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BIastwaveparametersofPETNwithsiliconrubberbinder

DongjoonKinI,YoshioNakayamà●,TomohaTuMatsumura'',KunihikoWakabayashi●●,

AtsumiMiyake,TeruShigcOgawa,andMasatakcYoshida■̀
●

ThepresentstudyfocusesontheblastwaveparametersofpenlaCrythrjtoltctranitrate(PJm )withsilicon

rubber(SR)asabinder.Itisabletochangethemass,theshapeanddcnsilyofexplosives.Inthisstudy,inorder

tocon爪rmthec飴clofthebL'ndcronthestrengthofblastwaves,themlXlngratiowaschanged as

pErN/SR=50/50,70/30,I00/0wt.%.Blastwavepressureswc【cmcasurcdin触eairaJldonarigidsu血 ∝ .

TT)ecxpcrimenta)resultsindicatethatthePEW/SRexplosivescandetonateevenonly1gofPFrN/SR=70/30

wt.%.Inaddition,themixingratiowasfoundnottoa飽cttheblastwavesparameters,Whichindicatesthatthe

siliconrubberhadnosignificantcffcctontheblastwave.BoththeexperimentalandnumericalresultsiTtdicate
thattheb)astwaveparameterscanbeestimatedtoasufficientdcgTCCOfaccu-acybasedorLIyonthePETNmass･

1.bltrOduction

lnI'ndl岱try,thepotentialforano∝urrenccofan

explosionaccidentisa00mmonsarctyconsideration.TTte

damages&omancxpIosionaccidentarearesultof

vibrations,舶gmcntsandb]asLwaves.Incxp]osionrisk

analysis,ilisimportanttounderstandthebehaviorof

blastwavepropagation,becausetheblastwavecou一d

causewidelysedotJSdamagetostructu-csaswcl)asthe

lossofhumanlife.

ne-aarcscvcralstudt･esonblastwavepropagationl)絹)･

MostexperlmCntalstudiesusedTNTcxp)osives.But,itis

wcIlknownthatTNTexplosivesarcnotdetonated

completely with asma])charge. Therefore,the

experimentstlSingalargeamoLJntOfcxplosiveshave

bccncarriedoutonthe丘ce茄cld.ncseexpenmenlson

the8ccfieldtakeahighcostandinvolveahighdegree
ofrisk.Itisdimcu)Itoexamineblastwavepropagationin

detailbcauscofrestrictionsonthe1ocat)'onand

Bequencyofexpcnments.nissituationrcqutresa
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sTTla]I･sca)cexperiment.tftheblastwaveparameters

hmdctonat)'oTIOfasTnaI]chargearcsimilartotheblast

waveparameters如mdetonationofalargechargeatan

identicalsca一ed distance on thesame geometry

(=temperature,atmosphericprcssurcandhumidi(y),

blastwavepropagationcouldbestudiedingreaterdetail

becauseasmall-scaledexperlmen(COuldbccarriedoutin

仙echamberofexplosion.

misstudyusedpenlaerytbritoltetranitrate(PETN)

withs]'ticonrubber(SR)binderasanexp]os).onsource.
neexplosive(PFrN/SR)hasseveraladvantages.First,

lhcmass,theshapeandthedensityoEPErrN/SRcanbe

contro]lcd･Second,therisk involved withuslng
pEm/SRinanexperimentislowbecausePEI¶/SRis

inscnsitive･¶lCSetWO血ctorshaveledtothewidespread

useofPETN/SRinexp)osionexpcrimcnts6H).A仙ough

thereareafewstudy8)onpEm/SRexplosives,there

hasbccnnorepoTlonthestrengthoflhcblastwaveof

PETN/SR.rnlCPurposeOfpresentpaperistoconrLrm

thec飽ctofthebinderofsiliconrubberonblastwave

parametcrs･TT)isstudycornparesresultsobtainedby

numerica)catculationtoexpenmenLalresultsaswellas

rcsu]tsreportedinvariotJSSOurCCSl川 9)

2.Expedments

2.1Explosl'ves

Thccxp)osivesusedinthiscxpcrimentsareshownin

Tablc)･TbcexplosivesofPETN (Diameter=30jim,
ChungokuKayaku(力.Ltd.)withsiliconrubber
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Table1ExplosivesusediTtthisstudy.

