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I.INTRODtJCTION

1.ThediaphtgTrLgauge.

Plasticdeformationsofthinmetalplatesun-

dershockpressureoEexplosionhavebeenused

aSadiaphragmgaugeforthepurposeoEmeas･

tlringtheeqectivestrengthofexplosives.

h ordertomeasurethee斤ectivenessoE

血eexplosion impactwehadtoresortto

manyindirecctmethods.oneoEwhichisto

useAdiaphragm gaugeappliedoftenasa

blastmeter.Formerlyits 丘mldeformation

wassupposedtogiveameasureofthepeak

pressureoftheexplosion.

AccordingtoCole'5'̀UnderwaterExplo-
sionMl),Suchagaugewasfirstdevelopedby

anItalianMondugoabout1919.Anothertype

ofdiaphragmgaugeistheBritish"pot"gaul

geandamodifiedformwasusedforthecom-

parisonsoEexplosivesinAm erica.Bebb2'pub-

1ishedin1945,animprovedtypeshownin

Fig.1.Ⅰnmostcases,thediaphragmwas

ordinari)yznadeofsteelorcopperandisclamp･

『

ド-4'一･･-1Fig.1 UERLdiap

hragmpuger∝eivedDec
.10,1967+Kum8mOtOUni

versity2 edtothegaugebodybyafac

ephte.Inpracticethegaugeisplacedata

knowndis-taneceEromtheexplosiveandthen

earlyemi-spheriCaldeformationresultingfr

omtheim-pactistakenasameasureofexpl

osiveeue-ctivenesslargelyforempiriCalco

mparisons.InGermanyanothertypeofbl

astmeter-"Bleimembranmessdose"- wasde

velopedbytheChemisch-TechnischReichsanst

altS),andmanypapersaboutitwerepubl

ishedtherebyW,Gliwitzikil),W.Hoffmannund

G.Meier81andH.BusthS)7).Fig.2showsthe

b18Stme-terdevisedbyH.Buschin1959.

Theyusedmainlyaleadplate,andrarelya

naluminumorcopperplate,aSthe

diaphragm.FIg.2 B)eimenbran

-MeBdosenThelateDr.Yamaga6)introduced

theblastmeterinthiscountzy whichi

sshowninFig.388mditsperfomanceswere

studiedbySuzukiO)AndFuk

uyAma.ll)Thediaphragmgaugesdeveloped

inItaly,EnglandAndU.S.A.aremo阜dyoE
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phragmga咽e･sedchambertypeandmainlyfor

undenvater･experiments.Thosedevelopedin

GermanyandJapanarecharaClerizedbytl

leuseOItlleOpenchamberandareinten

dedtobeusedmainlyintheair.2.The

peculiarBh8peOfthepermanentdefornAtio

noEtheplate.R･H･Coleandothersanaly

sedtheperma-nentdeEomAtionoEthethin

metalplateunder-theexplosiyepressure,

especiallyofunderwater･explosion,Onthea

ssumptionthatthedeformedplatehada)waysa

semi-sphericalprofile,一andthiswaspr

ovedtobetruebytheirex-periments.ln

manyexperimentson nuid･cuppingtestor

hydraulicbulgetestm,the･thinmetalplat

efixedonthecirculnrrigid'boundary deform

spermanently into semi-･spheriCaltom wh

en itissubjectedtoahydrostaticpressurea

boveacertainlimit.Thisseemsalsotohave

beensupportedby.theanalysisoEthep]ast

icdeformations.ll)However,thereareSomeOt

hertypesof･deform8tionoEplatesundere

xplosiveimpact.Theauthorowestheinfo

mationtoProf.H.Sudowhotoldhimabout

an experiment-inopenairinwhichtheplateoEtheblaSt-

neterwasdefomedintoconical,notsemi-

rsphericalshapeunderAdetonationpressu

reofacomparativelysmallcharge.This

caused血eauthor'sconcem 8Sitcontradicte

dtheYoL29,No.t.t9i8 usualnotionw

ehadatthattimeolthep一asticdeformati

onofthinmetalplalesunderuni-Eo- pressur

e･Sotheauthorrcpc3tedthesameexpedment

sinopenairandthenun-dertookalsoane

w kindoEexperimenttothrowsomelightonthe

mechanismoEplasticdeformationsofthinmetalplatesunderthe

blastload. Wh ileitisanestablishedf

actthatthediaphragmisdeformedintoa

semトspherebyacertainunderwatere

xplosion,itisundeniablethatthesameisl1

0talwasthecaseinopenairexperiments. There



of30mm.indiameter,containing50graTnS,
isheldintheairby8LinewireinsuchA

waythatthedirectionoEtheaxisoEcylinder

coincide与With the8XisoEtheblastmetcr.

Thedistancebetweentheplateandtheex-

plosive,whichischosentogivemoderate

pemanentdefom8tionontheformer,isbe-

tweenlOcm.and30cm.Asthematerialof

thediaphragm,copper,brassormildsteelis

alsoapplicable.However,leadisthemost

oftenllSed in Japan.Some permanently

deforTnedfiguresoEthoseplatesalterexplo-

siveblastingareshowninPhoto.1,allof

whichareCOnicalandquitediEEerentfrom

theonesbythefluid-cuppingtests.From

thesephotographsitmaybeconcludedthat

suchapeculiarpermanentdeformationisnot

tobeattributedtothespecialpropertyoE

lead,but血8titisCommontoallductile
metals.

Itmustbeconsideredatsothatshockwave

pressuredistributionarOundthecylindrical

chargeisnotunifom.Itratherconcentrates

onitsAxisnearthecharge,Andthenthe

shockwavefrontdecaysgraduallyintoa

spherewiththelapseoEtime.Therefore,
severalblastmeterswtlichweresetonthe

ground,aJldpointedtoseveralotherdirections

thantheaxisofexplosivecylinder,weretested

simultaneouslybyasingleblastingexplosion.

Eveninsuchazmngements,allleadplates

oEthegaugesdeformedconically,though the

maximtlndepressiononthegaugeOccurred

attheaxisofthecharge.Thistestshows

thatshockwavepressurebyexplosionofthe

cylindriCalChargedoesnotconcentrateso

severelyastogiveaconcentratedloadatthe

centeroEthediaphr8gTn,but,atleastqual-
itatively,itdEectsthedi叩hragTnSin all
directionsinquiteaSimilarmanner.

NextthediaphragmgaugesOEspecialtype

weretested.Theyhadthediaphragmsfixed

ontheperipheriesoEasquareOr8regular

triangle,insteadoEacircle.Undersuch

arrangements,thenatplatesdeLomedinto･

asquarepyramidorAregulartriangular.

pyramidinsteadofACone,858howTIin､
Photo.1.

Pboto.IDeLormatjonsoFthediaphragms
i



ttothegaugesparedtheweightof既plosive

andreduceddangerintheexperiment.The

distancebetweenthesu血ceoEtheplateAnd

thetipofexplosiveiscallede5iPlosivedistance

landdenotedbyd.Letuscallthefourarra-

:I)gements ZLSfollows:

a) An openairmethod,ShowninFig.

4a･i9adoptedusuallyinthiscountryto

compareexplosiveeffectiveness.
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Fig.4 Am gementoLbhstmetcrsan

dexplosivegb) Inthesubmersionmethod,Sh

owninrig･LIb,thegaugeisstJbm

ergedwith5cm.waterheadI)pontheptate

inthesteelbasin,-whichhasthedeptho

E9cm.andtheinnerdiameterof22cm.

