
第43卷第1期 土 木 与 环 境 工 程 学 报(中 英 文) Vol.43No.1
2021年2月 JournalofCivilandEnvironmentalEngineering Feb.2021

DOI:10.11835/j.issn.2096-6717.2020.162 开放科学(资源服务)标识码(OSID):    

                                                  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Received:2020-05-18
Foundationitems:NationalKeyR&DProgramofChina(GrantNo.2018YFC0406804),NationalNaturalScienceFoundation

ofChina(No.11772221)
Authorbrief:ZHAOGaofeng(1982-),professor,doctorialsupervisor,mainresearchinterests:rockdynamics,multiscale

computationalmethodandhighperformancecomputing,E-mail:gaofeng.zhao@tju.edu.cn.

Failuremechanismofrockunderultra-highstrainrates

ZHAOGaofeng,SUNJianhua,LIShijin,ZHANGBen
(StateKeyLaboratoryofHydraulicEngineeringSimulationandSafety;SchoolofCivilEngineering,

TianjinUniversity,Tianjin300350,P.R.China)

Abstract:Weexploredthefailuremechanismofrockunderultra-highstrainratesusing3Dnumerical
modelingofthelightgasguntest.Basedonnumericalresults,itconcludedthatmesoscopichydro-
compressivefailureratherthanmesoscopicshearortensilefailureisthemainmechanismofrockfailure
undertheconditionofshockcompressiveloading.Theshockwave,indicatedbythestresssignalsoftwo
stressgaugesintherockspecimen,canbewellreproducedbynumericalsimulationwiththequasi-static
ratherthanthedynamicelasticparameters.Thesimulationresultsindicatethatthecompressiveshock
waveinvolvesacompressivefailureloadingprocesssimilartothatshownintheconventionaluniaxial
compressivefailuretestratherthantheultrasonictest.Amesoscopic-rate-dependentfailuremodelwas
developedtotakethedynamiceffectintoaccount.Ourresultsrevealedthatlargerrockporositycould
resultinandecreaseindynamicstrengthanddynamiceffectundershockcompressiveloading.
Keywords:dynamicfailure;light-gasguntest;shockcompressiveloading;latticespringmodel

超高应变率下岩石的破坏机理
赵高峰,孙建华,李世金,张奔

(天津大学 水利工程仿真与安全国家重点实验室;建筑工程学院,天津300350)

摘 要:通过对大理石的轻气炮试验进行三维数值仿真重现,探索了岩石在超高应变率下的破坏机

理。大理石试样中两个高速应力计的实测应力信号被用作数值模拟的匹配目标,结果表明,在高速

冲击压缩载荷下,细观静水压破坏是大理石的主要破坏机制,而不是通常认为的细观剪切或拉伸破

坏。此外,为再现不同冲击速度下大理石的物理实验观测数据,提出了新的考虑时间非局部效应的

细观速率相关岩石破坏模型,并且发现对岩石轻气炮的数值模拟需采用准静态测量的弹性力学参

数而不是超声测量的弹性参数。最后对具有不同孔隙度的虚拟岩石样本进行进一步的轻气炮数值

试验,结果表明,岩石的孔隙度越大,在冲击压缩载荷下的动态强度和动力学率效应越小。
关键词:动态破坏;轻气枪试验;冲击压缩荷载;格元模型
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1 Introduction
Thelight-gasgun,firstdevelopedforhypervelocity

researchinaeronautics,waslaterusedinthefield
ofmaterialscience.Thelight-gasguntestis
mainlyusedinmaterialsciencefor:1)obtaining



the Hugoniot curve ofthe material[1-3],2)

measuringdynamicfailurestrength[4],3)studying
the high-pressure phasetransition[5],and 4)

investigatingimpact-inducedchemicalreactions[6].
Thelight-gasguntesthasalsobeenappliedtorock
androck-likematerials.Groteetal.[7]conducteda
flatplateimpactteston cement mortarand
concrete.Theyreportedthattheaverageflow
stressofcementmortarandconcreteincreasedto
1.3GPaand1.7GPa,respectively,comparedwith
theunconfinedquasi-staticcompressivestrengthof
46 MPaand30 MPa.Thedynamiceffectof
reinforced concrete under shock compressive
loadingwasalsoexploredusingthelight-gasgun
test[8].Thebearingcapacityofthereinforced
concrete wasfoundto beimproved withthe
increase ofimpact velocity and reinforcement
ratio[8]. Recently, similar phenomena were
observedby Zhangetal.[1] with marbleand
gabbro.