Explosives weight(g) shape(IjD) Density(kg.m~

3)pETN′SR=50′50wt% 川,20 cylindr払1(I′l)

1300pEm /SR=70′30wt% 1,10,30,70,130 cylindrical(
1′1) 1350pew /SR=100′Owt% 1

0 Spherical -UD:Length/Diamet

erofexplosives(shin-EtsuChcm血]0).LtdりKE)0)

asabinderwereused.Themixingratiowasvaried

asPm /SR=50/50,70/30and100/0wt.%.TTIeeXPlosivcsw

crcinitiatedbyelecdcdetonatorsofthewire<xplosion

type.Morethan10gofeachcxp)osivewasinitiatedbyele

ctricdetonators(NipponぬyakuCb.ud.),whichinc

lude0.8gofPm .Onegram ofeach explosivewa

sinitiated by asmall-sizedeleclricdetonato†(Show

aKitlZOkuKDgyOa).ud.),whichinduded0.Igof

一eadazide.1meexplosivechargeofthedetomatorisless

than10%ofthemass

ofthePEW/SR.2,2Measurementofb一astwavepressureby触eai

rexplosionFigtJre1showstheexperimenlalsetu

p,includingtheprcssurcscnsoIS(sideanduppe

rview)ina触 airexplosion.Theblastpressurewasm

easuredbythreepiczoclcctricsensorsQ'CBpjezDbt)nics

Inc.,HM102A),whichwerelocatedatdistancesof0.

5,1.2and1.8mhmtheexplosive,陀SPeCtively.Bothth

eexplosivesandthesensorswerelocatedatadist

anceof1m丘omanet-shapedfl00lSurhcc.nesurfacei

sassumednottoproducethereflectedwaves.AlthoLJg

hrefkctedwavesaTCProducedbytJICSurfaα,thesewavesc

ouldnotreach千 thesensorsunti日heprlmaryblastwave

althat]o00tionhaddecayedtoatmos

phericpressure.SignalsweretransmincdthmtJgh00
axia)cab】csandwererccordcdonadigitalwavcform

digitizer(GageAppliedlnc.,Gage1610,16Bit,10MS/
S)a(asamplingrateofIMS/S.Eachpressuresensor
wasRush-mountedtoasharpCdgedstainlesssteeld
isk (whichhadadiameterof90mm)andwasmounted

inthedirectionwhcrctheb)astwaveoverpTessurewast

obcmeasured.2.3Measurementofblastwavepressurebythe

surfaceburstlmcexperimentswerecarriedouton

arigidsurface.¶lCexplosiveusedinthisexper

imentwas1gofPEW /SR=70/30wt.%.lnorde

rto compare thereference9)andtT]isexperimentlCSulLs,the

heightofburst(HOB)abovetheFoundsurfacewasscl

to16mm.TTIisheightalsohelpstopreventdentingofthe

groundsurface.Figurc2showstheexpcnmenLals

ettJP,includingpressuresensors(sideandupper

view).TheblastprcssurcwasmeasuredbyfourplCZOe

lectricsensors,whichwerelo偽ted丘om0.31oI.7

and1.9m加mllleexplosive･TTIemodelofthegroLJndsurfaceofwhichth

ePiezoclcctric

PrCSSt)rCSens

oriiI

-㍉･-･･
【U

TT

｣ .･':

LuN.I ⊂≡≡∃ 1.8m＼Nctshaped'noorsur

face 聖 で ｣ ExpLosivc(a)sidevie

w (b)UpperviewFig.1Experlmen
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(b)Upperview

Explosive

thicknessis10mmismadeofsteel.Specialcarewas

takentominimizelhce肋clsofvibrations(ground

shock)inthestcclplateonlhescnsors●0).Figure2also

shows three p)aces where ttlC rubberelements

(chloroprene)wereused.A)IsensorsdotlOtdirectly

contactthestec)ptalebydamplnSrubbere)emenlsin

ordertominimizethegroundshock･

3.Numerica一calculations

Anumericalcatcu]ationwascarT･icdoutinorderto

investigatethesllengthoftheb)astwaveofPETN.

