervesselsofLheSL-7Classw-illbeaccomplishedusings?ruc?~ral
modeltestdata.A sf@e poi~c~mq2ri$0a ofcali’bracionZestTesziZs,
where~heShiF9themodel,andzhew~eticalanalysiswouldallhavekr.owm.
(equ~vdent)bad%s is also cmitemphted. This wouldbetheonly
comparisonwheresuchloadcorrespondencewouldbeavaila%le,andm
suchrepresentsoneofthemiosti=porEanZelementsoftheenti~eSL-7
program.Figure3 showsZhecomparisonplannedforthecalibration
lo2di~gcase.

A secondcompa~isonmayberlade be~ween stresses calculated
fromtheDAISY~rog~amforzhecalibrationloadiagwithstressesob-
tainedfzo~.~hemodel.Itaaybepossible rhat by proper superposition
ofthemodelloadcondf~fo~.s~r-heaccualcallbratfcmexperimentloads
maybeapproximatedw?thacceptableaccuracytoesttmaretheresponseOF
thenodeltothecalfbrar%onexperimentIoad%ngs.

Thet’nirdcoapariscmoft-hecalibrationloadingsisbezween
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thestressesmeasuredOEtheshipandthoseonthestructuralmodel.
Thiscomparisonwillindicatehowaccuratelythemodelrepresentsche
actualshipstructure,andthusdeterminewhetherzdditfonzlcalibration
typeinformationmaybeobtainedfromthemodelinfuturetests.If
thereissufficientagreementbetweentheresultsforthestrtictural
modelandthezctudshipscrucrure,thenitmaybepossibleco~bt~in
additional“calibration”typedatafrom.additionalmodeltestir.g.

c. ShipMctionVerification

Oncetheship’smotionis“removed”fromtheradarwaveheight
meterdata,itwillmapthetargetedporrionoftheoceanrssurfacz;
paralleltotheshipcourse,andthusmeasurewaveheights..Inorderto
establisha baseforcomparisonbetweentheoreticalpredtct%onsfrom
SWIM azdacraalshipnezsurem~ntdata,thespectrumoftheseaia
whfchtheshipoperatesmustbedeveloped;thiswillbeaccomplishedby
performinga waveformanalysisonthereducedoceansurtacetrace.
Thesespectralwzveheightsad frequencieswillbecomp=edwfth
standardseaspectrarepresentatio~.s.Sig~.if%cantwaveheightsob?z%ne6
fromtheprocessedsignalwillbecomparedwi~hlogbookentries.This
willbea checkof‘Reasonableness”aswellasacomparisonwithpre-
viouslyobservedseaways.Itshouldbenotedtha;thedirectioxzl
propertiesoftheseawayandCCsspectrumcanno~bedete~%aed.

Thenextstepwillbetocompareshipmotionstomodeldata
zndtocalculations.Thesecomparisonsareshownbythemmbers8 and6
respectivelyinFigure4. Asindicated,fora g%venspeedandh.sacling,
roll,pitch,heaveandswaymodeltestsandcal.culacionsnaybecompzzeti
d%rectly.ROIIcomparisonsarenotexpectedzobeduetothenonli>eari~y
dueto viscousdamping.Comparisoncanalsobemadeofmidshipbending
moment(stress)forheadseacases.Thetransverseandverricalaccel-
erations~tframe290mayalsobe.comparedsimzetheyaretobeboth
calcula~edandmeasured.
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S+lH\2=$
where;$ =morionspectrum(roll,pitch,yaw,heave

oracceleration)
S+=measuredseaspectrum

Thus,
\H12= $/S+

ByusingthistechniquetheR.A.O.’s ofshipmotionsmaybecompared
direcrlywithR.A.O.‘smeasuredforregularwavesinmodel‘testsfor
similarheadings.Sincetheserelationshipsarebasedonlong-cresredseas,
resultsmustbeconsideredapproximateforrealshort-creastedseas.

D. SeawayLoadsVerification

TheSCORESprogramcalculatesthewave-inducedbendingmoments
(verrical,lateralandtorsional)ona shipinanirregularsea.The
<instrumentationonboardtheship,ontheotherhand,measuresand
recordsthecombinedstressata givenlocation.Inordertoobtaina
baseforcomparisonbetweencheeryandmeasurement,thecombinedstress
signalmeasuredontheshipmustbereducedtoitscomponentstress,
i.e.,lateral,verticalandtorsionalbendingstress.AppendixC con-
rainsrhedevelopmentoftheequationsforreducingthemeasuredstresses
totheindividualcomponents.Inadd%rion,rheloadscalculatedfor
theshipbySCORESmustbeconvertedtostressvaluesoralternatively
themeasuredvaluesmustbeexpressedintermsofinducedmomentsand
shearloads.Sincetheresultsofmostof~hepreviousat-seameasurements
havebeenreportedintermsofmeasuredstresses,itwouldseemlogical
thatthisprocedurebefollowedinthisprogram.Theinstrumentedship
hasbeencalibrated[48]sothattheresponsetoa givenloadisknown,
andthusa basisforconvertingloadspredictedbySCORESintoactual
srresslevelshasbeenestablished.