The dynamic elasticity theory for solid
materialswasadoptedtointerpretexperimental
dataofthelight-gasguntest[1,7-8].Theconstitutive
modelbasedonthedynamicelasticitytheorycanbe
usedwiththefiniteelementmethod(FEM)for
numericalsimulationofthelight-gasguntest.Liu
etal.[9]simulatedthedynamicfracturemodeof
tungstenalloybyLS-DYNA (anexplicitFEM
code)andcapturedthecharacteristicsintheir
experimental results. Lopatnikov et al.[10]

simulated the light-gas gun test of foamed
aluminum plates using LS-DYNA and
demonstratedthatthedynamicdeformation-time
relationshipandkineticenergychangesofthe
impact plates at different impact velocities
predictedbytheFEM wereconsistentwiththeir
theoreticalmodel.Nevertheless,aspointedoutby
Riedeletal.[11],theintrinsicheterogeneityofrock-
like materialmightresultinchallengestothe
determinationoftheequationofstateparameters
andtheneedforamesomechanicalmodel.Duanet
al.[12]incorporatedastatisticalisotropicelastic
micro-crackmodelintotheFEMtosimulatethe

propagationofplaneshockwavesinsoda-limeglass
andreproducedtheirexperimentaldata.Recently,

besidesFEMwiththemesomechanicalmodel[13-14],

a number of discontinuum-based numerical
methods[15-20]havealsobeenappliedinthestudyof
the dynamic failure of rock. The molecular
dynamics(MD)[15]andthelatticetypemodel[18-20]

weresuccessfullyappliedtostudythedynamic
failureofrock.However,mostofthesestudies
onlyreproducedthefailuremodeoftherockusing
a mesoscopic constitutive model with tensile
failure.Theimplementationandpracticabilityof
themodeltosimulatethelight-gasguntestisstill
unclear.
Inthiswork,weusedalatticetypemodelto

explorethelight-gasguntestconductedonmarble
byZhangetal.[1].Ourmainpurposeswereto
answerthefollowingquestions:

1) What kind of mesoscopic damage
informationcanbeobtainedfromtheexperimental
dataofthelight-gasguntest?

2) Whatkind ofelasticparameters,the
dynamicelasticonesorthequasi-staticelastic
ones,controltheshockloadingpropagationwithin
therockspecimen?

3)Howtodescribetheratedependencyof
rockundershockcompressiveloadinginthelight-
gasguntestusingamesoscopicconstitutivemodel?

4)Whatistheroleoftherock􀆳smesostructure
inthe dynamic strength and dynamic effects
(strain/loadingratedependency)ofrockunder
shockcompressiveloading?

Inthiswork,thedistinctlatticespringmodel
(DLSM)wasadoptedasthenumericaltooldueto
itsadvantagesinmodelingrockfailurebasedon
simple mechanical elements,e.g., Newton􀆳s
secondlawandspringswithsimpleconstitutive
models.ThesecharacteristicsoftheDLSMmakeit
asuitablenumericaltoolforfailure mechanism
study.Inaddition,theDLSMiscomputationally
appropriateforfull3Dsimulation.Thefollowing
sectionsofthispaperincludeabriefintroductionof
thephysicaltestandnumericalmodel,abrief
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descriptionofthedevelopmentofrate-dependent
constitutivemodelsandacomparisonofmodel
responsewithpublisheddataofthelight-gasgun
testconductedbyZhangetal.[1],basedonwhich
the failure mechanism of rock under shock
compressiveloadingisexplored.Finally,afew
conclusions are derived to answer the
aforementionedquestions.

2 Methods

2.1 Thelight-gastest

Thelight-gastestdatareportedbyZhanget
al.[1],obtainedusingtheexperimentalfacilitiesat
theCavendishLaboratory,Cambridge,UK[21],are
adoptedinthis work.Fig.1showsthebasic
workingprincipleoftheexperimentalfacilitiesas
wellasthecomponentsofthemarblespecimenand
thecopperflyer.Differentfromthetraditionalrock
mechanicstests,twostressgaugeswereplacedin
thecompositespecimenmadeofmarbleandPMMA
(seeFig.1(b)).Thetwostressgaugeswereused
to obtain the stress history curve of the
correspondinglocationinsidethespecimenduring
thetest,thatis,thewaveformoftheshockwave.
Sincethereisacertaindistancebetweenthetwo
stressgauges,thevelocityoftheshockwaveinthe
rockspecimencanbeobtainedbasedonthese
signals.Afterthelight-gasguntest,boththe
compositerockspecimenandtheflyerbecame
powdery and dissipated, as a result, no
morphologicaldatawasrecordedforthefailure
process,or the failure pattern ofthe rock
specimen.Anotherimportantparameterofthe
light-gasguntestistheimpactvelocityofthe
copperflyer,whichistheonlycontrollableinputof
thelight-gasguntest.A numberofdifferent
impactvelocitieswereadoptedbyZhangetal.[1]to
obtaintheHugoniotparametersofthemarble.
Basicmaterialpropertiesofthemarble,PMMA
andcopperflyerwerealsoprovidedinreference
[1].Thelongitudinalandshearwavevelocities
wereobtained using an ultrasonictransducer,

whichcanbefurtherusedtoobtainthedynamic

elastic parameters. The quasi-static elastic
parametersofthemarblewereobtainedbythe
standarduniaxialcompressiontest,theparameters
ofwhicharelistedinTable1.Thedynamicelastic
parametersofPMMAandcopperwerecloseto
theirquasi-staticcounterparts,therefore,noquasi-
statictests wereconductedonthecopperand
PMMA.

