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ABSTRACT

Thisreportdescribesa programofanalyticalresearchto
determinetheavailabilityofreliablemethodsfor thedesignof
long,largediameter,cylindricaltanksandtheirsupportsfor
transportationofliquidsandlow-pressureliquifiedgasesin
bargesforserviceonriversoratsea. Loadingconditions,ex-
istingdesign/analysismethods,materialconsiderations,anda
computermethodforpredictingstressesarepresented.

Themajorconclusionoftheworkperformedisthatdesiqn
proceduresfor riverbargetanksupto20feetindiameterare
wellestablishedandthatno failuresdueto inadequatedesign
practicehavebeenreportedsincerefrigeratedtankswentinto
serviceabouttenyearsago. Thepresentmethodfordesigning
riverbargetanksisa logicalstartingpointfordeterminingthe
structuralconfigurationoflargetanksforoceanicservice,but
moredetailedanalysisofloadsandresultingstressesshouldbe
performedforthisapplication.

Severalareasinwhichtheoreticalorexperimentaleffort
isneededareidentified:(1)investigationoftank-saddle-ba
interaction,(2)investigationoffatiguecriteriafor cyclic
loading,(3)investigationof bucklingcriteria,(4)analytica
andexperimentalinvestigationofslamming,and(5)experimenta
verificationofstressesinafull-scaletank.
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Section1 ~b

INTRODUCTION

Thetrendinthedistributionoflargevolumesofindustrialgaseshasbeentowardthe
refrigeratedmodeoftransportandstorage.Independenttankbarges‘haveprovento
bebothpracticalandeconomicalandthismodeoftransportisbeingconsideredfor
coastalandoceanicservice.

Dimensionsofriverbargesarelimitedtoapproximately10feetindraft,53feetin
width,and300feetinlength;thedraftdimensionis controlledbyriverdepth,and
lengthandbeambyriverlocksize. Thesedimensionslimitthemaximumcapacity
ofthebargetoapproximately3,000tons. Thisinturnlimitsthediameterofthe
cargotankstoapproximately20feetandthelengthtoabout250feet. Twotanksare
usuallymountedsidebysideonthebarge,andsupportedonfrom7to13saddles.
Stiffenersareinstalledatthesaddlestoaccommodatethehighreactionloadsatthese
points.Typicaltanksarefabricatedof1/2-inchcarbonmanganesesteel. IXMign
pressuresareaslowas4to10psianddesigntemperaturesareapproximately-30°F.
Thetanksarecoveredwithapproximatelythreeinchesofinsulation.Redundant
refrigerationplantsandsafetyvalvesareprovidedtoensureagainstoverpressurizing
thetanksduetovaporizationofthefluid.

Fromthestructuralpointofview,theselargeriverbargetankshaverelatively
smallthickness-to~iameterratios,i.e., theyarequitethinwalled.Theyoperate
essentiallyatatmosphericpressures,andreactionforcesratherthanpressure
stressesgovernthedesign.Theempiricalprocedurefordesigningthesetanksfor
reactionforcesisbasedonexperimentalworkwithstationarytankshavingjusttwo
supportsandrelativelyheavierwallsthantoday’slargeriverbargetanks.

Independenttankbargesareenvisionedinthenearfutureforcoastalandtransoceanic
service.Verylargebargesinthe20,000-tonrangeareeconomicallyattractive.
Sinceoceanorcoastalbargeswillnotbesubjectedtothedimensionallimitationsof
riverbarges,tanksaslargeas40feetwideand400feetlongareenvisioned.

Twomajorquestionsariseconcerningthedesignoflargeoceanservicetankbarges.
1. Whatloadingconditionsareapplicabletothedesignoflargecylindrical

tanksforoceanservice?
2. Istheempiricalproceduredevelopedforsmaller,heavierwalled

stationarytanksapplicabletothelargersizes? Ifnot,whatis the
mostreliableprocedure,orwhatfurtherworkisneededtoderive
anadequateprocedure?

Interpretiveanswerstothesequestionshavebeentheprimeobjectiveofthisthree-
monthstudy.Thisobjectiveis statedmorefullyinthescheduleofthecontractas
follows:
“Analyticalresearchshallbeundertakentodetermineavailabilityofreliablemethods

-
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forthedesignoflong,cylindricaltanks,andtheirsupports,forthetransportation
ofliquidsandlow-pressureliquifiedgases.inbargesonriversoratsea. Thework
shallinvolve:

1.

2.

3.

4.

Descriptionoftheloadsandloadingconditionswhich-mustbeconsidered
intankdesign,forsizesupto40feetindiameterand400feetinlength.
Determinationoftheanalyticmethodspresentlyavailableforuseinthe
designoftanksandtheirsupports,wheninstalledinbarges.
IJ%erminationofthemostreliablemethodorcombinationofmethods
presentlyavailabletoextendsuchdesign,fromthestandpointofsafety,
economy,andefficientdesign,tothelargertanks.
Determinationofthoseareasinwhichtheoreticalorexperimentalwork
isneeded.‘‘
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Section2

APPROACH

Sixbasictaskswereperformedinordertoaccomplishthefourobjectivesstatedin
theIntroduction.

TASKA-
TASKB-
TASKC-
TASKD-
TASKE-

TASKF-

InvestigationofChemicalTank/BargeOperatingConditions.
InvestigationofTank/BargeLoadings.
InvestigationofTank/BargeDesign”Characteristics.
EvaluationofStressesinExistingandProjectedDesigns.
EngineeringInvestigationofMaterialsProblemsAssociatedwith
IargeTanks.
PreparationofanInterpretiveReportIncludingRecommendations
forResearchinMajorProblemAreas.

Backgrounddatafortheabovetaskswasobtainedbyreviewingtheliteratureand
bycontactingpersonnelinthebargeindustry.Theliteraturereviewisreflectedin
thelistofreferences.Muchhelpfulbackgroundmaterialwasobtainedbycontacting
regulatingbodies,surveyors,designers,buildersandoperatorsoftankbarges.
(Someofthemanyhelpfulcontactsmadeinthecourseofthestudyarelistedinthe
Acknowledgements.)

InordertoperformTasksCandD, itwasexpedienttoworkwithspecifictarddbarge
configurations.Sinceexistingdesignsareofaproprietarynature,twohypothetical
designs- onerivertypeandoneoffshoretype- wereselectedforexamination.The
followingprocedurewasusedtodeterminetankand’bargecharacteristics.

Configurations,i.e., wallthicknessesandnumberandspacingofstiffeners,were
determinedforvarioustanklengthsanddiameters.Thesewereaccomplishedby
determiningreactionsduetotankdeadweightfromelementarystructuraltheory.
Dynamicforcesduetopitch,roll,andheavewereaccountedforbyapplyinga
dynamicloadfactortothestaticforces. Densityofthefluidinthetankswasas-
sumedtobe42poundspercubicfoot,whichisrepresentativeofseveralliquified
gasesnowbeingtransported.Tankshavingfrom2to11saddleswereconsidered.
Threefamiliesoftankswereinvestigated:20-footdiametertanks,200feetlong;
3O-footdiametertanks,300feetlong;and40-footdiametertanks,400feetlong.
Thewallthicknessforeachdiameter,lengthandsupport(numbe~ofsaddles)con-
figurationwasdeterminedbyassumingthatthelgoverningcriterionwasthebuckling
ofshortcylindricalcolumnsasdefinedbyZick. Forselectedlengthsanddiameters,
curvesofcriticalstressvs. thicknesswereplottedforconfigurationshavingfrom
2to11’supports.Fromthecurves,representativetankwallthicknesseswere
selectedforariverbargeandanoffshorebarge,basedonlowerlimitsoftankwall
thicknessconsideredpracticalforfabrication.

Rough,structuraldesignswerealsopreparedofariverbargeandanoffshorebarge
whichwouldaccommodatethepreviouslyselectedtanks.Thepurposeofthiseffort
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wastoobtaintheweight,stiffnessandbuoyancycharacteristicsofthebargeforuse
inevaluatingbarge/tankinteractionduetowaveactioninthecaseofanocean-going
tankbargeandgroundinginthecaseofarivertankbarge.

Thetwotank/bargeconfigurationswerethenanalyzedfortheloadingconditions
establishedinTaskB. Oftheseloadingconditions,themostsevereisgrounding
forariverbargeandsagging/hoggingforanoffshorebarge.Reactionforceswere
determinedfo thesesevereconditionsusingtheiterativeprocedureoutlinedbythe
CoastGuard.1.Thmmethodisbasedontheassumptionsthatreactionforcesare
primarilydependentonbendingstiffnessandtheeffectsofshearstiffnessare
negligible.

Stressesintheareaofthesaddleswerethenevaluatedbytwomethod%themethodof
ZicklwhichisnowcommondesignpracticeandthemethodofKalnins, amore
sophisticatedcomputerapproach.Thecalculatedstressesineachcasewerecompared
withallowablestress. Thisanalysisdemonstratedproceduresofthetwomethodsand
comparedresults,ratherthanevaluatedthehypotheticaldesigns.
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Section3

CONCLUSIONSANDRECOMMENDATIONS

Thissectionsummarizesthemostsignificantconclusionsoftheinvestigationandgives
recommendationsforfurthertheoreticalandexperimentalwork.Conclusionsre-
gardingspecificloadsanddesign/analysisproceduresarecontainedinsections4
through7.

Design/analysisproceduresforlow-pressure,refrigeratedtanksforserviceon
riversarewellestablished.Asurveyofdesigners,regulatorybodies,builders,
surveyors,andoperators“indicatesthatnomajorfailuresduetodesigninadequacy
haveeverbeenreportedsincethistypeofbargecameintoserviceabout10years
ago. Inviewoftheexcellentoperatinghistoryandrecordofrivertankbarges,the
designproceduresforriverbargetanksofupto20feetindiameterforriverbarge
applicationareconsideredadequate.Inmanycasesoperatorsspecifystructural
strengthinexcessofregulatorybodyrequirements,

Designproceduresforriverbargesaregenerallyapplicablefordeterminingthe
basicconfiguration%oflargertankscontemplatedforoceanservice.Thisconclusion
isbasedonthegoodagreementbetweenmidsurfacestressescalculatedbythe
establishedempiricalprocedureandamoresophisticatedcomputeranalysis.How-
ever,theempiricalproceduredoesnotgivestressesatenoughpointstofullysatisfy
inputsforanalysisofcyclicloadsontanksforoceanserviceandamoredetailed
stressanalysiswillberequiredforthiscase. Furthermore,theoreticalpredictions
ofstressinlarge,thin-walledmultisupportedtanksshouldbeverifiedexperimentally.
Theoreticalpredictionshavebeenverifiedonlyonsmaller,heavy-walledtaokssup-
portedonjusttwosaddles.

Iangtanksforoceanservicewillbesubjectedtocyclicloadsandrelativelylarge
deflectionsasthebargesagsandhogsduetooceanwaveforces. Cyclicloadsare
notassignificantinriverbargesandtherefore,criteriaforevaluationoftheseloads
havenotbeenestablished.Criteriaforcyclic-loadingandfatigueevaluationincluding
factorsforeffectsofsurfaceimperfectionsshouldbeestablishedforoceantank
barges.Thebargetank/deflectionswillcauseinteractionbetweenthebargestruc-
ture,thetankstructure,thesaddlestructure,andthesaddleinsulation.Thespring
constantofthesaddleinsulationmaterialisnonlinearwhichgreatlycomplicates
exactpredictionoftheinteraction.

Duringtheinitialthreemonthswork,severalspecificproblemareasneedingfurther
analyticalandexperimentalresearchwereidentified.Theseproblemsaregenerally
notapplicabletorivertankbargesnowinservice,butapplytothelargeroceanbarges
envisionedforthefuture.

3.1 EXPERIMENTALANDANALYTICALANALYSESOFANAS-BUILTTANK
Theforemostproblemconfrontingthedesigneristhequestionofadequacyofdesign/
analysistechniquesavailabletohim. Ourinvestigationtodatehasshowngood
agreementbetweenthesimplifiedapproachnowusedforriverbargesanda more
sophisticatednumericalanalysisprocedureofpointsonthetankwherethesimpli-

— — -.
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fiedmethodapplies.Neithermethod,however,hasexperimentaldatatoverify
resultsinthelargersizesenvisionedforoceanbarges.

Atankbargeinthebuildingstageshouldbeinstrumentedwithstraingagesforthe
purposeofcheckinganalyticalresults.Thegagescouldremainonthetankafter
itisputintoserviceforaspecifiedtimeandrecordingsmadeofstressesunder
variousloadingconditions.Furtherdiscussionofanexperimentalprogramiscon-
tainedinAppendixC.

3.2 FATIGUEANALYSIS
Inthecourseofthestudy,itbecameevidentthatspecificexperienceindesigning
largethin-walledtankssubjecttocyclicloadsencounteredinoceanserviceisvery
limited.Itwasalsoevidentthatthesimplifiedstressanalysisproceduresapproxi-
matemembraneormid-fibrestressatselectedpointsonly.Amorecornprehensive
examinationofstresses,bothinsideandoutsidethetankwall,isnecessaryfora
fatigue.analysis.Also,allowablestresslimitsforfatigueanalysisoftankmaterials
havenotbeendetermined.Datamayexist,and,if so, itmustbecollectedandrelated
tothetank/bargeapplication.Ifdatadoesnotexist,thenexperimentalworkwill
benecessary.

3.3 BUCKLINGANALYSIS
Thereiswidedivergenceinthecriticalcompressivebucklingstressesdetermined
frommethodscontainedintheliterature.Forexample,thecriticalbucklingstress
asdeterminedbythemethodofTimoshinkoisgreaterbyafactorof2thanthevalue
determinedbythemethodofZick. Thisareacertainlyneedsfurtherinvestigation.
Amoreextensivereviewoftheliteratureandaninvestigationofbucklingcriteria
developedforotherapplicationsareproposed.Amodeltestprogrammaybe
necessaryifnoapplicabledataisavailable.

3.4 SLAMMINGINVESTIGATION
Slammingisamajorareaofconcerninthedesignofallhullsforoceanservice.
Oceantankbargesarenoexceptionwhereslammingloadsappeartoaffectthetank
aswellasthebargehullitself. IntheareaoftheforwardrakebuIkhead,slamming
maycauselargedeformationofthehullwhichistransmittedupintotheforward
tanksaddle.Thetanksaddleisseparatedfromthehullbyalayerof insulation
whichmaycushionslammingloads,buttowhatextentthisoccurshasnotbeen
determined.Experimentalworkwithspecificmodelbargehullsshouldbeunder-
takentodeterminepressuredistributions.

Thenextstepwouldbetoapplythesepressurestothehulltankstructurewith
properboundaryconditionstodeterminethehull/lankinteraction.Theproblem
appearstobequitecomplexbutnotimpossibletosolveutilizingtoday’scomputer
technology.Afurtherdiscussionofamodeltestprogramforinvestigatingtank
bargeslammingiscontainedinAppendixD.

3.5 TANK/BARGEANDSADDLEINTEWCTION

.

Theeffectofsaddleflexibilityonsagging/hogginganddynamicloadsshouldbe
determined.Thisproblemcouldbeapproachedbyutilizingamatrixstructural
analysisprocedure.Thetankandbargewouldeachberepresentedby(n+1)

— -. — —
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stiffnessmatrices,wherenisthenumberofsaddles.Eachsaddlewouldconsistof
twostiffnessmatrices:onefortheinsulationmaterialandoneforthesaddlestruc-
ture.Stiffnessoftheinsulationmaterialwouldbedeterminedfromthemanufacturers’
dataorfromtesting.Severalanalyseswouldbeperformedtoevaluatetheeffect
ofhardandsoftsaddles.Uniformload~duetoweightandvariablebuoyancyloads
wouldberepresentedbyatleastthreeconcentratedloadsbetweeneachsupport.

.
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Section4

TANKBARGELOADINGS

Refrigeratedcargobargesareoperatedatatmosphericpressure,withthedominant
loadbeingcausedbyreactionsatthesupportsduutocargoweightratherthanby
pressure.Furthermore,theverylargetanksenvisionedforocean-goingbarges
willbesubjectedtodynamicforces,inadditiontotheweightofthecargo,asthe
bargepitches,rolls,andheavesinaseaway,andtosaggingandhoggingforcesas
thebargehulldeflectswhilewavespassunderit. Saggingandhoggingarecyclic
loadsthatcausethefati~uestrengthofthetanktobeanimportantconsideration.
Vibrationofthetankcausedbywavemotionmayoccurif naturalfrequenciesofthe
tankareclosetothewaveencounterfrequenciesofocean-goingbarges.

Riverbargesarenotsubjectedtothelarge,dynamicreactionloadsoftheirocean-
goingcounterpart.Themostsevereloadonariverbargeiscausedbysupportre-
actionsinthegrouncledcondition.Reference4discussessomedesigntechniques
andregulationsforriverbargestransportinghazardouscargoes.

Itis commonpracticeinthedesignoftankstoassumethatthesaddlereactionforces
andlongitudinalbendingmomentsmaybeobtainedbyaniterativeprocessutilizing
a modelofanelasticbeam(thetank)mountedonanotherelasticbeam(thebarge).
Inherentinthisprocedurearetheassumptionsthatthesaddleanditsfoundationare
infinitelyrigidandthatthemomentinthetankisalwaysacertainpercentageofthe
overallbarge/tankbendingmoment.Actually,thetanksaremountedonthermal
insulation(20#urethanefoam)whichalsocushionsthetankandhelpstodistribute
peaksaddleloadstoadjacentsupports.Thus,theassumptionofrigidsupportsis
consideredtobeconservative.Theassumptionthatthetankcarriesacertainper-
centageoftheoverallbendingmomentis consideredreasonableif thetankisheld
downonthesaddles,if thetankstiffnessisnot,lessthanaboutonethirdofbarge
stiffness,andif theneutral=es ofthebargeandtankareseparatedbylessthan
aboutonehalfofthetankradius.Theseconditionsaresatisfiedintypicalindependent
tankbargedesigns.

Theprobabilityofaseveregroundingonapinnacleattheforwardrakebulkhead
isextremelysmall,andthisfactisacknowledgedintheCodeofFederalRegulation
bytheallowanceofastressequaltotwothirdsoftheultimatetensilestress.In
viewoftheseverityofthespecifiedgroundingloadandthesmalllikelihoodthat
itwilloccur,amoresophisticatedapproachfordeterminingtank-barge-saddle
interactioninthedesignofriverbargesdoesnotappeartobenecessary.