Themeasuredmainhullgirderstressesmaybecomparedwith
thecalculatedvaluesatthreeprincipallocationsalongtheship’s
hull,i.e.,thefor-wardquarterpoint,amidshipsandtheaftquarterpoint.

Duringa normal24hourdayofshipoperation,dataarere-
cordedon eachoftworecor~ersforapproximately12hours.Itis
apparent,withtheshipoperatinganaverageof11dayspervoyagepand
a coralofapproximately24voyages,thata considerablebodyofdata
willbedeveloped.Thus,icisimperativethatthisdatabesampled
judiciouslyforinitialcomparisons.Oneobvioussamplingrechnique
wouldberoselectthedatawiththeaidoftheShtptslog.Byscarmicg
the log, differentdataperiodscouldbeselectedwhichrepresenta
rangeofseascarevariations.Datafortheseperiodscouldbepro-
cessedanda rapecontainingthecomponentbendingstressdataprepared.
Next,a “quick-look”recordcouldbemadetoident<fyareasof%nterest
andfromselectedareasontheprocessedcapesinformationsuchas:

a. Significantstress(average1/3highest)
b. R.M.S.stress
c. Averagesrress
d. Averagestress(averageofthe1/10highest)
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couldbeobtained.Thesevaluescouldbeplottedagainstcorresponding
valuesofwavehefghtfora recordofthesametimeframeaspreviously
discussed.

It isrecognizedthatrhefourvaluesofwaveheightand
stressmentionedabovearerelatedstatisticallywitheachbeinga
functionofthemeansquaredamplitude:

A~S = A2

AAVG= 1.25AMS

(1)

(2)

Al13= 2.o~~ (3)

A~/10= 2.55A~S (4)

Itisalsorecognizedthatthedatameasuredinthe“realworld”will
probablynotcorrespondtothesesimplifiedrelations.

E. StressVerification

Onecomparisonhavinganimportantimplicationforfu~ureship
desfgnwork,iisuccessful,wouldbechatofcomparingneasuredstresses
ontheshipatseawiththosestressespredictedusingrheSCORESand
DAISYcomputerprograms.Circlenumber4 inFigure1 illustratesthis
comparison.TheDAISYprogramrequiresinputinformationfora particular
Trus.rantoftime,involvinghydrodynamicloading(orarleastwaveprofile)
andamplitudesofmotion(oracceleration).A processedradarwave
heightmeterrecord,alongwithsimultaneousaccelerationrecord,would
providea basisfortheseinputs.Thewaverecordshouldbecarefully
selectedfora caseofheadseasthatarerelativelylong-crestedand
regular.Foreachofseveralsuitableinstantsoftimeinthisrecord,
anapproximatewaveprofilealongthelengthoftheshipcouldbederived.
Onthebasisofthisprofile,andthecorrespondingmeasuredaccelerations,
theDAISYprogramwouldthencalculatelocalstressesforcomparison
wfchrhestressesmeasuredontheship.

Thisproposedcomparisonrepresentsa formidabletask,and
therearemanypossiblesourcesoferror.Theinput‘cotheSCORES
programdependsupontheaccuracyofmeasureddatawhichhasbeen
processedtwice,oncetoremovetheship’smotionandoncetodetermine
theseaspectrum.

Asanalternativeapproach,therelativelyregularporrionof
thewaverecordselectedwouldbeassumedtobepartofa regularsinusoidal
wavetrzin.ThiswouldbeusedasinputtotheSCORESprogramcocalculate
motionsandaccelerationsforcomparisonwithshipmeasuremen-ts,andthe
insranraneousdisrributtonofbendfngmomentandshearalongthelength.
oftheshtpwouldprovidea secondinputtoDAISY.
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Severalsignificantcomparisonscouldbemadebetweenthe
DAISYcalculationsandthestressesmeasuredatvariouslocat%ons,irr
eludingthehatchcornersandthehatchcorner-deckhouseintersections.
Determiningtheaccuracybywhichthesestressescanbepredictedwould
beveryimportanttofutureshipdesign.