SuchanarrangementaimsfirstatpreVentingt

hesmallparticles,whichhavebeengenerat

edinthedecompo-sitionoEexplosiv

e,from collidingwiththeplate,andnextat

equalizingtheshockwaveJistribtltionover

thephte.C) Inthepass-through Tnethd,s

howninFig.4C,agaugeWhichhasnobot
tomandhasamalescrew ontheoutsideoE

thel)ottom,iSScrewedintothegaspipe,w
hichLasthe]engthof2m.aJldisheldhol

iヱOnt&llyattheheightoEabout1.5m.Fro

mtheground.Suchan8PPamtuShaSthead

vantagethatqeveniftheplatedoesnotcove

raholeinthefaceplateandapartoft

heshockwave血aモhaJBarrivedatthegaugeP

assesthrough血eely,itisnotrenectedErom th

ebottom,Yet.2?.N8.I.1W azldconsequendythe

deformedI;CureoLtheplatebythefirst

shockwaveisnotfurtheraueCtedbytherene

ctedShockwave.d)Intheductmethod,shown inFi

g.5,thegatlgeisputonthe組n

dsincontactwithoneendoEthested

pipe585cm･longaJld5mm.thick,settingthei

raxisinline.IntotheotherendoEthep

ipe,atinplatepipeof35mm.diameter

andoE0.5m._2.5m.lezlgth,isinsertedpar
dy,andintheothercndoEthe血 platepipe

isset allexplosive.Allofthesearec

overedwithsand.Inthisarrangementexplo

sionalwaysdestroySthetinplatePipe,an
deverytimeanew Pipemustbe
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Fig.dArrangementinstatic
pressuremethod

E) IntherepcAtedblastmethod,explosive
pr塔SureWASappliedtoonespecimenrepeat-

edlybytheopenairmethod,andAftereach

explosionthemeasurementofthedeformation

andheattreatmentsoEleadplatewererepeated,

withthepurposeoEobsetvingtheprocessof

defomation.

4.3.PropertiesOEleadplate:

In this experimentthediaphragm was

TnadeoElead,which wasadopted aS an

repre班ntativeofductilemetals,foritdeforms

easilybyweakshockwave.Itsspecification
isasfollows:

a) Purity:98.630/o

b)Procedtueofmanufacturingthe

specimenplate:

Aleadplateofabout3mm.thicknesswas

rolledalternativelyintwonormaldirections

bythehandrollintothethicknessoEabout

1.5mm.and0.6mm.

C) An nealing:heatedtol00○±5℃.for
about3hoursandthencooledslowly.

d) Tensilestrength:about160kg/cm2.

e) Elongation:about47%

4.4.Explosivesemployed:

a) Unlessotherwise noticed, trinitro-

toluene(TNT)wasalwaysusedtosimplify

thecomparisonoftheresults.Itslargest-

rengthoEexplosionpemitssdectionofa

largeexplosivedistancetoproduceasumcient

depre粥ionoftheplate.Thusthediaphragm

woulddeexpectedtoreceiveamoreuniLom

Shockwavepressure,andtominimiZethe

chancestObeimpairedbythesmallparticles

generatedatexplosion.TNTpowderwasput

intothecylindricalpapersheath oE32mm.

diameterandof1(泊 mm.length,retaining:
acotlStantdensityoE0.95.

Severalotherexplosives,whichhavea

urgedetonatingvelocity,werealsotlSedtO

comparetheireEfectivenesswithtlmtofTNT.

As detonator,anelectricdetonatorwas

employed.

4.5.MeasuriJ)gapparatus:

DirectmeasurementsoEshockwavepress-

ureanditsdumtionweretriedbyusingthe

piezO-electricmethodandbyusingawiLe

resistancestraingaugeattachedtothemeld

bar.However,satisEactory氾ultsscarcely

havingbeenobtained,nodiscriptionwillbe

madeabouttheseinthispaper.In our

experiment,theFollowingmeasuringtnethods･

wereemployed.

Tomeasurethepermanentdeformationof

theplate,tourconcentriccircles,thediameter
ofwhichwererespectivelylOmm.,20mm.,
30.,And40mm.,andcrosslinesintersecting

eachotheratthecenteralrightanglewere

drawnonthebacksurhceoEthephtebefore

thetest.AfterthedeLormationthediameters.

andtheheightsattheircrosspointswere

measuredusingslidecalipers.

ThechangeofthethicknCssoftheplate

wasmeasuredbythesp∝ialdialgauge,which

wasattachedtothelargearmoEhorseTShoe=

fromandhad.apointednosetocontACtthe:

deformedsurfaceoEthedoublecurvatureat

apoint.

ThemicroIStruCtureSOEthesurhcesofthe

pe-anendydefomedplateeitherdyTIamiCalIy

byblastingorstaticallybytensiontest,were
transferedonthecelluloidplatesbytheSump･
methodaJldinspectedbythemicroscope.
4.6. Resultsmeasured:

a) ThedeformedsectionoEaleadcircuhr
plateoEl･5mm･initialthickness,ALterbeing:
blastedbyanexplosivepr岱SureOE50gram

古 く6) ェ案火荘性会誌



Fig･7 DcformedsecdonoHeadcircuhrplate

byopenAirmethodTNTattheexplosivedist

anceof40cm.bytheopenairmethod,issh

owninFig.7,inwhichthediameLralandcircumL

erentialelon-gationsoftheconcentricc

irclesAndalsothedecreaseoftheplateth

icknessalongtheradiusareshown.Thedia

Jnetmlandcircum-Eerentialdongationandthede

creaseOEthethicknessiJICreaSe

graduallytowardthecenterandre

achmAXimtlnatthecenter.b)ne sections

oEthe six defomedplatesbythesubmersion

method, eachot-whichhasundergonetheexplos

ionpressuresoLthethreesortsoEexplosive

sseverally,areshowninFig.8.allofthe

sesectionswhichArenearlyconical,havea

littleparabolicdeviation.Thisdifference

issupposedtobeduetothehctthat

theshockwavepressureonthephtebythes

ubmezsionmethodisloweratitspe

ak,andlongerinduratiorLthnthosebyt

heopenairmethod.C)LeadbarsOf

rectanguhrcrosssectionof5mm.widthan

dofI.5mm.orO.6mm.thiclmcsswereteste

dbythepass-throughmethod.Thesideviews

oftheplasticauydeEorTnedbarsareShovm in

Fig.9,eachoEwhichisncArlyan equilateraltriazlgle･T

heVol.2?.No.I.lM FIg.8

D
eformedsectionoHeadcircuhrphLebysubme

rsionmethoddistributions0Eaxialelon

gationaJlddecreaseinwidtharegenerallyunifor
m,whilethedecreaseOftheplatethickness

c一earlyincreasestowArdthemiddlepointzLnd



Lh･dPteかFig.9 DcformedsectionoErectan

gularbaz･oEleadbypassthrough method

※-ヽ∧◆~L~1･/Y

./lPhto.2 Def
orJnedbarbythepassthroug

h methodbarandthegaugebodyinthepa

ss-throughmethodisshowninPhoto.2.Before

thetestparallellines,inndirectionperpendi

culartotheaxisofthebar,werecarved

atequalspaceoE2mm.onthesideoEthespe

cimen,whidwasthensetonthet血sトムeterandtestedbythepass-through method.

ThereaLtcT,theparallelismofdloselines

wasexaminedonthedefomedspeciJnen, andw as

perceivedtoremainthesameinthe8traightpartofthesp



Photo.5 DeEomedllgureSOEleadcircuhr
plateSwithACenterholebythe
pssthrotJghmcthod

｢..-】ILI
L
Ph oto.dDetormcdpro

丘IeoEthecircuhrleadphtewithace

nterholebythepassthrotJgh nethod5.

andPhoto.6,whichshowusthatthesespeci

menshave defomed,similarlytothecircularplatewithoutahole,intoafrus

tumofacone.Itistobenoticedherethat

allthein-clinationsoEgenerationlinesof

theconeswere･&lmostconstantly40.inspiteoEthedifferen

tdiametersoEtheholes.Whenth

ecircumfer-tntialelongationoEtheplatewit

haholeiscomparedwiththatoEthepl

atewithoutahole,weknowthattheformer

islargerthantheutternearthehole,bu

ttheirdiEEerencedecreasesalongther

adiusandreachcstheminimumAttherlXedperip

heryoEtheplate.Thisexperimezltalsoe

xcludesthesuppositionthattheshockwave

pressureofexplosionimposeduponthedi叩hr

agmCOnCentrateSatitscenter.E)Nextthe
diaphragmwasmaderectaJ1-gular (45mm

.x25mm.) and oval-Shapedくtwosemi-circleso

f15mm.radiusconnectedwith arectangleoE



1.Though thefourslopesoEthefigureoE

Photo.7Arcnearlyequal,in thefigureoE

Photo.88theslopeoppositetothefreeside

isclearlylargerthanthosegeneratedinthe

othertwofixedsides.Thereasonprobably

liesinthefactthattheErcesideofthedia-

phragmmoveseasilytotheoppositeside as

thedeformationprogresses.

10

h) As anexampleofadefomeddiaphr-

agmtestedbytheductmethod,Fig.10iB

shown.Now,theplateis1.5mm.inthickness

andtheexplosivedistanceis6m.Thefigure

issemi--sphericalandquitereSembleStlmtin

Fig.ll,whichshowsthedeLornedfigureof
thephtetesedbythestaticmethod.