If, ontheotherhand,tanksaredesignedasstructuralmembersofoceanbarges
subjectedtomillionsofcycIesofsaggingandhogging,theneffectssuchassaddle
flexibilitymayhavemoresignificance.Analysisof thetankmountedonthebarge,
includingtheflexibilityofthesupports,ispossibleutilizingastiffnessmatrix
approach.Hgwever,aproblemariseswhendeterminingtheflexibilityofthefoam
insulationmaterialwhichseparatesthetankfromthesaddle.Datawhichadequately
describestheelasticand/orplasticcharacteristicsoftheinsulationmaterial
apparentlydoesnotexistintheliterature.
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Duetotheuncertaintyoftheelastic/plasticpropertiesofthesaddles,andthetime
andexpenseinvolvedinformulatingacomputermodel,theeffectsofsaddleinter-
actionwereidentifiedasaproblemareaforfurtherinvestigationratherthanpursued
furtherinthisstudy.Thetankloadsusedforevaluationofstressanalysisprocedures
weredeterminedinthisinvestigationbytheiterativeprocessdescribedinsection4.3.

4.1 CARGODEADWEIGHTREACTIONLOADS(STILLWATER)
Thisloadis commontobothriverandoffshorebargesandisquiteeasytoobtain.
Reactionloadsmaybedeterminedusingelementarystructuraltheory,or theymay
beapproximatedinsymmetricaldesignsbydividingthetotalweightofcargoand
tankbythenumberofsupports.Table4-Igivesreactio\loadsforvarioussize
tankconfigurationswithhemisphericalheadand42lb/ft fluid,usingamoment
distributionmethod.

TheAmericanBureauofShipping6usesaconvenientmeansofapproximatingweight
perfootofcargotank:

W.

where:w=
t=
R=

Sp.Gr.=

R2(256~ +196Sp.Gr.)

weightperunitlength(lb/ft)
tankthickness(in.)
tankradius(ft)
specificgravityoffluid(dimensionless)

Formultiple-supportedtanksonevenlyspacedsaddles,andwhenthelengthofover-
hangsapproachesonehalfthelengthofeachspan,thesaddlereactionloadinpounds
isqualtotheproductoftheweightperfootandthesaddlespacing.

Withthesaddlereactionandweightperfootknown, shearandmomentdiagramsmay
beplottedforuseincalculatingtankstresses.

4.2 DYNAMICLOA~
Themostsignificantdynamicloadiscausedbyaccelerationofthemassofthe
cargotankanditscontents.Thisloadismaximumif thetanksareassumedtobe
full. ~,thetanks~e assumedtO b onlypartiallyfull,sloshing10adswillbe
present.Dynamicloadsundereachconditionarediscussedinthefollowingpara-
graphs.

4.2.1 FULLYLOADEDCONDITION—TheCodeofFederalRegulations,Title46
Chapter1, subparagraph38.05-2,specifiesthefollowing:

“Cargotanksinvesselsinocean,GreatLakes,lakes,bays,and
sounds,orincoastwiseserviceshallbedesignedtowithstandthe
followingdynamicloadings:
1. Rolling30°eachside(120°)in10seconds.
2. Pitching60halfamplitude(240)in7seconds.
3. HeavingL/8O halfamplitudein8seconds.‘‘

—



Table4-1, MomentsandShearsforVariousTankConfigurations(Weight:42lb/ft3)
DIAMETER/ NUMBER OVERHANGSUPPORTSPACING MOMENT(lb-R) SH
LENGTH(ft) SUPPORTS (ft) (ft) (x10-q (x

20/200 2
3
4
5
6
‘7
8
9

10
11

30/300

40/400

2
3
4
5
6
7
8
9

10
11
2
3
4
5
6
7
8
9

10
11

43.70
28.20
20.81
16.49
13.65
11.65
10.16
9.01
8.09
7.34

65.4
42.2
31.2
24.6
20.5
17.4
15.2
13.4
11.0
10.1
87.3
56.3
41.5
32.9
27.3
23.3
20.3
18.0
16.2
14.7

107.07
69,09
50.98
40.40
33,44
28,54
25.99
22.07
19.82
17.98

160
103.5
76.3
60.5
50.0
43.0
37.3
33.1
29.9
27.1

213.8
137.9
101.8
80.6
66.8
57.0
49.7
44*I
39.6
35,9

14.1
5.88
3,20
2.01
1.38
1.01
,762
.601
.484
.399

71.73
29.33
16.31
10,14
7,04
5.09
3.87
3.01
2.03
1.71

230.5
95.8
52.1
32.7
22.5
16.4
12.5
9,80
7.94
6,53

2
1
1
1

6
4
3
2
2
1
1
1
1
1

..
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Theseconditions\vPreinvestigatedinTaskAandfoundtobereasonable.Appendix
Agivestheresultsofthisim’estimation.

Usingthe.abovethreeconditionsforpitch,roll,andheave,togetherwiththechar-
acteristicsofthebarge,adynamicverticalloadfactormaybeapproximatedfrom
elementaryequationsofharmonicmotion,resultinginthefollowingmaximum
values:

Gv=p +r’h
g (4-1)

and

where: Gv=
p=
r=
h=
g.

P =

r =

h=

with: Q=

d=

L=

verticaldynamicloadfactor(dimensionlesss)
pitchacceleration(ft/sec2)
rollacceleration(ft/sec2)
heaveacceleration(ft/sec2)
gravity= 32.2ft/sec2

();T 2
7 1Sin6“

()
~r 2

dsin30°10

()2LT ~
8 80

variabledistancefromlongitudinalcenterofgravityofbarge
tothesaddleinquestion(ft)
distancefromtheverticalcenterofgravityofthebargeto
centerofgravityofthetank.
lengthofbarge(ft)

Thedynamicloadfactor,G,maybeapplieddirectlytoeachofthestillwatersaddle
reactionstoapproximatethedesignload,Thedynamicloadfactorshouldalsobe
appliedtothehydrostaticpressureinthetank.

4.2.2 PARTIALLYLOADEDTANKS- Sloshingloadswillbeprevalentinpartially
filled,unbaffledtanks.Whentheyarefilledtoornearcapacity,fluidwillactalmost
asasolidmass,anddynamicloadsduetopitch,rollandheavewillbetransmitted
tothesupports,asdescribedpreviously.Whentanksarealmostempty,theforce
onthesupportswillbegreatlyreducedduetothenegligibleamountofmassofthe
fluid.Thepredictionof loadsduetosloshingisdifficultintherangeoffluidca-
pacityfrom90to10percent.Sloshinginliquidfue tanksofmissileshasbeen
treatedquiteextensivelybytheaerospaceindustry.$ However,themethodsde-
velopedformissilesdonotappearapplicabletotankbargesforseveralreasons:
(1)themotionsofthetankbargevarymorethanthoseofthemissile;(2)thefluid
massisvariableinthemissiletank,wherwsmassisconstantinchemicaltank
barges;and(3)theorientationofthetanksisverticalwithmissilesbuthorizontal
inthecaseofchemicaltankbargas.

—
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ApreliminaryinvestigationoffluidsloshingwasperformedinAppendixA (section
A-3)withtheconchsionthatanadequatemethodofpredictingsloshingloadsinun-
baffledtanksdoesnotappeartoexist. Thissituationcanbeovercomethroughapro-
gramofexperimentalandanalyticalresearch;however,justificationforsuchapro-
gramisquestionablewhenthepracticalaspectsareconsidered.Mostoceanicbarge
operationswillconsistofone-waytripswithtanksfull,andreturntripswithtanks
empty,Ifpartialloadsarebeingconsidered,thensloshingmaybegreatlyreduced
bytheinstallingofbafflingofthetanktrucktypeinthetanks.

4.3 GROUNDINGMIADS
TheconditionforgroundingisspecifiedinTitle46,Chapter1, Paragraph98.03-25
oftheCodeofFederaIRegulations.Groundingloadsonthetankwilldependonthe
relativestiffnessbetweenthetankandbargeandwhetherornotthetankisheld
downonthesaddles.Thetanksupportsmaybedesignedsoastocontributetothe
strengthofthebarge.Ifthisisthecase,thenthesupportloadsmaybedetermined
byconsideringthetankasabeamonanelasticfoundation- thebarge.TheCoast
Guard*hasformulatedthisanalysiswhichisessentiallyasfollows:Thebarge.is
assumedtobegroundedattheforwardrakebulkhead.Aloadingcurve,shear
curve,andmomentcurve,suchasthose~howninsection6, maybeobtainedusing
thefollowingprocedurewhichisquotedfromreference8.

“Startingfromtheforward(grounded)end,thetotalbargemomentis
computedateachsaddle.Thisisdonebysummingthemomentsdueto
bargehullweight,tankloading,groundingforceandbuoyancy.

APCSitivemomentisonethatplacesthedeckofthebargeincompression,
whileforcesarepositivedownward.Thebuoyancycurveisassumedto
varylinearlyfromzeroatthegroundingpointtoa maximumattheafterrake
tangencypoint.Themomentinach tankabreastis thencomputedonthe
basisoftheproductoftheratio

Itank
I +1barge tankx numberoftanksabreast

andthetotalbargemomentateachsaddle,exceptthatthemomentattheend
saddleiscomputedasthoughtheoverhangingsectionwereacantilever.The
tankweightis thendividedbythetanklength,andtheresultingweightper
footisassumedtobeevenlydistributed.Sincethemomentisknownateach
saddle,alongwiththedistributedloadbetweensaddles,thesheartotheleft
andrightofeachsaddleiscomputedandcombinedtogivethereactionateach
saddle.Thesereactionsaremultipliedbythenumberoftanksabreasttoget
thetotaltankreactionateachsaddlelocation.Acheckwillshowthatthesum
of thereactionsequalstheweightofthetanks.Thecycleis thenrepeated
untilthesolutionconverges,theonlyvariationbeingthatthesaddlereactions
areusedtocomputethetotalbargemomentinlieuoftheuniformlydistributed
tankloadingusedinthefirstcycle.”

4.4 SAGGINGANDHOGGINGLOADS
Saggingandhoggingloadsaredeterminedinamannersimilartogrounding.The
buoyantforce,howeverisobtainedbybalancingthebargeonatrochoidalwavewith
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awavelengthequaltothebargelength.Thepeaksofthewave.areplacedonthe
endsofthebargetocreatesaggingandthemidpointofthebargetocreatehogging.
(Thisprocedureisaxplainedinreference9.) had, shearandmomentcurvesfor
typicalsaggingandhoggingsituationsareshowninsection6.

Saggingandhoggingloadsintanksmaybepracticallyeliminatedbyusingtwoor
moretanksendtoendratherthanonelongcontinuoustank.Thisconfigurationmay
beadoptedif largenegativeforcesarepredictedinthesagging/hogginganalysis.
Ifthisapproachisused,thebargestructuremustbedesignedtocarrytheentire
bendingmomentingrounding,sagging,andhogging.

4.5 FATIGUE
Continuoustanksrepresentasignificantportion(1/3to1/2)oftheoverallstructure
ofanindependenttankbarge.Furthermore,thetankstructureis locatedinagood
positiontocontributetothebendingstrengthofthebarge.Thus,itiseconomically
attractivetodesignthetankstocarryaportionoftheoverallbendingmoment.

Toaccomplishthis,thesaddlesmustbedesignedtotransmitloadsbetweenthetank
andbargeinsuchamannerthatthetwostructuresactasanintegratedstructure.
Whenthestructureis integrated,kmththetankandthebargemustresistthecyclic
loadsofsaggingandhogging.Reference10presentsanengineeringapproachto
low-cyclefatigueofshipstructures.Theconclusionofthisreportis thatmostofthe
bendingcyclesexperiencedbyashipstructureinducelownominalstresses.There-
forefatigueofthemainstructuralgirders,perse, isnotofprimeconcern.How-
ever,lowstressintensitiesaremagnifiedbyunavoidablediscontinuitiesinlocal
areaswheretheyieldstrengthmaybereachedorexceeded.Thus,low-cycle
fatigueisarealproblemincertainlocalizedareasoftheshipstructure,

Fromapreliminaryexaminationoftypicaltankstruttures,itappearsthatthearea
ofthestructureintievicinityofthesaddlesmaybea troublespot,particularlyif
corrosivefluidsarecarriedinthetank.Inthisarea,heavystiffenersarejoined
h therelativelythintankwall,creatinggeometricaldiscontinuities.Furthermore,
residualstressesanddiscontinuitieswilloccuraroundtheweldsrequiredtojoin
thestiffenertothetank.

Itappearsthattherearenoguidelinesavailabletothetankdesignerwhichwill
assisthiminaccountingforgeometricaldiscontinuities,weldtreatment,andstress
corrosion,andthusdesigninga tankwhichwillresistcyclicloading.Solutionsto
theseproblemsarenecessarybeforethetankcanbeutilizedasastructuralmember
ofanocean-goingbarge.
4.6 FORCEDVfBmTIONLOA.IE
Theforcedvibrationloadsonatankmaybesignificantifthenaturalfrequencyof
thetsmk/bargeisclosetothefrequencyofwaveencounters.Thefrequencyofwave
encountersmay,ofcourse,bechamgedoperationallybyreducingspeedorby
changingthecourseofthebarge.Thisloadingconditionshouldbecheckedespecially
whenverylongtanksandbargesarebeingconsideredforhigh-speedoperation.
Figure4-1showsthetrendinbargefrequencyversuswaveencounterfrequenty.
Asbargesapproach600to700feetinlength,natualfrequenciesapproachthewave
encounterfrequency.Reference11presentsasimplifiedmethodofcalculatingthe
firstfivefrequenciesofatank/bargeonanelasticfoundation,asfollows:
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(Ml,Iassumedconstant)

WaveEncounterFrequencyat10Knots

1 1 1
400 500 600 700

BargeLength(Feet)

Figure4-1. TrendinFundamentalFrequenciesvs. BargeLength
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where: fn=

An=

E=
1=

‘1 =

frequency(cyclespersecond)

coefficientformodeoffrequency(table4-II)

modulusofelasticity@sf)
momentofinertiaofbargeandtank(ft4)

()lb/see%massperunitlength—
ft2

tank/bargelength(ft)

(4-2)

Table4-II. ValuesofAnforCalculatingFrequency

MODE SHAPE VALUE

1 22.0
/ \

2

3

4

5

4.7 PRESSURELOAm

/

Pressureloadsonrefrigeratedcargotsnksgenerally
intamkdesign.However,pressurewillcausestress
accountedfor intheoverallevaluation.

61.7

121.0

200.0

298.2

willnotbeofmajorsignificance
componentswhichmustbe

TheCodeofFederalRegulations,Title46,Chapter1, Support38.05-3(g),states
that“Cargotanksinwhichthetemperatureismaintainedbelowthenormalat-
mospherictemperaturebyrefrigerationorotheracceptablemeans,shallbede-
signedforapressureofnotlessthan110percentofthevaporpressureoftheliquid
atwhichthesystemismaintained.” Thisisthegeneralruleformostfluids;how-
ever,inthecaseofammoni~whichisessentiallyatatmosphericpressureduring
refrigeratedtransport,theCodeinSubpart98.2510(d)statesthat25psigmustbe
addedtothetransportpressure.

Inadditiontothevaporpressure,thehydrostaticpressureshouldalsobeconsidered
inthe.designoflargetanks.Ina4O-foottankcarrying42lb/ft3fluid,forexample,
hydrostaticpressureonthebottomofthetankisabout11.6psig.

— — .
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4.8 TEMPERATUREANDTHERMALLOADS
Temperatureandthermalloadsareimportantconsiderationsinthedesignofre-
frigeratedtnks. Thermalloadswillbeofmajorsignificanceif thetankscarry
verylowtemperature(lessthan-150°F)gasessuchasliquifiednaturalgases,
oxygen,andnitrogen.Highlyspecializeddesignsarerequiredforverylowtempera-
tureapplications,andextensiveheattransferanalysesarerequiredtopredict
thermalloadings.Thermalloadsonlowtemperature(above-15O°F)appli-
cationsarenbtgenerillyaproblemifthetanksareproperlyinsulatedandifthey
aregraduallycooledduringloadingoperations.

Thedesigntemperatureforlowtemperatureapplicationsis moreimportantasa
basisformaterialselectionthanforpredictionofthermalstresses.Thedesign
approachtothermalstressesshouldbetominimizethemthroughproperinsulation
andbyinstallationofspraynozzlesorotherdevicestocoolthetankgradually.
“Lowtemperature”steelsaresuitedtotarkswithambienttemperaturesdownto
-150°F. Liquif’iedgaseshavingtemperaturesbelow-150”willrequirespecial
designsforinsulationanduseofcryogenicsteelsoraluminum.Moreinformation
onmaterialselectionforlowtemperaturesisgiveninsection7.2.

Thedesignorservicetemperatureusedintheselectionoftankmaterialmaybe
determinedbythemethodspecifiedintheCodeofFederalRegulations,Title46,
Chapter1, Subpart38.5-2(b):

“(b) Theservicetemperatureistheminimumtemperatureatwhichthe
cargois loadedand/ortransportedinthecargotank.However,the
servicetemperatureshallinnocasebetakenhigherthangivenbythe
followingformula:
t5=t -0.25(tw- t~)w
where: ts = servicetemperature

tw~ boilingtemperatureofgasatnormalworkingpressureof
tankbutnothigherthan+320F

tB= boilingtemperatureofagasatatmosphericpressure.‘‘

“(d) Heattransmissionstudies,whererequired,shallassumethe
minimumambienttemperaturesof 00Fstillairand320Fstillwater,
andmaximumambienttemperaturesof1150Fstillairand900Fstill
water.”

4.9 COLLISIONLOADS
TheCodeofFederalRegulations’requirementforcollisionshockloadsof1.5g
appearstobereasonable.Figure4-2showsthestoppingdistance,bargevelocity,
andstoppingtimesfor1.5g,assumingconstantdeceleration.Theserelationships
wereobtainedfromtheelementarytheoryofdynamics.Thestoppingdistances
andtimesappeartobeconservati~’einlightofthelargemomentumofloaded
bargesandtheamountofdeformationcommonlyexperiencedinbargecollisions
orgrounding.
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Figure4-2. BargeVelocityandDistancevs. TimeforConstantDecelerationof1.5g

4.10 LOADSONTANKS/BARGESDUETOSLAMMING
Ship6lamming,ingeneral,isaproblemareawheremuchinvestigationisbeing
performed.Thepurposeof includingthisbriefsummaryoftheproblemisonlyto
indicatethenatureoftheproblemtoreadersunfamiliarwiththeproblem.Slamming
intheareaofthebowmaycauselargeareasofdeformation.Ifthedeformation
isneara saddle,damagetothetankmayoccur. Evidenceisavailablewhichindicates
thats~ammingofbargescancausesignificantstructuraldamage.However,theproblem
ofsurfaceshipslamminghasyettobecompletelysolved.CertiinresultsJus~ul‘n‘he
caseofflatbottombarges,areavailable.

Thefollowingparagraphspretierdseveralofthelatesttheoreticaltreatmentsof
theslammingproblem.Fromtheresultspresentedinfigures4-3and4-4, itis
clearthattheorydoesnotpredictveryexactvalues.Figure4-4shouldbeindicative
ofthemagnitudesofslammingloadsthatwillactuallybeencountered.

