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Abstract:CrossＧsectionalovalizationofthinＧwalledcircularsteeltubebecauseoflargeplasticbending,alsoknownas
theBraziereffect,usuallyoccursduringtheinitialstageoftube′scontinuousrotarystraighteningprocess．The
amountofovalization,definedasmaximalcrosssectionflattening,isanimportanttechnicalparameterintube′s
straighteningprocesstocontroltube′sbendingdeformationandpreventbuckling．However,forthelackofspecial
analyticalmodel,themaximalsectionflatteningwasdeterminedinaccordancewiththespecifiedchartsdevelopedby
experiencedoperatorsonthebasisofexperimentaldata;thus,itwasinevitablethatthelocalizedbucklingmightocＧ
curduringsomeactualstraighteningoperations．Newnormalstraincomponentformulaswerederivedbasedonthe
thinshelltheory．Then,strainenergyofthinＧwalledtube(perunitlength)wasobtainedusingtheelasticＧplastictheＧ
ory．ArationalmodelforpredictingthemaximalsectionflatteningofthethinＧwalledcircularsteeltubeunderits
straighteningprocesswaspresentedbytheprincipleofminimumpotentialenergy．Thenewmodelwasvalidatedby
experimentsandnumericalsimulations．Theresultsshowthatthenew modelagreeswellwiththeexperimentsand
thenumericalsimulationswitherroroflessthan１０％．Thisnewmodelwasexpectedtofinditspotentialapplication
inthinＧwalledsteeltubestraighteningmachinedesign．
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SymbolList

　　Aϕ—CircumferentialLameparameterofmiddlesurface;
　　E—Modulusofelasticity;
　　E１—PlasticstrainＧhardeningcoefficient;
　　E′—Plasticmodulus;
　　Rw —Radiusofcurvatureofdeformedtube′sneutralaxis

(bendingradius);
　　Rwp—Axialradiusofcurvatureatanarbitrarypointon

middlesurface;
　　Rϕ,Rθ—CircumferentialandradialradiiofprincipalcurＧ

vature;
　　r—Initialradiusoftubecrosssection;
　　u(z),w(z)—CircumferentialandradialdisplacementsactＧ

ingonasurfacewithadistancezfrom midＧ
dlesurface;

　　v,u,w—Axial,circumferentialandradialdisplacements
actingonmiddlesurface;

　　z—Distancefrom middlesurfaceofshell;
　　Δ１,Δ２—IncreasesofthearcsegmentPQ owingtocirＧ

cumferentialdisplacementandradialdisplaceＧ

ment;
　　δ—Halfofmaximumflattening;
　　δa—Maximumflatteningthroughouttube′scrosssecＧ

tion;
　　δlim—Allowableflattening;
　　εϕ,εθ—CircumferentialandradialstraincomponentsactＧ

ingonmiddlesurface;
　　ε(z)

ϕ ,ε(z)
θ —Circumferentialandradialstraincomponents

actingonanarbitraryrevolutionsurfaceata
radialdistancezfrom middlesurface;

　　ε—Effectivestrain;
　　ζj,ηj—Dimensionlessunknowncoefficients;
　　θ—Centralangleofdeformedtube;
　　νi,μi—Quantitiesdefinedtosimplifytheexpressions;
　　Π—Internalplasticstrainenergyperunitlengthtube;
　　σ—Effectivestress;
　　σs—Yieldstress;
　　σ(z)

ϕ ,σ(z)
θ —Circumferentialandradialstresscomponents

actingonanarbitraryrevolutionsurfaceata



radialdistancezfrom middlesurface; 　　ϕ—CentralanglebetweenpointPandthemajoraxis．

　　ThehighＧprecisionthinＧwalledsteelcylinders,reＧ
ferredtoasthinＧwalledtubesorpipes,haveawidevariＧ
etyofapplicationsinpipenetworks,aerospacestrucＧ
tures,militaryandpetrochemicalindustry．Buttheyare
usuallycurvedinrollingandtransportingprocessdueto
externalorinternalforceortemperaturevariation,so
straightening,especiallycontinuousrotarystraightＧ
ening,isanimportantprocessinordertoeliminate
thetube′sundesirablegeometricimperfections[１,２]．
However,duringtheinitialstageofstraightening
operation,thethinＧwalledtubeisusuallysubjected
toalargeplasticbendinginordertounifyitsnonＧuniＧ
forminitialcurvaturealongitslongitudinalaxis．
Thisplasticbendingcreateslargenonlinearplastic
deformation,causingthetubecrossＧsectionalovalＧ
ization,knownastheBraziereffect．Theamountof
ovalization,definedas maximalcrosssectionflatＧ
tening,whichisa majortechnicalparameterfor
straighteningprocess,shouldbecontrolledundera
tolerablelimit,toensurenobucklingoccurrence．
Therefore,itisveryimportanttoanalyzetheBraＧ
ziereffectresponseandtopredictmaximumcrossＧ
sectionflatteningaccuratelyinstraighteningprocess
ofthinＧwalledcircularsteeltube．
　　SinceBrazier[３]firstlydescribedand modelled
thishighlynonlinearcrosssectionflatteningpheＧ
nomenon observed by tube bending experiments
withsimplified methodin１９２７,numerousstudies
investigatingtheresponsesofcircularsteeltubes
under bendings have been published．Reissner[４]

