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  Abstract:Accuratemeasurementofthestressesandvelocitiesattheboundariesofadynamicallyloaded
specimenmaybeobtainedusingsplitHopkinsonpressurebars(SHPB).However,thedeterminationofa

representativestress-straincurvebasedonthesemeasurementscanbechallenging.Accordingtotheprinciple
ofSHPBtechnique,therearethreegroupsofformulaetoprocesstheexperimentaldata,andalltheformulas

aresensitivetotimeshifting.Duetotransienteffectsandtheerroroftimeshifting,thestress-straincurveslack

consistency.Inordertosolvetheproblemoftimeshifting,weintroducethethree-wavemutual-checking
methodbasedontheconservationofmomentumandthecorrespondingdataprocessingprogram.Itisshown

thatamorereliablestress-straincurvecouldbeobtainedusingthismethod.Inordertoprovethecorrectnessof
thiscurve,numericalsimulationsoftheSHPBexperimentswereperformed.Theresultsshowthatbyusing
thisprogram,thesameresultcanbeobtainedbyeitherthethree-wavemethodorthetwo-wavemethod,and

whatmattersmoreisthatthismethodcanavoidtheerroroftimeshiftingwhichthetraditionalmethodcannot.
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1 Introduction
  SHPBhasbeenwidelyusedtotestthepropertiesofmaterialsathighstrainrates.[1-4]Butthere
aresomefactorsthataffecttheaccuracyofthemeasurement.Themainaspectsthatdeterminethe
accuracyofthemeasurementinSHPBexperimentcanbeclassifiedinfivetypes.Thefirsttypeis
relatedtotheSHPBbasicassumptions.[5]TheSHPBtechniqueisbasedontwoassumptions,namely,

theassumptionofone-dimensionalstresswavepropagationinbarsandthatofstressuniformityalong
thespecimenthickness.Thesecondtypeisrelatedtotheaccuracyoftheforcesandthevelocitiesat
thespecimenboundariesprovidedbytheSHPBsystem.Thethirdtypeisrelatedtotheinterface
frictionbetweenthespecimenandthebars.[6-7]Thefourthtypeisofweathertheinertialresponseof
thespecimencouldbeneglected.ThefifthtypeishowtoprocessthedataoftheSHPBexperiment.

Thefollowingfactorsaffectthedataprocessing.First,thethreebasicwavesaremeasuredat
sectionsotherthanthebar-specimeninterfaces.Theyhavetobeshiftedfromthestraingaugestothe
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specimenfaces.Waveschangeintheirshapes(wavedispersion)onpropagatingalongthebar.Second,

theexacttimeshiftingforthethreewaveshastobeidentifiedandtheproperformulaehavetobe
selected.WhenoneSHPBexperimenthasbeencompleted,thewavesignalsarerecorded.Although
therearesomefactorsthatmayaffecttheaccuracyofmeasurement,suchastheerrorsduetostress
equilibrium,inertiaresponseandinterfacefriction,thedataprocessingmethodcanbeadoptedto
improvethefinalaccuracy.

Theinfluenceofthetimeshiftingisanalyzedbynumericalsimulationsandtheresultsobtained
fromdifferentprocessingmethodsareassessed.Furthermoreadataprocessingprogramisdeveloped,

visuallyshowingthethreebasicwavesrecordedandthecorrespondingstress-straincurvesobtainedby
usingthedifferentprocessingmethods,byadjustingtherelativestarting-timesofthosethreebasic
waves.

2 SHPBDataProcessingMethods
  AtypicalSHPBset-upissketchedinFig.1.[8]Itiscomposedofalonginputbarandalongoutput
barwithashortspecimensandwichedbetweenthem.Theimpactofthebulletatthefreeendofthe
inputbardevelopsacompressivelongitudinalincidentwaveεi( )t .Onceitarrivesatthebarspecimen
interface,areflectedwaveεr ( )t isdevelopedintheinputbar,whereasatransmittedwaveεt ( )t is
developedintheoutputbar.Thethreebasicwavesarerecordedbythestraingaugesrespectivelyinthe
inputandoutputbars.

Fig.1 TheschematicdiagramofaSHPBsetup

  Duringthenumericalsimulationexperiments,thebarsmustremainelasticandshouldbelong
enoughtoavoidtheoverlappingfromtheincidentandthereflectedelasticwaves.Sothefollowing
assumptionsaremade:

(a)Thewavepropagationinthebarsiswellapproximatedbytheone-dimensionalwavepropagation
theory,implyingthattheradial-inertiaandthefrictioneffectsofthespecimenareallnegligible.

