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Abstract:Theconepenetrationtest(CPT)iswidelyusedtodeterminethemechanicalpropertiesof
cohesionlesssoils.Mostoftheexistingcorrelationswereestablishedintermsofsilicasands,whilethedata
forcalcareoussandsarelimited.Incomparisontosilicasands,calcareoussandshaveahigherpeakinternal
frictionangleandthevariationofthefrictionangleandthedilationanglewithstrainincalcareoussandsis
alsodifferentfromsilicasands.Inthispaper,theArbitraryLagrangianEulerianmethodandalarge
deformationfiniteelementapproach,wasusedtostudyconepenetrationincalcareousandsilicasands.
Frequentmeshgenerationswereconductedtoavoidthedistortionofsoilelementsaroundtheconetip.A
modifiedMohr-Coulombconstitutivemodelwasintroducedtodescribethemobilizedstrengthvariedwith
theplasticshearstrainincalcareousandsilicasands.Theelasticandplasticparametersweredeterminedby
benderelementtestsanddrainedtriaxialtests.Numericalresultsofconetipresistanceagreereasonably
wellwiththeexistingdatafromcentrifugetests,showingthattheestablishednumericalmodelhasthe
potentialtosimulatetheconepenetrationincalcareoussands.
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钙质砂中静力触探试验的大变形有限元模拟
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摘 要:静力触探试验(CPT)被广泛用于确定无黏性土的力学性质,现有研究集中在普通石英砂,
由CPT贯入阻力推测钙质砂强度特性的成果很少。钙质砂的峰值内摩擦角一般高于石英砂,内摩

擦角和剪胀角随应变的变化也不同于石英砂。采用任意拉格朗日欧拉公式的大变形有限元方法,
模拟石英砂和钙质砂中CPT的完整贯入过程,有效避免了锥尖周围的网格扭曲。引入修正摩尔

库伦模型描述石英砂和钙质砂强度发挥与塑性剪应变的关系,由弯曲元和三轴排水试验确定本构

模型参数。数值模拟得到的锥尖贯入阻力与离心机试验结果吻合,表明建立的数值模型能够模拟

钙质砂中的CPT试验。
关键词:静力触探试验;钙质砂;有限元;大变形分析
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1 Introduction
Theconepenetrationtest(CPT)isarguably

themostimportantin-situtestingeotechnical
investigation.Themeasuredconeresistancecanbe
usedto estimatesoilpropertiesand piletip
resistance.The analyticalapproaches usedin
studyingtheconepenetrationinsandsinclude
bearingtheoriesbylimitplasticityorslip-line
analysis,cavityexpansiontheoriesandstrainpath
method[1-3].Numerically,Mahmoodzadehetal.,

Huangetal.andAhmadi& Darianireproduced
the CPT using different finite element
approaches[4-6].Themodeltestsinthecalibration
chamberwereconductedaswell,tovalidatethe
abovetheoreticalandnumericalresults[7].

MostexistingstudiesontheCPTinsands
havefocusedonordinarysilicasands,andstudies
onthepracticalapplicationsofCPTincalcareous
sandsare verylimited.Calcareoussandsare
composedofcalciumcarbonateparticlesoriginating
fromsedimentationorchemicalprecipitation,and
commonlyappearbetween30°Nlatitudeand30°S
latitude.Comparedwithsilicasands,featuresof
calcareoussandsincludeaninnerpore,more
irregular shapes, cementation and particle
breakage.Calcareoussandshavehigherinternal
frictionangles[8],butparticlebreakagemaycause
greaterstrengthreduction.Itisstillnotclearifthe
conepenetration resistancein calcareoussand
followsasimilartendencytothatofsilicasands.

Theaimofthispaperwastoreproducethe
CPTincalcareoussandsusingalargedeformation
finite element approach. A modified Mohr-
Coulomb constitutive model was adopted,

consideringthestrain-softeningandelasticstiffness
tobevariedbystresslevel.TheCPTinsilica
sandsisreplicatedaswell,forcomparison.

2 Methodology
2.1 ALEtechnique

TheArbitraryLagrangianEulerian (ALE)

functionin commercialfinite element package
Abaquswasusedtosimulatetheconepenetration.
The Arbitrary Lagrangian Eulerian technique
combinesthe Lagrangian and Eulerian steps,

allowingthemeshtomoveindependentlyofthe
material,leavingtheremaining meshtopology
unchanged.Theequilibriumequations,boundary
conditions,externalloadsandcontactconditions
are satisfied,as in conventional Lagrangian
analyses,followedbyrelocatingthenodesand
remappingallvariablesfromtheoldmeshtothe
new mesh[9].Therefore,ahigh-qualitymeshis
maintainedwhenlargedeformationsoccur.Since
the far-field soil elements are not seriously
distortedduringtheentireconepenetration,the
ALEtechniquewasappliedtosoilelementsaround
theconeonly.
2.2 Soilmodels