F. StructuralModel/ShipVerification

Theopportunitytocomparemeasuredships~resseswiththose
inferredfrommodeltestswillbeavailablefromthedatageneratedby
theshipcalibrationexperiment.Closecomparisonofthesedatawill
indicatetowhatextentthesimplifiedmodelsimulatesthestress
behavioroftheactualship.Greaterinsightshouldbegainedastothe
degreethatparticulardetailsshouldbemodeled.Thecomparisonof
localstressathatchcornersandhatchcorner-deckhouseintersections
willbeparticularlyi~.teresting,forpurposesofstressdistribut~on,
ifnotforverifyingactualstresslevels.Expressinglocalstressesas
a fractionofverticalbendingstressmayprovidea convenientmeansof
comparingeithershipcalibrationIozdingsorshipseawayloadingswith
models~resses.

il.SecondaryCorrelations

Possiblesecondarycorrelationsinclude:

1. Accelerometerdatacomparedwith‘theS.S.WOLVERINE
STATEandtheS.S.BOSTON,forsimilarcrossin~(accelerationsat
midships,forwardandaft);similarcomparisonsmaybemadeofthe
midshipverticalbendingmoment.

2. Comparecalculated,andmeasured“significant”wave
heightswithpreviouslypublishedresults.

3. Checkthe“significant”waveheightagainstthelog
bookentries.

4. Aswith“significant”waveheights,compareR.M.S.
values.



IV. LONG-RANGERESEARCHPLAN

TheSL-7InstrumentationProgramwasundertakentoincreasethe
levelofunderstandingoftherelationshipbetweentheoreticalanalyses,
modeltestsandactualperformanceofa ship’shullstructure.In
addition,thelongrangepurposeoftheProgramis to provideanimpor-
tantstepinreachingtheShipStructureCommitteegoalofdeveloping
rationallybasedloadcriteriaforshiphullstructures.

Thissectionpresentsa planforaccomplishingbothofthesepur-
posesthrougha seriesofrelatedresearchprojects.A fewofthemore
immediateprojectshavealreadybeenstartedorareintheplanning
process.Thedetailsofthefollow-onprojectsarelessclearlydefined
anditmaybethatthethirdorfourthprojectina sequencecannotbe
accomplishedatallbecauseitwillturnoutthattheprecedingprojects
didnotyieldtheexpectedinformation.Becauseoftheseuncertainties,
theremustbecontinuoussupervisionoftheseprojects.However,this
isexactlythesortofsupervisionwhichtheShipStructureCommittee
hasbeenabletoprovidesosuccessfullyinthepast,andthisisnot
consideredtobea majordifficultyincompletingtheplan.

Noattempthasbeenmadetoestimatefundinglevelsforthevarious
projects,buta roughestimateofthetimingsequencerequiredtocomplete
theplanhasbeenattempted.A flowdiagramoftheplanispresentedin
Figure6 andcondensedworkstatementsfortheindividualprojects
follow.Thenumbersoftheprojectscorrespondtothenumbersinthe
lowerrighthandcornersoftheboxesonthediagram.

1. ModelTestofCalibrationExperiments

Performexperimentsonthesteelandplast%cSL-7models
usingloadsequivalenttothosewhichwereappliedtotheshipduring
thecalibrationexperiment.

2. CompareSteelandPlasticModels

Performa detailedcomparisonoftheweldedsteeland
rigidvinylplasticstructuralmodels,includingeaseandcostoffabrication,
accuracyandconsistencyofresultsandanyothersignificantexperimental
factors.

3. CalculationsofCalibrationExperiments

Performstructuralresponsecalculationswit’ntheresponse
programusingthesameloadsasthoseappliedtotheshipduringthe
calibrationexperiments.Inaddition,performstruc~~ralanalysis
calculationsofthemodelsusingtheequivalentcal%brzcionloads.

4. CompareCalculationsandModel

Performa detailedanalysisoftheresultsOF themodel
experimentsoverthee~tirerangeofloadsinvestigatedzndofthe
relatedstructuralresponsecalculations.Comparetheresd~sand
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evaluatetheerrorsineach.Estimatefhevalidityofthecalculation
programandsuggestchangesEOimprove$t.

5. CompareandAnalyzeHydrodynamicData

!?erforrna detailedanalysisoftheresulzsofthehydro-
dynamicmodeltests(SR-204)andcalculations(SR-205),evaluatethe
errorsineach,estimatethevalidityofthecalculationprogram,suggest
changestoimproveboththecalculationprogramandtheexperimental
techniquesofthemodeltests..

