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Relationshipoffragmentationofcylindricalrock

8peCimenandincidentunderwaterShockwave

woo･JinJung●,YujiOgata',Shir°Kubot4'',HidekiShimada'-,andKikuoMatsui●●

Thi8paperPre8entBAnewteClmiquetoestimatethebehaviororthedynamicfractureorrock

underexplosiveloading.Theexplosivemateriali8usedasthee7(plosionsource,andAPiperllled

withwateri8arrangedbetweentheexp108iveandthecylindricalrockspecimen.Afterttle

explo8ion,thedetonationwaveinteractsWithwaterandtheunderwaterShockwavei8genemted

inthepipe.Becau8etheunderwaterShockwaveattenuate8withitspropagation,theimpact

8trengthortheshockwaveintotherockspecimencanbeefLSilyAdjuStedbychangingthe

lengthorthepipe.ThefreesurfacevelocityaHheendoftherockspecimenandthepositionor

crACk80ntherocksurfaceareobservedbyuSlngalaservibrationmeterandhigh･Speedcamera,

reSpeCtive]y.ThereSult80rthefracturetestforKimaChi88ndstonearediscu68ed.Moreover.

LhenumericalSimulationwascarriedouttounderstandI.hebehaviororunderwat.er8hock

waVegeneratedbyunderwaterexplosionortheexplosive.The2Dhydrodynamiccodebasedon

ALEfinitedifferenceschemewa8employed.Intheca8eOrthefractureteStwith50mmwater

pipe.theincidentunderwatershockwaveintothecylindricalrockspecimenha阜anirregular

pres8uredistributionneartheshockfront.

1.Introduction

Explo8iveenergyhasbeenutili2:edforblasting,

whichi8neCe88aryforminingandquarrying

operationsLIndcivilengtneeringapplications.

Because8truCture8thatwerebuiltinduringthe

boomyearhaveArelativelyShortlife叩an,large

numbers0rtheseStruCtureSwillberequiredtobe

demolishedinthenearfuLureinJaP8nll.Because

ofitslowcostandhigherrICiency.thedemolition.

whichutilizesblasting,maybecomeoneorthemost

powerfulmethodsirthetechniqueiserrective.ln

ordertopromoteblastingemciencyandtoestablish
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errectiveblastingdemolitiontechnique8,itiB

importanttoknowthemechanismOfthedynamic

fmctureproce880nrockorcon8truCtionmaterials.

TherragmenLationbyb188tingi8thejointaction

ofga8eOu8pre88ureAnd8tre88WAVe82IIBecause

the8tre88Wavegreatlydepends0ntherracLure

conditionsneartheexplo8ion80urCe.the

rragment8tionneartheFreeSurraCebythe

renectionorthestresswavealsodepends0niL

Therefore,itisneceSSarytOCOn8iderthe

experimentsthatcanSimultaneouslyestimatethe

fmgmentationconditionsbothneartheexp)08ion

sourceandnearthefreesurface.Theexperimental

andnumericalst.udieswereconduct.edto

understandthebehaviorofthedynamicfracture

ortherockundertheexplosiveloadi叩.Tnthe

experimental8Ludy,anewtechnique,which

includeunderwaterexplosionaSdynfLmic)oading,

wasprOpO8ed.Theexplosivemateriali8used88

theexp)oSionsource,andaPlperilledwithwater

isArrangedbetweentheexplosiveandthe

cylindricalrockspecimen.Aftertheexplosion.the

detonationwaveinteractsWithwaterandthe
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underwatershockwavei8generatedinthepipe.

Becausetheunderwater8hockwaveattenuates

withitspropagation,theimpactStrengthofthe

Shockwaveintotherock8peCimencanbeeasily

Adjustedbychangingthelengthofthewaterpipe.