Thesimulatl'oncodeemp)OycdinthepresentsltJdy

wastheAtTrODYN12D Eulcrcode,whichwas

confirmedthemethodofcalculationofblastwaves

Explosive

(0,柵
Y

Symmetryaxis

軍

]niぬ聖 ､三

i=400

j=2(rigidwall) j=1000
J'=l(rigidwall)

a)lDfb∫spherical

Air

; ＼ Explosive
j=500

(0,0) Rigidwall

b)2Dfわrcylindrical

Fig･3Sdtemab'cillu5d onsforlDand2DanaJysh

paramctcrsbypreviousstudyln 2)

Figurc3Showsschematicillustrationsoflhcl

dimensionand2dimensiorLCXPerimentalscttJPS･Figure

3a)iIluslratcs(helDsphclL'callysymmetr)'ccalculation

fora斤ccairburst.Inthesimu)ation,theXandY

directionwcrcthesymmetryaxes.ThemassofthePEN

chargewas10g.1加 ignitionpointwasassumedlobe

thecenteroftheexplosivecharge.The)Dsimulation

waspcrrormcdinthreestagcswithdifferentgrid

leso]utionsinordertorcdtJCCCalculationtime.Thecell

widthintheYdirectionwasfixedat1mm(△Y=1mm).

With'nlhcinl'tl'alcalcu】a(iontimeof1.2ms,the

calculationrangeintheXd汁ectionwas1mwithagrid

spacingofAX=1mm.Fromthetimeof1.2msto3.5

ms,thecalctJlalionrangewasextendedto2m.Thegrid

spacing(△x)withintherange舟om1mto2mwas

changedto2mm･ARer3･5ms,thecalculationrangewas

furtherextcndcdto4m.TTlcgridspacing(△x)within

therangefrom2mto4mwaschangedto4mm.TTLe

siTm]ationwascomp]elcdatI5ms.
FigurC3b)isthesymmetriccaJculatioTtOf2Dforthe

surfacebtJrSl.1leYdirectioninthesimulationwasthe

symmetryaxis･TT)emassofthePETNchargewas1g･

meneigh(ofburst(710B)wassetto16mm.¶lC

Ignitionpointwasassumedasthecenterofthecxplosivc

charge,thepositionatwhichahokforthedetonator.TT)a

2Dsimu]alionwasalsoperformedinthreestagcs･AHhc

beginnlng,thecalculationdomainwas500mm X400

mmwithXandYIBothofLhcgridspacingAxandA
YweresettoImmwithintheinilia]ca)cLJ]aliontirncof

Ol5ms･FromthetimeofO.5msto1.4ms,thecalcuIation
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Table2JWLparametersofPEm aJldm explosivcLuc°inthisstudy.

Explosives A(kPa) β(kPa) RI R2 aJ β(m/～) Pq.(kPa) Eo(kJ/m3) PD

(kg.m一りm 3.738E+8 3.747E+6 4.15 0.90 0.35 6930 2.10

E十7 6.00E+6 1630Pm 6.17]E+8 ).693E+7 4.40 1.20 0.25

8300 3.37E十7 I.010E+7 1770domainwascnlatgcd

toloo°mm X 800mm･withtheincreaseddomain,

thegidspaclngOf△xaJld△Yweresetto2mm.Finall

y,aRc11.4ms,thedomainwasM ercn)argcdto

2000mm X 1600mm,andthegidspaclngOf△

X aJld△YwasSCLto4mm･ThesiTnul

ationwascomp)eLcdatl0ms･lntJlisstudytheJone

s･Wilkins-LeeOwl)eqtnlionofstate(EOS)was usedfortheproductgasofthe

lU
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0

0
0

0

0

0

O
0

4

3

2

▲l

1

3

21I

(edy)

BJnSSeJdJ

○>o 19.0.51m
Freealr19.0.60mSulねC○burst

1.0 1.5 2.0Tlmo(ms)

Fig.4Typicalbk6tWaV¢hi

d esofcxpbぬk.DETTQSR=70/30wL%)Fig･5Peakovcq)TeSSut:aJdsdcdimpub h触 ai(･ explosiveL3)･Thbk