generatednonlinearequationsbyapplyingthesmallＧ
strainbendingtheoryin１９５９．Hisequationswere
solvedbyFabian[５]usingnumericalmethodin１９７５．
Levyakov[６]proposedanothernumericalmethodto
solveReissner′snonlinearequationsintermsoftwo
unknownfunctionsandtwounknownparameters．
However,thestudiesmentionedabovewereallasＧ
sumingthatthe material wasin elastic range．
Ades[７]firstlyproposedaniterativenumericalmethＧ
od,andanalyzedthetube′sovalizationinplastic
rangebyapplyingtheenergyprinciplein１９５７．PrinＧ
jaandChitkara[８]derivedatheoreticalsolutionfor
tubecrosssectionflattening,by modelingtheiniＧ
tiallycircularsectionsubjectedtostaticcompression
usingfourstationaryhingesin１９８４．SimilarmethＧ
ods werediscussed by Mentellaand Strano[９]in
２０１２,as wellas Arabzadehand Zeinoddini[１０]in
２０１３,toanalyzethetube′sovalization．Elchalakani
etal[１１]employedMamaliskinematicmodelanddeＧ

velopedaclosedＧformsolutionformomentＧrotation
responseofthetubeunderpurebendingusingtwo
localplasticmechanisms(staranddiamondshapes)．
Butallmodelsmentionedabovewereusedtopredict
thepostＧbucklingresponse,andthetube′scrossＧ
sectionalshapeobservedinthebucklingexperiment
didnotresembletherealshapeduringthecontinuＧ
ousstraighteningprocess．Furthermore,Tattinget
al[１２]establishedgoverningequationsfornonlinear
bendingresponseoffinitelengthcompositetubeby
usingsemiＧmembraneconstitutivetheoryin１９９７．
SimilarequationswereproposedbyAdamandRotＧ
ter[１３]in２０１３andHiroyuki[１４]in２０１４．ButtheseequaＧ
tionsweretoocomplicatetobeusedinstraightening
machineroutinedesign．
　 　Thereisnoestablished methodavailablefor
predictionofmaximum crosssectionflatteningof
thinＧwalledcircularsteeltubeinitsstraightening
process．The maximumsectionflatteningobtained
fromtheexperimentalchartssometimescausesthat
thedesigncurvatureofworkingrollissosufficiently
largethatthetube′slocalizedbucklingtakesplace
duringstraighteningoperation．Thus,aquantitative
predictionofmaximumsectionflatteningisveryimＧ
portant．Inthispaper,ananalyticalmodelwasforＧ
mulatedthataccountedforthecrossＧsectionalovalＧ
izationandpredictedthemaximumsectionflattenＧ
ing,andthenitsvalidationwasinvestigated．

１　BrazierEffectinTube′sStraighteningProcess
andAssumptions
　　Currently,themultiplecrossrollstraightening
machineisusuallyusedtostraightenthinＧwalled
tubes．Itemploysasetofrollsystem,consisting
normallyoffourorfivepairsofworkingrollsplaced
alongthelongitudinalaxis,asillustratedinFig１
(a)．Eachpairedrollshavethesamecircularprofile
ofasinglecurvatureradiusratherthanthehyperＧ
bolicprofile,onewithaconvexsurfaceandtheothＧ
erwithaconcavesurface,andaremountedatanobＧ
liqueangle,asillustratedin Fig１(b)．During
straighteningoperation,thinＧwalledtubeismoved
forwardwhilstbeingrotatedinaspiraldirection．It
isstraightenedbyalternatingbendingsappliedby
therollsystem．Attheinitialstageofstraightening
operation,justasshowninFig１(b),thetubeunＧ
dergoesalargeplasticbendinginthepairedrolls′
gap,tounifyitsnonＧuniformaxialcurvature．Itis
theveryplasticbendingthatmaycausetheovalizaＧ
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