Fig.1 Light-gasguntestconductedby
Zhangetal.[1]onthemarble

 

Table1 Materialpropertiesofthelight-gasguntest
conductedbyZhangetal.[1]

Material
Density/

(kg·m-3)
Edyn/

GPa
vdyn

Equasi-static/

GPa
vquasi-static

Marble 2680 055.1 0.31 40.0 0.20

PMMA 1187 006.1 0.33

CopperC101 8930 130.8 0.31

2.2 DistinctLatticeSpringModel(DLSM)
Thelatticespring model(LSM)wasfirst

developedby Hrennikoffin1941[22].Itsbasic
principleistorepresentthemechanicalresponses
of a solid through a group of spring-like
interactions.TheLSMisregardedastheancestor
ofboththeFEMandthediscreteelementmethod
(DEM).Duetoitssimplicity,theLSMhasbeen
widelyusedinthestudyofmanyfundamental
mechanicalphenomenaofsolids[23-25].Thedistinct
latticespringmodel(DLSM)wasdevelopedby
Zhaoetal.[26]toovercomethePoisson􀆳slimitation
intheclassicalLSM.AsshowninFig.2(a),the
basicprincipleoftheDLSMistorepresentthe
solidasagroupofparticleslinkedthroughspring
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bonds,whichconsistofanormalspringanda
shearspring.Definingthenormalunitvector:n=
(nx ny nz)Tisdirectedfromparticleitoparticle
j,whichareconnectedbyanormalspring,andthe
normaldeformationofthespringisdefinedas

un
ij =(uij·n)n (1)

whereuij =uj-uiistherelativedisplacement
betweenparticlesjandi.IntheDLSM[26],the
mostcommonlyusedconstitutivemodelforthe
normalspringis

Fnij =
kn×unij
 0   

un
ijn<u*n
else

(2)

whereknisthestiffnesscoefficientofthenormal
springandu*n istheultimatedeformationofthe
normalspring.Whenthenormalspringstretch
exceedstheultimatestretchvalue,breakageoccurs
andthereisonlyonezerostrengthcontactbetween
theparticles[26].

The multi-body shear spring is one of
thedistinctivefeaturesoftheDLSM.Itsprinciple
istocalculatethesheardeformationthroughlocal
strainratherthanthedisplacementofthetwo
particles.IntheDLSM,thesheardeformationis
givenas

u
^
s
ij = ε  bondn- ε  bondn  n  n (3)

whereε  bondisthelocalstrainofthespringbond,
whichcanbeobtainedfromanaverageoperation
overthelocalstraindefinedatthetwoparticles
usingaleastsquaremethod.Themainfeatureof
the multi-body shearspringistheabilityto
represent different Poisson􀆳s ratios without
violatingtherotationinvariance[26].Thefailure
criterionoftheshearspringisgivenas

Fsij = ksu
^
s
ij

0   ‖u
^
s
ij‖<u*s
else

(4)

inwhichksisthestiffnessoftheshearspringand
u*sistheultimatesheardeformation.

Eqs.(2)and(4)aretheconstitutivemodels
adoptedintheDLSMforbrittlesolids.Fig.3(a)

and(b)showtheconstitutivemodelforthenormal
springandtheconstitutivemodelfortheshear
spring,respectively.Sinceasolidisrepresentedas

aspringnetworkintheDLSM(asshowninFig.2
(a)),thefracturingprocessismanifestedbythe
gradualbreakageofthesesprings (mesoscopic
failureevents).Ithasthefollowingadvantagesin
simulatingthefracturing of brittle materials.
First, these constitutive models are easily
implemented,andthesimulationresultsareeasily
explained,as fewer parameters are required
comparedtoother,discontinuousmodels,e.g.,

thebondedDEM.Third,thestraightforward
parallelizationoftheDLSM[27-28]givesthemodel
relativelyhighcomputationalperformance.

Fig.2 BasicprincipleoftheDLSMandthecomputational
modelforthelight-gasguntest

 

Fig.3 Classicalbrittleconstitutivemodelsusedinthe
DLSM[26]representedinadimensionlessway
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AnotherdistinctivefeatureoftheDLSMis
thattherelationshipbetweenthespringparameters
(knandks)andthemacroscopicmaterialproperties
(Eandv)isderivedfromthehyper-elastictheory.
Nocalibrationisrequiredforthemesoscopicelastic
parameters,astheycanbecalculatedusingthe
followingequations.

kn= 3E
α3D(1-2v)

(5)

ks= 3(1-4v)E
α3D(1+v)(1-2v)

(6)

whereα3D isalatticecoefficientthatcan be
calculatedaccordingto

α3D=∑li
2

Vm
(7)

whereliistheinitiallengthoftheithspringandVm

isthe volume representing the computational
model.MoredetailsoftheDLSManditsrecent
developmentcanbefoundinreference[25-27].
2.3 Computationalmodelforthelight-gasguntest