(b)Thestressandthestraininthespecimensareuniformlydistributedintheaxialdirection.
Basedonthefirstassumption,thestrainrate,thestrain,andthestresshistoriesinthespecimen

canbecalculatedfrom therecorded bar-surfacestrainsignals withthefollowingequations,

namely:[9]

(1)Threewavesmethod(Kolsky,1949)

ε·( )t =C
l0

εi-εr-ε( )t (1)

ε( )t =C
l0∫

t

0
εi-εr-ε( )t dt (2)

σ( )t =A
2A0

Eεi+εr+ε( )t (3)

Whereεi,εrandεtareincident,reflected,andtransmittedstrainhistories,respectively;Aisthecross-sectionalarea
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ofthebars;EandCareYoung’smodulusandelasticwavespeedinthebarmaterial,respectively;A0

andl0standfortheinitialcross-sectionalareaandthelengthofthespecimen,respectively.
Whenthesecondassumptionissatisfied,namelythespecimenisinastateofuniformstress,we

have
Eεi( )t +εr( )[ ]t =Eεt( )t (4)

TheEqs.(1)-(3)canbesimplifiedeithertoEqs.(5)-(7)ortoEqs.(8)-(10),asfollows.
(2)Two-wave-1method,usingtheincidentandtransmittedwavestocalculatethestress-straincurve

σ( )t =A
A0

Eεt( )t (5)

ε( )t =2Cl0∫
t

0
[εi( )t -εt( )t ]dt (6)

ε·( )t =2Cl0
[εi( )t -εt( )t ] (7)

  (3)Two-wave-2method,usingtheincidentandreflectedwavestocalculatethestress-straincurve

σ( )t =A
A0

E[εi( )t +εr( )t ] (8)

ε( )t =-2Cl0∫
t

0
[εr( )t ]dt (9)

ε·( )t =-2Cl0
εr( )t (10)

Theoretically,whentheabovetwobasicassumptionsaresatisfied,theresultsobtainedbythethree-wave
methodandthetwo-wavemethodshouldbeconsistent.However,itisnotthecaseinpractice,particularly
dependingonthetime-shiftingtechnique.Inthefollowing,wewilldiscussthisproblemthroughthenumerical
simulationexperiment.

(4)Three-wavemutual-checkingmethod
Thethree-wavemutual-checkingmethod(3W-MC-M)wasproposedbyShangetal.[10]Itisbased

ontheoriginalthreewavesmethod,whileatime-shiftingmethodisintroducedtocorrectlyadjustthe
relativestarting-timepositionofthebasicwaves.Infact,anarbitrarilyadjustingoftherelative
positionofthethreewavesmaycauseanewerror.Inthe3W-MC-Mthetime-shiftingisbasedonthe
followingtwocharacteristics,sothattheerrordecreasesandthe materialconstitutivebehavior
obtainedismorecredible.

Accordingtomomentumconservation,thedifferenceoftransmittedandincidentwavesshouldbe
equaltothereflectivewave.Sowhenweprocessthedata,wecanadjusttherelativepositionofbasic
wavestillthischaracterissatisfied.Inthisway,wecanavoidthetimeshiftingerror.

AccordingtothebasicassumptionsoftheSHPBexperiment,twowavesmethodandthreewaves
methodshouldprovideaconsistentstress-straincurve.Weadjusttherelativepositionofbasicwaves
tillthestress-straincurvescalculatedfromdifferentmethodsareasidenticalaspossible.

Thosetwocharacteristicsareequivalent.Theywillbesatisfiedsimultaneously,whenthetime
shiftingisaccurate.Inthefollowing,wewillanalysethecurvesobtainedfromdifferentmethods
throughnumericalsimulationexperiments.

3 FiniteElementSimulationsofSHPBExperimentonSteel
  Toensureareasonableuniformityofthestresswithinthespecimen,thelengthofthespecimen
shouldbemuchsmallerthanthattheofstresswave.Steelisusuallyregardedasahomogeneous
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isotropicmaterial,sothethicknessofthespecimencanbesmall.Theassumptionofthestress
uniformityissatisfiedbetterthane.g.concrete-likematerials.Theoretically,thestress-straincurves
obtainedfromtheabove-mentioneddifferentmethodareapproximatelythesame.

Inthisstudy,thetechnologyofpulseshapingisused.TheconventionalsplitHopkinsonpressure
barapparatusismodifiedbyshapingtheincidentwavesothatthespecimenisinadynamicstress
equilibriumandhasanearlyconstantstrainrateovermostofthetestduration.[11-12]

3.1 NumericalModel
  Thecalculationsareperformedusingthegeneral-purposefiniteelementcodeAbaqus/Explicit
version6.10withelementtypeCAX4R(axissymmetricelement,reducedintegration).Parametersof
thebar:Young’smodulusE=210GPa,Poisson’sratioγ=0.3,DiameterDb=14mm,Densityρ=
7850kg/m3.ThepositionofstraingaugecanbeconfirmedthroughFig.1.L1=0.75m,L2=0.75m,

L3=0.33m.Theseparameterscanconfirmthetimeshifting,andseparatetheincident,transmitted
andreflectedwaves.