Fig.10 DeformedsectionoEleadcircular

platebythedue(methodpodIOl.
Ef.o# L7,7" † "
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The circularlead plateswithdifferent

concentric holes weretestedbytheduct

method,oneofwhichisshown inPhoto.9,

r~■/ -∴ご:.~:｢ン二′://~ー†二 一∴●p触ヽ◆ 他へ

戦･､Xw_ノ.I...■払 叫._

1.%～_A､W.､▲lPhoto.9 Deformed丘gure
oftheleadcircularplatewithacenterh

olebytheductmethodJVpJb/
･'A｡4伽 sJM･'h･CD P･JA-IA -alteDJVJKebehpe

ehlhe 0 S70uCeod 伽p'> andeveryoneshowed

asemi--sphericalshapesimilartothatoEthe

platewithoutahole.ToexaminetheeEE

ectofsphericalexpansionoEshockwaveinthe

ductmethod,theendofthesteelpipe

waskeptapartEron thediaphragmatthedist

anceoE5cm.orlOcm.Thedeformedcrosssectio

nsofthesediaphra-gmsareshownbythecu

ⅣesofA-IandA-2inFig.12,wherethecross-sectionofF

ig.10･isaddedasP

-1tocomparethem with theZerodistancesection.Inaccordancewiththeincreaseofthedistancebetweenthediaphrag

mandtheendofthepipe,thedeformedsha

pegoesfromsemi-spheretocone.20伽

′Q ○ RQdI'us- ′0 20JFJrFig.12 E∬cctofclearancebetweenthegaugeandthepipeorLthedefo

rmationi) Fig.13showstheresultsbythere-

peatedblastmethod,inwhichtheexplosivedis

tancewashddalwaysat35cm.andex-plosion

swererepeatedseventimesandthesevencurvesinthatfigureshow theseven

EIPFw,Vea,'sfqhCe 35'J' deEomledshapes

measllredaEtertherespective

explosions.Thisfigureshows

thattheconicalslmpegained atthefirstexplosionswellslittlebylittleateveryexplosi

onlastlytoex-pandintoth



4.7.Experimentalresults;

Fromtheaboveexperiments,thefollowing
conclusionshavebeendeduced:

A) Thepeculiarslmi)eofthedeformation

ofthediAphmgm,whenitiSblastedbythe
strongshockwavepressureoE explosion,is

simihrtothesandheapformontheplate,

AndiscomJnOntOplasticdeLomatioTIOf

ductilemetalplates.Butweshowednotto

AttributeittoaSPeCialpropertyoflead.

b)TheSuPpOSidonthattheconcentration

oEshockwavepressureatthecenteroEthe

diaphragm mayCausethedeformation of

sandheapEon ontheplateisexcluded.

C) plasticshearingdeformationwasnot

perceived,exceptinthecaseinwhich,at
thefixedboundary,Alargeplasticshearing
deformationoccursbytoostrongexplosion

pressurs,asshowninPhoto.6.
d)Themeasurementoftheelongation

distributionoftheplateandtheobsevation

oEthemicroscopicstructureoEthedefomed

surfaceshowthattheplateisseverelyelo-

ngatedinalldirectionsleavingnotraceof

compression,andthemicrO-structureoEthe

JcLormedphteissimihrtothatgainedby

thestatictensiontest.Thus,undersucha

loadingcondition,tllediaphragm maybe

treatedasAmembrane,inwhichbending

resistanceAndshearingdeEomadoncanbe

negtected.

e) TheresultsoEtheductmethodaJ)a

therepeatedblastmethodshowthateventhe

shockwavepressure,whenitcontintleSlon-

gerthanthetotalperiodoEdeformation,

givesthediAphragmthedeformationofsemi-

sphereshapeSimihrtothatgainedbythe

statictest.Andan intemediate duration

gives&ninterTnediateEorn.

E) Summingup,weareleadtoasuppo-

sitionabouttheprocessofdeformationof

thediaphragmOEthegaugetobeasfollows:

OngeneratingthedeformationoEsand

heaptype,theshockwavepressureoEexplo-

sionactsduriJIgaShortintervaloLtime

conparedwiththetimerequiredEorthetotal

deformationoEthephte,andcollideswith

ituniformlytogivesauniformnormalveIO-

citytotheplate.Theplategivenwiththe

tmiform normalvelocitycoIIidcSAgainstthe

rigidperiphery血edtothegaugebody.Thus,

theplasticdeEorntionstartsatthe血ed

peripheryaJldthenproceedstothecenteroE

theplate,thecentral prt,whichhasnot

k nreachedbythedeLorrningwave, re-

mainingfht.

5.ExperiJnehtIII,by high-Speed

cAmer8.21)25)

From the above experimentswehave

托aChedaCOndllSionabouttheprocess oE

deformationoEthethinmetalplateofthe

bIastmeter,aswasalreadydescribed.Con-

cemingtheproblemofthemechanismoEthe

diaphragm intothepeculiarshape,itwas

expectedthatimportantfactswouldbeobtain-

edbytakingaphotographoEthedeforming

processoEthephtebyahigh speedcamera.

Therefore,theauthorphnnedwiththeco-

operationofProf.H.SudoandProf.T.

UemuratotakephotographsoEthedeform8-

donsoEthediaphragm gaugeusinghigh

speedcamera,whichhadbeeninventedtwenty

yearsbeforebyProE.T.Sulmraは)Andhad

thehighestspeedotbainableinJap8mthen.

ItwaslustatthattimethatWeCAZDein

poSSCSSionoEG.E.Hudson'spaperは)inwhich

thesameproblemhadbeentreated.Encou-

ragedononehandbytheagreementoE

opinionaJ)ddiscouragedontheotherhaJld

byhis,notmy,havingtakenaninitiative

inregardtomathematical8Jlalysis,aSWdl

asbyhisprecedenceinreyedingthesecret

physicalfeaturewhichhadsofarbeenhidden

oEthecone-frustumformation,wesetForth

insearchoEtheexperimentalevideJlCeSWhich

hadbeenhckinginHudson'8Paper.Itwould

)2 (12) エ兵火邦協会蕗



notbeinappropriatetomentionherethatour

ideasweredevelopedwhenwewereworking

AttheUniversityoETokyo,independentlyof

theAm ericAJlinvestigation.

5.I.Photographingpreparations:

Byourpreliminarytestitwasfoundthat

thetimenec飴Saryforthetotaldefomation

oEtheleaddiaphragmwasabout0.Sms.～l

ms.Thereforeinordertotakeabout10pho-

tographs on the processes OEthe plate

deformation,thehigh speedcameratobc

usedmustlmvethespeedofabout20,000
EmmesaSee.Therebeingnobetterone,we

decideduponSuhara'scamera,Whichhad

beeninstalledintheLaboratoryoftheRe-

searchInstituteoEScienceandEngineering.

ThemachinehadthehighestspeedoE40,㈱
framesASee.AndwasAVAi18bleforouruseby

thecooperationoEPEOE.T.Uemuraandhis

colleagues.

&) Arc-lightwasfocusedbythelenson

theconcavemirror,anditsreflectingbeam

thesilholletteOfthedeformingfigureoEthe

diaphragmWasprojectedontheczlmera.The

cameraWastooheavytobemoved,sothat

itwaS丘ⅩedinthebuildiJlg.ToAvoidthe

dangerOfexplosionpressure,the8PParatuS

fordefomingtheplatewas SetupOutside

thebuilding.Therefore,thefocaldistance
of9m60cm.beingnecessary,Atelescopic

lensoET缶Sar1:5,F:70cm.WasuSd.This
am gcmentisshown inFig.14.

b) Totakethephtogmphsofthesilhou-

etteofthedeformingp18tebytheopenair

Fig1.4fhr諾.Tgg,ea;鎧 of"gh-SpeedYol.2?.No.I.1N method,thefaceplateoLthegau

gewasreconstnlCtedso8StOlettheuppersu

血ceoftheplatecoincidewithtlmtoEthefa

ceplate.Thisapparatusisshown inFig.15.A

lso,iAo一dertotestarectangql8rba

rbythepass-through method, a new b

lastmeter wasIconstructed,whichlmd

Aspan oE46mmandisshowninFi

g.16.匡 !15= - _ -- -FI甘.15Thesp
ecialbust-metertotAk
easilhouettephotographoEthede

EornlngplateFjg.1
4ThenewblaStmetertOtestAT

eCtAngulerbarc) Thespecimenstestedwere

madeofordinaryptueleadonthemarket,androl

ledltothethickn essoEabout0.5or0.6

mtn.Heat.treatmentsofthespecimenswere

omitted,becausetheireffectsonthedeform

edshape･werenotrecogTIi王ed.Ontheprofile

oEthe･SpecinenthesmallprojectionsoEsold

erwere･solderedatintervalsof5mm.,toc

atChthe･localdeformation

oEtheplateatdifferentstagesonthep

hotographs.d) Topreventiniuringthesurr

oundings･byexplosivepresstlre,themi
nimumcharge･ofTNT wasdeterminedAtlO

grambythe:preliminarytestsWhichlmdbeenma

deto･give8ccuratetythenecessarydefor

medhight'･totheplate.TNTpowderwaspressed



bypressureoE1ton/cm壬.lnthepass-through

method,thesphereof15mm.diametermade

ofShingiridymamiteof15gramwasusedto

preventtheexplosionfromyieldingtoomuch

smoke.whichmightcovertheLigtJreofthe

deformingatthemomentoEphotographing,

becauseShingiri dynamitegenerated least

smoke.