Fig.2(b)showsthecomputationalmodelfor
thelight-gasguntestconductedbyZhangetal.[1]

onamarblespecimen.Here,themarblespecimen
isrepresentedasagroupofmasspointslinkedby
springs.Thedynamiccontactbetweentheparticles
wasconsideredintheDLSM,sotheimpactsonthe
light-gasguntestcouldbedirectlysimulated.The
influencesofthermalandchemicalreactionswere
notconsidered in this work. Therefore,its
mechanicalresponseischaracterizedbyamass-
springsystembasedonNewton'ssecondlawand
Hooke􀆳slaw[26].AsshowninFig.2(b),the
computationalmodelconsistsofacopperflyer,a
compositemarblespecimenandaPMMAplate.
Thisthree-dimensionalnumericalmodelcanbe
viewedasanumericaltestparalleltoZhanget
al[1],asshowninFig.1(b).Thespecificgeometric
parameters are consistent with the physical
experiment.Theonlyboundaryconditioninputis
thecorrespondingimpactvelocityofthecopper
flyer.Foraclosercomparisonwiththeoutputsof
theactualexperimentinZhangetal.[1],combined
withthecharacteristicsoftheDLSM,anumerical
stressgaugeschemewasdevelopedtorecordthe

stressdatainthesimulation.AsshowninFig.2
(c),arectangularplanewasplacedinthemodel,

anditsnormalvectorisnA.Duringthecalculation,

assumethenormalunitdirectionvectorofthe
springbondcutbythisplaneisnbi,andthetotal
springbondforceaccountingforthenormaland
shearspringsisFbi(t)=Fni(t)+Fsi(t),thenthe
correspondingstressofthenumericalstressgauge
isgivenas

σ(t)=∑sign(n
b
i·nA)·(Fbi(t)·nA)

Ag
(8)

whereAgistheareaofthestressgaugeandsign(·)is
thesignoperation,whichisgivenas

sign(x)=
1 x>0
0 x=0
-1 x<0 (9)

  Eq.(8)givesthetimehistoryofthenormal
stressonthestressgauge.

Theparticlesizeusedinthisworkis1mmand
thereareabout100000 particles.Theinput
parametersofthelight-gasguntestarebasedon
experimentaltests.Theoutputofthenumerical
testiscontrolledbytheselectionofthemeso-
mechanical constitutive model and the
correspondingconstitutiveparameters.Akeypoint
ofthisworkistominimizethedifferencebetween
the numerical prediction and the physical
experimentalresult.Thus,thefailuremechanism
oftherockundershockcompressiveloadingmay
beinterpretedfromthesearchingprocessofthe
meso-mechanical constitutive model and its
parameters.
2.4 Tri-linearhydro-compressivemodel

Manyresearcherssuggestthat macroscopic
compressionandshearfailureisessentiallytensile
failureatthe mesoscopiclevel[28-30].However,

mostofthosestudiesarelimitedtotensilefailure
ofthenormalspring[18,20,30].Fig.3(a)showsthe
simplebrittleconstitutive modelofthenormal
spring considering only tensile failure. More
comprehensive forms, e.g., considering the
damageandplasticdeformation,canbedeveloped.
JiangandZhao[31]recentlydevelopedacoupled

51No.1    ZHAOGaofeng,etal.:Failuremechanismofrockunderultra-highstrainrates



damageplasticitymodeltodescribethedynamic
crackpropagationofagypsum-like3Dprinting
material.Whenconsideringtheinteractionbetween
twoparticles,shearfailureisanaturallogical
extension.However,thereareveryfewstudieson
shearfailureinclassicalLSMsduetotheabsence
ofshearinteraction.IntheDLSM,shearfailure
canbeconsideredduetotheintroductionofthe
multi-body shear spring. The corresponding
constitutivemodelisillustratedinFig.3(b).Shear
failurewaswidelyadoptedinthebondedDEM,

whichusuallytakesintoaccountboththeinfluence
ofthecohesionofthecontactbondbetweentwo
particlesand thefrictionalangle.The shear
constitutivemodelpresentedinFig.3(b)canbe
viewedasaspecialcasewhenthefrictionalangleis
zero.Therefore,thepredictionofshearfracturing
oftheDLSMusingtheconstitutivemodelshownin
Fig.3(b)isnotconservative.

Whenconsideringtheinteractionbetweentwo
particles,itcanbesuggestedthatthereisanother
possibilityofdamage,thatis,thecompression
failureofthenormalspring,whichisrelatedtothe
failure of the material under hydrostatic
compression.Ifthereisnohydrostaticfailure
involved,thereisnoneedtointroducethehydro-
compressivefailuremodelintotheDLSM.Inthis
work,atrilinearconstitutivemodel(seeFig.4)is
introducedtodescribethehydrostaticfailureofthe
rock.Fourparametersarerequiredtodetermine
theconstitutive modelwithoutconsideringthe
loadingandunloading.Thefirstparameter,uc1,
representsthefirsthydro-compressionyieldofthe
normalspring.Thehardeningorsofteningstage
starts,followedbythenormalspringyields.The
second parameter,βredc1, corresponds to the
reductionfactorofthespringstiffnessofthefirst
yield.Whenitisgreaterthanzero,itrepresents
hardening,andwhenitissmallerthanzero,it
representssoftening.Theothertwoparameters,

uc2andβredc2,correspondtothesecondaryhydro-
compressionyielddeformationandthestiffness
reduction coefficient, respectively. The

mathematicequationofthistri-linearconstitutive
modelisasfollows.