TheCPTsinsilicaorcalcareoussandsare
performedundernearlydrainedconditions.The
totalstressanalysisisthussufficienttoreproduce
thesoilresponse.Thesoilaroundthecone
undergoeslargedeformation,andthetraditional
Mohr-Coulombmodelwithfixedinternalfriction
angleφanddilationangleψcannotcapturethe
evolution of the mobilized soil strength.
Therefore,theMohr-Coulombmodelwasmodified
heretodescribethestrain-softeningresponseof
medium dense or dense sands under drained
conditions.Theelasticresponsewascapturedby
PoissonsratioandelasticshearmodulusGasa
function ofthe stressleveland void ratio.
Poissonsratiowasselectedempiricallyas0.3for
bothsilicaandcalcareoussands.
2.2.1 Shearmodulusofsands

TheCPTintwosands,KWsandandUWA
sand, is studied through ALE analysis
incorporatingthemodifiedMohr-Coulombmodel.
TheKW sandisnaturalcalcareoussandfrom
Perth,Australia.Althoughthecalcareoussands
spreadinginanumberofonshoreandoffshore
areasarevulnerabletoparticlebreakage,itwasnot
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foundinthecentrifugetestswithKWsands[10].
TheUWA sandiscommercialfinesilicasand
widelyusedinthephysicalmodeltestsatthe
UniversityofWesternAustralia.Themaximum
andminimumvoidratiosofKWsandareemax=
1.42andemin=0.89,whileemax=0.78andemin=
0.49forUWAsand.Theparticlesizedistributions
ofKWsandandUWAsandaregiveninFig.1.

Fig.1 ParticlesizedistributionsofKWsandandUWAsand
 

ThemaximumshearmodulusG0ofKWsand
andUWAsandaredeterminedthroughthebender
elementtests.ForKWsand,Fig.2showsthe
variation of the normalized maximum shear
modulus with the normalized mean effective
pressure,p'/pa,wherepaistheatmospheric
pressure.Themaximumshearmodulusisusually
regardedasafunctionofthevoidratioeandp'[11].
ThetestingdatainFig.2canbefittedas

G0=233
(4-e)2
1+e

p'
pa  0.6pa (1)

Fig.2 Small-strainshearmodulusofKWsand
 

  Chowetal.reportedthatthetestingresultsof
G0ofUWAsandcanbeexpressedas[12]

G0=1000
(1.7-e)2
1+e

p'
pa  0.5pa (2)

  ThemaximumshearmodulusG0refersto
strainsat10-7~10-6,whiletheshearmodulusG
atrelativelylargestrainsissmaller.Papadimitriou
etal.and Loukidis & Salgado proposedthe
degradationoftheshearmodulusasG=G0/T,

whereTisthedegradationfactor[13-14].Here,the
valueofT isdeterminedbyback-analyzinga
centrifugetestinLiu& Lehane[10]:thetestfor
densesand,KW-1inTable1,wassimulatedusing
theALEanalysis,andthedegradationfactorwas
calibratedasT=2.5.Similarly,thedegradation
factoroftheUWAsandwasdeterminedasT=
1.54throughthetestofUWA-1inTable1.

Table1 CentrifugetestofCPTsinsandsbyLiu&Lehane[10]

Test Sample

Dry

density

ρ/(kg·m-3)

Relative

density

Dr/%

Cone

diameter

d/mm

Acceleration

level/g

KW-1 KWsand 1310 70 7 40

KW-2 KWsand 1310 70 7 80

UWA-1UWAsand 1710 78 7 40

UWA-2UWAsand 1710 78 7 80

2.2.2 Frictionangleanddilationangle
Itwasassumedthatbothφandψvariedwith

theequivalentplasticshearstrainγp,asshownin
Fig.3.φi,φpandφcvaretheinitial,peakand
criticalinternalfrictionangle,respectivelyandγp1,

γp2,γp3,and γp4 are corresponding threshold
equivalentplasticstrains.Thedilationangleψwas
assumedtobe0.1°,asmallvaluenearzero,until
theequivalentplasticshearstrainreachesγp1,and
thenitincreasedtothepeakvalueψpquicklyatγp2.
Similarmodels[15-17]wereusedbyPottsetal.,Hu
etal.andTroncone.Inthispaper,γp1=0.01,

γp2=0.012,γp3=0.05andγp4=0.15wereselected
for both silica and calcareous sands without
consideringparticlebreakage.

Fig.3 SchematicdiagramofmodifiedMohr-Coulombmodel
 

Drainedtriaxialtestsareusedtodeterminethe
frictionangleanddilationangle.1)Accordingto12
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drainedtriaxialcompressiontestsofKW sand
underdifferentrelativedensitiesandconfining
pressures,thecriticalfrictionangleφcv=36°is
determined.φp=41°andψp=6.2°fortheKWsand
witharelativedensityDr=68% andconfining
pressureof100kPa.Bothrelativedensityand
stresslevelare close to the centrifuge test
conditionsconductedbyLiu&Lehane[10].2)For
UWAsand,Chowetal.[12],conducteddrained
triaxialtests,withresultsofφcv=31.9°,φp=42°
andψp =18°canbeestimatedbythestress-
dilatancyrelationshipofUWAsand.Thestress-
dilatancyrelationshipcanbeexpressedasEqs.(3)

~(5).
IR=Dr(6.07-lnp'p)+1.27 (3)

φ'p-φ'cv=2.64IR (4)

φ'p-φcv=0.55ψp (5)

whereIRistherelativedilatancyindex,andp'pis
themeaneffectivestressatpeakstrength,withthe
unitsofkPa.Theφ'cv valueofKW sand was
remarkablyhigherthanalmostallsilicasands,

whichisconsistentwithCoop[8].