6. CalibrationExperimentCorrelatio~.

Performa detailedanalysisofthecalibratiwaexperiment
performedOK‘thevesselandoftheequivalentanalysiscalculationsand
modeltes~s.EvaluaEetheerrorsTneach.Estimatethevalidityofthe
calculationprogramandsuggestchangestoimprovei~. Crit@uethe
planandperformanceofthecalibrationexperimentandsuggestwaysto
improveexperimen~ssuchasthis.

7. CalculateSL-7At-SeaMotionsandLoads
andComparewithActual

Usingtheimprovedhydrodynamicresponseprogranandthe
da~afromthexavesactuallyencounteredandmeasured,asde~ermined
fromthewavedatareductionproject,calcula~ethepredfctedmotions
andaccelerat~onsresponseforthevessel.Comparerhesepredictions
withthemotionsandaccelerationsactuallymeasuredonboardthe
vessel.Evzl~atetheerrorsinEheat-se~measurementsand%nthe
calculationprogram.EstimateEhevalid%tyofthecalculationprogram
andsuggestcb.angestoimproveit. Unlessthevdfdi~yofthecal-
culationprogramisfoundtobeunacceptable,calculatethepredicted
structuralloadsfortheseawzyactuallyencoun~ered.

8. CalculateSL-7At-SeasStressesad Comparew%th.Actual

Us%ngtheat-sealoadspredktedfromthecalculations
above and tine improvedstructuralrespoasecalcuktion.progrsm~~al-

culatethestressesandcompareLhesecalculationswi~htheskresses
actuallymeasuredonboardthevessel.Evalua-teEheerrorsintheat-
sea=zasureneaCsand!inCb.ecalculationprogram.EstimateChevalidity
oftheprogrzc.andsuggestchanges‘cotmprove?T.

Perform a de~aikdanalysisofthedatzobLz?r&fromSR-
215, ExtremeStressDataGollect%on,us%ngdatsfromW.-21?,SL-7I’lata
Collection,andothersourcesasnecesszry.ReducetlheIoag<ermdata
toa formwhichcanbeusedasinputLopreviousworkoaStatistical
predictionOFhullstructuralloads.
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APPENDIXA

DiscussionoftheShipResponseInstrumentation
SystemAboardtheSL-7ClassS.S.SEA-LANDMcLean

Introduction

A complexarrayofmeasuringandrecordinginstrumentshasbeen
installedonboardtheS.S.SEA-LANDMcLEAN.Thepurposeofthis
appendixistodiscussthedatawhichwillbeobtatnedfromthese
instrumentsandthepossibleusestowhichtheywillbeput.Recog-
nizingthatitistheoutputofthesystemwhichisofinterest,itis
neverthelessconvenienttorefertotheindividualmeasuringinstruments
whichhavebeeninstalled.Furthermore,sincethemeasurementofa
givenresponse,forexampleverticalbendingstress,oftenrequires~he
outputoftwoormoreinstrumentscombinedina particularway,the
instrumentsarediscussedincombinations.Thesecombinationsare
calledDataAcquisitionGroups(DAG),andtheoutputoftheinstruments
ina DAGwillherawdatawhich$whensuitablyprocessed,willyielda
particulartypeofresponseinformation.FigureA-1showstheposition
ofthevariousmeasuringinstrumentswithDAGreferredtointhetext
indicated.

Itmustbestressedthattheoutputsofallthevariousinstruments
cannotberecordedsimultaneously.Limitationsofspaceandfunds
dictatedthatonlytwothirteenchannel,instrumen~grade,precision
taperecorderswereavailable.Onerecorderwasusedtorecord13
channelsofgeneralinformationtwohoursoutofeveryfourhoursof
shipoperation.Theotherwassetuptorecord13i~dependentchannels
ofdataonfourdifferentmodesofoperationor52channelsofinforr.a-
tion.Eachrecordingmodeoperatedfora one-halfhourperiodoutof
everyfourhourrecordingcycle.Inperiodsofhighseawayloads,the
clatzwererecordedcontinuously.

Theamountofdataavailablehavebeenf=rtheri~creasetibythe~se
cfswitchingdevices,suchastheGirderSelectTonBOX(CAB),Rosette
SelectionBox(RSB),anda SelectorSwitch.Useofthesesw?tching
i!evicesalloweda greateramoantofdatatobemo~ttoredandevalzated
forfcturerecording.Thevariousswftchingdevtceswillbedescrfbed
5nrhewr~te-upsfozthevariousDAG.