ThemainpurposeOfthisfracturetestistocollect

theexperimentald8t80nthebehaVior80fdynamic

fractureoftherock.Wewouldliketoprovidethe8e

experimentaldata.whichcancon丘rmthevalidities

oftherelatednumericalsimulationsorfracture

modelsfortherockmaterials.Inaddition,oneof

theaims0rthiStestiStOe8timAtethedynamic

tensilestrengthortherockforawiderangeofa

strainrateutiliZiingHopkin80n'Seffect.Therefore,

thefreesurfacevelocityattheendofarock

Specimenandthepositionofcracks0ntherock

SurfaceAreObservedbyuSIng8188erVibration

meterandhigh･8peedcamera.respectively.Inthe

numericalStudy.wecarriedoutthenumerical

Simulationtounderstandthebehaviorof

underwatershockwavegeneratedbyunderwater

explosionoftheexplosive.The2Dhydrodynamic

codeb88edonALEfinitedifferenceschemewas

employed.TheJWLequationof88teWasusedfor

thedetonationproducts.andHugoniotMie-

GruneisentypeequationorsatewasuSedforwater

andPMMA.Fromtheresultsofthefracturetest

forKimachisandstoneandthenumerical

Simu18tionoftheunderwaterShockwave,wewill

di8Cu88thevalidityofthisshockloadingtest.

2.Experimentalsetup

Fig.Ishowstheexperimentalsetupforthe

proposedfracturetest.Duringthefractureprocess

Fig.1ExperimentalBetupforproposedfractu
retestofrockutilizingu

nderwaterShockWaVe. Fig.2ThepartOrt

heexplosion80ureef♭rthepropo8edfracturet

e8t.oftherock,thefreesurfaceveloci

tyandthefracturepartnearthefreesurfacew

ereob白erVedbyal舶ervihrationmeter(OFV-300;

madebyPolytec)andhigh speedcamera(model12

4framingtypecamera;madebyCordin).Thelig

htsourceforahigh BpeedcamerausesaXenon

flashlight.Theprecisedetonatorwasusedtocon

troltheinitiationtimeortheexplosivebyus

inganaccuratelycontrolledblastingmachine,

whichwasmadebyNihonKayakuCo.Ltd.Fig.

2Showsthepartoftheexplosionsource

fortheproposedfracturetest.Fortheexplosio

nsource,theemulsionexplosivewasused.Because

thedetonationproductrapidlyexpandsandobstruct

stheviewofthehigh 8Peedcamera,theexpl

osiveissetinthedoublelayerpipe.Afterth

eexplosionbytheprecisedeton8tOr,thedet

onationwaveinteractswithwater,andtheund

erwater8hockwavegeneratesinthepipefilledwi

thwater.Becau8etheunderwaterShockwaveatte

nuateswithitspropagation,theimpactStrength

oftheShockwaveintotherockspecimencanbe

easilyadjustedbychangingthelengthofthep

ipe.Inthisexperimentthelengthofthewater

pipewasvariedas30,50.70,100,150,2

00and300mm.KmachisandstoneWasuseda8therock

Specimenwith60mmofdiameterand300mmofle

ngth.Am ivaltimeatthefreesurfaceofthestre8

8Wavefromtheinitiationofemulsioncanber

oughlyestimatedinthefollowingforthetriggerSe

tting.Thetransittimeofthedetonationwave

intheexplosivepipeisabout18psestimatedby

4000m/良Aver叩edetonationvelocityand70mmlen



2000m/8averageVelocityoftheunderwatershock

waveandthe50mmlengthofthewaterpipe.By

usingtheaveragevelocityofthe2700m/8

longitudinalwaveofKimachiSAndstone,itis

under8tOOdthatthe8tre88WavepaBBthrough the

rockSpecimenabouH 10JJ8.