Inarecentpaper12Verhagenpresentedthefollowingexpressionform~imumimpact
pressure:

P =Cpvcmax a

where: p = densityofwater(’bzc’ )
V= relativevelocityofcraftwithrespecttowater(ft/see)
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Ca= speedofsoundinair(ft/see)

C= anundefinedconstant

TakingthevalueofCas1, theresultingpressures,basedonrelativevelocities
fromtheshipmotionsprogram(table4-III),arepresentedinfigure4-3.

Assumingapocketofairbetweentheboatandwater,Verhagen’sexactexpression
formaximumpressureis:

-’m&.—
8 pa

where: -Y’
P=o
Ca =
B=
M=
P =

()g[:(;)2MP+M]“C:V12
gasconstant Pa =
atmosphericpressure ‘1 ‘
speedofsoundinair PI =
beamofboat
massofboat hl =

densityofwater t =o

densityofair
watervelocityatto
pressureatto

heightofpocketatto

timewhenairpocketis sealed

Thisyieldsvaluessimilartothoseoffigure4-4.
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Table4-llL Average1/1OHighestRelativeVelocityatSlammingStation

(3O-KnotWind)

BARGELENGTH(FEET)
SPEED 440 450 340 240
(knots) (ft/see) (ft/see) (ft/see) (ft/see)

o 12.416 12.307 11.970 9.881
3 14.942 15*002 15.293 13*799
6 19.176 17.563 18.572 18.652
9 23.954 19.962 21.486 23.742,

12 28.128 22.082 23.945 *28.301

ACOUSTICPRESSURE
(Pmm= pwaterx Cairx vfps)

BARGELENGTH(FEET)
SPEED 440 450 340 240
(kaOts) (Psi) (psi) (psi) (psi)

o 192.27 190.59 185.37 153.02
3 231.39 232.32 236.83 213:69
6 296.96 271.98 287.61 288.85
9 370.95 309.13 332.73 367.67

12 435.59 341.96 370.81 438.27

Chuang13presents,fortheimpactpressureof“a 20-inchx 26.5-inchrigidflat
bottombody:‘‘

‘1.4t/T ~t

P(t)= 0.72V2 e sin—T

where: 7 is impactdurationtime

SinceChuangwasunabletoscalethistolargerbodies,andsinceVerhagenfeelsa
dependenceonV2isnotgoodforallweights,thisexpressionisnotconsidered
further.

—
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Chuangalsocalculatedtheimpactdurationtime.

B— = O.045secforabarge(beam= 100feet)2Ca

Inreference13Chuangpresentsaseriesofequationsforthemaximumpressure
duetoslamming.

P = 4.5 V for0°deadrisehullmax
P = 4.11 V1”6for3”deadrisehullmsx

Theseareplottedinfigure4-6.

NotethatiftheconstantCinVerhagen’sacousticpressurewerechosenas0.29
ratherthan1, Verhagen’sexpres~ionwouldbeidenticaltotheaboveexpression
for0°deadrise.

Slammingstudiesdoneonadestroyerindicatethattheactualslammingpressuresat
thebowofabarge(wherethereisprobablysomedeadriseangle)probablyfallinthe
rsngebetweenthesolidanddottedcurvesoffigure4-6.

Sincetestdatainthisareaisquitesparse,furtherworkonbargeslammingshould
beundertaken.Anoutlineforanexperimentalprogramforthiseffortis in
AppendixD.
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Section5

STRUCTURALDESIGN/ANALYSISOFTANKBARGES

Thestructuraldesignprocessforlargetanksmaybebrokendownintofourstraight-
forwardstepsoncethecapacityandtankloadingshavebeenestablished.Thisprocess
is essentiallythatwhichispresentlyusedforsmallerriverbargetanksanditmay
besummarizedasfollows:

1.

2*

3.

4.

Frompreviouslydeterminedtankdiameter,tanklength,pressure,weight
anddynamicloadings,determinethebasictankconfiguration,i.e. , an
economicalcombinationoftankwallthickness,numberofsupports,snd
supportspacing.
Determineareaandmomentofinertiarequirementsforstiffenersandthick-
nessofwearplatesduetoweightanddynamicreactions.
Determinesupprtreactionforthegroundedconditioninthecaseofriver
bargesand/orsaggingandhogginginthecaseofoceanbarges.
Checklocalstressesintheareaofsaddlesduetogroundingand/orsagging/
hoggingreactions.

If, atanypointinthedesign,thestressesexceedallowablelimits,scantlingsmaybe
increasedandthedesigncontinuedfromthatpoint.

Inthecaseofoceanbarges,thedesignershouldalsodetermineifthealternatingstress
intensityisbelowtheendurancelimitforthepredictednumberofcyclesofhoggingsnd
sagging.

Indeterminingthebasicsizeofoceantank/barges,thefundamentalbendingfrequency
ofthetsnk/bargestructureshouldbecalculatedaccordingtotheproceduregivenin
section4.6. Thefundamentalfrequencyofthecombinedbarge/tankstructureshould
begreaterthantheforcingfrequencyofthewaves.Forcingfrequencymaybeestimated
usingthemethodgiveninAppendixA.

5.1 EXISTINGDESIGN/ANALYSISPROCEDURES
TheU.S.CoastGuard2sndtheAmericanBureauofShipping6bothfurnishguidance
onthedesign/analysisoftankbarges.T~seguidelinesuse,asabasisfordetermining
stressesatsaddles,themethodof Zick. Bothsourcesalsorefertothemethodof
BrownellandYoung(reference14)whichis essentiallythesameasZick’smethod.
Tankbargedesigners,almostwithoutexception,usetheCoastGuardprocedureto
analyzestressesintanks.Theauthor,inreviewingtheliterature,didnotuncover
anyotherdirectlyappl~5ablesimplemethodofanalyzingtankstressesintheareaof
saddlesupports.Rffren discussestheproblemofringstiffenersinmoredetailthan
ZickorBrownellandYoung,andthediscrepancieswhichoccurappeartobeminor.

TheCoastGuardandseveraldesignagentsutilizeacomputerprogramstocalculate
saddlereactionsofindependenttqnkbargesinthegroundedcondition.Usinganitera-
tiveprocess,theprogramdeterminesthetotal(tankplusbarge)momentandthetank
momentateachsaddle,togetherwiththecorrespondingverticalreactions.(The
iterativeprocessmayalsobeperformedwiththeaidofadeskcalculator.) With
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thetankmomentsandverticalreactionforcesknown,thestressesduetolongitudinal
bending,circumferentialbending,directcompression,andtangentialshearmaybe
determinedusingthemethodofZick.Thestressesmaythenbecomparedtodesign
allowablestressesasrecommendedbyZickorspecifiedintheCodeofFederal
Remulations.

Anumericalmethodfordeterminingstressesinshellsofrevolutionsubjectedtoaxi-
symmatricornon-symmetricreasure,bandloads,ringforces,andringmoments
hasbeenpublishedbyKalnins.% Thismethodhasbeenprogramedforcomputation
ontheUNIVAC1107computer(reference16). Duringthestudythisprogramwas
utilizedtoobtainacomprehendivestressdistributionintheareaofthesaddle.
Stressesweracomputedontheinside,outside,andmid-surfaceofthetankwall.A
discussionoftheanalysisandacomparisonwithresultsduetotheZickmethodare
giveninsection6.

Design/analysisofocean-goingbargessubjectedtosaggingandhoggingmaybeap-
proachedinamannersimilartotheprocedureforgroundingcalculations.Specific
criteriaforcomparingalternatingsaggingsndhoggingstressestodesignallowable,
basedonfatiguetheory,donotappeartoexist,nordoesaprecedentexistforincluding
dynamicloadsinafatigueevaluation.Anapproachtothisproblemis discussedin
sections4.5and6.4.

Experienceindesign/analysisofoceanbargesappearstobequitelimited.Inarecent
surveyoftheindustry(reference17),onlyonedesignforindependent,cylindrical
ocean-goingtank/bargeswasidentifieiLThisdesignwasforabargeofapproximately
20,000tons,withtwotanks,eachabout30feetindiameterand300feetlong.The
twotankshadoriginallybeendesignedtobecontinuouswithmultiplesupports.How-
ever,thisdesignresultedinnegative(lift-off)forcesinthesaggingandhogging
analysisandthedesignwasmodifiedbyincreasingthenumberoftankstofour,each
supportedononlytwosupports.

Asecondocean-goingtank/bargeconsistingofthreeintersectingcylinderswasre-
portedtobeintheconstructionstagebutdesigndetailswerenotavailable.

&2 RATIONALEFORDETERM~NGT~ WALLT~CKNESSANDNUMBERAND
SPACINGOFSUPPORTS

InEection4thetankandsaddleloadsduetotankandcargoweightaredeterminedfor
tanks200,300and400feetlongandwithconfigurationscontainingfrom2to11
saddlesupports.Uniformcircularcross-section,uniformlyspacedsupports,hemis-
phericalendenclosures,andanoveralllength/diameterratioof10wereassumedin
thecalculationoftheseloads.Amethodwhichisanalogoustathatof Zickwas
employedtodeterminetherequiredtankthickness.Largetanksshouldbedesigned
sothatthetankisreinforcedbycircularstiffeningringsplacedeitherdirectlyover
oradjacenttothesupports.
5.2.1 CALCULATIONOFSTRESSES– Becauseofthelowinternalpressure
associatedwithrefrigeratedcargoes,thecircumferentialtensilestressinthetank
isnotnecessarilythebasisfordeterminingther~uiredtankthickness.Thisisa
departurefromtheproblemwhichZickinvestigated.Themaximumcircumferential
tensilestressoccursatthebottomofthetankandis causedbyuniformintermil
pressureplushydrostaticpressureduetotheweightofliquidenclosed.From
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ShellTheory,themaximumcircumferential(hoop)tensilestress

.m
t (5-1)

whereP*is themaximuminternalpressure.
Itisalsonecessarytoexamineotherprimarytankstressessothatthecritical
stressconditioncanbedetermined.BasedonClassicalBeamTheory,thelongitudinal
bendingstressdistributioninthetank(at6’=O,180°asdefinedinfigure6-1)isgivenby -

(5-2)

Substitutionof themaximumbendingmoment,M*,whichoccursatthesupports,
intoeq. 5-2yields

Thetransverseshearing

us(x)= ~
7rrt

(5-3)
m~t

stress distributioninthetank(atO=90°) isgivenby

(5-4)

Substitutionofthemaximumshearforce,V*,whichagainoccursatthesupports,
intoeq. 5-4yields

(5-5)

5.2.2 ALLOWABLESTRESSLIMITS—Zickplacesthefollowinglimitsonprimary
tankstresses:

a. oncircumferentialstress,theallowableworkingstressforthematerial.
b. Onlongitudinaltensilestress,theallowableworkingstress.
c. Onlongitudinalcompressivestress,thesmallerofone-halfyieldstressor

thevaluegivenby

(5-6)

whichaccordingtoZickis “basedupontheacceptedformulaforbuckling
ofshortsteelcylindricalcolumns.7‘

d. Onshear stress, 80percentoftheallowableworkingstress.

5.2.3 DETERMINATIONOFCONTROLLINGSTRESSMAGNITUDE- Basedonthe
limitsonprimarytankstresses(section5.2.2), itwasfoundthatthelongitudinal
compressivestressis criticalwhendeterminingtankthickness.Figures5-1,5-2,
and5-3showthevariationofmaximumlongitudinalbindingstresswiththicknessfor
eachofthetendifferentsupportconditionsfora 200-,300-,and400-foottankre-
spectively.Superimposedoneachgraphis thevariationofallowablelongitudinal
compressivestresswiththickness(accordingb eq.5-6).

Withthehelpoftheseparametriccurves,typicaldesignsfora200-foot,300-foot,
and400-foottankmaybedetermined.
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5.2.4 DYNAMICU3ADS– Dynamicloadfactorsduetoshipmotions(heaving,
pitching,etc.)aregiveninsection4. Thesefactorsreflectthemostseverecombina-
tionofshipmotions.Toaccountforthesedynamicloads,thestressesinthetank
duetocargoandtankweightmustbemultipliedbyoneplusthedynamicloadfactor.

Theuniforminternalpressureforwhichthetanksmustbedesignedisdiscussedin
section4.7.Thispressurecontributestauniformlongitudinaltensilestressinthe
tanks.Thevalueofthistensilestressisafunctionofthetankradius.Tocalculate
themaximumlongitudinalcompressivestresslevelitisnecessarytosubtractthis
uniformtensilestressfromthebendingstress.

5.2.5 CHOICEOFSUPPORTCONFIGURATIONS—Afive-supportconfiguration
wasarbitrarilyselectedasrepresentativeofthin-walledtankswithminimumsup-
ports. ThisselectionconformswiththeAmericanBureauofShippingregulations
whichstatethatdistancesbetweensupportsshouldnotexceedtwicethetankdiameter.

Therequiredtankthicknessfora200-foot,300-foot,and400-foottankwasthen
determinedforafive-supportconfigurationbyadjustingthebendingstresscurves
andlocatingtheirintersectionwiththeallowablelongitudinalcompressivestress
curve;theintersectionspecifiestheminimumthicknessrequiredtomeetthestress
limit.

5.2.6 REQUIREDTHICKNESS—Thefollowingtatithicknessesweredetermined
forafive-supportconfiguration:

Configuration Thickness
a. 2oo-foottank O.2inches
b. 3Oo-foottank 0.4inches
c. 4oo-foottank O.65inches

Standardfabricationpracticefor20-footdiametertankscallsforawallthicknessof
5/16inchorgreater.Itwasthereforearbitrarilydecidedthatforthe200-foottank
theminimumwallthicknesswouldbeincreasedto5/16inch,althoughtheoretically
thethicknesscouldhavebeenO.2inches.Utilizingthisdesign,foursupportswould
providesufficientstrength.

5.2.7 DETERMINATIONOFSTIFFENERSIZE– Designoftheringstiffenerswas
basedontheanalysisof180°arbitrarysaddlesupports(AppendixB). Thecir-
cumferentialstressesinthestiffeneraregivenby

(’Q -0.48~ 0.043~ r.— -
A I/c (5-7)

compress.
+0.158Q +0.043~r

@o)tensile= A I/c

Zicksetsthefollowinglimitsonthecircumferentialstiffenerstress:
a. orI
b. on

.—

compressivestress,one-halfyieldstress;
tensilestress,allowableworkingstress.

and
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Atthispoint,itwasnecessaryh designateatypicalmaterialinordertadetermine
therequiredstiffenerstrength(basedonthepreviousstresslimits).Forthispurpose,
carbonmanganesesiliconsteel,A516Gr65,waschosen.Itsmaterialstrength
propertiesare65,000psiultimatestress,35,000psiyieldstress,and16,250psi
allowableworkingstress.Knowingthelimitsoncircumferentialstressinthe
stiffener,therequiredcross-sectionalareaandsectionmodulusaredetermined
fromeq. 5-7.

Asummaryofthetankgeometryanddesignstressversusallowablestressesis
presentedintable5-Iforeachofthethreetanksizesstudied.Figure5-4showsthe
threerepresentativetankdesignsdrawntothesamescale.Thetankconfigurations
arerepresentativeofminimumrequirementsforthicknessandnumberofsupports.
Flexibletanksareconsideredtobedesirabletoprevent“liftoff”ingroundingand
sagging/hoggingconditions.

~ 200’
u u u u 120”

K- 612”+
(a) ‘

180”

(b)

~ 400’
r

t-- “’”~ “’”--l 240”

Figure5-4.

(c)

ThreeRepresentativeTankDesigns
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Table5-L Summaryof TankCmrfigurationsSelectedforAnalysis
of GroundingandSagging/Hogging

OVERALLTANKLENGTH
200FT 300FT 400FT

TankRadius
No.ofSupports
SupportSpacing
~lidthofSupports
TankThickness
StiffenerSect.Mod.
StiffenerCross-Seet. Area

Circum.TankStress
Design
Allowable

Long. Tens.TankStress
Design
Allowable

Long. !Xnnp.TankStress
Design
Allowable

120in.
4

612in.
12in.

5/16in.
390in.3

170in.2

6,900psi
16,250

5,600
16,250

1,760
4,730

TransverseShearTankStress
Design 4,350
Allowable 13,000

Circ.Tens.Stiff.Stress
Design 13,100
Allowable 16,250

Circ.Comp.Stiff.Stress
Design 16,900
Allowable 17,500

180in,.
5

725in.
18in.
.4 in.

1875in.3

450in.2

10,600psi
16,250

6,870
16,250

2,370
4,130

6,890
13,000

13,300
16,250

17,300
17,500

240in.
5

968in.
25in.

.65in.
6670in.3

1000in.2

11,100psi
16,250

7,600
16,250

3,910
4,920

8,550
13,000

13,300
16,250

18,500*
17,500

*Exceedsallowableinactualdesignstiffenersizewouldbeincreased.
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5.3 DESI~,NF(3RBUCKLING
Inbetweenstiffeners,thecylindricalshellis subjectedtolargecompressivebending
stressduetothenatureoftheloading.Considerationmustbegiven,therefore,tothe
possibilityoftheshellbuckling.Thecriticalcompressivestress,u , hasbeen
commonlyacceptedasbeing1.3timesthecompressivebucklingstr& (duetouniform

18 Fl~gge’sresultwasaxialcompression).SuchavaluewasobtainedbyFlfigge.
foraparticularshellandbucklegeometryandisnotgenerallytrue,asis shownin
reference19. Theresultsofthisstudyshowedthatthecriticiiaxialcompressive
stressduetobendingisnotmorethan10percentgreaterthanthecriticalstress
foralongshellunderuniformaxialcompression,unlesstheshellisextremely
short(lL/r< 0.15).Forrelativelylargelength-to-radiusratios(L/r)andradii-to-
thicknessratios(r/t), reference19showsthat:

“Cr‘e) ; (5-8)

Theseresultsshowthatlinearbucklingofacircularcylindricalshelldueto
asymmetric(non-uniform)axialcompressivestressdistributionwillalwaysoccur
ataloadlevelwherethemaximumlocalaxialcompressivestressequalstheuniform
axialcompressivestressforbuckling.

Sincethepresentstudyisdirectedtoverythincylindricalshells,initialdeviation
fromtheidealcylindricalsurfaceshouldbeconsidered.(Thesemaycausebucklin
atastresslevellowerthanthetheoreticalelasticbucklingstress.) Timoshenko2%
presentsanempiricalformulaforcalculatingtheultimatestrengthofcylindrical
shellsunderaxialcompressionwhichconsiderstheeffectofinitialimperfections.
Thisformulaisgivenas:

‘Ult [1t-7 r0.6 ~-10 ~
E

1+0.004~uYP

(5-9)

whereu istheyieldstrengthofthematerial.YP

Considera400-foottankwitha 20-footradius,m 80-footsp~ betweensupports,anda
shellthicknessofO.65inch.Applyingeq. 5-8andeq.5-9yieldsthefollowing

Assume E = 30x 106psi, v= O.3,andtr =35,000psiYP
Theoreticalelasticbucklingis:

30x 106 0.65

“r= [~(’:@d“2= “4“200psi

—



-32-

FromTimoshenko(reference20):

= 30X106‘Ult

“Ult= lo,700psi

-7 ,240
—-lo ()G5

1+.004
()

30x 106
35X103

Othertest results, givenin reference21,haveyieldedresultssimilartothoseob-
tainedbyTimoshenko.Figure5-5,obtainedfromreference21,showsanondimen-
sionalplotofthetheoreticalelasticbucklingcurveandanempiricalcurvebasedon
testdata.AscanbBseeninfigure5-5,cylinderswithaslendernessparameter,

hr ofO.064orlesscanbestressedtotheiryieldstresswithoutbuckling
E ~’

whereascylinderswithlargerslendernessparameterswillbuckleatlowerstresses.