DAGI - ShipMotionData
(4,5,6,7,g,9,10A,llA)A

Theship’smotionwasmeasuredbyfourbidi~ectionalaccelerometers
sndrollandpitchpenduluns.Oneoftheaccelerometersandrollznd
pitchpendulumswerelocatedatFrame178,52feetforwardoftheZes’$gn
dr~ftLCFand33l/2feetfor-wardoftheshiptscenterofgravity.This
accele~ometerwasusedtoobtaintheship’sheaveardswayacceleration..
Itisrecog~izedthatapproximately10%oftheshipvsp%tc-hmotionand
~PDroxim.ate~y 7% Of ~~e ship~syawmotionwasfncludedTnthemeasured
heaveandswayaccelerationsrespectively,becauseofchelocationof
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theaccelerometer.AccelerationsfromthisgzgewererecordedeveryEWO
hoursOutoffour,asweretherollandpitchpendulumdz’cz.

Theforwarddeckhouseaccelerometer,locatedonthe04levelat
Frame310shzredrecordingchannelswiththeaftdeckhouse~C~dero~Let~~

locatedonthe05levelatFrame125.Theoutputsofeitherofthese
accelerometerscouldberecordedonehalfhourout05eachfour“nour
period.Thisaccelerometer,besidesmeasuring~heG forcesatthe
forwar~deckhouse,provideddataforreducingtherelativemotiondats
fromthera~arwaveheightmeterunderprojectSR-221.

T-heaftdeckhouseaccelerometermeasuredG forcesinthevertic~l

and Iongitudtnald?recttoaattheafterdeckhouse.Thesedatarelateto
theaccelerationloadsexperiencebythecargoconEai2ersbut2reao~
~.cededfortheoverallhullstructuralanzlysis.

Thefourthbfdfrecrionaccelerometerwzsloca~edatFrame290 -
be~eath~heforwar~deckhouse.Thesignalfrom-thfsaccelero~eterwzs
~ecordedtwohoursOUEofeach.fourandservedtwo?mportantpurposes.
Fi:st , C’cprovidedinformationonthevertfcal2mj2’Z’hW2r~ShiDSaccel-
erazimsexperience~bytheforwardpartofthevesseland;second,‘&is
accelerazior.~a~zwastobecombinedwiththato?the?o”rwar6deckhouse
a~ce~e~o~etertodeterminetheactualscceleratio~.atthehcatim Of

T>.zrd~rwavei~eigh~meterprovided
frortheG3levelofthedeckhouse@rame

2 mess-wemea~of t-he dist29Lce
302)tothesurfaceofChe

Longitudtnzldyadicstressgageswerelocatedportandstarboard
underthedeckinstdethelongitudinalboxgirder,Frame186l/4.The
gagesweremiredtogethertoeliminatelateralandtorsionalbending
strzsses,thusthegagesmeasuredthelongitudinalstressfromvertical
bending.Thissignzlwasrecordedasa referenceonallrecording
modes.
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D.(%Gv - MidshipSectton(Frame186ll&)
(2,11,2Athru7A)

Themidshipsectiongroupofgagesconsistedoffourloagi~udinal
dyadicstressgagesatthesectionscorners,twoIongftdinaldyad<c
stressgagesontheporzandstarboardsideshella~~hevert<calaxis,
anda pziro?shearrosetteslocatedonthestdes’nellattheneutral
axis- onegageperside.SeeFigureA-2.

L~nitudina~S~r~ssGages
~

Thesignzlsofthefourcornerstressgagesandtheonestressgage
a~the~eutralax$soneachsideshellwererecordedseparately.Tb.ess
gagesmeasuredthefnstafitaneouscombinedver~tcal,lateral2ndEorsional
bendfngstressa~theirrespectivelocationsad were ~ecor&a one half

hour our of each four hour periodofshipoperatioc,

~ig~~e.A-3a.showsa schematicrepresentationofthemidshipsectfon
(Frame186 I/&) with the Iongitucl%adstressEaE~POSftiOnSfn~i~atedbY
numbers2 chrmgh7. ThecombinedTfistaataneouslongi~udtnalstressat
ChegageIocatfonsis;ndica~edinFigureA-3b,asa2through07. ?.:

example~witha cloc~kw%setorque,a kmggingmomen~anda lsteralbendiag
monentwtthrheloadappliedgortside>gzge2 experiencesa tensile
stressduetohoggingja te~silestressduetolateralbendim.gaadar,
additionaltensilestresscluetotheappliedtorque.Tkecompone~tload

shorn.in Figures A-3c,M
thene’thdof detem.hnbng
to 3e fromthecombined

and
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DAGVI- QuarterPointShear
(12,13,8A,9A)

Two-armshearrosetteswerelocatedportandstarboardnearthe
forwardandaftquarterpoints,Frames265-266and87-88respectively.