5.2.Photographstaken:

FourphotographsoEthedeEomingdia-

phragm takenbythisapparatusaregiven

hereastherepresentatives.Theconditions

ofphotographingAndthesizesoEthespeci一

mensusedinthesetestsareshowninTableI

Tab]eIThecondidonofhigh speedphotographing

Pho10.Nt). Pl10tO.10 Photo.H Photo.12 Photo.13

Platethickness o.49mm 0.59mm 0.61mm 0.59mm

shapeo-thep･atc Circ.u:mrmp:te oli:h6himEoiSte re?,nx::mplate了 もo:txh.C6dcmnaaslhe

:1umbcrofFrames/S 22,500 22,700 22,500 22,500

E叩Iosiveuse｡ TNTIOgr TNT･Ogr TNT10gr Lshingiri1-雷 蒜訂

ExplosivedisLanCe 40cm 39cm 1 42cm 20cm

Detonanalorused NoJ6ーElまiric
withoutbottom

a) Photo.10showsthedeformingprocess

･oftheleadcircularplateof0.49mm.thick-

nessbytheexplosionpressureoflOgram

ofTNT.Anditmadeclearthattheplastic

deLormalionofthediaphragm startedatthe

fixedboundaryandproceededtothecenter

･oEtheplate,leavingthecentralpartLlatand

endingomthearrivalofdelomation at血e

center,th usyieldingatriangleprofile,aswas
expected.Theintervalofthesmallprojections

neartheboundaryoftheplatewasobserved

inthephotograph whiletheconicalpart

wasbeingformed.As theresulttheincrease

-ofitsintervalswasperce三.Tedtobemorethan

20%.

b) Photo.llisthedeformingprofileof

theleaddrcul8rplatewithaCenterhole

･oflOmm.diameter,andinthiscasetoo,the

processoEdeformationwassimilartothatof

thecircuhrphtewithoutahole.However,
as wasSupposedinthistest,theradial
velocityoEthedeLomingplatewaslarger

thanthatoftheplatewithoutahole,and

14

do do , do

thisphotograph showsthatinprocessot

defomationtheinnerperipheryofthehole

wastom upandbenttotheoutsidebyits

inertiaforce.Itsdeformedshapeisshownin

Photo.14.

C) Photo.12showsthevaryingsilhouettes

ofthedeformingrectangularplate,viewed

fromthedirectionoftheshortersideoLthe

plate;thesesilhouettesaresimilartothose

intheformertwo,butintheFinallydeform-

ed五guretheridgeoEthehippedroof,has

alittleroundnessinsted ofstraightline,
probaもly owing to theperiphery ofthe

diaphragm haviJ)gSlidedoutofthefixed

boundaryin consequenceoEloose fitting.

ThesmallprojectionsoEsolderonthephte

weremostclearlyphotographedinthisamong

thefoulltisnoticedthattheintervaloEthe

projectionsonthecentralfhtpartvaries

toolittletobemeasuredinthephotograph.

d) Photo･13Showsthesimilarproce駈

OfdeEornationoEtherectanguhrbar,1nt

theundeLormedcentralEIatpartdoesnot

(14) エ燕火薬陰会誌
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photo.14 Thcdeformedshapeofthelead
circularplatewithacenterhole

妄叫 ~,T}… -鳩 山r屯壕壷TT仙

言- モ ー 蒜 や芸 潜 き ま繋 ∧:

-_ 一 L // L､1- - -､一一一-Photo.1
5 ThedeformedshapeoEthe]eadrectang

ularbarappearsoclearlyasinthefomerth

代 ecases.Thisfactwillbeexplainedbythe

factthattheenergyofplasticdeformati

oninthisbarpropagatesinonedirectionand

doesnotconcentrateatthecenterasin

theformerthree,andbythefactthatthebar

hasbanslackenedinitiallybecause,inEixi

ngthebartothegauge,itwaselongtedby

pressingbothendsofthebar,andthereforenosharp plasticdeformati

onoccurredatthe丘xedends･Thefinalshape

ofthedeEomationbaris･shownin Photo.

15,whichisatriangle,with aslightlyr

otlndedtop.5.3.Analysisoftheexper

imentalresults:Intheenlargedphotographs

oEPhoto.10,Photo.llandPhoto.12,t

hedeformations･ofacircularplate,andth

esamewith an丘withoutacenterhole,andoEa

rectanguhrplateweremeasured,compar

ingthem withthedimensionofthefixedpar

twhichwastknown asaconstant.DurationoEd

eformELtiomwasbetween0.4ms.and0.7ms.Th

edis-phcementsofthecentralnatpartsl

mntheiroriginalpositionsinthesethree
photographs,andthedecreaseoftheradiusof

theunde-fomedcentralflatpartinPhoto.10w

eremezLSured.From thesedatathevdocityoftranslationoftheblastedplateandthera

te'oftheraditLSdecreaseofthecentra

lflatpartcouldbecalculated.These results

aregiven_inTable2andFig.17.Thefig

ureshows-thatthediaphragm was first

acOelerated.duringaperiodofabut0.1-0.2

ms.toreachaconstantvelocitywith whichi

tadvancedEor0.3-0.4ns.,andthen
stopped.Theradiusofthecentralfktpa

rtdidnotdecreasewith aconstantrate,

butdecreaLSedinpro-portionwiththe1.25power

oEtime.Howeverthevelocit

ywasnearlyconstantbetweenNo.
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t,(IupddFlg.1TVariationohheheightzl
ndradiusohhecentrzll

datpartPhoto.10,andwasabout31.4m

/S,whichmayberegardedasthevelocityo

fplasticdeEomatiomwavealongtheradiusoft

heplate.Theintervalsofthepro由ctio

nsontheplateweremeastlredinthesepho

tographs,butthechangeofthedistancesinth

edeEorn-ingprocessseemstohavebeento

oimgulArtogiyeallyqualitativeconclusio

n,exceptthatintervalOEtheprojectionsont

heutter-mostpaztoEtheconehdbeen

inc托aSlngduringthegrowthoEthecone,

sothatanincreaseoE200/.oEtheirdistance

attheendoEtohldefomationha

s 托 Sulted.ILtheequadonoECB=(qr/p)を

holdsbeトweentheyieldpointqyandthev

docityofphsticdefomationwaveCb,W
herep isdensityoEthematerialused,th
edynamicyieldpoiJltqrL'maybycalculated

,ushgthevelocityof31.4m/S,as

Follows:Qyb=Cb'-Xp-1.