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

;y,::: y+

~- O.16+0.20\ YP
t

‘YP

\
(Experimental)r

\

\

\

I I 1 I I I I I 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.S 0.9 1.0

a
NondimensionalSlendernessParameter~ ~Et

Figure5-5. NondimensionalBucklingCurveforCircularTubesinCompression

—. -. .— — —
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Applyingthiscurvetoourdesigncase,weobtain:

h L . 357000Psi ~.~oin.
Et 6 0.65in. = 0.43

30x 10 psi

Andsince

Fcr E t—=.16—– r
‘YP ‘YP

then

u = 13,000psiCr

Timoshenko’sresultsappearh givealowervalueofcriticalbucklingstressforthis
caseand,therefore,hisistherecommendedproceduretofollow.Ontheotherhand,
applyingZick’scriticalbucklingstressformulatoourdesigncaseyieldsacritical
compressivestressof4,920psi. Thisnumberappearstobehalfof thevaluegiven
byTirnoshenko’sempiricalequation.

5.4 REACTIONLOADSDUETOGROUNDINGSAGGINGANDHOGGING
Insection5.2therationaleforselectingwallthicknessandthenumberandspacing
ofsupportsforhypotheticaltanks200,300,and400feetlongwaspresented.Inthis
section,thehypotheticaldesign/analysisprocedurewillbecontinued.

Itwasconcludedinsection4.3thatgroundingisthemostsevereconditionforriver
bargesandthatsaggingandhoggingloadsaremostcriticalinoceanbarges(section
4.4). However,inordertoanalyzetheseconditions,theW bargestructuremust
firstbeanalyzedasawhole.Itwasnecessarythereforetopreparepreliminary
designsof bargestothepoint,whereweight,buoyancyandoverallbendingstrength
maybedetermined.Forexpediency,the200-foottankandacorrespondingbargewere
selectedforthegroundingcalculations,andthe400-foottankandcorrespondingbarge
wereselectedforthesagging/hogginganalysis.Bothconditionswereanalyzedusing
theCoastGuardprocedureaidedbyadeskcalculator.

5.4.1 CONFIG~ATIONANDCHARACT’EHSTICSOFBARGES– Thegeneralcon-
figurationandcharacteristicsofriverandoceanbargesareshowninfigures5-6and
5-7.Typicalsectionalviewsforthepurposeofdeterminingbendingstrengthareshown
infigures5-8and5-9.Thetankdimensionsareshowninfigure5-10.

5.4.2 RESULTSOFGROUNDINGCALCULATION—The200-foottankconfiguration,
loadingdiagram,shearcurve,andmomentcurvesareshowninfigure5-11.Asum-
maryofforcesandmomentsactingonthesaddlesisgivenintable5-II.
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SAGGING/HOGGINGCALCULATION– Figures5-12and5-13
andmomentcurvesforsaggingandhoggingofthe400-foottank.

Tables5-IIIand5-IVsummarizetheforcesandmomentsac~ingatthesaddles.
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Figure5-6. ConfigurationofaTypicalRiverBarge
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Figure5-7. Configurationofa TypicalOcean-GoingTankBarge
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OCEANTANK/BARGE
EquivalentLength

3884”- ——————+

.

Saddle L- ’06, ---L-- ,O.,,–-l- ,..6,+ ,0.,,-’l
Spucing .—.—— .— LOA400’ /

MomentofInertiaforOneTank: I=196,036in.2xft2
WeightTWOTankx 1260L.Tons

RIVERTANK/BARGE

MomentofInertiaforOneTank I=11,808in.2xft2
WeightTwoTank% 260L.Tons

#

—

Figure5-10. TypicalTankCharacteristicsandSaddleSupports
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Table5-II. SupportLoadSummaryandMomentDistribution

BargeGroundedatFwdRake CALCULATIONSFORS.WATERBhd.TwoTanks.
S. Water35Ft3/Ton. TANKS&13W LOADCONDITIONS
SaddleSupportsI thru4 AS.UNIFORM

13JSTRIBUT.1st 2nd 3rd 4th
AllTons@2240lbs
(L. Tons.) LOAD Distrib.ofTanks&DWasSaddleLoads

ForcesAtSaddleSupportNo.
(L. Tons) —

ThesearethereactionAFT1
forcesatthesaddles
forfullloadintwo
20ft. dia.tanks;nomi- 2nallength200feet.

3

FWD4

MomentsAtSaddleSupport~
(mx Tons)

Momentsshownare37%
ofthetotalbending
moment.(ftx tons) AFT1

2
Momentsatsaddles1&4 3
arethesameandcon- FWD4stantduetoconstant

450
267
m
381
506
m
142
298
m

298
141
G
507
256
3
392
y&
967
73

298
121
5
527
251
m
397
600
G
48

298
G

298
112
G
536
251
G
397
609

lG
39

298
G

3,500 3,500 3,500 3,500
9,900 12,83013,900 14,300

12,800 16,300 17,600 18,050
3,500 3,500 3,500 3,500

cantileverdesignof
tankendg.
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Table5-III.SupportLoadandMomentSummary– SaggingCondition

TwoTanks
S.Water35Ft3/Ton.

CALCULATIONSFORS.WATER
LOADCONDITIONS

SaddleSupports:1thru5. TANKS&DW 1st 2nd 3rd 4thAllTons@2240Lbs AS.UNIFORM
(L. Tons) LOAD Distrib.ofTanks&DWasSaddleLoads

ForcesAtSaddleSupportNo.
(L. Tons)

1655
3198

ThesearethereactionAFT1
forcesatthesaddlesfor
fullloadintwo40-ftD
tanks,nominallength
400ft. 2

3

4

FW135

MomentsAtSaddleSupportNo.
(FtXTonS) —

Momentsshownare35%
ofthetotalbendingmo-
ments(ftx tons) AFT1

2
Momentsforsupports 3
1&5areconstantdue
tocantileverdesignat 4
endsoftanks. AFT5

4853
844

2385
3229
1657
1657
3314
2385
844

3229
3198
1655
4853

/

1655
2887
4542
1155
2264
3419
1778
1778
3556
2264
1155
3419
2887
1655
4542

1655
3004
4659
1038
2308
3346
1734
1734
3468
2308
1038
3346
3004

23,501 23,501 23,501
71,400 46,329 55,697

100,000 65,934 78,861
71,400 46,329 55,697
23,501 23,501 23,501
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Table5-IV.SupportLoadandMomentSummary—HoggingCondition

TwoTanks
S. Water35Ft3/Ton. LOADCONDITIONS
SaddleSupports:1thru5. TANKS&DW 1st 2ndAllTons@2240Lbs AS.UNIFORM 3rd 4th
(L. Tons) LOAD Distrib.ofTanks&DWasSaddleForces

ForcesAtSaddleSupportNo.
(L. Tons)

1655
1816

ThesearethereactionAFT1 347’1
forcesatthesaddlesfor
fullloadintwo40-ft.D. 2226
tanks,nominallength 1699
400ft. 2 3925

2343
2243
4686
1699
2226
3925
1816
1655

FWD5 3471

1655
2109
G
1933
1809
3742
2233
2233
4466
1809
1933
3742
2109
1655
3764

MomentsAtSaddleSupport~
/

//

1655
1886
3541
2156
1752
3908
2290
~
4580
1752
2156
3908
1886
1655
E

/

Momentsshownare35% /
ofthetotalbendingmo-
ments. AFT1 23,501

2 40,000
Momentsforsupprts 3 65,956
1&5areconstantdue
tocantileverdesignat 4 40,000
endsof tanks. FWD5 23,501

23,501 23,501
26,405 34,382
43,456 56,102
26,405 34,382
23,501 23,501
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Section6

EVALUATIONOFSTRESSESINEXISTINGANDPROJECTEDDESIGNS

Insection5therationalefordesignoftypicalindependenttanksforriverandocean
bargeapplicationswasdiscussed.TWOhypotheticaldesigns,basedonasimplified
design/analysisapproach,wereselectedformoredetailedinvestigationofstresses
inthetanks.

Theobjectivesofworkdescribedinthissectionaretoevaluatethesimplifieddesign/
analysistechniqueswithrespecttotheaccuracyofpredictingstressesduetocritical
loadsandtoexaminethevalidityofanindividualstreBscriteriaapproach.Toac-
complishthesegoals,therepresentativedesignsweresubjectedtocomputeranalysis
usinglinear,thinshelltheoryapplicabletonon-symmetricallyloadedshellsof
revolution.Acomputerprogramwasusedforthisanalysis.Atypicalstructure
modelusedforthecomputeranalysisisshowninfigure6-1. Themodelrepresents
a theoreticalconfigurationandisnotintendedasapracticalconfigurationforpurposes

t----x UniformAx3alForce
duetoUniform

ment

SaddleReactionLoad
onRing

Figure6-1. TypicalStructuralModelforComputerAnalysis

—
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ofconstruction.Themodeldoesrepresenttheproperareaandmomentof inertia
forpurposesofanalysis.Atypicalconfigurationisshowninfigure6-2whichis
moreadaptabletofabricationbutwhichhasthesamegeneralpropertiesasthe
theoreticalmodel.

T—
36’”

SectionMoclulusE:6,940in.3

-., - SaddIeIn8ulatingMaterial

Figure6-2. TypicalTankReinforcementAdaptabletoFabrication

6.1 STRESSANALYSISOF200-,300-,and400-FOOTTANKCONFIGURATIONS
6.1.1 ANALYSISOF200-FOOTTANKCONFIGURATION– A200-foottankis
representativeofthesizepresentlybeingusedoninlandwaterways.Themost
criticalloadingconditionencounteredisgrounding.However,groundingoccurs
infrequentlycomparedtothelengthoftirneinnormaloperation.Thereforethe
maximumstressesencounteredinthegroundedconditionneednotbelimited
totheallowableworkingstress(whichisapproximatelyonefourthofthedtimate
stressfortherangeofmaterialspresentlyusedintaukconstruction),

Thus,the200-foottankwasanalyzedfortheloadconditionsofno~maloperation
(includingadynamicloadfactor~forwhichitwasdesignedandfortheloadconditions
ofgrounding.Thissecondanalysiswasperformedtoindicatewhetherornottheuse
ofconservativestressallowableinthedesignprocedurecancompensateforthe
increasedstresslevelswhichtypicallyoccurinthegroundedcondition.

Thecomputermodelconsistsofasectionofthetankequaltohalfthelengthbetween
sup~rtsoneithersideofastiffeningring.The180°saddlesupportis replacedbythe
assumedreactionloaddistribution(giveninAppendixA)actingonthestiffeningring.

Theshellis loadedbyuniforminternalpressureandhydrostaticpressureduetothe
weightofcontainedliquid,Theboundaries,whichareatmidspan,arenotaffected

—
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bythelocalbendingstressatthestiffeningrings(supports).Therefore,amembrane
stateofstresswasassumedinthetankattheselocations.Ithasbeenshown,18
however,thatthismembranestateofstresscanbeconservativelydeterminedbya
beamanalogy,i.e. , analysisofthecylindricaltankandliquidasabeamsupporting
adistributedload.Thelongitudinalnormalstressdistributionvariesaboutthecir-
cumferenceasthecos 0.Thenetresultofthisstressis thelongitudinalbending
moment.Thein-planeshearstressdistributionvariesaboutthecircumferenceas
thesin0.Thenetresultofthisstressis thetransverseshearforce.Throughthe
beamanalogy,theappropriatestressboundaryconditionsatmidspanforthecomp-
uter modelareobtained.

Themostcriticalstressregion(andalsotheregionmostcrudelyanalyzedinpre-
viouswork)isatthestiffeningringsoverthesupports.

Highlocalbendingstressesshouldbeexpectedinthisregionbecauseofthehighcon-
centrationofloadappliedtothetankbythesupportsandthelargechangeinstiffness
fromthetanktothestiffeningring.Toreducethislocalstress,thetankwallwas
reinforcedonbothsidesofthestiffener;atthestiffener,thethicknessofthetank
wastripled.~hethicknesswasthentaperedoverasix-inchlengthtothenormaltank
thickness.Thesizeandshapeofthereinforcementarebasedonasmallparametric
studyperformedonthe400-foottankmodelwhichispresentedundertheanalysisof
the400-foottank.

Thetwoloadconditionsanalyzedareshownintable6-I. Forthegroundingcondition,
theloaddistributionisnotsymmetric,therefore,onlythemostseverelyloadedsup-
portwasanalyzed.Fornormaloperation,eachsupportis loadedapproximatelythe
sameamountandtheassumptionofloadsymmetryabouteachsupportwasmadein
thedeterminationofloads.Therefore,theanalysisappliestoallof thesupportsfor
theconditionofnormaloperation.

Thelongitudinalandcircumferentialstressdistributionsontheinnerandoutershell
surfacesat@=O,intheregionofthestiffeningring(support),arepresentedin
figures6-3through6-6forthenormalandgroundedconditions.Highlocalbending
stressesattheshell-stiffenerintersectionarepresentinboththelongitudinaland
circumferentialdirections.Table6-11liststhevariationoflongitudinalnormal,
circumferentialnormal,andin-planeshearstressatselectedpointsaroundthe
circumferenceintheshellandinthestiffeningringforbothloadconditions.The
comparisonofresultsofthesimplifieddesign/analysistechniqueandthemore
sophisticatedcomputerapproachisgiveninsection6-2.

6.1.2 ANALYSISOF300-FOOTTANKCONFIGURATION—The300-foottankalso
wasanalyzedfortheconditionofnormaloperation(plusdynamicloadfactor).The
analyticprocedureis thesameasthatemployedforthe200-foottank.Thestress
distributionandlocationsofcriticalareasaresimilartothoseobtainedforthe200-
foottank.Becausenoadditionalconclusionscanbedrawnfromtheanalysis,the
detailsareomitted.
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LoadCondition

Table6-L AppliedLoadsForNormalOperatingCondition
(PlusDywmicLoadFactor)

200I?TTANK

PressureDist. InTank
a. Uniform
b. Hydrostatic

Normal(PlusI)yn.LoadFactor)

10psi
3.96 (1+cos 0)psi

SaddleReactionLoad
a. -90°~ e ~90° -427.6COS 8 I)d

b. 900<0 <270° 0

B.C.s. AtMidSpan

Left Right Symmetryof Loading

AxialForceResultantdueto uniform 600lb/in.
pressureactingonendclosures 749cos @lb/in.

AxialForceResultantduetoBending
Momentacrosssection o

In-PlaneShearForceResulkmtdue
toLiquidWeight

PressureDistributioninTank
a. Uniform
b. Hydrostatic

SaddleReactionLoad
a. -90°~ e ~ 900
b. 90°<0 <270°

400I?TTANK

10pai

10.03(1+cos 0)psi

-966cos19psi
o

Grounded

10psi
3.23(1+00SO)psi

456.8cosOpsi
o

BoundaryConditionsatMid-Span
LeftEnd Ri~htEnd SymmetryofLoading
Aial ForceResukntduetouniform 1200lb/in
pressureactingonendclosures

AxialForceResultantduetoBending 2840cos.9lb/in.
Momentacrosssection

NoSymmetryofLoading
600lb/in. 600lb/in.

-1131cos8lb/in. -1598cos9lb/in.

zOOsinOlb/iu. -794sinolb/in.

In-PlaneShearForceResultantdue o
toLiquidWeight
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Table6-II. MaximumStressesin ZOO-FOOLTmkBasedonComputerAnalysis
NORMALOPERAIION GROUNDED

* IJ=fi e=90° 0=180°(9=27008:-0 e=90° 0 180°0.:270°

Max.Long. Stressesin i
Shell(atintersectionwith m
stiffeningring) o

Mu.Circumferential
StressesinShell(away m
fromshell-ringinter-
sectionnegligible
bending)

Max.ShearStressin
Shell(atshell-ring m
intersectionnegligible
twisting)

N1.H.Circumferential i
StressinStiffeningRing m
(otherstressesnotcritical)o

6,700 -M,520
-1,720 1,925
-8,050-3,180

7,220 5,550

0 4,400

11,870-16,630
-2,500-1,300

-16,95014,050

6,190 4,520 5,500 5,183 14,120 5,183
5,550 1,925-lo,500 1,!)2014,400 1,920
4,910 -3,180-18,300-3,100+15,600-3,100

3,840 5,550 6,750 5,270 3,780 5,270

0 4,400 0 4,750 0 4,750

15,270 -16,63012,800-17,60916,300-17,600
1,150 -1,300-2,900-1,400 1,350-1,400

-13,000 14,050-18,30014,900-13,70014,900

i- insiclesurface
m middlesurface
u outsidesurface

6.1.3 ANALYSISOF400-FOOTTANKCONFIGURATION– Chemicaltanksaalarge
as400feetinlengthand40feetindiameterhavebeenenvisionedasefficientcarriers
forthelong-haultransportationofchemicals.Becauseoftheincreaseinsizeandthe
effectoftheopen-seaenvironment,thetechniquespresentlyemployedindesignof
suchtanksaresuhjecttomuchscrutiny.

The400-foottankwassnalyzedfortheconditionofnormaloperation(plusdynamic
loadfactor)followingtheapproachusedforthe200-foottank.Thefirstcomputer
modelofthe400-foottankhadnoreinforcementattheshell-ringintersection.Local
longitudinalbendingstresswasnearlyequaltatheyieldstress;successivereinforce-
mentgeometriesloweredthisstressto14,000psi.Thelocallongitudinalbending
stressforvariousreinforcementgeometriesispresentedintable6-III.Theapplied
loadsonthe400-foottankundernormaloperatingconditions,includingthedynamic
loadfactor,arepresentedintable6-I.Thelongitudinalsndcircumferentialstress
distributionsonthei~er andoutershellsurfacesat0=Ointheshell-ringintersection
regionarepresentedinfigures6-7and6-8.Again,highlocalbendingstressesinthe
lorfgitudinalandcircumferentialdirectionsarepresentattheshell-ring,intersection.
Thevariationsinlongitudinal,circumferential,andin-planeshearstressesatselected
pointsonthecircumferenceintheshellandinthestiffeningringarepresentedintable
6-Iv.