Thesheargageswereeachwiredasa singlesheartransducer,
formingonehalfofa four-armbridge.Theportandstarboardsignals
wererecordedseparatelythusallowingtheforwardoraftsignalsfrom
eachrosettetobeaddedorsubtractedduringlaboratoryanalysisto
determineverticalshearstressortorsionalshear.SeeFigureA-5.

DAGVII- LorigitudTnalWarpingRestraTntGage~
(2D,3D,4D,5D)

Fourlongitudinalstraingageswerelocatedonthesideshellport
andstarboardimmediatelyaftofthetransversebulkheadattheforward
deckhouse,Franne290.Thedeckgageswerelocated12tnchesuaderthe
longitudinalboxgirderandthebottomgageswerelocated12inches
abovetheinnerbottom.SeeFigureA-6.

Bypositioninga selectorswitchontheProgramStatus‘Unit(PSU),
tt,eoperatorcouldselectwhetherhewouldrecordtheoutputofthese
longitudinalwarpingrestraintgagesorthesignalsfromthefourcorner
gagesinthetransversebeamatFrames242-244.Theoperatornotedthe
positionoftheselectorswitchinhisdatalogbook.Thesignalswere
recordedforonehalfhouroutofthetwo-hourrecordingcycle.The
outputofthesegageswasa measureoftheresistancetowarpingwhich
existedatthetransitionfromopenhatchtoclosedsectionatthe
forwarddeckhouse.

DAGVIII- LongitudinalGirder
(12A,13A)

Onetwo-armshearrosettewas
anotheronthedecksurfaceofthe

locatedontheoverhead
starboardboxgirderat

surfaceand
Frame186

1/4.Thecommonaxisofthedyadicconfiguration-wasinthetransverse
direction.Thesignalsfromtheoverheadanddeckgageswererecorded
independentlyduringtheonehalfhourrecordingcycle.Thesignals
couldbeaddedduringanalysistoobtainthetotaltorsionalshearing
stressinthelongitudinalgirder.

DAGIX- TransverseBeams
(2D-5D,6D-9D,10D-13D)

Threetransversebeamswerestrain-gagedtoinvestigatethe“S”
bendingduetotorsionalloadsexperiencedbytheship.TWOofthe
transversebeamsatFrames78-80andFrames242-244containedsingle
straingagesatthecornersonthestarboardsideateachcorner(see
FigureA-7).Thesignalfromeachcornergagewasrecordedseparately
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duringthehalfhourrecordingcycle.Thesignalsfromthefourtrans-
versebeamgagesatFrames242-244sharedrecordingchannelswiththe
dataofDACVIIthroughtheSelectorSwitchonthePSU.

ThestarboardsideofthetransversebeamatFrames194-196con-
tatned12gages.(SeeFigureA-8.)Fourofthegageswereofthe
singlestraingagetypeandweremountedoneachcorner.Foursingle
straingagesweremountedatthesamecrosssection- oneatthemid-
pointofeachcrosssectiondimensionofthebeam.Thethirdsetof
fourgagesconsistedoftwo-elementsheargagesatthequarterpointsof
thetwosidewalls.Asthegageswereoriginallywired,onlyfourgage
signalscouldberecordedatanygiventime,w~ththegagesthatwereto
berecordedselectedthroughtheGirderSelectTonBox(GSB),withan
appropriatenotationinthedatalogbook.Threecombii~ationsoffour
signalswereavailableforselection:(1)thefourcornergages,(.2)the
fourmid-pointgages,or(3)thefourquarter-pointgagesonthetwo
sidewalls.

DAGX - Deckhouse/HatchIntersection
(2C-13C,2B-13B)

Fourthree-armstraingagerosetteswereinstalledbetweenFrames
290-2.91andbetweenFrames143-144toleadtodeterminat~onofthe
stressmagnitudeanddirectionattheforwardhousefhatchintersection
andtheaft-house/hatchintersection.(SeeFiguresA-9andA-10.)The
threeelementsofthestraingages- designatedasA,13andC -measured
thelongitudinal,diagonalandtransversestrainsrespectively.

Thesignalsfromtheaft-house/hatchintersectiongageswererecord-
edduringtheregularhalfhourrecordingcycle.Thegagesatthe
forward-housefhatchintersectionwere,ontheotherhand,wiredto a

patchingunitdesignatedtheRosetteSelectionBox(RYB).Usfngthe
RSB,theoperatorcouldselectthesignalsfromfourrosettesatthe
forward-house/hatchintersectionorfromoneoftwohatchtransitionsas
describedinDAGX1asinputtotherecorderforthehalfhourrecording
interval.