F(u)=
knu               u≥uc1
knuc1+βredc1kn(u-uc1) u<uc2
knuc1+βredc1kn(uc2-uc1)+βredc2kn(u-uc2)u≥uc2

􀮠

􀮢
􀮡

􀪁􀪁
􀪁􀪁

(10)

Fig.4 Atri-linearconstitutivemodelconsideringthe
hydro-compressivefailureofthenormalspring

(assumingun*=1andk0=kn)
 

  Theresponseoftheconstitutivemodelis
controlledbythesefourparameters,uc1,uc2,βredc1
andβredc2

Tointroducetheeffectsofplasticityand
damage,thesameapproachasthatadoptedby
JiangandZhao[31]isused.First,rewriteEq.(10)

asfollows.
F(u)=S(u)knu (11)

whereS(u)isastateparameterofthenormal
spring,whichisdefinedasfollows.

S(u)=F(u)
knu

(12)

  Theinterpretation of Eq.(10)can be
expressedasthefollowingformulaifitisbasedon
damagemechanics.

F(u)=(1-D(u))knu (13)

  Then,thedamagefunctioncanbeexpressed
asfollows.
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D(u)=1-S(u) (14)

  Inthecalculationofthespringforce,the
maximumdamagevariablecorrespondingtothe
loadinghistoryisrecordedasD* (u),thenthe
damage constitutive equation considering the
loadingandunloadingcanbewrittenas

F(u)=(1-D*(u))knu (15)

  Theloadingandunloadingresponseofthis
constitutivemodelisasshowninFig.4(a).IfEq.
(10)isregardedasaplasticresponse,itcanbe
expressedas

F(u)=(u-up)kn (16)

  CompareEq.(14),wewillhavetheplastic
deformationupas

up=u-S(u)u (17)

  Similarly,torecordthe maximum plastic
deformationup*experiencedbythespringatthe
momentofloading,thepureplasticconstitutive
modelconsideringloadingandunloadingcanbe
writtenas

F(u)=(u-up*(u))kn (18)

  Thecorrespondingpureplasticconstitutive
modelisshowninFig.4(b).CombinedwithEq.
(15)and(18),acoupleddamage-plasticmodelcan
beconstructedbyintroducingthedamage-plastic
couplingcoefficientasfollows.

F(u)=(1-λdp)(u-up*(u))kn+
λdp(1-D*(u))knu (19)

  Whenλdp=1,itrepresentsthepuredamage
constitutivemodel,andwhenλdp=0,itrepresents
thepureplasticconstitutivemodel.Inthiswork,

weconsiderthecopperbehavioraspureplastic
material,whiletherock hasa pure damage
response.

Underdynamicloading,the materialhas
obviousdynamicrateeffects.Tocapturethis
phenomenon,itisconvenienttointroducearate-
dependentmodel.TheapproachdevelopedbyZhao
etal.[18]isadoptedinthisworktobringrate
dependencyintothetri-linearconstitutivemodel.
Theideaistochangethecompressivestrength
parametersofthetrilinearconstitutivemodelasa

functionofthespringdeformationrate.Itwas
foundthattheinstantaneousvalueofthespring
deformationratemaynotbeabletoreproducethe
correctmacroscopicdynamiceffect[18].Tosolve
thisproblem,Zhaoetal.[18]proposedtheconcept
oftimenon-localization,whichusestheaverage
valueofthespringdeformationratefromthestart
timetothecurrenttime.Inthiswork,followinga
similaridea,thelocalaveragedeformationrateis
givenas

v
-
(t)=u(t)-0.99uc1

t-tuc1

(20)

  Theaveragedeformationrateofthespringis
onlycalculatedwhenthespringisdeformedbeyond
0.99uc1.Basedonthisconcept,thestrength
parametersofthecorrespondingdynamictri-linear
constitutive modelaregiven bythefollowing
formula.

udync1 = uc1αv
-
(t)

vref  αv
-
(t)>vref

uc1 else

􀮠

􀮢
􀮡

􀪁􀪁
􀪁􀪁 (21)

udync2 = uc2αv
-
(t)

v0ref  αv
-
(t)>vref

uc2 else

􀮠

􀮢
􀮡

􀪁􀪁
􀪁􀪁 (22)

whereudync1isthefirstyielddeformationconsidering
the dynamic effect,udync2 isthe second yield
deformationconsideringthedynamiceffect,vrefis
the reference deformation rate,and α is a
dimensionlesscoefficient.Fig.5(a)showsthree
differentloadingcurves;eachrepresentsadifferent
loadingrate(deformationrate).Theloadingrate
hasalternatingpositiveandnegativevalues,which
iscommonindynamicloads.Fig.5(b)showsthe
dynamicresponsebasedontheproposeddynamic
tri-linearconstitutivemodel,whichshowsgood
robustness for dynamic/cyclic loading. The
dynamicconstitutivemodelcontainsatotalofsix
parameters with clear geometric and physical
meanings.Theselectionoftheparametersinthe
actualsimulationprocesswillbefurtherillustrated
inthefollowingsection.
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Fig.5 Dynamictri-linearhydro-compressiveconstitutive

model(assumingu*n =1)
 