Theeffectofopm-seaenvironmentis averyimportantfactorindeterminingsafe
stresslevelsinthetankbecausethetank-bargesystemis subjectedtocyclicloading
duetothenatureofwavemotion.Thealternatingconditionsofsaggingandhogging
resultinwidefluctuationsindeformationateachmintinthetank.Becauseofthis
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Table6-III.LocalLongitudinalBendingStressatShell-StiffenerIntersection,

400-FootTank(NormalLoads)
PEAK PEAK
INSIDE OUTSIDE

FtEINFORCE~NT STRESS STRESS

None

Constant(1O“Lon~1.3“Thick)

Taper (10”Long;2. O“to .65” Thick)

Taper(12.5“Lon&1.95”to .65”Thick)

+27,000

+19,000

+11,000

+10,000

-34*000

-22,500

-18,500

-13,500

cyclicloading,itisnecessarytoconsiderthefatiguepropertiesoftankmaterialsand’
todete~mlne,byanalysis,thestressfluctuationsduringoneloadcycleinorderto
designforthedesiredtanklife.Afatigueanalysisofthe400-foottank,basedon
stressfluctuationsduetosaggingandhoggingcycles,is illustratedinsection6.4.

6.2 COMPARISONOFDESIGNTECHNIQUESTOCOMPUTERANALYSISINTHE
PREDICTIONOFSTRESSLEVELSINTHETANK

6.2.1 200-FOOTTANKCONFIGURATION– The200-foottankstresslevelspre-
dictedby”thesimplifiedapproach,accordingtothesimplifieddesignanalysispro-

&ce ureof Zick,aregivenintable5-I.Stresslevelswerealsoobtainedby”computer
analysisforthe200-foottank.Resultsofthecomputeranalysisarepresentedin
table6-II. Thesimplifieddesign/analysistechniqueusedtodeterminestresslevels
in thetankis basedonClassicalBeamTheoryandClassicalMembraneShellTheory.
Thestress variation,throughthe taukthickness,is notaccountedfor inthis approach.
Onlythestress levelat themid-surfaceofthe shell is predicted.Stressdistribution
throughthetankthicknessis assumedconstant.Thecomputeranalysisis basedon
ClassicalThinShellBendingTheorywhichpermitsstress variationthroughtheshell
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Table6-N. MaximumStressesin40&FootTankBasedonComputerAnalysis

NORMALOPERATINGCONDITION

* 9=0 0==90° e=180° 0=270°

Max..Longitudinal
StressinShell
-(atshell-ringintersection)

Max.Circumferential
StressinShell
(awayfromshell-ring
intersection;negligible
bending)

Max.ShearStress
inShell
(atshell-ringintersection;
negligible.twist)

Max.Circumferential
StressinStiffeningRing
(mostcriticalstress)

i 9,900
m -3,950
0 -13,800

m 11,700

m o

i 10,700
m -3,750
0 -18,400

6,300 6,950
1,850 7,550

-4,600 8,200

7,700 3,700

8,800 0

-17,300 15,500
-1,550 1,550
13,500-12,500

6,300
1,850

-4,600

7,700

8,800

-17,300
-1,100
13,500

*i =insidesurface
m=middlesurface
o =outsidesurface

— —
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thickness.Thus,localshellbendingeffects(asopposedtooverallbeamtypebending)
intheshell-ringintersectionregioncanbedetermined,Examinationoftable6-11
illustratesthisfact.

Table6-Vshowsthat thereis verygoodagreementfor themid-surfacestresses.
Therefore,it is concludedthat thesimplifieddesigntechniquesare adequateto de-
terminethemid-surfacestress levelsin thetank.Sincetheeffectoflocalshell
bendingis presentonlyin theshell-ringintersection(support)region,thesimplified
designtechniquescanaccuratelypredictthestress levelsthroughoutthetankexcept
in thesupportregions. Fromfigures6-3and6-4, wesee that theappreciableeffects
oflocalshellbendingextendonlyabout30inches oneither sideofthe supportregion
(fromthemiddleof thestiffeningring). Therefore,approximatelyonetenthofthe
612-inchspanfrommid-supportto mid-supportexperienceslocalshellbending.

In thecomputermodel,the tankwallwasreinforcedat theintersectionwiththe
stiffeningring. Thismodificationwasmadebecauseoftheextremelyhighlocal
stresses ontheinsideandoutsidesurfacesofthetankwall. Nowherein thesimplified
design/analysisprocedurewasthis stress effectaccountedfor. Locallongitudinal
bendingoftheshellis dueto themismatchin stiffnessbetweenthestiffeningringand
shellandalsoduetothehighconcentrationofloadactingonthestiffeningringfrom
thesaddlesupport.

Table6-V. ComparisonofMaximumMid-SurfaceStresses

TYPEOFSTRESS DESIGNPREDICTIONCOMPUTERANALYSIS

Circum.Stress 6,900psi 7,220psi
Long.TensileStress 5,600psi 5,550psi
Long.Compress.Stress -1,750psi -1,720psi
ShearStress

Theanalysispresented

4,350psi 4,400pSi

inAppendixBfordeterminingthesizeofthestiffeningring
requiredh carry thesupportloadis basedonClassicalThinShellBendingTheory,
simplifiedtathecaseofaring.Thisanalysisneglectsanystiffnesscontribution
duetotheattachedshellandshouldthereforebeconservative.It doesaccountfor
stressvariationthroughtheringthickness.Zick’sequationforthestressinring
stiffenersisexactinform,butdiffersinthenumerical~oefficients;UckgivesCo-
efficientsforthecasesof120°aud150°saddles.h thecomputerrndel, in orderh
minimizetheeffectofcircumferentialbendingofthestiffeningringontheshell, the
stiffeningringwassymmetricallyplacedabouttheshellmid-surface,However?in
doingthis,thestiffnesscontributionoftheshellinresistingthesupportloadis
alsominimized.Therefore,theringalonemustresistthesupportload”;thisisalso
theassumptionmadeinAppendixB.Thedesignvaluesofcircumferentialstressin
thestiffeningringwerecomparedwiththoseobtainedbycomputeranalysisandthe
resultsconfirmedthiseffect(table6-VI).

— ———
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Table6-VI. MaximumCircumferentialStressinStiffeningRing

DESIGNVALUECOMPUTERVALUE

CompressiveStress -16,90013Si -16,950Psi
TensileStress 15,200psi 15,270psi

Again,forcircumferentialstressinthering,exaellentagreementlashuwnbetween
thesimplifieddesign/analysispracedureandthemoresophistioatqdaomputeranalysis.

6.2.2 300-FOOTAND400-FOOTTANKCONFIGURATIONS- Acomparisonofdesign
stressvalueswiththoseobtainedfromcomputeranalysisforthe300-footand400-
foottankssubstantiatestheconclusionsreachedincomparisonsforthe200-foottank.
Forthe400-footconfiguration,acomparisonoftable5-Iwithtable6-IVshowsgod
agreementinstressvaluesatpointswherestresscanbeobtainedbythesimplified
approach.

Todemonstratetheadvantageofpositioningthestiffeningringssymmetricallywith
respecttotheshellmid-surface,acomputeranalysisofthe400-foottankconfigura-
tionwithinternalstiffeningringswasperformed.Thisimbalsnaeofstiffnessabout
theshellmid-surfaceinductihighlocallongitudinalandcircwnfarantialbending
stressesintheshell.Themsximumabsolutestressincreasedfrom14,000psito
23,000psi.Inaddition,tbeexpecteddecreaseinstressinthestiffeningringsdueto
theassistanceoftheshellinrea@tingcircumferentialbqndingwasminor- approxi-
mately5percent.

6.3 ALLOWABLESTRESSCRITERIA
Forthepurposeofdesigningtypicalchemicaltanks,theindividualstresslimits
givenbyZickwereemployed.Thecqmputeranalysiswhichwasperformedpresents
amorecomprehensivelookatthevariousstresslevelsatallpointsinthetankmodel.

Basedontheresults ofthis analysis, it appearsunnecessarytotransformthestress
state at eachpointin theshell toprincipalstresses alongprincipaldirections.Exam-
inationof tables6-11and6-IVindicatesthatat0= O,180°,thelongitudinalstress
is maximumwhiletheshearstress is zero. Themaximumcircumferentialstress
occursat 0= O;as just indicated,theshear stress thereis zero. Ontheotherhand,
shear stress is maximumat 13=90°, 270°.Attheselocationsthelongitudinalstress
is minimum(longitudinalstressduetooverallbeambendingiszerointhe90°-270°
plane). Itis concludedthatthemaximumnormalstressesalongthecoordinatedirec-
tionsandthecorrespondingmaximumshearstresscanbecomparedtoindividual
stresslimitswithoutthelikelihoodofoverstressalongaprincipaldirection.

AccordingtotheCodeofFederalRegulations,theallowablestresslimitsforatank
inthegroundedconditionaretwothirdsoftheultimatestress.Fortherepresentative
materialusedinthisanalysis,theallowablestresswouldbeontheorderof40,000
psi.Asshownintable6-II, themaximumstresslevelsinthe200-foottankinthe
groundedconditionarewellbelowthisallowablestress.Itshouldbenotedthatthe
mostsevereriseinstressinthegroundedconditionoccurredinthelongitudinalstress.

.— —
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Thisis theresultofanincreasedoverallbendingmomentactingonthemostseverely
loadedsupport.

Inthegroundingcondition,themaximumlongitudinalcompressivestressis increased
from-1,720psito-10,500psi.Zick’slongitudinalcompressivestresscriterionis
basedonbuckling,andvaluedat-4,700psi.Thephenomenonofbucklingprecludes
thatoffailurebyyielding,andthereforeitwouldseemthatthetankinthegrounded
conditionwouldbeindangerofbuckling.However,asdescribedearlier,theultimate
stresswhichwillproducebucklingofsuchacylindricalshellhasbeendetermined
tobe-10,700psi,basedonananalysisbyTimoshenkowhichaccountsforinitialshell
imperfections.Thisdiscrepancycertainlydeservesadditionalinvestigation.

Noattempthasbeenmadetojudgethemagnitudesofthestresslimitswhichare
basedontheallowableworkingstressofthetankmaterial.

6.4 DISCUSSIONOFFLUCTUATINGSTRESSESDUEToSAGGING/HOGGINGIN
LARGETANKS

Asdiscussedpreviously,theuseof400-foottanksforthetransportationofchemicals
incoastalwatersoropenseaintroducestheadditionaleffectofcyclicloadingdueto
wavemotion.Amaximumofabout7.2millioncyclesofhoggingandsaggingmaybe
expectedduringaten-yearlifeperiod.Ofthe7.2millionwaveencountersonlyavery
smallnumberofwaveswhichinducemaximumbendingwilloccur.Duringcyclesof
hoggingandsagging,thelongitudinalstress dueto bendingfluctuatesaboutthestress
conditionofnormaloperation.

Toillustratethemagnitudeofstressfluctuationsundersevereconditionsina400-
foottank,theloadconditionsforthecasesofhoggingandsagging(determinedin
section5)wereutilized.Notingthatthemaximumvariationinbendingmoments
occursatthemiddleofthetank,acomputeranalysiswasperformedforbothhogging
andsaggingforthesectionoftankhalfwaybetweensupportsoneithersideofthe
centersupport.Theanalysisisanalogoustothatperformedforthenormaloperating
conditionofload.Havingdeterminedthestressdistributionforbothextremecases,
thestressintensity(range)andmsximumstressatcertaincriticallocationswere
calculatedandarepresentedinfigure6-9andtable6-vII.Thestresslevelsshown
representextremeconditionsandwilloccurorbeexceededonlyasmallpercentage
ofthetime.



-,

-56-

TopofTank ~ +11,350psi

BottomofTank -7,650psi

TopofTank

Condition

BottomofTank ~-3,850psi

c)Sagging

‘~”
BottomofTank ~+15,850psi

LongitudinalMembraneStressCycleintheShellattheIntersection
withtheWiffeningRing (dynamicloadfactorusedinallcases)

Figure6-9. Inv@at@itIonofCyclicLoadingforFatigueAnalysis
of400-FootTank
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Table6-VII. LocalPeakStressCycleintheShell-RingIntersection

INSIDESURFACE OUTSIDESURFACE
0=0 e=90° 8=18000=27000=0 0=90° @=180°0=270°

E%i2!ui
Longitudinal 3,081
Stress

Normal
Longitudinal 6,090
Stress

&@!&
Longitudinal 21,800
Stress”

6,190 10,131

6,090 6,930

6,036 -9,100

6,190 -18,342-2,493 +12,508-2,493

6,090 -13,820-2,400 +&180-2,400

6,036 9,540-2,340 -14,860-2,340

— —
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Section7

DISCUSSIONOFMATERIALSANDCONSTRUCTIONOFPRESSUREVESSELS
FORBULKTRANSPORTOFLIQUIDCARGOESONBARGES

Thetransportofliquidcargoesintankbargesis regulatedbyfederallawforinter-
stateandoverseasshipment.Thedesign,constructionandinspectionoftanksis
governedbyTitle46oftheCodeofFederalRegulations.

CertaincargoespossessingdangerousorlethalpropertiesarelimitedbytheCode
astothemaximumvolumeorweightwhichcanbecarriedinasingletank.Thisis
becauseatankofsuchavolumeorweightis themsximumthatcouldreasonablybe
recoveredwithoutexcessivedangertopersonsandpropertyshouldthetankbarge
suffera casualty.Suchcargoes,andtheirtanks,areofconcerninthisstudyonlyto
theextentthatsafehandlingorequipmentforrecoveryfollowingabargecasualty
mightbeimprovedinthefuture.

Thisdiscussionis, therefore,directedprimarilytowardsrequirementsfor tanks
whichcontainotherthanlethalliquidsandwherenoregulationsrelativeto thefluid
propertiesgovernthesize ofthetank. It is, furthermore,primarilyconcernedwith
liquidsat subatmospherictemperaturesandatmosphericpressurewherepressure
vesseldesignmustbeemployedandtemperatureeffectsonmaterialsmustbe
considered.

Thissectionisnotanabstractofr~uirementspertainingtopressurevesselsper
se, butanappraisalofthoserequirementswhichcouldaffecttheconstructionofvery
largecargotanksofpressurevesseldesign.

7.1 DESIGNIMATERIALCONSIDERATIONS
Largecylindricalpressurevesselsforcargoesbeingtransportedatsomewhat
aboveatmosphericpressure,theoretically,canhaveverythinwalls.However,
atzeropositivepressure,thestaticpressureheadofthecargoonthelowerportion
ofahorizontalunstitfenedtankcanbesufficienttoeffectconsiderabledeformation.
Forinstance,thepressureexertedbytheweightofpropanegasonthebottomofa
horizontaltank40feetindiameterwillbeontheorderof145lbspersquarefoot.
Thecylinderalsocandeformfromitsownweightifunsupported.Therefore,to
designatankwhichwillremainessentiallycylindricalandbeofminimumweight,
abalancemustbeestablishedbetweenthenumberandsizeofstiffe~ers(internalor
externalframes), shellthickness,andmaterial.Thisis, inessence,thepurposeof
thisstudy.Forlargetanks,thesectionmodulus,includingdepthandsizeofstiffeners
andshellthickness,determinestherigidityofthestructureandthemaximumstresses
atthesupportingsaddles.Designseekstokeepstresseslow,hence,material
strengthpropertiesaresecondarytosectionsize.Forthisreason,high-strength
quenchedandtemperedsteelsmaynotbeeconomicallyjustifiable.However,since
theyhaveexcellentnotchtoughnessWdretaintheirpropertiesofductilityandtou@-
nessacrossweldedjointswithoutstressrelief,thehighermaterialcostmaybeoff-
setbyfabdicationeconomies.

Minimumshellthicknessof 5/16inchis specifiedintheCodeofFederalRegulations
forcertainhazardousanddangerouscargoes(inparagraphs38,39and40ofSub-
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chapterD).Forverylargetanks,designindicatesagreaterthicknessisnecessary
forreasonablestresslevels,thusthislimitationis ofnoconsequence.Sincethe
higheststresses onthetankare foundat thesaddlesupportsbywhichthetankis
attachedto the barge, localthickeningof theshellin theseareas willreducereaction
stresses withminimumoverallincreasein tankweight.

Exceptwherecorrosion-resistantmaterialsare usedwhichare notaffectedbythe
containedfluids,or thecargois noncorrosive,mosttanksrequireacorrosion
allowanceaddedb thedesignshell thickness.Paragraph52.05-12ofSubchapterF
specifiestheadditionof1/6 thedesignthickness,or 1/16inchwhicheveris less.
Thisadditionis generallyofsmallconsequencewithrespecth theoargucapacity
of the tank.

7.2 MATERIALSFORLOW-TEMPERATUREAPPLICATIONS
TheCodeofFederalRegulations,Title46,Chapter1, Su~hapterF, “Marine
Engineering,” 1968edition,designatesallowableferriticmaterialsfor low-tempera-
ture servicein Table51.24.1. ThetablereferstoASTMspecificationsA300-5E,
A333-63T?A334-63T,A350-61TandA352-60T.Whilethese s~cificationsare.
all currentat this date (1968),eachhasbeenupdated,and incaseofA300,revised
to a considerableextent.Therefore,whendesigninga pressuretank, it mustbe
determinedwhetherthe CFRis to befollowedto the letter or thelatest revisionof
theapplicablespecificationis to beused.

TheU.S. CoastGuardNavigationandVesselInspectionCircular,No.7-67,dated
9November1967,isacomplete(current)guidefor theuseofall steels (ferritic and
austenitic) in all forms– plate, shapes,castings,fastenings,andm forth– for
low-temperatureservicefromambientto below-320°F.Itappearsespeciallyvaluable
in that, toa great extent,it doesnottie materialsto specifications,butnoteschem-
istries andheat treatmentsrequiredtoprovidethestrengthandtoughnessfor the
servicetemperature.Thus, thedesigneris free h choosethematerialbestsuited
to his applicationwithonlyprudentandreasonablerestrictionsinvoked.Nonferrous
materialsare notincludedi4 circular 7-67, butmaybeusedat anylowtemperature
uponapprovsloftheapplicationbytheCoastGuardCommandant.Thisis specifically
notedinCircular7-67andinParagraph51.01-85,‘~Alternative~abrials” ofSub-
chapterF, Title46-Chapter1 oftheCodeofFederalRegulations.

Withrespecttotoughnesspropertiesofferriticsteelsforlow-temperatureapplica-
tions,ther~uirementthatfinegrainmeltingpracticebeemployedinmakingthe
steelisuniversallyprescribedinspecifications.Also,Circular7-67emphatically
statesthatwhereCharpyimpacttestingisusedtoevaluatenotchtoughness,theV-
notchspecimenonlyisacceptable.Itis statedthereinthatcorrelationhasbeenes-
tablishedbetweenthenil-ductilitydrop-weighttestandtheCharpyV-notchtestand
thateitherofthesetwomethodsmaybeused.

CertainoftheASTMspecifications, includingA300-63T,specifytheCharpykeyhole
impacttest.WhereanASTMspecificationisusedtadesignateferriticsteelsfo,r
bargeor shiptanks,andCharpyVorkeyholeimpactspecimensarecalledforby
thespecification,thedesignermustindicatethattherequirementsofCircular7-67
forCharpyV-notchteststakeprecedence.