14kg/mn王Bythestatictensiletesttheyield

pointoEleadqywas0.67kg/mm王,iudqrL'

WaShrgerby70%thaJlqr, ASistobeexpe
ctedfromtheknownresultsofthelligh-Speedtensile

teStSIl).Vet.2?.No.I.1PAB 6.Erpe血 ehtrV,by

medl弧 icdimpc

t.28)28〉neAuthorhas aLSCertalnedbyhi

sexperi-mentsdescrikdabovethattheplas

dcdefor-mationoEthebtastmeterproceeds

exacdyasheexpectedwiththemechAJlismtheo

reticallyanticipated.Fromthesehehasim

mediatelybeenledtotheconclusionthatsuch

peculiardefomationofthediaphragTnShou

ldbege-neratednotonlybythCblastingpr

essureoEtheexplosive,butalsobythesudd

enchangeoEthebhstmeter,which,forexample

,isabletobeinducedbythecolIisionoEth

efallinggaugewitharigidbody,asHud50

n'spaperhassuggested.Although thedirect

measure一mentoEthemagnitudeoEshockwave

pressuregeneratedbytheexplosionoEeD(plo

sives,oritsduration,isveryhardatpresen

t,tome-asurethemechaTlical impactcau

sedbythecollisionoftworigidbodiesis r
elativelyeasier.IithedeEornationoEthe

diaphragmoLthegaugebymechanicalimpacti

ssimilartothesandheapfom ontheplat

e,itmaynotonlydariEythenechanicalme

aningsoEdeformationoEthediaphragm,butal
soenableustocalibfatethedeEomationo

Ethedia-phragmbymeiLSu血gthemeclmAic

alimpactgiven,orthevelocitychangeOE

thebustmeter.With thisinview,anapp

aratustOcauseasudden ChazlgeOEveloci

tytotheblastmeterbymechanicalcollision

wasdesi-gnedAndcon

structed.6.1.ApparatusEormechanica

limpaCt.AAs hasbeencertifiedbythee

xperimenttuiJ)どdiehigh speedcamera,time

necessaryForvelocityclmngeofseveralmeters

asecttothediaphrap waSunder0.hns.Ther

efore,anapparatusWasdesignedwhereaEAll.

lagSteelbody,whichservedasasubstitu

teforthediaphragmgaugeandtowhichthe

diaphragmwasfixedonitsperiphery,migh
tcollidewith8rigidstedblockverticallyan

dreboundonthisoccasion,theeEEectivediaJneterO



thediaphragmhasbeenalteredto50mm.,
fortheconvenienceoEmeasuring.Thehlling

bodywasathickcylinderwith aspherical

bottom,andcontainedthediaphragm fixed

init, asShowninFig.18.FouroLthesix

protmsionsinsymmetricalpositionsonthe

outersideofthebodyseⅣedasaguidefor

thebodytofallverticallyalongthetwo

pianowiRSOf3mm.卓,extendedvertically
andtightlybyaddingtensiontothen.The

o血ertwoprojectionsintheoppositepositions

havebeengivenrhombiccrosssections,and

areusedasashuttertoalightbeam,as

winbedescribedlater.Thesphericalbottom

oEtheLalliJlgbodycollidedwithdleflatpart

oEtherigidsteelblock,andthebodywhile

reboundingwaspickedupwith thehand,
becauseasecondcollisionwouldchangethe

defomledshapeoftheplate.Inordertogive

alargereboundingvelocitytothebody,the

I
L 榊
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interruptedthebeam twice,thatis,onthe

twooccasionsoffallandrebound.TlmS,
becauseonefallingtestgivestwovelocities

oEfalland rebound,the sum oE those

velocitiesisthevelocitychangeOfthefalling

tmdyinthemechanicalimpact.

b) nough thebeam oflightwasmade

･8SWellaspossibletoconvergetoapoint

wheretheshuttercutit,ithadanareaoE

about4mm.diameter,andmoreoverdidnot

JjstributeuniEorm]yinthatarea.Forthe

TeおOnthat,beLoretheprotrusionceasedto

･cuttheareaOEbeam,sometimehadelapsed,

-therlgureOntheoscilloscopecom spondingto

thevoltagechangeoEthephotかCellwasnot

8rectanglebutatrapezoid,asshownin

Photo.16.As thesinglesweepapparatuswas

notusedfortheosdlloscope,血elengthof

thebaseoEthetrapezoidwasnotclear,but

thatofitstopwasmeasuredmoreclearly,

whichcorrespondedtoashorterlengththan

･血atoftheprotrusion.Thiscompensating

lellg山rto山atortheprolmsionwasdeter-

minedAt1.25mm.byzLnexperiment.Ifthe

nominallengthoftheshutterisIandthe

･diameterofthe areaoflightbeaTna,

･(I+a-2C)Shouldbeusedastheeffective

lengthoEtheshutterincA)cu】atingthevelo一

.cityofthefallingbody.

photo.16Thevoltag
echangeofphoto-cellcorresponding
lothelimeofhllandreboundofth

e即ugebodyYo1.27.No.1.19d As the.shutter

CutSthebeam twiceinthetest,twotrapezo

idS叩pearinthefigureoEtheoscilloscopewit

houtregularOrderoELoreoraft;buttheycanbe

distitlguishedfromeachother,becauseth

elengthofsweeprisebyreboundirLgmustbe.longerthanth

AtbyEalling.Tocalcuhtethe

velocityoEthebodyv,wecanuset

henextequation:t,-(I+a-2C)

xPn,whereI:lengthoEprotrusion=19.5

nnd:diameteroEtheareaofk m=4mm

c:lengthtobe

compensated=1.25mJZln:numberofwavescorrespo

ndingtothetop length oEthetrapeZiOido

n theoscilloscopef:frequencyoEthe

oscilhtoras8tinemarkc) Inthisfalling

test,8SlidingfrictionbetweenthepianOwires

andtheguidesforSlidingexistsinevitably,f

orthebodyIitseufallsosciuating,thuscA

usingthefriction;Andthefallingveloci

tyvariessomucheveniEthebodywasmadetof

allfronthesaneheight.Especiallythescatt

edngofthereboundingvelocitiesofthebody

isverylarge,becallSeitsobliquecollis

iontothestandcausesthebodytobero

tatedinz･ebounding.Frontheseconsideratio

ns,thedatabythesetests,inwhichitwaspr

esumedthattherebundinganglewastoolargdy

inclinedaJIdtheratioofthe'reboundingve

locitytotheidlingwastoosmall,wereomittediJlt

heArrangement.6.3

.Spedmensandsomemisceltancousitems:

Thepropert

iesoEtheleadspecimenare asfol

lows:a) Purity:98.63%,

b)Them



Young'smodulus:1860kg/mmt,
ElongAtion:43%.
Ninethickn 缶SeSWereadoptedinthetest

withtherangeoffrom0.7mm.to4.5mm･

onthesurfaceoftheplate,twodiameters
crossiJlgthecenterAtrightangletoeach

otherandfiveconcentriccircleswithrAdiioE

Eron 5mm.to25mm.atallintervaloE5

zrLm.,Weredrawn tosetthemeasuringpo-
intsfordeformedshape,andfortheconve-
nienceoEfixiJlgthediaphragTn'orLthehlling

body.

ThisexperimentwasCarridoutnotonly

with circularplatesbutalso withcircular

plateSwiLhconcentricholes,which were
punchedoutbyadieinordertogainan

accuracyforthediameterOftheholeand

precisionEortheposition.

ThemeasuringmethodoLlhethicknessof

Falling.bight

Phtethi

ckness関 空監 監 ~ ~
FuectiveArea theplateWasaSdescribed

aboveinEx

pe-rimenttT.Todccidethedeformedshap

eoEtheplate,verticalheightsandhori&ontAl

lengthsonthe,crosspointsofthetwodiame

ters aLndthe･･Fiveconcentriccircleswereme

asuredexaCdy･byusingAreadingmicroscope
withthreeco一･〇rdinateAX怨 inordertoa

voidimpdring:thedeformedshapeoEthe

plate,though･practica11y they may beme

asured pretty･correctlybys

lidecalipers.Therangeoffrom lm

.to 4･5m･at･intervalsof0.5m.waschosen

astheEalling▲heightoEthebody,which,h

owever,lmdnotspecialsignificancc･Itonly

meansth&tthe-Afallingvelocitywasvariedt

ocoversome..finiterange,becauseithadtobemeasured･

ineach test.6.4. R由tn丘oEtheexperi

mentsAndthe:TAble3Resum占olthe

measureddatam

m i 1.611 1.56mm2L
1978l D F 190No.oEwavesatEall Inl I l 7.41 7.01 7.1I 6

.4I 6.11 6.0No.oEwavesa

tReboundIn2FAllin

gyelocity IvRebotlnding

velocity IvzV

elocitychangeE

qcctivcvolumeE打cctiyeweight
Efkctivcmass Li L竺_Ittr/g igr･

S2/cm∫ lgr'SCoe瓜⊂ientofre

botJnd IvZ/vlHeightof

ltleCone IAInclinationofthecone I tana 4.591 4.86 9.

018.7I1

0.62.83j 2,837.69呈 7.88よ9.