Theevaluationofthetransferoflongitudinalstress(fromall
sources:torsion,vert%cal,lateral,etc.)fromtheopenhatch,boxbeam
structureinwayoftheholdstoa rigidclosedsectionatthehousewas
theprimarypurposeofthesegages.Thestressconcentrationwhich
existsatthehatchcornercouldalsobeevaluated.

Inadditiontothefourstraingagerosettesattheaft-house/hatch
intersection?singlegageswerelocatedaroundthecircumferenceofthe
starboardbeam/hatchintersectioncutout,(seeFigureA-10).These
gageswereoriginallynotwiredforrecordingpurposesbutexistedfor
futureconsideration.

DAGXI- HatchCorners
(2C-13C)
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Data AcquisitionGroupXIconsistsof10rosetteswith3 elements
perrosettefora totalof30separatesignals.Fiverosetteswere
locatedatthehatchtransitionatFrames226-227andfiveatthehatch
transitionatFrames258-280.(SeeFigureA-n.) Thegageswerewired
totheRSBpreviouslyinDAGX. Bymeansofpatchingcables,theoperator
couldselectanyfourrosettesasinputtotherecorder,however,all
elements,i.e.,theA,B,andC armsofanyonerosettehadtobe
recordedtogether.Theoutputsoftheselectedrosetteswererecorded
forthehalfhourrecordingcycle.

Thethree arms of therosettes,A,B,andC recordedthelongitu-
dinal,diagonalandtransversestrainsrespectively.Usingthisinforma-
tion,themagnitudeanddirectionoftheprincipalstressesinthearea
Ofthehatchtransitionscouldbedeter~ned.Thisinformationwouldbe
usedtoevaluatethestressconcentrationfactorsintheseareas.
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APPENDIXB

Inadditiontoloadsfromcargo,ballastandtheseawayencoun-
teredanotherloadvar~ationresultsfromdiurnalchzngesina%r
temperatureandinradiantheatingfromthesun.Theeffectisclearly
showni~Figure3-1,~akenfromtheSR-198report,‘tLoadCriteriafor
SkipStructureDesign”, SSC 240.SuchLhemalstressescanbeexplai~ecl
onthebasisofirregularoruneventhermalgratifents,wkichcanbe
consideredasEhe“loads”.lngeneral,ifa beamissubjecttoheating
thatproducesa uniformthermalgradientfrom‘coptobottom, itw%lI
deflectandtherewillbenoresultingstresses.But,ifthegradie~?
isnotuniform,stresseswillbetnduced.Inthecaseofa floating
shfp,thetemperatureofallc-hesteelfncontactwiththewaterwillbe
atthenearly unifo~ water temperature, andtherewillbea veryIit:le
~~langefrom.daytonight-Buttheportionofthehdl abmmwaterwil?
usuallybeata d%fferenttemperature,andthattemperaturecl~anges
continuallyanddependsoxtheairzemperatere~theamountofsunradfat<on,
theextentofcloudiness,the durationofsunlight,zndzlt%tudeof scn
at noonandeventhecolorofzhedeck.Thereisusuallyamarked
changeinstressinthevictnltyofthewaterline,es$ectallyonthe
sunnysideoftheship,butfromthepointofviewofIongftudirnd
stirength,the~emperaturegradientbetweentheweatherdeckandthe
underwaterhullismostsignificant.
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APPENDIXC

The
termsof

(1)

DerivationofMidshipStresses

combinedlongitudinalstresses(FiguresA-3b)maybewritte?.Tn
theircomponentloadingstressesinthegeneralformas:

‘n= Ukn+ ~Vn+ ‘Tn

wherethesubscriptn (n= 2,3,4,5,6,7)referstothegagelocations
asshowninFigureC-1,andk>V andT designarelateral,verticaland
torsionalbendingstressesrespectively.