Thosematerialswhichdonotundergoa ductile-to-brittletransitionwithdecreasing
temperature,suchas aluminumandausteniticstainlesssteel, are, in general,exempt
fromimpacttesting. The.curveofimpactenergyversustemperatureisanearlyhor-
izontallineto-3200F, thereforeimpacttests providenousefuldata.

Circular7-67, Paragraph4C, notesthatevaluationofmetaltoughnessis a field
undergoingcontinueddevelopment.Thisis a referenceto thepresentemphasison
fracturemechanicswhichseeksto establishquantitativemeasurementsofmetalre-
sistanceto brittlefailureandmathematicalanalysesofthisphenomena.Newtestiug
techniquesare beingevolvedwhichpromiseto bemoresignificantthanthepresent
impacttests, andthesewillberecognizedbytheCoastGuardas wellas otherCode
bodiesastheyarerefinedandstandardized.

Thechemicalcharacteristicsofcertaincargoestransportablein steel tanksprohibit
theuse ofsomeof the low-alloy,hightensilesteels. Ethleneoxideandpropylene
oxide,for instance,canbesafelycarriedin carbonsteel or austeniticstainlesssteel
tanks, butcannotbe carriedin tanksofcopper-bearinglowalloysteel, suchas
Lukens’LT-75or U. S. Steel’sT-1, bothexcellent,low-temperaturesteels, because
ofreactivitywiththecopper.Thisparticularprohibitionis notedin Section40of
SubchapterD, Title46oftheCodeof FederalRegulations,andillustratesthat the
natureofthecargomustbecarefullyconsideredwhenselectingtankmaterial, in
additionto requirementsfor low-temperaturemechanicalproperties.

Table7-Iisacompilationofferriticsteels,stainlesssteelsandaluminumalloy
platespecificationsfromtheAmericanSocietyforTestingandMaterials,together
withpertinentmechanical/physicalproperties,whichcanbeusedforsub-ambient
temperaturecargotanks.Thesematerialscoverthetemperaturerangefromambient
h below-400°F.

7.3 FORMINGREQUIREMENTS
Themethodofformingparts for pressurevessels, in general,is notrestrictedby
CoastGuardor AM regulations.However,in order to takeadvantageofallowed
mechanicalstress reliefprof;duresfor completedtanks,parts canbecoldformedtn
only4 percentplasticstrain . If individualparts, suchasheads,arestrainedmore
than4percentthroughcoldworkwhen.beingfabricated,theymustbethermallystress
relievedbeforeassemblyintothetankinorderthatthetankmaybemechanically
stressrelieved.Itisnotclearif thislimitonplasticstrainappliestocoldformingof
nonferrousmetals;butwherea metalis knownto strainharden,it maybeassumed
that thermalstress reliefofseverelycoldworkedparts is required.

Tolerancesare appliedto theformedsectionsas directedbyParagraphs56,01-50
and56.01-75ofSubchapterF ofChapter1, Title46CFR. Outofroundnessis
limitedto 1percentof themeandiameter.Ina 40-footdiametertank, thisamounts
to~4.8 inchesfromthetruediameter,Generallyspeaking,this is a generous
toleranceat this diameter.Submarinehullsof this orderofmagnitudeindiameter
are heldtoout-of-roundnesstolerancesofless than1 inch.

Mismatchofabuttingedgesshallnotexceed1/4oftheplatethickness,or1/8inch
forlongitudinaljointsand1/4inchf~rcircumferentialjoints,whicheveris less.
Thistolerancerequirescareinthefabricationofthecylinders,since,intherolling
ofplates,itispossibletaformcylinderswhichvarybymorethan1/2inchindi-



Table7-1 MaterialProperties

MODU-
WORK- LUS
ING OF COEFF. THERMAL SPEC.

HEAT STRESSELAS- OF CONDUC- HEAT@
TREAT-20TO TICITY THERMALTI TY% TENSILE YIELD 70*F DENSITY

DESIG- CONDI- 650 x 10° CHARPY~PANSI~N(FT~HR) STRENGTHSTRENGTHBTU L3S
NATION ALLOY TION (Pm) (PM) v-NoTcH(IN./IN./ F) (FT’F) (PSI) (PSI) (LB/°F) (CuIN.)

03B 21/2-31/2%Normal-17,500
A203B NiSteel ized
A203E 21/2-3l/2~ Normal-17,500

Nickel
Steel

A353 9%
Nickel
SteeI

A410 Chrome-
Copper-
Nickel-
Aluminum
Alloy

A516Gr55Carbon-
Manga-
nese
SiIicon
Steel

A516Gr60Carbon-
Manga-
nese
Siliem
Steel

A51~Gr65Carbon-
Manga-
nese
Silicwl
Steel

ized

Double 23,750
Normal-
ized&
tempered
Normal-15,000
ized

Normal-13,750
ized

Normal-15,000
ized

Normal-16,230
ized

29-30

29-30

29-30

29-30

30

30

:0

15ftlba
@-75°F
15fflbs
@-150°F

25ftIbs
@-32WF

15ft lbs
@-l!30°F

15ft lbs
@-5WF

151tlbs
@-50°F

15ftlbs
([h-50°F

.0000064 24.2

.0000064 24.2

.00000527 15.2
[-58to32-F)

. oooooG’1

.0000064

,0000064

.ouooo(i-I

70,ooo-
85,000
70,ooo-
85,000

100,ooo-
120,000

60,000

55,ooo-
G5,000

60,000-
72,000

(i5,000-
77.000

40,000

40,000

75,000

30,000

30,000

‘J.J,Oofj

35,[)00

0.11-0.12,283

0.11-0.12.283

0.11 .283

u,11 ,283

0.11 .283

0.11 .283

(),11 .283

A
I



Table7-1(Cont.)
MODU-

WORK- LUS
ING OF COEFF THERMAL SPEC.

HEAT STRESSELAS- OF CONDUC- HEAT[!
TREAT-20TO TICITY THERMALTIVITY TENSILE YIELD 70°F DENSI

DESIG- CONDI- 650 x 100 CHA1{PYEXPANSION(FT2JHR) STRENGTHSTRENGTHBTU LBS
NATION ALLOY TION (PSI) (PSI) V-NOTCH(IN,:IN./°F) (FT/°F) (Ps[) (PSI) (LBJ°F) (CVIN.)

A516Gr70Carbon-
Manga-
nese
Silicon
Steel

A517,all Chrome,
grades Nickel

and
molyb-
denum
low
alloys

A537GrA Carbon-
Manga-
nese-
Silicon
Steel

A537GrB Carbon-
Manga-
neae-
Silicon
Steel

A538GrA 18
Nickel
Marag-
ing

Steel
A538GrB 18

Nickel
Marag-
ing

Steel

Normal-17,500 30
izecl

Q&T 28,750 30
(150°F
&lower)

Normal-1’7,500
ized

Q&T 20,000

Precip- 52,500
itation
hard-
ened

Precip- 60,000
itation
hard-
ened

30

30

26.5-
27.5

26.5-
27.5

15ft lbs .0000064
@-50°F

30

15ft lbs ,00W.)064 30
@-50°F

15it lbs ,0000064
@-75°F

Byagree- ,00000597
mentbe-
tweenmill
andpur-
chaser
Byagree- ,00000597
mentbe-
tweenmill
andpur-
chaser

30

30

11.3

11.3

70,000 38,000 O.lL ,283

115,ooo- 100,000 0.11 0.283
135,000 ~,289

70,ooo-
90,000

80,000-
100,000

210,000

240,000

50,000 0.11 .284

60,000 0.11 .284

200,000- — 0.29
235,000

230,~00- — O.29
260,000
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Table7’-1(Cont.)

MODU-
WORK- LIE
ING OF COEFF. THERMAL SPEC.

HEAT STRESSELAS- OF CONDUC- HEAT@
TREAT-20TO TICITY THERMALTIVTY1 TENSILEYIELD 7(.)°F DENSITY

DESIG CONDI- 650 x 10° CHARPYEXPANSION(FT/HR) STRENGTHSTRENGTHBTU LBS
NATION ALLOY TION (PSI) (PtH) V-NOTCH(IN./lN./°F) (FT/°F) (PSI) (PSI) (LB/gF) (CUIN.)

A240 18-8
Type302 Cr-Ni

304 Stain-
316 lese
321 Steel
347

A240 18-8
Type304LLOW

316LCarbon
Stain-
less
Steel

A240 Chrome
Type410 Stain-

430 lese
B2095052Alumi-

num
Alloy

B2095083Alumi-
num
Alloy

B2095086Alumi-
num
Alloy

B2095456Alumi-
num
Alloy

B2096061T6
Temper,
Welded

An-
nsaled

An-
nwhd

An-
nealed

o-
Temper

o-
Temper

o-
Temper

o-
Temper

o-
Temper

18,750

17,500

16,250

6,250

10,000

8,700

10,500

6,000

28-30

28-30

29

10.1

10.3

10.3

10;3

10.0

Ductileto .0000092
cryogenic
tempe.

Ductileto .0000092
cryogenic
temps.

Ductileto .0000055
cryogenic
temps.
Ductileto ,000012
cryogenic
tempe.
Ductileto .000012
cryogenic
tempe.
Ductileto .000012
cryogenic
tempe.
Ductileto .000012
cryogenic
temps.
IWctileto .000012
cryogenic
temps.

9.5

9.5

14

80

68

73

68

99

75,000

70,000

65,000

25,000

40,000

35,000

42,000

24,000
(Welded)

30,000

25,000

30,000

9,500

18,000

14,000

19,000

0.12

0,12

0.11

—

—

—

—

, 287-
,292

,287-
,292

.28

.097

.096

.096

.096

.098
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ameter.Forinstance,a40-footdiametercylindermayactuallybemorethan1/2
inchtoosmallor toolarge.Carefulmeasurementofeach.y,olledplateandweldjoint
setup,withallowancesfororrestraintofcontraction,willcircumventproblemsin
thisrespect.

7.4 WELDINGCONSIDERATIONS
Weldingproceduresforallmaterialsusedintankswhichwilloperateatlowtem-
peraturesmustincludeconsiderationofnotchtoughness.Inadditionb thetensile
andbendtestspecimensusedtoqualifyaweldingprocedure,specimensarerequired
fortoughnesstestingbyeithertheCharpyV-notchimpacttestorthenil-ductilitydrop
weighttest.Similarly,productionweldtestingperformedinaccordancewithSection
56ofTitle46,Chapter1, CodeofFederalRegulations,mustincludeoneofthese
toughnesstests.

Weldingfillermetalis restrictedtothosecompositionscapableofpassingimpactor
drop-weighttests.ASTMspecificaticmA233(MildSteelCoveredArcWeldingElec-
trodes) showsthattheExx12,13,14,20and24classificationelectrodescannotbe
usedsincenotoughnessrequirementis imposedonmetaldepositedbytheseelec-
trodes.Similarly,forlow-alloysteel,flux-covered,arcweldingel-trodes,onlythe
Exx15,16and18classifications(lowhydrogenandlowhydrogenironpowder
coatings),exceptallE70= classes,arerequiredtopassanim@cttest.Thus,only
thesewouldbeacceptable.

Barewireforsubmergedarcweldingandinertgasshieldedwelding(ASTMA558and
ASTM599,respectively)isalsoclassifiedtoincludeorexcludenotchtoughnesstests.
Onlythosegradessubjecttoimpactrequirementscompatiblewiththeplatesteelfor
&edesignservicetemperaturecanbeusedfOrbV-tempeHttUr13bh.

Forradiographicqualitywelding,as is required for Class I andClass 11tanks,
a certain amountofweldingelectrode control is required, especiallywithregard
to moisture contentin the coveringof flux-coatedelectrodes and surface cleanliness
of spooledautomaticweldingwire. This is especially true for the higher tensile
strength electrodes, whereabsorptionof atmospherichumiditycan lead to entrap-
mentof hydrogenin theweldswithsubsequentunderbeadcrackingandhydrogen
flakes, or “fish eyes. “ Preventionofhydrogenentrapmentrequires bakingof the
electrodes andholdingthemin a heatedovenuntil theyare to be used. In some cases,
especially in shipyards, electrodesmayremain out’of the ovenin the welder’sposses-
sion for a limited time ordy– four to six hours —before beingrebakedto drive out
absorbedmoisture.

Foraluminumtanks, it mustberememberedthatthestrengthoftheweldgoverns
thestrengthof thestructure. Themagnesium-alloyed,corrosionresistant, 5000
series aluminumshavethebestweldstrength-to-platestrengthratio. Thealloy
6061,andotherheat-treatablealuminums,whilecapableofhighstrength,are in-
effectivesincetheweldsoflargetankscannotbesuitablyheattreated.Intheas-

ld d diti ld i 6061 ll l ti l kTh Ch V t ht t
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7.5 STRESS-RELIEVINGCONSIDERATIONS
Paragraph56.01-70in Subchapte~F onMarineEngineeringin theCodeofFederal
Regulationsstates thatall ClassI pressurevessels (unlessspecificallyexempted
byothersectionsofthesubchapter)shallbestress relieved.Thefollowingparagraphs
indicatethatonlythermalstress relievingis allowed.Thiswouldappeartoeffectively
limit thesize oftanksfor ClassI servicesincethermalstress relievingofverylarge
tankscanbeextremelyexpensive.It’a furnacewhichwouldaccommodatethediameter
of thetankdoesnotexist, onemustbebuiltandits costaddedto thetankcost.
Furthermore,sincelargetanksare assembledonthebargehullbecausetheyare
toounwieldytohandlewhenassembled,circumferentialweldsjoiningstress-relieved
cylindricalsectionsmustbelocallystress relieved.Thiscanpresentformidable
problemsofuniformheatapplicationandcontainmentto attainstress-relieving
temperatures.

ClassIIvessels,whichare theprimaryconcernofthis study,mustalsobestress
relievedin manyinstances.Exceptionsto thestress-relievingrequirementsexist
however,whichmakeconstructionofjumbotankspractical.Stressrelievingis re-
quiredofmildsteel(carbon-manganese-silicontype)onlyif theshellthicknessex-
ceeds1.25inches(assuminglargetanksover20feetindiameter).AHOYsteelunder
O.58inchinthicknessis exemptfromstressrelief.Mechanicalstressrelief,ef-
fectedbyhydrostaticpressurization,ispermittedbyMerchantMarineTechnical
Note7-64of3December1964forClassIiandClassIIIvessels.Sincemechanical
stressreliefis theonlypracticalmethodtoemployonverylargetanks,thelimits
prescribedforitsusebyTechnicalNote7-64shouldbeconsidered.

Thefirstlimitationnotedis thattheyieldstrengthofthematerialmustbelessthan
80percentofthetensilestrength.Thislimitationmightapplytomanyquenchedand
temperedsteelssuchasASTMA517,A542andA543.

Aspointedoutearlier underDesignConsiderations,theuseofhigh-strengthsteel
maynotbeattractivewheresectionmodulus,tominimizedeflectionandstress, is
requiredrather thantensilestrengthtopermithighstress. If, ontheotherhand,
unwantedweightcanbeeliminatedbyhigherallowablestress, theuseofquenched
andtemperedsteels mightbeverydesirable.Insucha situation,andin thecaseof
a verylarge tank, theprohibitionagainstmechanicalstres6 reliefof thesematerials
andthepresentrequirementto thermallystress ralievealloysteeloverO.58inch
mightbecircumventedonthebasisofexperienceandtestingwhichindicatesthese
steelswillperformsatisfactorilywithoutanystress relief.

In1966,MPRAssociatespublishedareportentitled“TechnicalJustificationforUse
ofNi-Cr-MoQuenchedandTemperedSteelinClassBNuclearVessels.” Thisre-
portwasaimedat theuseofQandT steel for nuclearreactorcontainmentvessels
which,becauseoftheir size, shouldbemadeas lightas possible.Thefunctionof
thecontainmentvesselis toprovidemaximumsafetyin theeventofmalfunctionof
a nuclearreactorbycontaininga suddenrise inpressure. Thesevesselscannotbe
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benefitedbythermalstressrelief.Toughnessis loweredandatendeneytowardheat-
affectedzonecrackingdevelops.Thefactthatmanylargestructuressuchassub-
marines,bridges,penstocksandstoragetankshavebeenconstructedis evidence
thatthestressreliefrequirementcanbewaived.

Stressreliefis, inlargemeasure,desirabletoenhancefatigueresistancewhich
maybeanimportantfactorinatankonanocean-goingbargesubjecttowaveaction.
Inthisrespect,itmaybenotedthatinthepresenceofflaws,high-strengthsteelsof
80,000to100,000psiyieldstrengthhaveanendurancelimitofabout25,000psi,
aboutthesameascarbonsteels.However,acarbonsteelstructuredesignedtoa
workingstressof15,000psiwillbeoverdesignedwithrespecttoitsendurance
limit.Aquenchedandtemperedsteeldesignedto.25,000psiworkingstresswillstill
haveaninfinitefatiguelife,assumingadequateweldingcontrolandnondestructive
testingisperformedtoassurefreedomfromgrossflaws.Quenched‘andtempered
steelsof100,000tO 125,000tensile strengtharenotpronetostresscorrosion
problemsortobrittlefracture.Hence,ifdesigned,constructedandtestedtomini-
mizefatigueresistance,theycouldbeexpectedtoperformsatisfactorilywithout
stressrelief.Itmaybenotedthatthenormalized9percentnickelASTMA353steel
hasbeenapprovedunderASMECodeCase1308forfabricationtol-1/4-inchthickness
withoutstressrelief.

Thesecondlimitationofmechanicalstressreliefis thatthedesigntemperature
shallnotexceed115°F. Thisstudyisconcernedwithlow-temperaturecargoes;
therefore,theimplicationsofthisrestrictionarenotgermainetothepresentcase.
Similarly,thisstudyis concernedwith“cargoestransportedatpressureslessthan
100psi,andmechanicalstressreliefis generallynotrequired.

Afurtherrestrictiononmechanicalstressrelievingisthatthecargoescarried
shallhaveaspecificgravityof1.05orless.Veryfewcargoestransportablein
ClassIItankswouldfallinthiscategory,thustheeffectofthisrestrictionisnot
consideredsignificant.

Certaindetailsofconstruction,especiallyinreinforcedopenings,cannotbesatis-
factorilystressrelievedbymechanicalmeansbecauseofinherentnotches(partial
penetrationnozzleweldsandsinglebevelweldswithnon-removedbackingstrips).
DesignmusttakenotetoavoidsuchdetailswhicharespecificallynotedinMemorandum
7-64.

Vesselsmustbedesignedtoeliminatestressconcentrationswhichmightleadtoex-
cessiveplasticdeformationor, possibly,tofailureunderstress-relievinghydraulic
pressure.