2showstheJWLparamctcrandthedetonationpropertiesfo

rPETNand- 川cmploycdinthisca)ctJJatiorL.TheE

OSforthedetonationproductswasconvcrtcdintothe巴

OSforallidealgasaRerthedetonationproductscxpandcdtoonehundredlimesth

einitialvolume.Airwasl

lCatedasidealgaswithaspecifich

eatratioof1.4.4.ResuJtsanddiscussions4.1Bla

stwaveparametersjnかeeairFigurc4showsabla

stwavehistoryforexamp一e.Eventhough themassofthee

xplosivewasonlyIg,IkewavcformswcrcsimilartOt

hetypica)waveformobtainedcxpedmcnta)lyfora]a

rgcchaJBC.伽 expeh cnta)rcsultofthesurfacebLJrSlrcvc

alcdthtthedamp]ngrubbere)cmcntsgreatlyminimizedtheef

fectsofvibrationsinthestcclp)ate.Inthisstudy

,tbctime･historyofpressurewavewasinterpolatedbys

moothcubicnaturalsplintAmCtioTtStOObtainl光akslalicoverpressurcand

impulse(thetime･integraloftheovcrpressuredu

ringIkepositivepressurephse).FigLJIC5showsthec

xpcrimcntalresultsofpeakov叩 rCSStJTCSandthescaJcdimpulse

witJllCSpCCttOthescaleddistanceinhcair.Inobl

aiJlingthesea)cddistaJICe,weconsidcrcdonlythem

assofthePETN,ignoringthemassofthesiliconrubbc
r.Forthesakeofcomparisonwiththercfcrencedat

a,lhcdetonationenergyofPEN(scctabk2)wasus

edb∝auscthedataofBakcr4)isdime

nsionless･ThesphericalPETNdataofBakerisshow

nasastrai豆IltlineinFig.5.A]though thcpeakovcrprcs

surcwasslight)ygreaterthanBaker'sdataforlhcsca

leddistancesoflcssthan3m･kg-Ln,thecxperlmCnta
)resultsoftheprcscntstudygene-a)1yagrcedwithL

hcdatareportedbyBakcr･nismeansthatLhcmLXlngra

tiohasnoe批ctontbcblastwaveparamcters･Duetothcscr

esults,whenanalyziTtgtheblastw

aveparameters,lhccffcclOfthesiliconnJbberiscon

sidelCdtobeinsigniEicanL･BascdontheaboveICStJlt
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usedasmoothquadTaticctJrVetOintcrpoIatethedataas

shownir)Fl'815･Thisiscommonlyusedw)'thasmooth

quadraticcurveinpreviousstudy)n･
Thecurveequationsa-easfol一ows:

Pcakoverpressu【c

tog(p,)=-0･68947ttog(Z)I｣ 3･03643tog(I)
+6.31939 (R=0.9964) (l)

Scaledimpulse

zog(I,)=-0･06029tJog(I)lLl104178Log(Z)

+2.30064 (R=0.9892) (2)

whe-a,P,islhcpeakstaticov叩 rCSSurelPal,Zis

thescaleddistancelm.kgIJ/31andJ′ isthescaled

inpulselPa･S･kg~L/31.TTICCOVerag60fthisCurVCisfrom1
m･kg-)/31020m･kg-L/･1･TTLCCurvesarenotsuitablefo-

eXlrapolation.

4.2EfFectofshapeofexp一osive

tlisalreadymetltionedthatthepeakov叩 reSSuleis

slightlygreaterthanBakcr'sdatafor虻alcddistancesof

lessthan3m･kgrl/3inFig･5･TTLedataofBakcrWCTCfor

aspherica]explosion,bLJtthisworkusedcyLiTtdrica)

cxplosives･mereisthestudyofeffectofexplosiveshape

onblastwaveoverprcssureS)･Itisnecessarytoconvert

b)astwaveprcssurefromthesphericalcxplosivcsof

Bakerintoblastwaveprcssure丘om theCylindrical

cxp]osivesinoldcrtocomparethecxpcrimcntalresu)tto

thedataofBaker.lnFig･5,thelineofcytindrica)is

convertedhmthedataofBakerbyLhcNSWCdatau･It

isfoundthatthelineofeylindricalagrccdgrcat]ywi(h

thisexperimentalrcsu)ts.

Itis00nsidcrcdthatnearcxplosivcs,lhcpeak

ov叩 reSSuleSObtainedir日hcprcscntcxpcllmCntare
●

sligl1tlygreaterthanttlOSeOfBaker加auseofthecucct

oftheexpJosivcshape.

