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onConcrete
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  Abstract:ThesplitHopkinsonpressurebar(SHPB)testsareoftenconductedtoobtainthedynamic

compressivestrengthsofconcrete-likematerialswhichneedtobeinterpretedoranalyzedcorrectlyasthese

dataareveryimportantfortheconstructionofreliableconstitutiveequationsusedinnumericalsimulations.In

thepresentwork,anumericalstudyisperformedontheinfluenceofspecimensizeonconcreteinSHPBtests

usingarate-independentmaterialmodel.Anewempiricalequationforthedynamicincreasefactorduetoinertia
(confinement)effectisalsoproposedwhichtookaccountofspecimensizeeffectthroughitsvolume.Itis

shownthattheempiricalformulaagreeswellwiththenumericalresultsfortheSHPBtestsonconcretewith

differentspecimensizes,andthedynamicincreasefactorduetoinertia(confinement)effectincreaseswiththe

increaseofspecimensize.
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  Dynamiccompressivestrengthsofconcrete-likematerialsareusuallyobtainedbyconducting
laboratorytestssuchassplitHopkinsonpressurebar(SHPB)tests[1-5].Manyempiricalformulaefor
dynamicincreasefactor(DIF)basedonlaboratorytestdatawerereportedintherelatedliterature
Ref.[6-9].
IthastobementionedherethattheSHPBtestdataavailableforconcretematerialsinthe

literaturewereveryscattered[7-10]duetothecombinedeffectsofstrainrate,inertiaandspecimensize.
Morecomprehensiveinvestigationanddiscussionofthepossibleinfluencingfactorscanbealso
obtainedinRef.[1,2,7-11].Theinertia(confinement)effecthasbeenwidelyinvestigatedexperimen-
tally[12],theoretically[13-14],numerically[5,15]andanempiricalequationforthedynamicincreasefactor
duetoinertia(confinement)effectwassuggestedinRef.[16],whichtooknoaccountoftheeffectof
concretespecimensize.Asstrainrateeffectsonthecompressivestrengthsofconcrete-likematerials
playanimportantpartintheconstructionofmaterialconstitutivemodelswhich,inturn,exertagreat
dealofinfluenceonthenumericalsimulationsofconcretestructuressubjectedtointensedynamic
loadings,itis,thereforenecessarytoobtainthepurestrainrateeffectdatabyeliminatingthedatadue
totheeffectsofinertia(confinement)andspecimensizefromSHPBtests.
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Inthepresentstudy,numericalsimulationswitharate-independentmaterialmodelarecarriedout
ontheinfluenceofspecimensizeinSHPBtestsonconcreteandanewempiricalequationforthe
dynamicincreasefactorsduetoinertia(confinement)effectisproposedwhichtakesaccountofspeci-
mensizeeffectthroughitsvolume.Comparisonsaremadebetweentheresultsfromthenumerical
simulationandthosefromthenewempiricalformulaanddiscussed.

1 MaterialModel
  ThecomputationalconstitutivemodelforconcretedevelopedinRef.[1]isusedtosimulatethe
SHPBtestsonconcreteinthepresentstudy.Thismaterialmodelconsistsofequationofstate(EOS),

strengthmodelincludingLodeeffect,damagecriteriaandstrainrateeffects,etc.

1.1 EquationofState
  Theporousequationofstateisusedinthepresentstudyandcanbeexpressedas[17]

μ- =ρα
ρ0α0

-1=α
α0
1+( )μ -1 (1)

whereμ=ρ/ρ0-1isthevolumetricstrain,inwhichρandρ0arerespectivelythecurrentandinitial
densities;α=ρs/ρandα0=ρs0/ρ0arethecurrentandinitialporositiesinwhichρsandρs0arethecur-
rentandinitialdensitiesofsolid(fully-compacted)material.

Forμ- >0,concretematerialisundercompressioncondition
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whereK1,K2andK3arethebulkmoduliforfullycompactedconcretematerial,pcrushisthepressureat
whichporecollapseoccurs,plockisthepressurebeyondwhichconcretematerialisfullycompacted,nis
thecompactionexponent.

Forμ- <0,concretematerialisundertensioncondition.Hence,thepressureis
p=K1μ- (3)

1.2 StrengthModel
  Thestrengthsurfaceofconcretecanbewritteninthefollowingform[1]
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wherefcc=f′cδm_tηcandftt=ftδtηtinwhichf′candftarethestaticcompressiveandtensilestrength,

δm_tandδt[2]arethedynamicincreasefactorsduetostrainrateeffectsonlyincompressionand
tension,ηcandηt

[18-20]areshapefunctionswhichrepresentsheardamageandtensilesofteningof
concreterespectively;BandNareempiricalconstants;r(θ,e)[21]istheLodeeffectwithθandebeing
theLodeangle,theratioofthetensilemeridiantothecompressionmeridian,respectively.

Bysettingftt=0andfcc=f′cr(residualstrength),theresidualstrengthsurfaceforconcretecan
beobtainedfromEq.(4)
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  Otherinformationaboutshear,tensiledamage,Lodeeffectandstrainrateeffectcanbefoundin
Ref.[1-2].