Lastly,unlessanextensivestressdeterminationisperformedwithstrainindicators
duringthestress-relievingoperation,operatingpressureis limitedto40percent
ofthemaximumdesignpressure.Generallyspeaking,sincetheoperatingpressure
i l t th t h i f th i t d d ft k id di thi
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thermalstressreliefdoes. Therefore,theuseofmaterialssusceptibletostress
corrosioncrackinginthepresenceofcertainfluidsmustbecarefullyanalyzedbefore
waivingthermalstressreliefinfavorofmechanicalstressrelief.

7.6 NONDESTRUCTIVETESTINGCONSIDERATIONS
Constructioncostscanbeaffectedbytheamountofnondestructivet~stingspecified
fora ClassIItank.Creditisgiveninweldefficiencyforradiographicinspection
upto100percentforflushground,radiographed,andthermallystress-relieved
weldsinClassIvessels.Spotradiographyofoneareaper50feetofweld,usedin
ClassIIvessels,reducesdesignjointefficiencyto90percentwhereweldreinforce-
mentis removed,andlowerstheallowableworkingstrengthoftheplate,requiring
additionalplatethickness.Itthereforebecomesnecessarytocomparethecostof
additionalplateweight(includingeffectofsuchadditionalweightoncargocapacity)
andadditionalweldingwiththecostofcompleteradiography.Vesselweightisusually
averysmallpercentageofcargoweight,andradiographyis relatively=pensive.

Anadditionalefficiencyofonly5percentcanberealizedforfullradiographiccoverage
forClassHvessels,and,therefore,wherespotradiographyisacceptable,itis
generallypreferredto100percentcoverage.Inordertotakeadvantageofprovisions
formechanicalstressrelievingoftanksoperatingat-20°Forlower,spotradiography
mustbe-tendedtoincludejunctionsbetweenlongitudinalandcircumferentialwelds
andfor20timestheplatethicknessineachdirectionofweldfromthejunction.It
shouldalsobenotedthatcreditinweldefficiencyisnotgivenformechanicalstress
relievingasitis forthermalstressrelieving.

7.7 CARGOCHARACTERISTICS

Toassess thedesignproblemsassociatedwithlargetankbarges,itisnecessary
toknowthephysicalcharacteristicsofthosematerialswhicharecurrentlybeing
carriedintanksormightbeusedinsufficientquantitiest~warrantsuchtransporta-
tion.

Table7-II,entitled“PhysicalPropertiesofGasses,‘‘ isacompilationofsomeofthe
moresignificantphysicalcharacteristicsofthosegasseswhicharenowtransported
intheliquidstateorwhichmightreasonablybesocarriedinthefuture.TheCoast
Guardtoxicratingandclassificationarealsoincludedinthetableforthosegasses
whichhavebeenso ratedandclassified.ThisdatawascompiledfrombothCoast
Guardandcommercialpublications(references4, 7, and2.2through27).

TheImilingpointofthecargomustbeconsideredintankdesignsinceitwillinfluence
thechoiceoftankmaterial,degreeofstressrelief,andweldingpractice.Thespecific
gravityofthecargointheliquidstatewill,inpart,determinethestructuralloading
onthe barge. Theflammabilityofthecargois a measureofthehazarddueto leakage
fromthetank.

TheCoastGuardtoxic isanindexofthehazardta fromcontact
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Thecriticaltemperatureandpressureisausefulindexofstability.Ifthecargo
achievesthisstateandthetemperatureisexceeded,therewillbeachangeofstate
fromliquidtogasregardlessofpressureincreases.Thisdata,combinedwithliquid
andvaporphasedensities,definesthesafetyblow-offrequirementswhichwouldbe
neededtoprecludetankrupture,shouldcriticalconditionsbeexceeded.

Table7-IIshowsthatthereareavaryingnumberofphysicalcharacteristicsassociated
withmaterialswhichareorcouldreasonablybecarriedinrefrigeratedtanks.Ac-
cordingly,a basicdecisionmustbemadeinitiallytodesignallsuchrefrigerated
tanksforthemostsevereservice,designtanksforoneor twosimilarcargoes,
ordefinerangesofcharacteristicsanddesignforthemostsevereservicewithin
thatrange.
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AppendixA

INVESTIGATIONOFTHEENVIRONMENTOFLARGEOCEAN-GOINGBARGEH

A-1. INVESTIGATIONOFDYNAMICLOADFACTORSFC)ROCEANBARGES
TheCodeofFederalRegulations,Title46,Subpart38.05-2,A-1statesthatocean
bargesshallbebuilttowithstandthefollowing“DynamicLoading:‘‘

1. Rolling30°eachside-120°in10seconds
2. Pitching60halfamplitude-24” in7seconds
3. HeavingL/80halfamplitude- L/2Oin8seconds(L= lengthofbarge)

TOinvestigateetheserequirements,thefollowingexpressions,whichdefinethe
maximumvaluesofroll,pitch,andheavefromthelimitsgivenabove(assuming
sinusoidalmotion),maybewrittenas:

Roll ~(t)=.: sin(: t i- g) Radians

Pitch @(t)= ; sin(~ t + O.) Radians

Heave z(t)+ sin(:t+Zo) Feet

Tocomputeaccelerationatapoint,thedistancefromthecenterofgravityis
multipliedbythesecondderivativeofrolland/orpitch,thenheaveaccelerations
areadded.Forexample,combinedpitchandheave,inphase,yieldbowaccelera-
tionsof ,.. ”

“$“,: ;\,.,.,.

‘ccBow=[$)2k] $’(~fb
ACCBOW= O.04952L (inft/sec2)

Byemployingstandardshipmotionsequations,itispossibletopredictthemotions
ofvariousbargedesignsinrealisticseaways.Thesemotionsareusedtoevaluate
theCoastGuardStructuralRequirements.

Themethodsfordeterminingpitchheave,androllandassociatedresultsforfour
bargedesigns(tableA-I),aredescribedinthefollowingparagraphs.Fromfigures
A-1,A-2,A-3,andA-4,itis evidentthattheCoastGuardstructuralrequirements
areadequateforallnormalweatherconditions.Bargesdesignedforconstantheavy
weatheroperation(windspeedgreaterthan3(1knots)mayrequiremorerigorous
specificationshowever.

Inthe case of the 24O-footbarge,itis evidentthat,thelowdeadweight-to-displace-
mentratioresultsinexcessivemotions.FiguresA-1andA-2alsoindicatethat
inheavyweatherasmallerbargewillIMingreatertrouble.Thisshouldb expected.
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NoteintableA-I thatthe440-footbargecarriesorIlyonetank.

TableA-I. BargeCharacteristics
NUMBEROFTANKS

1 2 2 2
Diameter(ft)(tank) 40 40 30 20
Length(ft)(tank) 400 400 300 200
Barges

LOA(ft) 442 454 344 244
LWL(ft) 440 450 340 240
Beam(ft) 50 96 76 53
Height(ft) 35 40 30 25
Draft(ft) 26 23.6 17.3 12.2

iii (ft) 0.8 24.3 17.4 11,2
Displacement 11,900 23,940 10,990 3,660
(tons)

Inordertopredictthepitchingandheavingmotionsofthebarge,usewasmadeof
thedivision’sSurfaceShipMotionsCornputEWProgram.Acompletedescriptionof
thisprogrammaybefoundinreferenceA-2. Thefollowingisageneraloutlineof
thewayinwhichtheprogramwasemployed.

Thebargewasdividedintoanumberofdi6creteseotions.Throughtheuseof
standardshipmotionequwlions,theforces@ restdtingmotionsontheentireship
werecalculatedbysummingtheeffectsofthesecticms,h ordertobetterdefine
themotionofeachbargeinanoceanenvironment,arandomsea(Neumann)was
mathematicallyformulat~.Thisform~ationallowsastudyoftheresponseofeach
crafttovariousinputwaves.Throughtheuseoftheestablishedtheoryoflinear
superposition,there~ponsesineachcomponentwavecanbesummedtogiveare-
sponsespectrumfortheentirerangeofwaveswhichmightbeencounteredinw
ocean.

Sincetheaccelerationduetocoupledpitchandheavemotionis oftengreatestatthe
bow,theaveragevalueofthe1/1Ohighestbowaccelerationwasdetermined.+USO
calculatedwastheaveragevalueofthe1/1Ohighestpitchamplitudes.Thesehave
beenpresentedinfiguresA-1ad A-2.
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Rollmotionsforeachbargewerecalculatedinthefollowingmanner.Thebasic
rollequation(referenceA-3)maybewrittenas

c+ C2 & C3@=C4Cos w

wheretheconstantsC~, C2,C3,audC4 maybefunctionsoffrequencyofencounter
andvariouscraftparameters.Expressionsforthesemaybefoundinreference2.

Definethefollowing

K
C3UndampedNaturalFrequency:w~ ~ ~
IC

DimensionlessDampingCoefficient:w=
K%

TuningFactor: ~~ti
mn

whereu = frequencyofwaveencounter

[
-1/2

MagnificationFaotor:p= (1- A2)2+ v2A21
TherollequationcanWsolvedtoyield(referenceA-4)

~=--pe “
where:

+/A = theratioofrollamplitudetowaveamplitude
distanceofcenterofbuoyancybelowwaterline
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UsingtheexpressionsforCl, C2,C3(referenceA-3),themagnificationfactorcan
bewrittenasfollows:

where:

H=
T=

G—M=
(J.

g=

c#=
A@=

barge~eam
bargeheight
bargedraft
bargemetacentricheight
frequencyofencounter
gravitationalconstsnt
constant= 1.9forabarge
functionofBandw suchthat:

2 2
A@=.7x (; :)2

WB~ ~) : 0.4when( -

2 2
A@=0.25x(: ~ ) when( ; :) > 0.4

Inordertousetheprincipleofsuperpositionandachieveaseaspectrumresponse,
thefollowingproductis formed.

~2R’[f]’’ [%]

where(_&) istheamplitudeseaspectrum.

IntegratingRwithrespecttofrequencyyieldsthetotalresponse,TR. Thereare
manystatisticalvaluesthatmaybecalculatedfromthevalueoftotalresponse.
Amongtheseare:

MostProbableValue=
Average1/1OHighest=

Bothwerecomputedforeachbarge
oceans.

0.707x @
1.8 X6

inthefollowingtwomathematicallysimulated
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A-2. INVESTIGATIONOFWAVECONDITIONSENCOUNTEREIIALONGTYPICAL
BARGEROUTESANDEXPECTEDFREQUENC~SOFENCOUNTERFOR
USEINHOGGINGANDSAGGINGCALCULATIONS

GiventheseadatapresentedintableA-II(referenceA-5),theexp~ctedvaluesof
frequencyofencounterinheadseascm bedetermined.Sincetheseadataarein
termsofwaveperiod,somemanipulationsmustbeperformedtoyielddatain
termsofwavefrequency.Then,by.includingtheeffectofboatspeed,avalue
offrequencyofencounteriscalculated.ThisispresentedinfigureA-5.

FiguresA-6,A-7,andA-8presentwavedatafortheb~geroutesconsidered
thusfar.

Inordertobeabletocalculatehoggingandsaggingofthebarges,werequire
frequencyofencounterforwavelength= boatlength;thefollowingrelationsupplies
this:

(useLWLforboatlength)

f incycles/seeis presentedin tableA-IIIforvariouslengthsands~eds, Torelate
this to sea data, findthepercenttimethatwavelengthequalsboatlength(figureA-6).
Thisgivespercentofthetimethat the abovefrequencieswilloccur.



TableA-IL WaveData

PACIFIC120A2~ GULFCOAST A
WAVE PEIU2ENT WAVE PERCEWI WAVE PERCENT WAVE PERCENT WAVE PERCE
HEIGHT occuRENm PERIOD OCCURENCEHEIGHT OCCURENCE PERIOD 0CCUIU3NCEHEIGHT OCCURE
m) (SOc) {ft) (see) m)

1.0 4.79 CALM+ 3.46 1.0 15.71 CALM+ 6.39 1.0 7.13
1.5 6.01 <5 2.9.52 1.5 20.86 <.5 59.19 1.5 13.7
3.0 21.M 6-7 29.19 3.0 31,19 6-7 22.32 3.0 26.3
5.0 21.90 8-9 20.27 5.0 18.98 8-9 7.70 5.0 21.9
6.5 16.71 10-11 10,ti 6.5 7.11 10-11 2.09 6.5 11,8
8,0 10.19 12-13 3.97 8.0 3.89 12-13 0.71 f?.o 7.54
9.5 7.28 14-15 2.09 9.5 1.23 14-15 0.11 9.5 4.28
11.0 4.79 16-17 0.917 11.0 0.71 16-17 0 11.0 2,52
13,0 3.62 18-19 0.306 13.0 0.149 18-19 0,15 13.0 1,46
14.0 2.09 20-21 0 14.0 0.037 20-21 0.34 14.0 1,69
16.0 0.25 >21 0.356 16.0 &027 >21 0.97 16.0 0,20
1?.5 0.31 17.5 0.037 17.5 0.18
19.0 0.61 19.0 0 19.0 0.36
21.0 0.25 21.0 0 21.0 0,31
22.5 O.io 22.5 0 22.5 0.06
24.0 0 24.0 0.074 24.0 0.17
25.5 0.05 25.5 0 25.5 0.10

N~: (FromoceanWaveStatieticHbyfbglx?nad Iunb). 1967Edition.

+ - Inclde,n~lurllmuwn.“

IMaamforavwrage“YearROurdCcditions”
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Assumingthata44O-footbargeisoperated300daysperyearat8knots,thefollowing
estimateis madeofsaggingandhogg@cyclesin1()years,usingdatafromfigure
A-6andtableA-III.

Cycles= 0.2x [ 10yrsx 300days/yearx 86400see/dayx 0.13861=7.2x106

TableA-III. IMtermintngFrequencyofEncciunter

LENGTH SPEED@O@)
(ft) 2 4 6 8 10 12
440 0.1156 0.1233 0.1309 0.1386 0.1463 0.1540
450 0.1142 0.1217 0.1292 0.1367 0,1442 0.1518
340 0.1327 0,1426 0.1526 0.1625 0,1725 0.1824
240 0.1602 0.1743 0.1883 0,2024 0.2165 0.2306

A-3. INVESTIGATIONOFEFFECTSOFFLUIDSLOSHING
Theterm“freesurfaceeffect”isgiventotheproblemofaship’sreducedstability
causedbythesloshingofaliquidcargo.StandardtextssuchasreferenceA-6treat
thissubject.Thesimplestsolutiontothisproblemistoreducetheamountoffree
surface.Inthecaseofchemicalbarges,thisis achievedbyfillingthetanksto
capacity.ItshouldbenotedthatCoastGuardregulationsdonotrequireaminimum
tankfullness.Itmaybeadvisabletorequirethattanksbefilledtocapacityor
emptied~tolessthmaboutone-fourthcapacity.Operatingathalfcapacityresuits
inthegreatestfreesurfaceeffect.

Theeffectoffluidmotiononbargemotioncanbedividedintotwoparts:
a. actualforces impartedto thebargebythefluid,and
b. changeincenterofgravityandmomentofinertiaoftheloaded

bargeduetomotionoftheload.

Anorderofmagnitudecalculationindicatedthat, for the expectedboatmotions,the
centerofgravitymovesonlyoneor twopercentofthebargelength. Fromthis it
wasconcludedthat changesin thelocationofthe centerOfgravityandmomentofin-
ertia maybeneglectedin calculatingbargemotions.

Theforcesimpartedtothebargebythefluidaredifficulttocalculatesincethe
exactfluidmotionisnotl-mown.Itispossible,however,tomakesomegeneral
remarksconcerningtheeffectoffluidmotionsonbargemotions.Clearly,if the
fluidhadneithermassnormotion,thebargemotionwouldbeunaffected.Also,if
waveandfluidhatllral Peritis were farbelowthtiofthebarge,therewouldbelittle
effect.Asystemforcedatafrequencyfaraboveitsownnaturalfrequencywillnot
respond.Maximumeffectsduetofluidmotionwilloccurwhenthenaturalperiods
offluid,barge,andwavearethesame.Largeeffectswillbeobservedwhenbarge
andfluidhavethesamenaturalperid ofmotion.IntableA-IVandfigureA-9the
naturalperiodsofbargeandfluidmotionarecomparedwiththeaveragenatural
pericdofthewavesfoundalongthebargeroutes.

—
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Thecaseofhalf-filledbargesatzerospeedhasbeenpresented.InfigureA-1Othe
naturalperiodofthefluidispresentedforvariousfillingdepths.‘-7 Althoughthe
naturalperiodofbargerollfallsgenerallyabovethemostcommonaveragewave
period,thenaturalperiodofthefluidtransversemotionfallsamongthemost
commonwaves.

Itcanbeconcludedthatfluidmotionsmaynothavealargeeffectonbargeroll
motions.Theeffectonbargesurgingandpitchingisnotyetclear. Thefluid
shouldhaveverylittleeffectonbargeheaving.

Another,lessobvious,effectoffluidmotionsisthepossibilityoffatigueloading
fromthecyclicsloshingmotions.Althoughthesloshingloadsmaybesmall,the
possibilityoflargefatigueloadingontankwallsandsupportsshouldbeinvestigated.

I I
60

55hAverAwofAUWWH

50

45

40

15

10
5
0

I I a 1012 141618 202224 26
WwaPeriod(seconds).

FigureA-9.ComparisonofNaturalPeriods

Agreatdealofworkhasbeendoneinvestigatingsloshinginverticaltankssuchas
rockets,Judgingfromthelackofavailablereferencematerial,verylittlehasbeen
doneinthefieldofhorizontaltanks.Thetwoproblemsaresomewhatsimilarbut
detailsofmathematicalmodelingareverydifferent.

Themathematicalmodel(figureA-II), basedonreferencesA-8andA-9,representsa
simplifiedapproach.Evenso, ityieldsnonumericalresultsduetothelackofex-
perimentalparametersandactualtestinformation.Alsoneededis amethodfor
applyingexperimentalresultstofull-scalebarges.Themathematicalmodelrepre-
sentsafirstapproachandispresentedasanindicationofwhatmustbedonetosolve
thesloshingproblemanalytically.
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TableA-IV. NaturalPeriodsofMotionBarges&1/2FullTsmks
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FigureA-n-.SimplifiedSloshingMathematicalModel

ConsiderthefluidinatankpitchingatO(t)= a sinuttobeapointmassacted
aspringanddamper.Theequationofmotionis (x= O is atcenteroftank):

[ti+r~cos O+tic0s6+ mgsinO=O1
Forsmall13sinO~ O cos @~ 1 andwehaveasimpleequation:

ti+rii-kx+mgasinut =0
kx+~ 2+—X=n-l m -g a sinwt

Letx=Asinut+Bcosut
~=uAcos~t-m Bshwt
~ =ti2Asin@ - U2BCosLot

ru-ti2Asinmt -L02BcosLOt+— Acosut-~ Bsinwt+~ Asintitm

+k~ Bcoswt= -gasinot

1

2-wA-~13+ ~A=-ga ‘

!