3.Estimationmethodsforthedynamicten-

SHestrength

Undertheactionofone･dimen8ionalShock

loading,thestressthatactedonthematerialis

glVenby

q=jX7pV (1)

wherepisdensity,C,thevelocityofelasticwave

andvtheparticlevelocityofthematerial.Hino3)1)

8howedthatreflectionDftheShockwaveatthe

freeSurfacecau8e8thefractureoftherocknear

thefreeSurfaceandpropo8edtheorlglnalmethod

fordetermimingthedynamictensileStrengthof

therockmaterials.Fig.3indicatestheconceptual

Fig.3Conceptualdiagramfort
heestimationmethodofdynamictensileStreng

th(Hino1956).

diagramfortheestimationmethodofdynami

ctensile

strengthproposedbyHin0.1nthisfiguretheupperdiagramcorrespondstOtheStress

distributionwhenone･dimensio



Strength.InthisCa8etheassumption2)hasnot

beenconsideredbecausethehistoryOftheStre88

wavei8Obtaineddirectlyfromtheexperiment.

In8tead,one888umptioni8added;thatthefracture

occur8Whenthepeakofthe8treS8Waveforthe

tensilecomponent8rrive8&tthefractureSurface.

FromthefreeSurraCeapprOXimation,thepeak

stre880fthetensilecomponenti8A-C,I,((t,)/2･

Thedynamictensilestrengthi8givenby

Sd=fX:,
V(tp)-V(tp+2At)

ThefirsttermCOrre8pOnd8tOthecompre88ive

component,andAEi86/C,OneofthepurpoSe80f

thisfracturetestiStOestimatethedynamictensile

strengthortherockaccordingtoaboveestimation

methods,andwewilldiSCu88therelationbetween

theresultsorthetestandthe888umption8inthe

methods.

4.NumericalsimLJJationofunderyratershock

YraVe

Tbunderstandthebehaviorofunderwatershock

wavegeneratedbyunderwaterexplosionofthe

explosive,wecamiedoutthenumericalsimuhtion.

InthisCalculation,thedevelopedarbitrary

L8granglanEulerianmethod6Jwasused.The

governlngequationiSbasedonmass,momentum

andenergycon8erV8tionlaws.Inaddition,the

equ8tion80f8tateformaterialsarenece88ary.For

theexplosive,theJWLformequationofstate7)was

usedtode8Cribetheexpansionofthedetonation

products.TheexpressionisglVenby

p-A(･-,T,)cxp(-Rll)･B(I-.?)叩(-RZ{'･ヲE(5)

where{i8themtioofthedensityofexplosiveto

thedensityordetonationgasprOduct8and,po

densityofexplosive.ThecoefrICientsA,B,C,Rl,
局,whichareCOnStantShavebeendeterminedby

theexpansiontubetests.ForwaterandPMMA,

theMi8-GrunisenequationofStateWasused.

Becausetheequationof8tAteOftheemulsion

explosivehasnotbeenformulatedatpresent,here,

theexplosiveofAquanalwhosedetonation

charACteri8tic8are8imilartOtheemulsion

explosivewasusedinstead.ThecharacteriStic80f

AquanalareShowninTable18)･TheconStantSfor

theMie-Gruni8enequationsofStateAreShownin

TabIe1.ThecharacteristicsofAquanalexplosive
(dungetaJ.).

Composition Density Detonation P
cj(kg/mB) velocity(mJB)

(GPa)Slurry十A1 1430

3700 5.5Table2.TheconStant80fMie-G
runisenEOS(Ju

neetaJ.).Material Density(kg/m3)

CO(m/S) S rWater
1000 1483 2.0 I.0PMM

A 1181 2260 1.816 0.75Fig.5Calculationr
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Posi60nfronlendofexplosive(cm)

(a)neartheexplosionsource

4 6

PosiぬnfromendofexpJosive(crn)

(b)20mm～60mmfromtheexplosion
SPuree

Fig.6CalculationresultsforpropagationofunderwaterShockwavewith
presSuredistributionsalonganaxis.