DaviesandHuntershowedthattheslendernessratioplaysoppositerolesonaxialandlateral
inertiaeffectsandanoptimalslendernessratioexists[13]

λ=Ls
Ds

=12 3γs (11)

Sothesteelspecimenadoptthefollowingparameters:lengthLs=3.8mm,diameterDs=8mm,Poisson’s
ratioγs=0.3.AndtheJohnson-Cookmodel(Eq.(12))isusedhere,inwhichA=626MPa,B=3.614×109,

n=0.82,C=0.0268,ε·0=5×10-4s-1.

σy= A+Bεn( )p 1+Clnε·

ε·
æ

è
ç

ö

ø
÷

0
(12)

Inordertoavoidtheeffectoffriction,wesetthefrictioncoefficientofthebar/specimeninterfaceμ=0.
Allboundariesarefree.Loadingconsistedofhittingtheinputbarwithapressurepulse[14]areplotted
inFig.2.
3.2 ResultsandDiscussion
  Duringtheanalysisspecialattentionwasfocusedonthedevelopmentofthedataprocessing
methods.ThestrainhistoriesofpointsBandEinFig.1areregardedasthatofthestrainGauges1
and2whichareplottedinFig.3.Curve1isthestrainhistoryofpointB,andcurve2thatofpointE.

Fig.2 Loadingpressurepulse Fig.3 StrainhistoriesofpointsBandEinanumericalSHPBtest

  Thestrainrate,strainandstresshistoriesofthematerialunderinvestigationarecalculatedwith
Eqs.(1)-(10).However,thereflectedandtransmittedsignalsaremeasuredatdifferentlocationson
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thebars,orequivalentlyatdifferenttime.NotethatEqs.(1)-(10)arededucedforthewavesatthe
specimen/barinterfaces.Themeasuredwavesthusmustbesynchronized,whichturnsouttobe
criticalindataprocessing.

Inprinciple,thewavesmeasuredatthestraingaugelocationsshouldbeshiftedtothespecimen/bar
interfacesbeforetheequationsareapplied.Therearetwoissuesinpracticalexperimentsassociatedwiththe
shift.Oneisthewavedispersionassociatedwiththetransverseinertiaeffectsofwavespropagatingalongan
actual3-Drod;andtheotheristhedeterminationofthestartingpointofeachofthewavesforproper
synchronization.Wavedispersionsshouldbeeitherexperimentallyeliminatedornumericallycorrected,which
isnotdiscussedhere.Weassumethedurationoftheincident,reflectedandtransmittedwavearethesame,and
selectthedurationoftA-tBinFig.3asthebasicdurationoftheincidentwave.So

Thehistoryofreflectedwaveis
tA +2L2/cb ~tB +2L2/cb (13)

  Thehistoryofthetransmittedwaveis
tA +(L2+L3)/cb+Ls/cs~tB +(L2+L3)/cb+Ls/cs (14)

WhereL2andL3arethedistancesfromthestraingaugelocationsontheincidentandthetransmission
barstothebar/specimeninterfaces,respectively(Fig.1);Lsisthelengthofspecimen;cbisthestress
wavespeedinthebars;csisthestresswavespeedinthespecimenmaterial,whichoftenneedstobe
estimated.[15]Sosomeartificialerrorsexist.Infact,whenwedoSHPBexperiment,theerrorsof
distanceandwavespeedexistobjectively.Howtoavoidtheerrors? Three-wavemutual-checking
methodneedn’tusetheEq.(13)and(14),sotheseerrorscanbeavoided.Inthefollowing,wefirst
introducetheprocessofthree-wavemutual-checkingmethod,andthenproveitsvalidity.

WeselectthestartingpointtAandendpointtBoftheincidentwave(Fig.3).Thestartpointsof
thetransmittedandreflectedwavescanbeselectedarbitrarily.Thedurationofthethreewavesis
assumedasthesame,sotheendpointsofthetransmittedandreflectedwavescanbecalculated
throughtAandtB.Thenwesynchronizethesignals,justlikeFig.4(a).

ThebasicwavesareplottedinFig.4(a),wherecurve1istheincidentwave,curve2the
transmittedwave,curve3thereflectedwave,andcurve4thedifferenceofthetransmittedwaveand
theincidentwave.