3 Numericalmodelinganddiscussion
3.1 Elasticparametersselection

A proper selection of parameters is
fundamentaltonumericalsimulation.Forthelight-
gasguntest,Zhangetal.[1]performedtwokinds
oftesttoobtaintheelasticparametersoftheir
marblespecimens.Theyconductedultrasonictests
andobtainedthewavevelocities,whichisamain
variable ofthe dynamic elastic modulus and
Poisson􀆳sratio,asshowninTable1.Thequasi-
staticelasticmodulusandPoisson􀆳sratioofthe
marblespecimenswerealsoobtainedthroughthe
traditionaluniaxialcompressiontest(seeTable1).
Thequasi-staticelasticparametersofthecopper
and PMMA are closeto the dynamic ones,

therefore,theywerenottestedandreportedin
reference[1].Now,thechallengeistheselection
oftheelasticparameters,dynamicorquasi-static
ones,forthenumericalmodelingofthelight-gas
guntest.Here,thelight-gasguntestwithan
impactvelocityof385m/sisusedasourmodeling
target.During the test,stress signals were

recordedbytwostressgauges,whichwereusedto
obtainthe characteristics ofthe shock wave
propagationwithinthespecimen.Itisreasonable
tousetheelasticparametersforultrasonicwave
propagationwithinthespecimentosimulatethe
shock wave propagation. Therefore,dynamic
elasticparametersareassignedtothemarbleasthe
firststep,i.e.,E=55GPa,v=0.31,forthe
numericalsimulation.Here,apureelasticdynamic
simulationis performed by setting allfailure
parametersextremelylargetopreventanydamage
fromoccurring,e.g.u*n =1mmandu*s =1mm.
Inordertoachievea quantitativecomparison
betweentheexperimentaldataandthenumerical
data,anadjustmentoftheinitialrecordingtimeis
performedtomaketheinitialwaveformofthefirst
numericalstressgaugematchthecorresponding
physicalsignal.Thetimeshiftvaluewasalso
appliedtothesignalofthesecondnumericalstress
gauge.AsshowninFig.6(a),theinitialstageof
thenumericalpredictionofthesecondnumerical
stress gaugeis significantly earlier than the
experimentalobservation.Thisindicatesthatthe
numerically predicted shock wave velocity is
markedly larger than that of the physical
observationwhenthedynamicelasticparameters
areusedforthelight-gasguntest.Thequasi-static
elasticparametersforthemarblespecimen,i.e.,E
=40 GPa,v=0.20,arealsoadopted.The
simulationresultsareshowninFig.7(b).Itis
notedthatabetterfittingisobserved.Therefore,

inthesubsequentnumericalmodeling,forthe
marble specimen, the quasi-static elastic
parametersareselectedastheinputvalues.In
termsofthestresspeaks,thenumericalresultsare
also much larger than the experimental
observation, revealing that damage/failure
occurredwithinthespecimenduringthelight-gas
guntest,otherwisea muchhigherpeakvalue
wouldbedetectedinthephysicaltest.Inthe
followingsection,we willfurtherexplorethe
correspondingfailuremechanismofthespecimen
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undershockcompressiveloading.

Fig.6 ShockwaveformpredictedbytheDLSMwith
differentelasticparameters

 

Fig.7 TheshockwaveformpredictedbytheDLSMwith
differentmesoscopicfailuremodels

 

3.2 Failuremechanismofthemarblespecimenin
thelight-gasguntest

  In this section,the mesoscopicfailure
mechanismofthemarblespecimenduringthelight-

gasguntestconducted by Zhangetal.[1]is
explored.First,thefailureparametersweresetas
u*n=0.0001mm,andu*s =1mm,whichmeans
onlytensilefailurewasconsidered.Accordingto
theempiricalequationproposedbyZhao[32],the

representedmacrotensilestrengthisaboutu*nE/d
-
=

4MPa,whereEistheelasticmodulusandd
-
isthe

meanparticlesizeofthecomputationalmodel.Fig.
7(a)showsthecorrespondingsimulationresults.
Fig.8showstheshock wavepropagationand
damageevolutionofthemarblespecimen when
consideringonlythe mesoscopictensilefailure.
Initially,thecoppersheetcollideswiththerock
sampleatahighspeedtogenerateashockwave,