propagatesabout40mm(Fig.6(b)15.5FI),thesecond

waveappearsbehindtheShockh)nt.Theexistence

oftheSecondwave8how8thatthereflectionwave

causedbyinteractionoftheunderwatershockwave

andPMMApipereachedtheaxis.Aftertheshock

frontpropagatesabout50mm,theSecondwave

catchupwiththeshockfront.Fromthenumerical

results,itcanbeβeenthatinthecaseofthehcture

te8twith30mmwaterplpe,theShockloadingto

therockspecimeni8notplaneWave,andinthe

caseOrthefracturetestwith50mmwaterpipe,

theincidentunderwaterShockwaveintothe

cylindricalrockSpecimenhasirregularpressure

distributionneartheShockfront.

5.2Experimentalresults

lnthecaSe80r30mmand50mmwaterplpe,

theendortherockspecimenattheexplosionside

wasbrokenintopleCeSoverWiderange,andthe

fracturepartcouldnotberecovered.Whileinthe

caseOfthe70mmwaterpIpe,thefracturedpart

neartheexplosionSourcehadafewpartsinthe

peripheryofthespecimen,andwhenthelengthof

thewaterplpeWasSetmorethanlOOmmwater

plpe.thereisnodamageneartheexplosionsideof

therecoveredrockSpecimen.Undersuchcondition,

thestresswavenearthefreefaceisunrelatedto

thefractureconditionsneartheexplosionsollrCe.

Thesizeoffragmentnearthefreeendincreases

a8lengthofwaterpipedecreaseswithlessthan

70mmwaterplpeandalsoincreasesaSlengthof

waterpipeincrea8eSWithmorethan70mm.Fig.

7Showstheprorlleofthefreesurfacevelocity
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Fig.7TypicalprofileofthefreeSurface

velocityinthecaseOfthe50mm
waterplpe.

obtainedbythelaservibrationmeterinthecase

ofthe50mmwaterplpe.Inthisfigure,Sisthe

thickness0fthefragment,t4L)i8themaximum

velocityofthefreeSurfaceandi.isthetimeneeded

toreachthemaximumvelocity.Letusconsider

themeaningofthisvelocityprofile.Justafterthe

stresswavearrivedatthefreeSurface,thevelocity

startstOincre88e.Themaximumvelocityofthis

proGlecorrespondstothepeakoftheStreSSWave,

whichpropagatesinthematerial,andthenthe
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velocitygraduallydecreaSeSWiththedegradation

orthestreSS.Irthefragmentationofthematerial

doesnotOccur.thevelocitySlowlyapproaches0to

StopthefreeSurface.Wh enthefractureoftherock

SPeCimenbeginstooccurnearthefreeSurface,We

canrindtheremarkablechangeinvelocityinthe

profile.Afterthefr8gmentAtionisaccomplished,A

fragmentmovesWithnearlyuniformvelocity.

Becausetheobservationpointi8thefreeSurface

oftherockSpecimen,thetime,whichthetensile

componentoftheBtre88Wavepropagatefromthe

freeSurfacetothefractureSurfaceisAE(=Oa)･
Thetimeinwhichthedisturbance,duetothe

fractureofthespecimen,arrives8tthefree8urface

iSalsoAt.Nowwenotethea88umption,the

fmctureofthespecimenoccursWhenthepeakof

theStreSSWaverbrthetensileeompomentjust

arrive8atthefracture8urraCe.Ifthea$8umption

iSValid,theremustbenoremArknbleclmngein

thevelocityfortheprorlleduring2Atfromthe

maximumvelocity.However,wecanSeethe

remarkablechangewithin2AE.Fig.8indicates

therelationshipofmaximumfreeBurfacevelocity

andthelengthofwaterplpe.Themaximum

velocitydecreasesasthepipelengthincreases,and

itsdecre881ngrategraduallyisdropplng.

OzZ60mm

100 200 300

Lw(mm)

5

【sp
)d̂

Fig.8MaximumfreeSurfaceVelocityof
rockSpecimenvs.lengthofthe
pipe.
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