A~~-u2)=-ga+~B

I—

fl

—

k-U2B-1-~A+ ~B=O A% = \(W2-~)B

onby

[-

(:2:-U)(—-LO2)~ti
1

(ga~)-— B = -gr; B.
ru n-l’ f _2km2+ti4+&—
m

m’ m 2m



Thus,ourexpressionforfluidmotionhas

mA J

become:

x(t) =Astiut+Bcosut

~2~2
A= -km)g~

B= rurnga
(k2 - 2kmti2+ ti4m2+ r2u2) (k2- 21Cm~2+ u4m2+ r2w2)

ForcesontheendofthetankwillbeFT= fi

2 2
‘T =-mu Asinut - mmB COStit

or FT =

=> ‘T =

Ifwehadappropriatevaluesforr, m, sndk,wewouldnowhaveasolution,since
theCoastGuardspecificationsgivevaluesforaandu. Variousmethodsforevalu-
atingmhavebeendevelopedinthecaseofverticalcylindersandmaypossiblybe
applicabletothisproblem.

-J
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AppendixB

ANALYSLSOFRINGSTIFI?ENERS

Analysisofcircularringssubjecttoappliedsupportloadsandappliedtankandliquid
weightloadswasperformed;1800saddlesupportsofwidthhwereassumed.The
loaddistributionontheringduetothesupportwasassumedtobepr = pl cos Ofor
. .
lfll~ 90°and Ofor90°40<270”. Theloaddistributionduetothetankandliquid
weightwasassumedtohePO. p2sinO(seefigureB-l). Thetotalsystemofapplied
loads must be self-equilibrating. Assumingthat the ring widthquals the saddle
width, h,

_2L
‘1 = hir2r

and

where~ isthetotalloadsupportedbythesaddle.

Itisnecessarytoexpandthesaddleload,p , ina Fouriercosineseriestohavethe
properformforanalysis.Performingthe~ecessaryintegrationsyields:

I2Q ~+irPr=-— ~cos e+; ~cos4Q
hr2r cos20-15

+~35COS6@-~cos 80+ :Coslo e-... I(B-1)

Theweightloading,PO,alreadyhastheformofthen = 1termof
series:

GP~”-— sinorrh
82

FromFlugge‘-1 (p219,Eq.13a-c),settingPx= 0,~ S —
aX2

governingdifferentialequationsoflinearthinshellbendingtheory
intermsofvandw,thecircumferentialandradialdisplacements

2
C& dw ‘r3r .0
dB2+iii+ D

aFouriersine

(B-2)

~ Oyieldsthe

forcircular-rings
respectively

(B-3)

.>-



,_
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(a)

F@ureB-1, Load@gonRingStiffener

.



where ==-
(1-V2)

and
k.&_

12r2
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12
d4w _+2d2w ●w ‘rr.—= o
d04 d62 D (B-4)

(B-5)

(B-6)

@nAppendixB, t refers tostiffenerthickness,i.e., outerradiusminusinnerrzdius.)

Differentiationofeq. B-2withrespectto13andsubtractionofeq. B-1fromthere-
sultyields:

C&v+
d05

Substitutionofeqs.

+*=& [& (Pr)+ PO1 (B-7)
‘o ‘D

B-1andB-2forprandPOgives:

$sinz9+fi sin40

Let w be aFouriercosineseries:
m

W=z WnCosI1on=o

(B-8)

(B-9)

Differentiationofeq. B-9, substitutionintoeq. B-8, andequatingcoefficientsofthe
sametrigonometricfunctionsyieldsthefollowingsolutionforw. (NotethatW.is
determinedfromeq. B-4.)

~ (~)+: (~) [--$ cos2ew = - D;l+k)

+~
2Cos40 2-—cos69 + — COS 80

(15)3 (35)3 (63)3

2_— Cosloo...
(99)3 1

Similarly,assumev isa Fouriersineseries:

(B-1O)

—. —
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Differentiationofeqs.B-1OandB-11,substitutionoftheseresultsandeq.B-2into
eq.B-3,andequatingcoefficientsofthesametrigonometricfumctionsyieldsthe
followingsolutionforw

() ( )[2 g sfi6+&2Q,~=. c 1
D hrr kD — sinZe

h?r2r (3)3
1 Cos48 + 1 1-— sin60 - Cosse

(2)(15)3 (3)(35; (4)(63)3

1
+— Cosloe-.. .1 (B-12)

(5)(99)3

FromFltigge(p214,eq9a-h),thecircumferentialforceandmomentresultantsin
termsofv andwdisplacementsare:

.O=:(*+.) +; [’+$1

Me . ‘—
[1

w+d~
r2 d02

where
Et3K= ~

(B-13)

(B-14)

(B-15)
12(1-V4)

Substitutionofeqs. B-10andB-12forv andwintoeqs. B-13andB-14yield:

+~
2 2

COS 60 - — COS 80 + — Cosloe-... 1(E-16)
(35)2 (63)2 (99)2

M@. - ‘2(?!%),p [$ .0s2, - ~ .0s40
12r2+t2h~

+~
2 2

COS 60 - — Cosse -1-— Cosloe-.. .1(B-17)
(35)2 (63)2 (99)2

Thecircumferentialstressintheringattheinnerandoutersurfacesisgivenapproxi-
matelyby

(B-18)

—
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Substitutionofeqs.B-16andB-17intoeq.B-18andassociating(M)withthecross-
sectionalareaand(ht2/6)withthesectionmodulusofthestiffeningringyields:

at,0 = (),

_.~ + ‘r
‘e = .043$ (B-19)

at0 =180:

,158zj
● 043 $ (13-20)

Themaximumcompressivestressoccursat6 = O;themaximumtensilestress
occursatO= 180°.

REFERENCES

B-1.StressesinShells,W.Fliigge,Springer-Verlag,NewYork,Inc., 1966:
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AppendixC

OUTLINEFORSTFWNGAGEINSTRUMENTATIONOFATANKBARGE

C.1. INTRODUCTION

Generally,strainrecordinginstrumentsareusedtodescribestrainmagnitude,
direction,anddistributioninareasofcomplexstructureswhichmaynotbereducible
tomathematicaldescription,or toverifythepresenceandmagnitudeofcertain
strainswhichhadbeenpredictedbytheoreticalanalyses.

Themainobjectivehereis tadescribe,ingeneralterms,presentlyavailablein-
strumentationproceduresapplicabletoanexperimentalstressanalysisoflarge
tankssupportedandtransportedbybarge.

C.2. DISCUSSION
Asaprerequisitetotheinstallationofanyinstrumentation,thefollowinginformation
isnecessary:

1.
2.

3.
4.

5.

6.

Typeoffluidwhichwillbecarriedduringthetest.
Geographiclocationoftheworksiteandthetimeofyearproposedforin-
stallation.
Typeandavailabilityofelectricalpowerforsiteworkandtesting.
Numberandsizeoftankpenetrationsavailabletopermitinternalinstrumen-
tationinstallationandtheexitingofsignalloads.
Totalnumberofinformationchannelstoberecordedandspecificlocations
atwhichstraingagesandothertransducersarerquired.
Durationofthetestprogram.

Thefollowingtestconditionsarerepresentativeoftheexperimentalprogram
1. Strainda~willberecordedduringfillingandemptyingoftheti or tanks.
2. Straindatawillberecordedduringactualoperationof‘thebargeinsea

statesif thebargeselectedisforoceanservice.
3. Bow-slamming,heaving,twisting,andpitchwillberecordedasafunction

ofstrain,pressuredistribution,accelerationsandtime,relativetosea
stateandfomvardvelocityifthebargeisforoceanservice.

4. Straingageandtransducerdatawillberecordedusingdynamicsinstrumen-
tation.

C.3 GENER4LAREASOFINTEREST
Generalareasof interesthavebeenidentifiedandshownonfigureC-1. Strain
gageswillbeapplied,bothinternallyandexternally,intheareaofthesupport
saddle.Measurementsofstraindecaybetweensaddlesupportswillbeobtainedby
anarrayofstraingagesontheinnerandouterskinofthetank.
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FigureC-2indicatesthegeneralareasofinterestonthebargehull. Pressuretrans-
ducers,velocityandaccelerationinstruments,andstraingageswillbeusedto
obtainanunderstandingoftheforcesactingonthebarge/tankduringactualoperation.

C.4 PROPOSEDINSTRUMENTATION
Tosimultaneouslyrecorddynamicdatafroma largenumberof signalsources,
multichannellightbeamoscillcigraphsor taperecordersmaybeused.Thesedevices
recordaprocessedorconditionedsignalwhichisdevelopedbyperipheralequipment.
Ingeneral,thefollowingequipmentisneededtoobtainanintelligiblesignalfroma
straingageorothertypeoftransducer:

1. Powersupply
2. Amplifierandsignalconditioner
3* Recorder
4. Interconnectingcable.

C.5 TESTFACILITIESANDCONSIDERATIONS
sincea testofthistyperequiresconsiderabletimeandexpen8e,adequatefacilities
arerequiredtoprotectexpensiveequipment.Asuitablestructure,centrallylocated
withrespecttoheavilyinstrumentedareas,canreducetheamountofcableusedand
resultinasignificantreductionininstallationcosts. Thepossibilityofmorethan
onerecordingstationshouldbeconsideredifheavilyinstrumentedareasareseparated
byahundredfeetormore. Secondary,unmannedrecordingstationscanbesyn-
chronizedtothemainrecordingstationoroperatedindependently.

Animportantconsiderationinthecostevaluationofmultichanneldynamicrecording
systemsisthefrequencylevelwhichthesystemmustrespondtoandrecord.The
frequencylevelwillbewithinOto50Hz. Theoutputsignalfromastraingagemay
bedirectlyrecordedbycertainlightbeamoscillographswithoutamplification,thus
eliminatingoneofthecostlycomponentsoftherec~rdingsystem.However,ade-
cisiontodowithoutamplificationmustbejustifiedbytheoreticalanalysis.

Finally,itis importanttohaveaclearunderstandingofthetypeofdataobtainable
fromstraingages.Ifasingle-elementstraingageisusedatapointofinterest,
thestraindatadoesnotpermitacalculationofthemaximumprincipalstressunless
thestrainfieldisamaximumanduniformlyuniaxialinthedirectionofthegage,such
aswouldoccurinacontrolledtensilespecimentest.

Atwo-elementorbiaxialstraingagemaybeusedtocalculatemaximumandminimum
principalstressesatthepointofinterestwhenthebiaxialgageorientationis identical
tathebiaxialstrainfield.

Athree-elementstraingagewillallowmaximumandminimumprincipalstresses
anddirectionstobecalculatedfromrawdataforthepointofinterestwithoutthe
needforspecificorientationwithrespecttathetestspecimenptrainfield.

Hence,thethre-elementstraingage(triaxialstrainrosette)is mostsuitableto
determineprincipalstressesanddirectionsinstructuressubjecttocombinedloading,
suchastwistingmdbending.

— -1
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FigureC-1. TypicalLocationofExtensiveInstrumentation
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AppendixD

DISCUSSIONOFAPPROACHFORTANK/%AItGESIAMMINGMODELTESTS

D.1 PROPOSEDBOWPRESSUREMEASUREMENTSINWAVES
Thisdiscussionoutlinesaprogramofbargemodelfabricationandtowingtestsin
variousregular,sinusoidalwaveconditions.Thepurposesofthetestsaretameasure
thebowimpactpressuresandnormalvelocitiesandtodefinethepitchingandheaving
amplitudesofthebarge.Duringtheprogram,thetheoreticalpeakpressures,based
onthemeasurednormalvelocities,willbecalculatedandcomparedwiththee~eri-
mentallydeterminedvalues.Completionofthisproposedprogramwillrequirethe
followingspecificitemsofwork

D.1.1 WOKSTATEMENT
1. Fabricateonewoodenmiddlebody-afterbodybargemodeltaapproximately

1/25scale.Themodelwillprovidefortheattachmentofvaryingbowcon-
figurationsandwillbefabricatedinaccordancewithlinessuppliedbythe
customer.

2. Fabricatethreeseparatewoodenbowconfigurationstothesamescaleas
themiddlebody-afterbodymodelofItem1inaccordancewithlinessupplied
bythecustomer.

3. Installtowingstaffandpitch,heave,andverticalaccelerationinstrumentation
inthemiddlebody-afterbodysection.Installninecrystal-typepressuretrans-
ducers,andnormalvelocityinstrumenbtioninthebowsection.Normal
velocitieswillbeobtainedbyelectricallyintegratingverticalacceleration
measurements.

4. Ballasteachmodelh thepredicteddisplacements(lightandheavy),center
ofgravitypositions(longitudinalandvertical),andlongitudinalradiiof
~ration.Calibratealltestinstrumentation.

5. Conducttowingtestswitheachmodelattwodifferentdisplacementsand
atonevelocityintowavesoffourdifferentscaleheights.Testswillbe
conductedinsixdifferentwavelengthsforeachwaveheight.Approximately
144testswillberequired.Timehistoriesofthewaterimpactpressures
atninestations,normalvelocitiesatthreelongitudinalstations,vertical
accelerationsatbowandcenterofgravity,pitchangles,heavedisplace-
ments,towingvelocity,andwavecontmmswillberecordedsimultaneously
byaminimumoftwooscillographicrecorders.Thetimereferencesofthe
tworecorderswillbepreciselycorrelated.

6. Reducealltestdatatoengineeringtits andexpandtofull-scaleproportions.

7. Usingthenormalvelocitiesoccurringateachpressuretransducerlocation
duringtheinstantofpeakpressure,calculatethetheoreticalmaximum
impactpressureusingmethodsdescribedinreferencesD-1andD-2.

8. Preparegraphicalpresentationsofthepeakimpactpressures(measured
andcalculated),pitchandheaveamplitudes,normalvelocities,andvertical
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accelerations.

9* Prepareandsubmitamodeltestreportpresentingthetestandtheoretical
results,representativetestphotographs,anddiscussionsofthetesting
techniques,instrumentation,andresults.

D.2 SLAMMING
Thefollowingcommentsaremade concerningthediscussionofslamming.

1. Itwillbeuseful,whilemakingslammingtests,toinvestigatethefollowing
a. Effmtofon-boardfluitiontaintngtanks.
b. Effectofsurgeduetotowingbyasurgingtug.

2. Themethodofstaticstrengthdesignisconcernedmainlywithseaplane
deEignpracticewhichmayproveadequate.

D.3 DEC~SION
TheDTMBReportNo.1994(referenceD-3)hasbeenreviewed,aswerereferences
D-1,-2, -4 and-5. WebelievethattherisetimeanomaliesfoundinTable3of
referenceD-3areamanifestationofthetrappedairproblemdiscussedinreferences
D-1mdD-4. Also,theirinstrumentationsystemfrequencyrespmwe(1200Hz)was
relativelylowcomparedtothesystemresponse(200KHz)describedinreferenceD-1.

Systemresponsesof200KHzrequiretheuseofcathoderayoscilloscopesandstreak
camerasfordatarecording.Theuseofthisequipmentonourtowingtankcarriage
isnotfeasible,particularlyinviewofthefactthatwewouldbeinterestedinnine
separatepressuremeasurements.However, wecanachieve-5000HZsystemresponse
utilizingoscillographrecordingtechniques.Itisproposed,therefore,thatthebow
pressuresatninespecificlocationsbemeasuredbycrystal-typepressuretransducers
with200KHzfrequencyresponseandrecordedbyoscillographsincorporatinggalvan-
ometershavingfrequencyresponsesof 5000”HZ. Thus, an overall system response
of 5000HZwillresult.Crystal-typetransducersaredesirable~ecauseoftheir
small(O.20Sinch)diameterpressurefaceandlowsensitivitytoaccelerationforces.
Itisanticipatedthatmaximumfull-scalebargenormalvelocitiesof10to20fps
maybeincurredinwaves.Sinceabargeis relativelylightlyloaded,thebowwill
notcutthroughthewaterandmaybeexpectedtodeceleratesignificantlyunderthe
growingpressurearea.Inanyevent,Wagner*suggeststhattheoutboardedgeofthe
wettedwidthsweepsoutward4ataspeed,

VN
c=—

p(c)

wherethefunctionp(c)isgivenbyapowerseriesfornon-wedgeshapes,andby~
tanp forwedges.

*Germanmathematician
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Thus,foranarbitraryhulldeadriseof20andafull-scalenormalvelocity,V of
15fps,theresultingspeedis N’

.
c=;x15x- 0.0309 x 12=9,150in./seefullscale

Thepointvalueofthepeakpressurewould,therefore,remainonaO.208inch
diameterpressuretransducerfor23microseconds~orthefull-scalecase,and115
microsecondsfora1/25thscalemodelwithFroudescaling.A5000Hzsignalhas
aperiodof200microseconds,whichisequivalenttoaquartersinewaverisetime
of 50microseconds.Thus,a zerowidthpeakpressurecorrespondingtatheabove
examplecouldconceivableybemeasuredatmodelscale,butnotfullscale.Whatthe
pressurepickup“measures‘‘ isdependentuponthewidthofthepressurepeakas
wellasuponthespeedwithwhichittraversesthepickupdiameter.Anexample
ofthevariationofthiswidthwithwedgedeadriseis showninfigureD-1,whichis
areproductionofafigurefromreferenceD-2.

Lnviewoftheabove,it is furtherproposedthat thepeakpressuresbecomputedby
the methodsofreferencesD-1, D-2, andD-5for comparativepurposes.To
facilitatethesecomputations,thenormalvelocitiesincurredduringimpactwillbe
measuredatthethreelongitudinalbargestations,correspondingtothethree
transverselinesofpressuretransducers,byelectricallyintegratingtheverticalac-
celerations.Thepressuremeasurementswillberecordedsirnultaneouslywiththe
normalvelocitymeasurementsonthesameoscillographtapeandwill,therefore,
becorrelatedbytheprecisiontimereference.Thenormal velocityattheinstantof
peakpressureateachpressurestationcantherebybeobtained.

Duringeachmodeltest,measurementsofthebargepitchingandheavingamplitudes
andtheverticalaccelerationsatthebowandcenterofgravitywillbeobtained.Also,
recordingsofthetowingvelocityandthewavecontours(measuredoutboardofone
specificbargestation)willbeobtainedduringeachtest.

Itis believedthatthis combinedmodeltest datawillfullydescribetheeffectsof
waveimpactsonthevariousbowconfigurations.

Oncethis data hasbeenobtained,theproblembecomesoneofestablishingtherelation
betweenstaticstrengthdesignandthehighlytransientloadingsimposedbylowdead
riseimpacts.Ourpastexperiencewithfull-scaleseaplanesoperatinginwaveshas
beenthatthemaximummeasuredpressuresarefarinexcessofthosewhichthe
bottomplatingcouldsustainstaticallyoveranysignificantarea. Itmaybeofinterest
thatoneoftheauthorsofreferenceD-5laidthefoundationin1947fortheapproachof
referenceD-6. Thisisa methodwhichstillfindswideusetodayonhydrofoilsas
wellasseaplanes.Itisbelievedthatasimilarcorre~tionofstructural‘~successes~~
and“failures”withtheorymayberequiredforbarges.

—
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