andcontactoccursat3.00 microseconds.As
showninFig.8,thespeedofthecoppersheetis
immediatelytransmittedtotherockspecimenand
the part in contact with the copper sheet
immediatelybreaksdown.Withthepropagationof
the shock wave,the damaged area spreads
continuouslyaroundthecopperpiece(Fig.8(b)).
Thedamagefirstpropagatesinthedirectionof
impact,thenitexpandsradially,andfinally,the
entirespecimenisdamaged.However,according
totheobservationpresentedinFig.7(a),the
influenceonthestresswaveformsatthelaststage
is minor.Theamplitude ofthestress wave
recordedatthefirststressgaugeisnotreducedat
all,evenifthemarblespecimenisfullydamagedin
tensilefailure.Consideringthemesoscopictensile
failure has little effect on the experimental
observations,itisnotattributabletothefailure
mechanismofthemarblespecimeninthelight-gas
guntest.Itshouldbementionedthatusingthe
DLSM theuniaxialcompressivefailurecanbe
reproducedwithonlymesoscopictensilefailure[32].
Itisspeculatedthatthefailuremechanismofthe
marblespecimenmaydifferfromthecompressive
failureobservedintheclassicaluniaxialcompression
test.Tofurtherinvestigatetheinfluenceofshear
failurebetweenparticles,thefailureparametersareset
asu*n =1 mm,andu*s =0.0001mm.The
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correspondingnumericalcalculationresultsareshown
inFig.7(b).IntheDLSM,theshearconstitutive
modelcorrespondstothecase wherethefriction
coefficientbetweenparticlesiszero,thatis,theshear

failureisfullyconsidered.Fromtheobservationsof
Fig.7(b),itisconcludedthatthemesoscopicshear
failureisalsonotabletoaccountforthefailure
mechanism.

Fig.8 Light-gasguntestpredictedbytheDLSMconsideringthemesoscopictensilefailure
 

  Inthelight-gasguntest,thecopperflyerwas
completely destroyed. Whether the recorded
waveformcanbeaffectedbythedamagetothe
copperflyerneedstobeinvestigated.Hereone
mayconsiderthecompressivefailureofthenormal
springofthecopperusingthehydro-compressive
constitutive model,asshownin Fig.4.The
correspondingfailureparameterswereselectedas
uc1=0.001mm,uc2=0.200mm,βredc1=0,βredc2=0
andλdp=0torepresenttheidealelastoplastic
responseofthecopper.Fig.9(a)showsthe
numericalsimulationresults.Comparedwiththe
experimentalresults,thepeakisstillunableto
meettheexperimentalvalue.Thecompressive
failureparametersofthemarblethenweretakenas
uc1=0.003mm,uc2=0.200mm,βredc1=0,βredc2=0
andλdp=1.Thecompressionfailureparameter
uc1=0.003mm,correspondstothe macroscopic
failurestrengthofabout120MPa,whichisthe
typicalvalueoftheuniaxialcompressionstrength
ofmarble.Fig.9(b)showsthecorresponding
numericalsimulationresults.Bycomparingthe
numericalandphysicalresults,itisconcludedthat

thecompressionfailurebetweenparticlesinthe
light-gasguntestiscausedbythehydro-static
compressionfailureoftherockratherthanuniaxial
compressionfailure.Inthefollowingsection,the
compressive constitutive parameters will be
adjusted to make the computational model
reproducetheexperimentalresults.

Thetri-linearconstitutivemodeldevelopedin
thisworkconsistsoffourparameters.First,the
valuesofthesefourparametersaretakenasuc2=
0.200mm,βredc1 =0,βredc2 =0andλdp =1.By
continuouslyadjustinguc1andperformingnumerical
modeling,itisfoundthatwhenuc1is0.030mm,

thepeakvalueofthenumericalshockwaveof
stressgauge1isclosesttotheexperimentalresults
(seeFig.10(a)).However,thereductionofthe
stress wave ofthe second stress gauge was
obvious. This attenuation is caused by the
relatively coarse particle size adopted in the
simulation.Forafullthree-dimensionalmodel,

therearealready110000particlesataparticlesize
of1 mm.Consideringthecomputingcapacity
limitationoftheavailablehardwareandthatthe
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Fig.9 TheshockwaveformpredictedbytheDLSMusing
thetri-linearconstitutivemodel

 

mainpurposeistoexplorethefailuremechanism
ratherthanpreciselycapturetheattenuationofthe
shockwave,thecomputationalmodelwiththe
particlesizeof1mmispreferredinthefollowing
simulationwithafocusonthecomparisonofthe
stresswaveformatstressgauge1.Besidesthe
attenuation,theplatformsegmentofthestress
wave at stress gauge 1 was also not well
reproduced.Byfurtheradjustingotherparameters,
itisfoundthatbysettingβredc1=0.1,uc2=0.1mm,
andβredc2=0,thenumericalsimulationresultsgivea
closerfittingtothephysicaltest(seeFig.10(b)),
whichindicatesthatalighthardeninghasoccurred
forthehydro-compressionfailureofthemarble
undershockcompressiveloading.