3 Finiteelementresultsanddiscussion

Fourconepenetrationtestsincentrifugewere
performedbyLiu&Lehane[10],aslistedinTable
1.A7mmconewastestedat40gand80g,with
thecorrespondingprototypediameterofd=0.28m
and0.56m,respectively.Thefiniteelementmodel
isshowninFig.4.Thetipanglewas60°.Inthe
ALEsimulations,thesoilmodelwas16dwideand
50ddeep,whichwasprovedtobesufficientto
avoidboundaryeffects.Thepenetrometer was
modelledasarigidbody,asthestiffnessofthe
penetrometerismuchgreaterthanthatofsoil.By
followingMahmoodzadehetal.[4],asmoothrigid
tubebetweentheconeandsoilwasset,which
movedtogetherwiththecone[5].Thesoilelements
ontheleftboundaryweretomoveoutwardsrather
thaninwards.Theinterfacebetweentheconeand
thesandwassimulatedwiththeCoulombfriction
lawandtheinterfacefrictionanglewastakenas

50% ofthecriticalinternalfrictionangle.The
interfacebetweenthesleeveandthesand was
assumedassmooth,toobtaintheconeresistance
easily.ThelateralearthpressurecoefficientK0=
1-sinφcv andtheconewaspenetrated witha
velocityof0.016m/s.Thesoilwasdiscretizedas
four-node axisymmetric elements with reduced
integration.

Fig.4 Sketchofthefiniteelementmodel
 

ResultsoftheALEanalysesandcentrifuge
testsforKWsandandUWAsandarecomparedin
Fig.5(a)and(b),respectively.qcisthebase
resistanceandwisthepenetrationdepthinthe
figure.Agoodagreementbetweenthenumerical
andexperimentaldataisachieved,suggestingthat
the modified Mohr-Coulomb model has the
potentialtocapturethebasicbehaviorsofboththe
UWAandKWsands.Thepercentageofparticles
finerthan1mmismorethan95%forKWsand
(seeFig.1),sotheparticlebreakageofsuchfine
sandsamplewasnotobservedinthecentrifuge
tests.ItisnotclearifthemodifiedMohr-Coulomb
canbeusedforcalcareoussands withstrong
particlebreakage.
InFig.5,theconeresistanceqcisincreased

nearlylinearlywiththepenetrationdepthatthe
depthlargerthan10d.ComparedtoUWAsand,

theqcin KW sandisremarkablelowerwhen
penetratingatthesamedepthalthoughtheφcvof
KWsandishigherthanthatofUWAsand.Given
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Fig.5 ComparisonbetweencentrifugetestsandALEresults
 

asimilarrelativedensity,thevoidratioofUWA
sandissmallerthanthatofKWsandduetothe
smallerlimitvoidratiosothattheeffectivedensity
ofthe UWA sandislarger.Also,theshear
modulusoftheUWAsandislargerthanthatofthe
KW sand.FortheKW sand,thedegradation
factorT=2.5islargerthanthatoftheUWA
sand.IfT=1.54isemployedfortheKWsand,

theconeresistancewouldbeincreasedremarkably
(seeFig.6).ForboththeKWandUWAsands,the
mobilizedfrictionangleandthedilationanglearound
theconearevariedwiththeplasticstrain,gradually
approachingthecriticalvalues(Fig.7and8).The
contouroftheequivalentplasticstraininFig.7(c)and
Fig.8(c)showsthattheplasticzonearoundthe

penetrometerissimilartothoseillustratedinHuanget
al.Theplasticzoneisexpandedgraduallyandmoves
downwardswiththecone[5].

Fig.6 Influenceofstiffnessdegradationfactoroncone

resistanceforKWsand
 

Fig.7 SimulationresultsofconepenetrationinKW-1atz=7d
 

Fig.8 SimulationresultsofconepenetrationinUWA-1atz=7d
 

4 Conclusions
Theconepenetrationinsilicaandcalcareous

sands was investigated using the Arbitrary
LagrangianEulerianmethod.A modified Mohr-
Coulomb modelwasemployedtodescribethe
strengthevolutionsofsilicaandcalcareoussands,

withthesoilpropertiesdeterminedthroughbender
elementanddrainedtriaxialtests.Thevariationof
theconeresistancewithpenetrationdepth was
obtainedfordifferentstresslevels.Arelatively
good agreement between the numerical and
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experimentalconeresistanceprofileswasachieved,

suggestingthatthemodifiedMohr-Coulombmodel
issuitableforcalcareoussands withoutstrong
particlebreakage.
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