2 SpecimenSizeEffect
  Inthissection,thecommercialsoftwareLS-DYNA3Dwithuser-definedsubroutinesisusedto
carryoutthenumericalstudyontheinfluenceofspecimensizeinSHPBtestsonconcreteusinga
recentlydevelopedconstitutivemodelforconcrete[1]bysettingthematerialDIF(δ)equalto1.The
inertiaeffectdynamicenhancementfactor(Rc)canbeobtainedbydividingthestrengthresultsof
simulationbyquasi-staticstrength.Thevaluesofvariousparametersusedinthematerialmodelare
listedinTable1[1].Inthiscase,thenumericallyobtainedstrengthincrementofthestudiedspecimenis
attributedtotheinertia(confinement)effectonly.

Table1 Materialparametersofconcrete[1]

ParametersofEOS

ρ0/(kg·m-3) ρs0/(kg·m-3) pcrush/MPa plock/GPa n K1/GPa K2/GPa K3/GPa

2400 2680 15.2 3 3 13.9 30 10

Parametersofconstitutivemodel

Strengthsurface

f′c/MPa ft/MPa B N G/GPa

Sheardamage

λs l r λm

Tensiledamage

c1 c2 εfrac

Lodeeffect

e1 e2 e3

45.6 3.8 1.7 0.7 10.5 4.6 0.45 0.3 0.3 3 6.93 0.007 0.65 0.01 5

AnSHPBsystemcontainsincidentandtransmitterpressurebarswithashortspecimenbetween
them,asshowninFig.1.Astresspulseoftrapeziumshapeisappliedtotheincidentpressurebaras
shownschematicallyinFig.2inwhichtheincidentstressstartsfrom0,quicklyrisestothepeakvalue
ofppeakatt1,keepsasaconstantfort2,thendropsbackto0aftert3andaresummarizedinTable2.

Table2 Loadfunctionparametersfordirectcompressionanalyses

t1/μs t2/μs t3/μs ppeak/MPa

25 200 25 Varies

Fig.1 FiniteelementmodelofSHPBsystem Fig.2 Loadingfunctionusedinfiniteelementanalysis

Frictionisanimportantfactorwhichneedstobeconsidered.However,inSHPBtestsonconcrete
theeffectoffrictionisnegligiblysmall[22]intermsofitscontributiontothetotaldynamicincrease
factorandisusuallyignoredinnumericalsimulations[23].Moreover,inSHPBtestsmeasuresare
usuallytaken(i.e.byapplyinglubricanttobothendsofconcretesamples)tofurtherreducetheeffect
offriction.Hence,inthepresentstudytheeffectoffrictionisalsoignoredinthenumericalsimulations.
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Inthisstudy,thedynamicstrengthincreasefactorisemployedtoreflecttheeffectofspecimen
sizeinSHPBtestsonconcrete.Ifthereisnosizeeffecttherewillbenodifferenceforconcretesamples
withdifferentsizesorvolumesintermsofthedynamicincreasefactorsatthesamestrainrate.Other-
wisetherewillbesizeeffectinSHPBtestsonconcrete.

Fig.3showsthenumericalresultsforthedynamicincreasefactorduetoinertia(confinement)

effectRcforconcretespecimenswiththesamevolumeofdifferentlength/diameterratios(i.e.,

⌀51mm×51mm,⌀64mm×32mm,⌀74mm×24mm)whilstFig.4showsthenumericalresults
forconcretesampleswithdifferentvolumeofthesamelength/diameterratios(i.e.,⌀64mm×
32mm,⌀80mm×40mm).ItcanbeseenfromFig.3thattheinertiaeffectismainlyrelatedtothe
specimenvolumeandisinsensitivetothelength/diameterratiowhenthevolumeandthematerial
parametersofthespecimensarekeptthesame.ItalsocanbeseenfromFig.4thatthedynamic
increasefactorduetoinertia(confinement)effectincreaseswiththeincreaseoftheconcretespecimen
volume,whichindicatesthatsizeeffectdoesexistinSHPBtestsonconcreteasdescribedabove.

Fig.3 ComparisonofEq.(6)withnumericalresultsfor
dynamicincreasefactorduetoinertia(confinement)

effectforconcretespecimenswiththesamevolume
ofdifferentlength/diameterratios

Fig.4 ComparisonofEq.(6)withnumericalresultsfor
dynamicincreasefactorduetoinertia(confinement)

effectforconcretespecimenswithdifferentvolume
ofthesamelength/diameterratio

3 ANewEmpiricalEquation
  Onthebasisofthenumericalresultsdiscussedintheprevioussection,anewempiricalequation
whichtakesconsiderationofthespecimensizeeffectinSHPBtestsonconcreteissuggestedhereto
describethedynamicincreasefactorduetoinertia(confinement)effectRcbyusingthemonotonically
increasingandcontinuouspropertiesofexponentialfunctionsinasimpleandeasytouseform,namely

Rc=Slg ε̇
ε̇( )
0

+1βlg
V
V( )
0

-W+1 (6)
whereS,W,βaretheconstantstobedeterminednumerically,̇εisthestrainrate,̇ε0isthereference
strainrateforareferencespecimenusuallytakentobėε0=1.0s-1,Visthevolumeofaconcrete
specimenunderinvestigation,V0isthevolumeofaconcretesamplewithareferencesize,say,
⌀51mm×51mm.SetV=V0inEq.(6),oneobtainsthedynamicincreasefactorduetoinertiaeffect
forthereferenceconcretespecimenRc0.