3.3 Dynamiceffectofthe mesoscopichydro-
compressivefailure

  Sofar,intheexperimentaldataofZhanget
al.[1]whiletheimpactvelocityof385m/siswell
simulated,oneneedstogeneralizeitforother
impactvelocitiesadoptedbyZhangetal.The
strengthSxcanbedeterminedasthepeakvalueof
thestresswaveformrecordedatnumericalstress
gauge1.Fig.11showstheexperimentaldataofthe

Fig.10 Influenceofthefailureconstitutiveparametersof
thetri-linearhydro-compressiveconstitutivemodelonthe

shockwaveformpredictedbytheDLSM
 

dynamicstrengthofthemarbleSxversusdifferent
particlevelocities.Assuggested by Zhanget
al.[1],therelationshipbetweenimpactvelocityvi
andparticlevelocityvpmaybeestimatedasvp=
0.67vi,whichisadoptedinthedataprocessofthis
simulation.Additionalnumericalsimulationsusing
differentimpactvelocities,i.e.,550m/s,650m/s,
800m/sand1000m/s,wereconductedusingthe
same computational model and constitutive
parameters. The rate-independent (RI)
constitutivemodelwasfirstused.Asshownin
Fig.11,thenumericalpredictionusingtheDLSM
withtheRIconstitutivemodelfailedtoreproduce
thedynamiceffectofthestrengthvalueobservedin
thelight-gasguntest.Then,theratedependent
(RD)constitutivemodelisused,inwhichthe
strengthparametersofthetri-linearconstitutive
modelaredescribedbyEq.(21)and(22).Fig.11
showsthenumericalresultswhenv0ref=255mm/s
andα=0.43.From thenumerical modeling
results,itisconcludedthatthemesoscopichydro-
compressiveconstitutivemodelhastoincludethe
rate-dependent effect. In other words, the
mesoscopicfailureofthe marble undershock
compressiveloadingincludesadynamiceffect.
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Fig.11 Dynamicstrengthoftherockspecimeninthe
light-gasguntestunderdifferentimpactvelocities

predictedbytheDLSMwiththerateindependent(RI)

constitutivemodelandratedependent
(RD)constitutivemodel

 

3.4 Influenceofmesostructure
In this section, the influence of the

mesostructureonthedynamicfailureofrockunder
shockloadingisexplored.Fig.12showsthe
correspondingcomputationalmodelsfortherock
specimenswithdifferentmesostructures.These
computationalmodelsareformed byrandomly
removingagivennumberofparticlesfromthe
marblespecimen.Theporosity,whichwasusedto
characterizs differentcomputational models,is
definedasn=numberofparticlesbeingexcavated/
totalnumberofparticlesintheoriginalmodel.As
showninFig.12,fourporemodelswithaporosity
of5%,10%,15%,and20%areconstructed.All
theconstitutiveparametersarethesameasthoseof
theprevioussection.Fig.13showsthenumerical
resultsofthepredictedstrengthofthosedifferent
porositymodelsunderdifferentimpactvelocities.
Overall,largerporosityresultsinlowerdynamic
strength,whichseemslogicallycorrect.However,
therearesomevariations,forexample,when
porosityis5%,ahigherstrengthisobtained.The
reasonmightbethattheinter-particlevelocities
become moreviolentundershockcompressive
loadingwhenasmallnumberofparticleswere
removedfromtheoriginalmodel.Itmighttrigger
thedynamiceffectoftheconstitutivemodeland
consequently, result in a higher strength.
Nevertheless,when the porosity continuously
increases,theinter-particlevelocityincreasemay
bereleasedinthelateraldirectionduetothe

existenceofalargemesoscopicfreesurface.This
mayresultintheincreaseofstrengthduetothe
dynamiceffectbecominginconspicuous(asshown
inFig.13).

Fig.12 Computationalmodelsofrockspecimens
withdifferentporosities

 

Fig.13 Numericalpredictionofthedynamicstrengthofrock
specimenswithdifferentporositiesundervarious

impactvelocities(v0)
 

4 Conclusions

Inthiswork,light-gasguntestsonmarble
werenumericallyinvestigatedusingtheDLSMto
study the failure mechanism of rock under
compressiveshockloading.Basedonadetailed
comparison of the numerical response with
publishedexperimentaldata,itwasfoundthatthe
elastic parameters controlling the compressive
shock wavepropagationintherockspecimen
shouldbedeterminedthroughquasi-statictests
ratherthanultrasonictests.Moreover,mesoscopic
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tensilefailureandshearfailurebetweenrockgrains
arenotthe mechanismsofrockfailureunder
compressiveshockloading.Toreproducetheshock
stresswaveformobservedinthelight-gasguntest,
amesoscopichydro-compressiveconstitutivemodel
isneeded.Inotherwords,itisreasonableto
concludethatthelight-gasguntestmaybeableto
provideinformationaboutthehydro-compressive
failureofrockunderdynamicloadingandprovide
calibrationdatafortheDLSMorothernumerical
methodstodeterminetheconstitutiveequations
under dynamic hydro-compression loading
conditions.Itisnotedthatarate-dependenthydro-
compressiveconstitutivemodelisalsonecessaryto
reproducetheexperimentalobservation ofthe
strengthincreaseunderdifferentimpactvelocities.
Finally,theinfluenceofthemesostructureinterms
ofporositywasfoundtodecreaseboththedynamic
strengthandthedynamiceffect.Thefindingsin
thisworkmayprovideabetterunderstandingof
rockfailure undercompressiveshockloading,
which might be usefulfor a more rational
protectivedesignofundergroundrockengineering
structuresunderblastingloading[33-36].
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