09 3.911 3.2114.18

114.79L15.634.72I 5.081 5.971 6.591
6.980.24日 0. 01307i o･3
40; 0･20



コneaSureddate:

Theexperimentsh8VC,fromthebeginning,
-beenclassifiedinto仙 ccngroups,fromA
loO･andheretheresultsoEthegroups
:from K to0 aremainlyShown because

･dleSeAremorereliable血te.

¶leresultsmeasuredimthephotographs

･oftheoscilloscopeout-puts,thecalmlated

･dAt80Ethevelocitychat)geAv,theimpact

･Sgiventotheplate,andthemeasureddata

･oEthedeEornedheightAoEtheplateandof

･theinclinationtanaofthegeneratedcone

fortestgroupL,AreresumedinTable3as

･既 amples.

6.5.MeasurementoEdurationofcollision:26)

InsomeoftheseexperimentsoEmeasuring

･thevelocitychange,theimpactloadofc0-

11isionwasalsomeasured,usingthecombi一

二nationoEwireresistancegaugeandaBrown

andthecalct血teddabforthegroupL

一亡■･- 一-- 一･. JT二一■■_一 P_ ■
NO.oESpecimen

tubeoscilloscope.ItaimedatmeaSuringthe

durationoEcollisionbythemeclmnicalim-

pacttest,tocompafeitwith thatoEshock
wavepressureatexplosion.Thewiregauge

wasadheredtotheprotrusionoEthesteel

blockreceivingtheimpact,lesttheStrCSS
wavegeneratedbycollisionshouldbedisturb-

edbytherenedngwaveonthesteelblock.

InthecircuitformeasuringstraitlaSingle

sweepapparatuswasused,andwdBtriggered

bythevoltageclmngeinthecircuitoEthepho･
tocellthemomentthefallingbodysheltered

thelightbeam.nerefore,intheseexperi一

DentsfromAgrouptOFgroup,theimpact

loadandthevelocitychangeWereSimultane-

ouslymeasuredbyeachtestoEmechanical

collision.ThegeneralaJTangementOEthe

measuringapparatusisshow7IinFig.20,and
asallexample,aphotpgraphoEtheiznpact

141 15 1 16]20J23125

0.89Il.2]I I.2210.70
△ l △ ≡ ○ △ I O J △

0.701 0.80 0.8110.88
△ l O t O

1978Fornark△ 1900ForJWk0.

_610__5:_6
8.It9.8

rl

f7

0

4

6.
一3

9.5巨 7 9.418.4I7.81 9.6 9.
l6.67i5.67 6.0715.8615.96‡6.07i

5.769.54F.10.2519.18I9.6919.9111

0.32!YoI.2?.No.I.1脚 (2



Fig.20Thegeneralarrangementofmeasurin

gappamtusoLtheimpactloadatldthe
velocityd

一angeNo.oEwavesFallingve

locityNo.ofwavesRcboulld

ingvelocityComcientofre

boutldVelocitych n

geMax.loadby

velocitychangeM ax.

loadbystminmeasuredImpulsebystrainmeas

uredDurationofconbctHeightofconeIncL

itudonoEcone22 loadmeasuredbytheoscil

loscopeisshowt).inPhoto.17,whichdenotes

theimpactveryneartoahalfsinewave.

AnexampleofthedataoLmeastlrementand

calculationisresu-medinTable4withthed

ataOfthemeasu-rementofvelocitychange

.Boththemaximumtodandtheimpulsecalculate

donthistablecoincidewellwitheachot

her.Thedurationofcontactisabout50pse

e.inalLcollisions-andthemaximumloadiswit

hintherangeoflOton～55ton,bothofwhichcoinci

dewellwiththevaluescalculatedbytheautho

ronHertヱ'scontacttheorylS).Theduration

ofcollisionbrthemechanicalimpacttesto

btainedfronthis･mea5urememtisali比leshorterthan

thatofshockwavepressurebyexplosionactingorL

TBble4R丘ruTtl占ofthemeasuredda

ta訪 ｢ ~一一7.Tri
.
i
msl3･50
a-
,
｢
主計
,蒜

0.8 J 12.0mS 15.40F 6.0
0M/SI2･37

lo.575kg･sl1.483

IL1H.:.;;.1.i-

川:2.1211.891

2.900.47310.5455.88018.

220I.344



Photo.lTL

oadcurveatimpactlestthediaphragm.an

ditshowsthattheresultsattainedbymec

hanicalimpacttestsareappli-cabletotheca

libratiotlOfthedeformationofthephteunder

blasttype Ioading.BuHheAndthecalculated

dataEorthegTOtJpF.No.

ofSp∝imcn2.5-3 1 2.514 absolutevdueso

Etheimpa

ctloadsgainedbythesemeasurenentsaren

otsosuELicientlyreliableastheduratio

n,becれuSethewireresis-tancegaugehasthe

tendencyofbeingAffectedbymagnetoIS

trictiveeffectAtSuchhigh strainrates

asoneshowninthesetest.80)6.6. Relation

betweenimpulseanddefor-maliom:Thef

iguresofthediaphragmsdeformedbymechanicalinpactwith lhisapparatus

havealwaysbeenfoundtobesi

milartoconesorfrustumsofcones,&sexpected,

and areshownh Photo.18.Therefore,th

eheightoftheconeAortheinclinationoftheconi-

CalSurhcetanahasb

eenchosenasoneofthequantitiesrepresentingthedefomiAtion

oE5.1 1 5.0 ! 4.3 1 4.6 SIS I H 1
4-14.8 1 4.0T 4.72･55盲 2･50i 2･

15 1 2･309.

0 L 10.4 1 8.4;･:打 芸 + 完 3.04 4.60 5.202.77 2.46 6.391 5.54 i 5.802.3

81 2.690･565も 0･4821 0･512



thephte.Infactthetopoftheconeisnot

Sharppointedbutrounded,andtheradituof

theroundedtopishrgeronthethickplate

C-L4似 5MPhoto.TeThedcLormedsh
peofthel也dcircuhrplateby

mechAnicalimpctthzLnOnthethi

nplate.Tobefreefromerrorsinmeasur

ingtheheightoEtheconeowingto8

uCh8roundedtop,theheightoftheconcentricc

ircle=ofinitiallOmm 卓,de-notedbyA,w

asmeasuredinsteadoEthetotalheightoE

theconehL.Thus,theheightAwasrightlyre

latedtotheinclinationoEtheconicalsurE

Acetana.Thisgeometricalrela-tioniss

hown二inFig.21.ド r ;% f票LtIe t<

l IメII｣⊥I Lsbこ ヱ∃Fig.21 Reht

ionAmongA.ALandtanaUthevelodtych

ngeAvoEtheblastmeterwasgainedbythemec

hanicalimpact,in-pulseSreceivedonthe
diaphragmismay,where桝i8massOEthe曲 ctiv

eareaoEtheplate.Sincetheeuectivearea

oEtheplateis24 constaz)I,榊isprop

ortiond tothethickncsSoEtheplate.Toexpre

sstheimpulsewithoutrelationtothethicknessoE

theplate,aSinmea飢Iringthedeformationhei

ght,werepre-sentthemechanicalquantitybythe

velocitychangeAv,whichisthe8um OEtheL811i

ngvelocityI/Iandthereboundingvelocityv2.I

nordertoascertainth&tSuchsimpliGc8-tionisreasonable,therelationsoEAvtoA

ortandrhavek nplottedillFig.228JldF

ig.23,Eoral1thetestdataObtainedforth

eplatesoEthethicknessoE0.7mm,1.6mJn,
2.8mmand4.5mm.ItiscleN thattheyhave

generallyalinearrehtionandthenoticiable

dispersionoEthisrelationinspiteoEthed

iuerencesoEtheplatethickncsses cannotbeperceived.IEitisnecessarytoobse

rvetheeuectoEtheplatethickne

ssinthisrelation,itcanbepointedolltth8tAortanaincreases

withthedecreaseoEthethickness,p

robablytorthereason
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3 RehtionbetweenthevelocitychangcAndtheinclinAtionofth

elone

Thu5
,
ithasb eenprovedtobe

truethatAvmaybetlSedinsteadofS,ino

rdertonaniEestAnimplusegiventothe
diaphragmwithoutrela

tiontotheplatethickn ess.6.7.Theef

fectoEacentralho一e:Imordertoknowhowa

ho)eAtthecentercLtheplateaqeCtStheq

uantityoEdeforma-tionhortzLna,dat

a0Ethedeformationsofthediaphmgtn

swithorwithoutAholehvebeenplottedtogeth

erinFig.24andFig.25tlSingthediRer

entmarksEorthem.Fromthesetwograph
sitisnoticedthatthedeforma-tionofth

ephtewithaholeisalittlehLrgertlmnthatoftheplatewithoutahole.
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thedeformedcone