4_3Blastwaveparameterbysur･Faceburst

Thercareafewstudicsl)91aboutthesurfaceburst.]n

thisstudy'theMm879)istlSedinordertocomparcwith
theexperimcntaIresLJ)Ls.Figure6showsthatthe

cxpenmcntahestJltsofthepeakov叩reSStJrCSandthe

scaledimpulsewithrespecttothes血eddislancc.刀le

massofthecxp10sivcsisconsideredtobcthemassof

onlythePETN.
ヽ

InFig.6thisexperimentrcsultsarcgenerallygrcaLcr

thanMITI87.But,MITIBTwas u詑dm explosives.It

isnecessaryto00nsiderthecncrgyofcxpIosive.We

00nfirmedthatwhentheblastwav叩aramCtCrSconvertin

dimension)cssform,thesecxperimen(a)rcsu)tsagreewith

theMITI87.

Usingtheseresults,iTIOrdertoobtaintherctationship

betweenthe sea)cddistanceandtheb)astwave

paramctcrs,weusedasmoothquadraticcurveto

inlcrpo】atcthedataasshowninFig･6asthedottedline･
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ThccurveequationsarcasfoHows:

log(I:)-0･74886110g(Z)I7-3.03643Jog(Z)

+6.49411 (R=0.9954) (3)

Sca】edimpulse

tog(∫,)-0･26229t/og(Z)IL1･50011tog(Z)

+2.72640 (R=0.9935) (4)

wherc,P,isthepeakstaticovcrprcssurelPa],Zis
thescalcddistancelm.kg-'/･landI,isthescaledstatic

impulselPa･S･kg-I/31.TheCovcrag¢orthiscurveisfrom

Im･kg-lnto20m･kg-)/3･Thecurvesarenotsuitablefor

extrapolation.

4.4Num8ricalcalculationresultsandcomparisons

Figurc7showsthe1Dca]cu】ationresultsofpeak

overpresstJrCSandthescalcdimpu]scwithrespecttothe

父a]eddislanccfor鮎eairexplosion.First,inorderlo

confirm thecalcu)ation,wecomparethemlculalion

resultsuSlngm loavailabl¢m data4).me
calculationresultsagreedwe)IwiththeTNTdataof

Baker,ConfirmingvalidityofthecalculationmodeLNext,

wecomparedthecalculationresultstJSingPEW lo

experlmenta)results.ThecalculationresultsforPETN

alsoagreedwclIwiththePEN dataofBakcrl)and

cxper)mentalrcsultsofthepresentstudy.Inorderto

makethefiguresimple,theresultsofPEN arconly
shown.

Figure6alsoshowslhatthecalculatjonresultsofpeak

ov叩 reSSureSandthescaledimpulseversusthesea)ed

distanceonthesurfaceburst.Itisfoundthatthe

calcu】alionlSgreatlyagreedwiththiscxperimetttalresult.

Wltha))theseresults,itisconsidcrcdlhaLtheestimation

oftheblastwaveparameterswiththeJWLparametersof

PETNwhichdensityis1770kg.mJ3issu用cienL,even

thoughJWLparametershavebccnreportedtodependon

thedensityofPETN16)･

5.ConChsions

Tnispaperdescribestheb)astwaveparamctcrsof

PETNwithsiliconrubberasabinder.
Fromthecxpcrlmcnta)resultsobtainedbymcasur)ngthe

blastwavepressures,thePETN/SR explosivesare

confirmedtohavecompletelydetonatedusingthesmalI

charge(only1gofPEN/SR=70/30wt.%)･The

mlXlngratiodidnotaffectblastwaveparameters･me

presentlesuJIsindicatelhatitispossiblctoanalyzethe

strengthofPEW/SRblastwavebasedonlyonthemass

ofthePEN,takingnoaccounttothemassofthesiHcon
rubber.

TTlenumCricalcalculalionwascarriedouttodetermine

thestrengthoftheb】aslwaveofPETN･Bycomparing

theca)cu)atjonrcsullswiththecxpcrimcntalleSulls,the

ca)cu)ationresuIIswerefoundtoclose)yagrcewiththe

cxpcnmcntaLrcsu]ls･As such,b)astwavepressureof

PEW/SRcanbccalcu)atedusingtheJWLparametersof
PETN.

Tbemass,densityandshapeofPETN/SRexplosives
canbe00ntroHedanditissafewhenwcuseiLIlis

cxpectcdthatPEN/SRexp)osivcswi)Ibcimportantin

thesmalIISCaleexplosionexpel)ments.
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