Forthecasewherea singleloadingofvertical,lateral
sionalbendingexists,itisknownLhat:

(2) ~!L2= og3= o~4 (Lateralbexding
= ‘0~5= ‘0~6= ‘a~7= GE (FigureA-3d)

ortor-

stress)

(3) UV2= 0V5= ~~ (Verticalbendingstress
atdeck)(FigureA-3c)

(4) ‘V4= 0V7= ‘~vg (Verticalbendingstress
nearbwttom)(FigureA-3c)

(5) ~T~= ‘~T5= ~TG (Tors<onalbendtngstress
atdeck)(FigureA-3e)

(7) % = ov~= mJna (Verticalbendingstress
nearn.elutralaxis)(Figure
A-3c)

(8) (Torsional bendingstress
nearn.mtralaxis)(Figure
A-3e)

PORT s-mm
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me verttcalbendfngstressatthedeckandbottommaybeexpressed
interms“oftheverticalbendfngstressatthe“neutralaxis”,i.e.,
gagelocations and6,as:

\,B:2

0,1
4

Likewise,thetorsionalbendingstress(warptngstress)atthedeckand
bottommaybeexpressedintermsofthetorsionalbendfmgstressatthe
“neutralaxis”as:

‘TD= CCJfs~a

‘TB = C4 ‘Tna

q,
the
and
and
for

—-+3
G2Y~3 and~4-+ constantswhichdependonEherelationshipbetween
locatlonofgages3 and6 andtheactualneu~ralzxisforvertical
torsionalbending.Bywritfngequazion(1)In%Lscomponentform
makingsubstitutionsfromrelations(2)through(8]5oneobtains,
thesignconventionsassumed,Lhefollowingequations:
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BY adding equations (H) and (14), one obtains the verticalbending
stressnearthedeck.

Likewise,addingequations(13)and(16),onefindsthevertical
bendingstressnearthebottomofthesection.

~m=- (07+04)/2= c2avna

andtheverticalbendingstressneartheneutralaxisis(fromequations
(12)and(13)).

Writingequations(11)and(13)intermsofOTnaonehasthefo~~owing
equations:

02=ow+ccf3Tna+ ok

oh= -GVB- c40Tna+ D:

subtractingandsubstitutingforUVEandOVDonewbtafns:

thecombinationsof(02- 04+ 07- 05)appearsthroughouttheanalysis
andthusbeendesignedUK(TotalTorsionalStress)

‘Tna= l/[2(C3+ C411OK

Usingequations(9)and(10)leadsto:

~TB = c4/[2(c3 + C4)1UK
and

‘TD = C3/[2(C3+ C4)]‘K

Todeterminethelateralbendingstress,ok,onesubstitutesfato
equation(15),uvnaand~Tna

or

ok = (03- 66)/2 - l/[2(C3-!-C4)] UT

Thus,itcanbeseenthatthecomponentstressescanbeobtataed
fromthesixlongitudinalstressgagesprovidedtheconstantsC3andC4
areknow. C3andC4aswellasClandC2willbeobtainedfromt3e
ship’scalibrationetieriments,asexplainedbelow.

c-3
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Calibration

Considera torstonalwarpingstressalongthesideshellinwhich
‘TD‘oTnaandOTBareknown.SeeFigureC-2.

@ ‘T”‘T
a

o

/ L

o I—. .—
u x
NA —6

uTB , _@-

Figure Cd -TORSIONALBENDINGSTRESS

x isthedistancefromtheaxisatzerowarpingstresstothe
longitudinalgagelocatedneartheneutralaxis.Leta equalthe
verticaldistancefromthegageat6 (OTna)tothegageat5 (CTTD)and
b equaltheverticaldistancefromthegageat6 (oTna)tothegageat
7 (GTB).

FromSimilarTriangles:

~TB/(b+ X)[~Tna/x]
or,

‘TB= oTna[(b/x)+ 1]

Likewise,

OTD= f3Tna[ (a/x) - 1]

Referringtoequations(9)and(10)

C3= [(a/x) - 1]

and

C4=[(b/x)+ 1]
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Theloadsappliedduringcalibrationwerea combinationofvertfcal
bendingandtorsionalbending.Thiscombinedbendingstresscmdition
isshowninFigureA-3f.Since,duringcalibration,o%= O,thestresses
measureddurtngcalibrationmaybewrittenintheircomponentstresses
(equations11- 16)asfollows:

‘3= ‘Tna+ ‘Vna

o,?j‘ -(JTD+ Ow

‘6= ‘“Tna+ ‘Vna

‘7= ‘TB- ‘VB
or combining,

~m . (02 + 05)/2

o
Vna

= (0 +06)/2

‘VB= -(04+ 07)/2

oT*a= ‘3- ‘Vna= (03- (J6)/2

‘n)=-05-1-Um = (02-05)/2

‘TB= a~+ ~VB= (O7- ~4)/2

OnceuTna,oTDand‘TBaredeterminedfromthecalibration,x maybe
determinedbyplottingthestresses,measurements,andfairinga straight
linethroughthedatapoints,andfromx,C3andC4willbedetermined.
A similarprocedure?sfollowedtodetermineClandC2.
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