Puth=hl･Av

wherehinmm.an
dAvinm/S.AreS
hown.
Theconstantcoe 爪cient

L
･Iiscalculatedby

solvingthesimultan eousequations,

TL7IhlJAv
L-
∑A

LiE
l

iっl
I一nkl∑(AWL)2-i:(
Av･xhL),

I≡1l□1
whereJIisthenumberoLthegroupsoEdata

adopted.
FromtheseequAtionsthefollowing

t
wovaluesofklareObtained.kI1-0.63

13,andkI2=0.6235.2i ExistenceoEtwoval

uesoEklShowsthat九andAvareno

tirkahomogeneousrelation,butinthere

lationofh=kl･Av+b.Byapplyingas
imilarmethodtotherela-tionoEtanα-A._･血,thefollowing two

valuesoEk空havebeenCalculated.k21-0

.0312,andkヱ2=0.0813.Therefore,empiricalequationsFor

AandAvhavebeenobtai

nedasfollows:h-0.6313×Jv.and

JI=0.6235×

ilv.SimilarlytheexperimentalequatiorISfortar

taandAvaretaJla=0.0312×血,and

tana=0.0313XAv.IEtanaismultipliedb

ythemeanvalueofl,whichisthehorizon

talspanoEtheinitiallOmm.≠circleafter

deEornationasshowninFig.21,itsvaluemu

stbenearlyequaltothevalueoEIIintheequation.Tocheck

it,tlSingZ-19.3mm.,Weobtainh'=19.3×0.312×Av=0.604

×Av.Thediaerencebetweentheequations

oEAandh'iswithin5%.Thestandarddevia

tionqofklhasbeerLcalcuhtedandwehaveobtainedq=0.

04223,whichshowsthatthedevi&don

isnotsoex-tremelylarge.6.9.Sand-h

eapEornoEdeformation:ThediaphmgmsoEv

ariousshapesonthe･blastmeterarefoun

dtodeform intovariousSand-heapLomsbyth

eshockwarepressureoEexplosioniJltheai

r.Soagaitl,WiththeappAratuSformechanica

limpactleadplatesofvariousshapessuchAs

rectangle,square,reguhrtriangleandoralinadditionto
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theplateiswavedbyalargedeEomationof

theplate,because血kkindofdeEorm860nis
notsostableasintheconvergi71gWave,aTLd

atlastbucklingmayoccurattheperiphery

oftheplateforcedbytoolargedeformation.

17.ExperimentV,byhighヰpeedEbdh

pllOtOgmphing27)

ExperimentlVshowntlmtmechanicalim-

paCta一sogeneratesthesamedeformationof

sandheapfom onthediaphragm ofthe

l)Iastmeterasdoesshockwavepressureof

explosion.Toascertainifthesimilarprocess

cfdeformation oEthediaphragm willbe

generatediTLbothcases,thedeformingfigures

oftheplatehavebeenphotographedinthe

processoEdefomationbyhigh-Speedflashes
aSfollows.

7.1..Appratusofmechanicalimpactand

thespecimens:

Inthisexperiment,theapparatusforme-

chanicalimpactandthesamespecimensas

inExperimentIVhavebeenusedexceptfor

thefallingbody,which hadanenclosed

sphericalbottom,andthebottom didnot

remi tthediaphragm fixedinthebodyto

bephotographed.Thereforeanew falling

body,whichisshowninFig.29,hasbeen
reconstructedbycuttingoだbothsidesofthe

sphericalbottom,th･ough theopening oE

whichthedeformingflgtlreOfthephtewas

photogTaPhed.

ng･
29Thefdlingbodyforhigh Speedn

ashp110tOgraPhing28 (BS) 7.2.App

afatusforhighTS四edEhshing:ThehighTSP

eedBashlampweused,wasLilledwithargon

gas,andwasmadebyMi-tsqbishiElect

ricMachineCo.attheltamiResearchLabora

tory.Thislampand therenectingmirrorma

debyourselvesareshowninPhoto.21.To

theterminalsatbothendsofthelampWasC

OnneCtedthecondenseroE6fLF,whichwascha
rgedandraisedto4500voltsbeforefl

ashing.Thisener幻rWasdis-chargedintoth

elampand generatedaninstantaneollSfla

sh,inducedbythesuddenchargearousedi

nthecoilwoundthelamp,towhichanotherco

ndenserwasdischargedbytheoutputoEth

etriggercircuit.Bythisdischargeanillum

inationof108lumenisgeneratedforab

out5FLSeC.Theblockdia一gram oEthewl101

eapparatusiSShowninFig.30.Thevoltag

echangesinthecircuitofphotocell,whenth

elightbeam iscutbytheprotrusionoLthe

fallingbody,sezvedasthetriggerforflash.

ThesamearrangementforphotoICelland

lightsystemwasusedasinExperimentIV.As

onlyafrBLneOfphoto一軒aPhatestintakenby

everyDash,timiJIgoLmashmustbefinelyadjus

tedbyshiftingineachtestinordertop

hotographdiuerentstagesofthedeformiIlg

figure.ForthispurposeaLineadjus丘ng

apparatusfortriggertimewassetinfrontoEthetrigger

circuit.Photo･21 Hi
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7.3. Photographstaken･.Bytheappa

ratusdescribed aboveweretakenmanyshee

tsoEphotograph,eightofwhichhavebeen

arrangedinregularorderinregardtotheh

eightofdefomationoftheplate,asis

showninPhoto.22.Butthetime-lagsbetwe

enthemcouldnotbeknown,becausetheywere

photographedseparatelyhthoseeighttests.

ByobservingthedeformiJlgfiBTlreSOEtheplat

einthesephotographs,itisconflmedthat

theplasticwavegeneratedbymechanicalim

pactOnthefixedboundaryproceedstothece

nteroftheplate,leavingthecentralpartf

lat,asdidthedefomationbyexplosivepres
sure.Therefore,itisaE-&rnedthatal

inearrelationbetween theheightofthed

eformedplateandvelocitychangeofthefall

ingbodybythemecharLicalimpacttestisusa

bleasacalibrationcurvefortheheightofthedeformedpl

atebytheexplosiontest.8.Experi

mentVI;Comp&ri80n OEthedeformationofphteswit

hattdwithotLt&hole.29)InExperime

ntlV oEmechanicalimpacttest,alinearrela

tionhasbeendecidedbet-weenthedeform

ationoEthecirqularleadphtewithorw

ithoutacenterholeandthemomentumchang

egiventoit.Becausethetotalheightofcon

eisauectedbythethick-nessoEtheplate,butnottheverticaldis-

Yo1 .



placementoEthecircleoflOmm.orthe

inclinationofthecone,itmayseentobe

betterforraisingaccuracytOmeasurethe

latter.Thismeasurement,however,istedil

ou白,besides;tisnotfreefrom inaccuracy.

Therefore,asaresultofExperimentlV,it

isrecommendedtousetheleadcircularplate

withacenterholeasthediaphragm,horder
tomeasuremoreaccuratelyandeasilythe

depression oEtheplate. Theexperiment

describedherehasbeencarriedoutinorder

toseeifitistrulysoinexplosiontesttoo.

8.1. Experimentalmethod:

ThedeformationsoEtheleadcircularpla-

teswith andwithoutaholewerecompared

bythepass-through method.Anewbtast-

meter,theeuectiveareaofwhichis50mm.

lndiameter,hasbeenconstructedsothatthe

resultsthereLromcan becomparedwiththose

･obtainedfromthemechanicalimpacttest.

ThethicknessoEtheplatewasmeasured

･atthefoursymmetricalpointsonthecentral

･circleoE30mm.diameter,andeachoEthem

･wasmaintahedwithinitsnominalthickness

±0.03mm.Alltherestaboutthespecimens

wasthesameasExperimentII.

Thediaphragmshavebeenpreparedfor

･sevengroupsoEthickness,whichare0.7mm.,
10.9mm.,1.2mm.,I.6mm.,2.0mm.,2.4mm.

and2.8mm. Theexplosivedistancewas

･changedeighttimes,atintervalsof5cm.

from15cm.to50cm.Onlysomeappropriate

combinationsofthicknessanddistancewere

testedtoavoidtheruptureoftheplateor

toosmalldeformations.