Inthefollowing,first,onedeterminesthevaluesofSandWinEq.(6)usingthenumericalresults
fortheconcretespecimenwiththesamevolume(i.e.V=V0)aspresentedinFig.3and,then,theval-
ueofβinEq.(6)usingthenumericalresultsfortheconcretesampleswithdifferentsizes/volumesas
giveninFig.4.
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Fig.3showsthecomparisonbetweenthenumericalresultsandEq.(6)withS=6,W=2.8and
V=V0asindicatedbythedashedline.Itcanbeseenfrom Fig.3thatreasonableagreementis
obtained.FurtherexaminationrevealsthatthevalueofSinEq.(6)shouldnotbeaconstantbuta
functionofstrainrate.Theslopeofthecurveistoosmallatthelowstrainrate,andtoolargeatthe
highstrainrate.Byusingthecentrosymmetricpropertiesofthehyperbolictangentandthex-axis
paralleled,Sistakenasthefollowingformtoincreasetheslopeofthecurveatthelowstrainrateand
decreasetheslopeatthehighstrainrate,namely

S=-Fitanhlg ε̇
ε̇0 -Wæ
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whereFi,Wi,Si,Giaretheconstantsdeterminedusingthenumericalresultsforconcretesampleswith
constantvolumeaspresentedinFig.3,namely,Fi=6.0,Wi=2.8,Si=0.8,Gi=8.5.Thesolidlinein
Fig.3ispredictedfromEq.(6)withV=V0togetherwithEq.(7).ItisclearfromFig.3thatgood
agreementisobtained.

Fig.4showsthecomparisonbetweenEq.(6)withβ=2.7andthenumericalresultsobtainedfor
theconcretesampleswithdifferentsizes/volumes.ThevaluesofalltheotherparametersinEq.(6)are
listedinTable3.ItisevidentfromFig.4thatthepresentmodelagreeswellwiththenumericalsimulations.

Table3 ValuesofvariousparametersinEq.(6)andEq.(7)

ε̇0/s-1 Fi Si Wi Gi W β

1.0 6.0 0.8 2.8 8.5 2.8 2.7

InordertoverifythevalidityofEq.(6)morenumericalsimulationsareperformedonconcrete

Fig.5 Variationofnormalizednumerically
obtaineddynamicincreasefactorduetoinertia

(confinement)effectwithstrainrate

specimens with different sizes.The numerical
resultsarealsopresentedinFig.4andcomparisons
arealsomadebetweenEq.(6)andthenumerical
results.ItcanbeseenfromFig.4thatgoodagree-
mentisobtained.

Fig.5showsthenormalization ofallthe
numericalresultsforconcrete specimens with
differentsizesasgiveninFig.3andFig.4with
respecttothoseforthereferenceconcretesample,

namely,⌀51mm×51mm.ItisclearfromFig.5
thatallthenumericalresultscollapseintooneline.
ItlendsfurthersupporttothevalidityofEq.(6)

forthedynamicincreasefactorduetoinertia
(confinement)effectwhichtakesintoconsidera-
tiontheinfluenceofspecimensize.

4 Conclusions
  TheinfluenceofspecimensizeinSHPBtestsonconcretehasbeeninvestigatednumericallyusing
arate-independentmaterialmodel.Anewempiricalequationforthedynamicincreasefactordueto
inertia(confinement)effecthasalsobeenproposedwhichtakesintoaccountthespecimensizeeffect
throughitsvolume.Itisdemonstratedthatthenewempiricalformulaagreeswellwiththenumerical
resultsforSHPBtestsonconcretewithdifferentspecimensizes.
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SHPB混凝土实验中试件尺寸的影响

赵福祺,徐沛保,文鹤鸣
(中国科学技术大学,中科院材料力学行为和设计重点实验室,安徽 合肥 230027)

  摘要:分离式霍普金森压杆(SHPB)实验常被用来获得混凝土类材料的动态压缩强度,所
得数据对建立本构方程有重要作用,因此需要对其进行正确解释或分析。利用最新的混凝土

材料模型研究了SHPB实验中试件尺寸的影响。藉由混凝土试件的体积考虑动态尺寸效应

的影响,并提出了一个计算由于惯性(约束)效应引起的动态增强因子的新经验公式。结果表

明:新经验公式与不同尺寸混凝土的SHPB模拟结果吻合得很好,且惯性(约束)效应引起的

动态增强因子随着试件尺寸的增大而增大。

  关键词:分离式霍普金森压杆实验;混凝土;惯性(约束)效应;试件尺寸效应;数值模拟

  中图分类号:O347.3   文献标志码:A
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