Fig.4(b)showsthestress-strainrelationobtainedfromthewavesandtherelativepositionin
Fig.4(a).CurvesA,BandCarethestress-strainrelationscalculatedfromtwo-wavemethod1,

two-wavemethod2,andthreewavesmethod.

    Fig.4(a) Thewavesandtheirrelativepositions     Fig.4(b) Thestress-straincurvesobtainedfromFig.4(a)
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Obviously,thoseresultsareincorrect,becausefirstlythemomentumisnotconservative,for
example,atthetimeoftM(Fig.4(a)).Secondly,thestress-straincurvescalculatedfromdifferent
methodsarenotconsistent(Fig.4(b)).Soweneedtoadjusttherelativepositionsofthebasicwaves.

Thenweshiftthetransmittedwaveandthereflectedwave(changetheirstartingpoints),and
obtaintheFig.5,wherecurve1istheincidentwave,curve2isthetransmittedwave,curve3isthe
reflectedwave,curve4isthedifferenceofthetransmittedwaveandtheincidentwave.InFig.5(b),

thecurvesA,BandCarethestress-strainrelationscalculatedfromthetwo-wavemethod1,the
two-wavemethod2andthethreewavesmethodrespectively.Itseemsthattheresultsarestillnot
satisfactorytoo,sincethestress-straincurvesdeterminedfromthedifferentmethodsarenotconsistent.Butit
looksbetterthantheresultsinFig.4.

   Fig.5(a)Thewavesandtheirrelativepositions      Fig.5(b)Thestress-straincurvesobtainedfromFig.5(a)

  Wefurtheradjusttherelativepositionsofthebasicwaves.ThenweobtaintheFig.6.Thelegends
inFig.6arethesameasinFig.5.

Ascanbeseen,thecurve3andcurve4inFig.6(a)arenowapproximatelythesame.Thischaracteristic
reflectsthemomentumconservation.Correspondingly,thecurvesA,BandCarealmostconsistent.So
thestress-straincurves,showninFig.6(b),satisfactorilyreflecttheconstitutivebehaviorofthe
specimen.

   Fig.6(a)Thewavesandtheirrelativepositions      Fig.6(b)Thestress-straincurvesobtainedfromFig.6(a)
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Fig.7 Comparisonofstress-straincurves

  Thecomparisonsofthestress-straincurves
obtainedfromdifferentmethodsareshowninFig.7,

wherethecurvesA,BandCarethesameasthe
stress-straincurvesplottedinFig.6(b),thecurveDis
calculatedfromthefiniteelement,thecurveEis
obtainedfromtheJohnson-Cookmodel(Eq.(12)),

takingthestrainrateas3.7×103s-1.Allthecurves
arealmostconsistentwitheachother,whichprovesthat
thestress-straincurvesobtainedbythethree-wave
mutual-checkingmethodarereliable.

4 Conclusions
  (1)Numericalsimulationsshowthatthetwowavesmethodandthethreewavesmethodare
equivalentforsmallspecimens,iftheassumptionofdynamicstressequilibriuminspecimencanbe
satisfied,andthustheresultisreliable.

(2)Forhomogeneousisotopicmaterials,suchassteel,copperetc.,thethree-wavemutual-checking
methodcanavoidtheerrorduetotimeshifting.

(3)Thethree-wavemutual-checkingmethodisestablishedbysatisfyingtwocharacters,namely:first,the
momentumconservation;andsecond,allthecurvesobtainedfromdifferentmethodareconsistentwitheach
other.
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基于数值模拟的SHPB实验数据处理方法

张军徽1,尚 兵2

(1.北方工业大学土木工程学院,北京 100144;

2.广州航海学院航务工程系,广东广州 510725)

  摘要:在分离式霍普金森压杆(SHPB)实验中,可以精确测得加载试件边界上的应力和速

度。然而,基于这些测量结果得到一条精确的应力应变曲线有一定难度。根据SHPB实验技

术的原理,有3组公式可以处理实验数据,并且3组公式都对波头的选择敏感。由于波动效应

的影响以及选择波头的误差,3种方法得到的应力-应变曲线缺乏一致性。为了解决正确对齐

波头的问题,编写了三波耦合法的数据处理程序。该方法基于动量守恒,可以得到更可靠的应

力-应变曲线。为了证明该方法的正确性,进行SHPB的数值模拟实验。结果显示,利用这种

方法可以得到唯一的应力-应变曲线。这种方法可以避免对齐波头时的误差,而传统的两波法

或三波法则不能。

  关键词:有限单元法;分离式霍普金森压杆;三波耦合法;数据处理
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