8.2.Experimentalresults:

TheTlumberoEthediaphragmstestedis

161.0fallspecimensthathavebeentested,

themeasureddataoEA,tanαandhEOEonly
18havebeentabuhledinTable5asanex-

ample.Fromallthesedata,tanahasbeen

plottedagainsttheexplosivedistanceinFig.

31,whichdoesnotproveanyregularrelation

即

が

朗

朗

甘

ubJ
-
I

●

心等
o
o4
6
曹

●Qi▲塾計
石qEd
E)

白

Eb
EVE
P
A【吉
倉㌔
金

会

計
金

言
§

他totto/I 永 く如eJJ(JWl
0 218土OLOi)
▲ 2.4と0.0J
l= 2.0王0.03
0 /.6土0.03
0 /.2土C.03●0.9土0.03
A o.1王0.03

鼓且丁

&

&
_

｡

I
s,一号
を

og婁
各署

C /O 20 30 40
∠)L'Staywea SDの

Fig.31Rehtjonbetweenthecxplosivcdistance
andtheinc)inationoEthecone

T&tlle5MeasureddataoEdeformationoE

工



toexistbetweenthem.

TheimpulseSgiventotheplatebyex-

plosivepressure,isgivenbythevelocity

changeAvincurredtotheplate,multiplied

bythemass桝OEtheeuectiveareaoEthe

phte;hence,

S-1Tl･Av=pA∂･Av

wherepisthedensityoflead,Aand6the

eqectiveareaandthethicknessoftheplate

respectively.

FromtheresultsofExperimentlV,equa-

tioTtSOEA-1･lXAvandtallα-kSXilvhave

beengiven,andthenthefollowingrelations

ho)a:

･h-pkL-5 (2)

or ∂tanα-畜 S (3)

wherekl,k2,PandAAregivenconstants.
ThereforeehAnd8tanaarequantitiespro-

portiAnaltoS.

The]ogArithTnValuesofthemean8tan CE

forthesameexplosivedistanscehavebeen

plottedtoeachexplosivedistanceinFig.32,
whichshowntheexistenceoEafinelinear

Tehtionbetweenthem,whethertheplatehas

acenterholeornot.

Thesimilarrelationbetweeno-Aoftheplate

with aholeandtheexplosivedistanceis

thcdiaphragtnSbythepassthrough melhod

No.o【Spedmen

%
p

q
〃

月
∫
一

Fig.32Rclationtdwecnatan
a8ndc叩losivedista

nceO JO LO J○ ○O JO J○ くれ

山 lLJr{e aFigl33RelationbetweenqhoEthepl
atewithAhole皿ndthecxpLosivc

distanceShowninFig.34.Thislinearrelat

ion,usingthemethodoHeast

squares,canbeexpressedby ∂h-47.4×1.0

5-dmm.乏 (4)whereaisincm



0.407.

Simi18rdiagramstOBhandBh,oEthe
plateSwithoutaholeAreShowninFig.34

andFig.37AndwehAVCtheempiricalequa-

tionsEorthemasEouowS;

BA=44.8xl.05-anm.2, (5)

and GA'=48.3×1.05-imm.普. (6)

Theirstandarddeviationsare0.631and0.640

ByexaminingthesestandarddeviatiorLSinthe

threecases,itwasprovedquantitativelythat,

adoptedforthediaphmgtnwithACenterhole,
theblastmeterbythepass-through method

ElvesaSuperioraccuracy.

○ 付 .zoiP●■PfOEm
A't
LLqLBd

Fig .
34Rehtionbetweeno-AoEthepht ewithOut
Aholeandtheex plosivedistance

8
刃

加

〃

乃

OJa.わ
mlOIOJO亡庇
Cu
(榊d

Fjg.
35RehtionbetweenBhL And
theexplosivedistance

III.CONCLtJSION

Fromtheaboveexp eri

mentsandanalysesollowingconclusionshave

beendeduced.(I)The phenomenon thatthe

circularleaddi叩hr8gm OEthebl舶tmeterdeL

ortzu32 intoaconicalShapeunder8trOngShoc

kwavepressurebyexplosivesoEhigh detonAt

ing野eedintheopenair,isnottobeattribut

edtoaspecialpropertyoElead,butisco

mmozltoalIducdlemetals,Andisattribute

dtothespecialprocessofp
lasticdeEormAtion.Undersuchloadin

gthediaphragmdeEornsAIwAyS･intoas

and-heapfom,whichdependsonthefom ofthe

fixedboumdAry.(2)h theblastmeter,w

hichiSwidelrusedinJapan aswellASAbroad,

theleaddiaphragmdeformsintoaconew
ithin8Shorttimeofaboutonemillisecond

owingtoAshockwavepressureoEaboutl00p
s.durationbyexplosionof50gram TNT,forth

eex-plosivedistancesrangingfrom lOcm.

to50cm.,whicharethedistancestlmtthe

shockwavepressureiswellexpectedtodistri

buteduniLornlyontheplate.IEpressureont

heplatecontinuesforamuchlongerLimet

hanisjustnecessaryforth

etotaldeformationortheplate,itdefor

msintoasemi-sphereandanyintemediatedurationgivesa

ninterme-diateshapeoEdeformation.(3

) ThemechanicalprocessoEdeEormatiohoE

themetaldiaphragmintoASAndheAPLooni

sasfollows:Thediaphragmgainsunifom v

elocityre-htivetotheboundaryoEthebh

stneterby･shockwavepressureormeclmnical

impulseillallinstant.Thep8r811elmotion

oEthediaphragmsoproducedisnextconstr

ainedatitsperipherybythefixedbound

ary,Whereatfirstaplasticdefomation

oEtheplateisgeneratedandproceedstothe

centeroEtheplate,leavingthecentralun

defomedpa允flatforsometime.AndsuchA

phenomenoniscausednotonlybytheconverg

ingplasticwavealone,butalsobythediverg

iz)gone,ofcourse,dsobycertainoneJimens



(4) Therefore,theheightofthedeformed

diaphragtn,theshpeoEwhich iseither

conicalorsemi.-spherical,isnotasimple

hnctionoEthemAXimtn prem retowhich

thep18ethasbeenexpsed.Theheightor

theinclinAtionoEtheconicallydeforneddia-

phragm isproporLionattothetotalimpulse

giventotheplate.

(5) Moreover,thetopoEtheconeoEthe

deformeddiaphragmisnotsharp-pointedbut

hmsthepartlyroundedtop,theraditlSOE

whichdiHersaccordingtothethicknessoE

thephteused.Toavoiderrorsinducedby

theroundedtop,itisadvisabletomeasure

theinclinationoEtheconeortheheightof

theFrustum ofcone,whichisgainedbya

drcularleadplatewith & Cetlterholeand

from whichtheimpulsegiventotheblast-

meteristobecalculated.Thesevalues,as

theca一ibrationbythemechanicalimpacttest

hasgiven,are:

h=0.63×血 (hinmm,Avin孤/see.),

tanα=0.031XAv(Avinzn/see.)

whereAistheheightoEthefrustumoLcone,
tanαtheinclinationofthecomeandAvtheve-

locitychaJIgegiventotheplate_Theiznpulse

isobtaitledbytheproductoEAvcalculated

bytheseequationsandthemassoftheeqe-

cdvearea0Etheplate.

(6) ⅠthasfollowedEromtheaboveexpel

血 entsthatthediaplm gmoftheblastmeter

maybetreatedAsamembrane,andnotas

&rigidplasticplate,underblasttypeloading.

Hudson'sanalysisisappropriateashrashis

assumptionsandhisfinalresults,arecon-
cemed.Ontheotherhand,theauthor's

analysisfullyexplainstheprocessoEthede-
fomlationwell.

Tbeconclusiondescribedabove,also,gives

afundaJnentalconceptconceming"Explosive

Fo-ing'', which isrecentlybeing given

muchattendonsto,asapossiblesubstitutefor

mechanicalpressoEurgemetalplatesand

Vol.27.No.I.L988

aboutbehaviorsofthedamagesofsteelst-

ructuresunderblasttype loading.Thereis

alsoanotherapplication.h aseverecolli-

sionoErigidbodies,thediaplm gmgauge

canbeusedtomeasuretheimpulsektween

them.Usingroundbarsfixed8tboth ends

asgauges,WehavetheadvantageoEbeing

abletodeddesimultaneouslythedirecdonoE

collision,too.
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