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Somerecentresearchanddevelopments
inSwedishtumelblasting

FinmOuchterlony◆

Abstract

Thispaperdescribessomerecentres飽rChac･

tiyitiescarriedoutbytheSwedishDetonicResearch

Foundation.SyeDeFoanditssponsoriJlgindustriest.

withtheoyera)IgoalofimprovingtuJlnelblasting.

Thetwovitalpartsofthettmnelrotlndhavereceived

themajorattention.theopenIJlgCutaJIdthecontour.

hthectLtPart.thebreahgemedhanism,thematter

oEdetonationfailureyersussimultaneousdetonation

andtheeEEectoEthetimedelayhavebeensttldied.In

thecontourblasting,methodsthatwiudecreasethe

damageandoverbreakbarebeeninvestigated.These

includel10tChingofthecontourholesandprecise

delayintervals.

ArecentlargetlnnelingR&Deffortisalsodescrib･

ed.where1255moftuTmelswereblastedusingnew

techmiques.Thishsrcsuledin:

｡Anewwe)1functioningparallelholecutforQ64

mmblast-holesintonerounds.

'lAngrounds,tlSingadrilleddeptho17.8m,that

nowproduceayerageadyancesof7.0 m.and

moreiEther∝kconditionsaLndthedrillingpreci･

sionaregood.

･DrillingandcontotJrbustingtechniquestJlat

d∝reasetheoverbrcakby50%zLndincreasethe

vislblentlmberoEhdElコはtSbynearlyasmuch.

Finally.thefuturedeyelopmentofSwedishturLnel

bhstingisbrieElytreated.
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lntroductjon

Modem SwedishrockbustinghaswellknowTI

rootsintheworksaJldirLVen(iorLSOEAlfredNobeloL

theblastingcap.ofthedy7umiteetc.illthe1860:ies.

ThemonogmphbylAngCEorsandKiblstr6TTi'givesa

widelyreadsummaryoEthedeyebpmentoESwedish

rKkbustinguptothebeginJlingofthe1960:ies.Jt

wasduringthisperiod.in1953.thattheSwedish

DetorLicResearchFourLdationlSyeDeFo)wasEouJld･

edasacooperatiyeeffortbetweenindustryand

governmentagencies.

SincethenthedeyelopmentinttLnnelbl舶titlghasac･

ce)e一ated.Theintroductionofhydraulicrockdrillson

driuingjumbos.newcarbideqtJalities.dri)lbitswith

bllttOrLShapedinserts.improvedddlIrodconJleCtOrS

etc.haverevolutioniZedthedrilling.Nonel.asafer

andeasiertohandlenonelectdcinitiationsystem.is

theleaderinmaJlymarkets.DyTLamiteexplosives

havelargelybeenreplacedbyANFOandwaterbased

emulsions.

A shortdescriptionoEpreserLtSwedishtunnel

bustingwouldperhapsbeasfollows:

I.Thedri11ingof45mdeeprmndswith≠48mm
diameterbhst-holesoflarger.ustJlgPaTaltelhole

cutswithoneortwolargeemptyholes.

2.ChargingalIholesexceptthecontouroneswith

ANFOwheneyerpossib)e.

3.Smoothbb武ingofthecontotlrholes.

4.InitiatingtheroundwiththeNoneIGTrrseries

ofcapswhidlhavealoomsdelaybetweenthe

Eirstnumbers.

5.AchievingrelativeadvancesoE9095%ona

regt)tarbasis.Usuallyyaluesoflessttlan90%are

acauseforredesignoEtheround.

ThemonographbyOloEsson:n由vesanuptodate

descriptionofSwedishr∝kblaBtirtgtechniqtJeS.It

willsoonbecomeavailableinJapnese.
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ThispaperbasedonsomeoLtheresearchmadeby range50-125ms.Theresultsmaybeshortlysum･

SveDeFoandoursponsoringindustrieshlthelast5-7 mariZedasfollows:

years.T-elatedtotunnelblasting.MuchoEthiswork

hasbeenpublishedonlyillSwedish.SeeOuchterlonyn

foracomprehensivedescription.neoverallainoE

SvcDcFo■sworkhasbeentodeve)opkowledgeand

t∝hniquessothatr∝kblastingwillhaveanincreased

competiLiyenesswithinmiJlingaJIdcollStruCdon.

High speod 川mlng tO Visuali之e CLJtbreakage

mechanisms

SinceblastirtgprtKeSSeSSeldomdevelopexactlyac･

cor°ingtoplan.sIIdlfilmillgisayaltnblemethodfor

showingwhatisactuauyhappening.SyeDeFohastJS･

edittosttldytJleblastingoEpaJdleIholectJtSin

SwedishgTaniteqtJarriesl'.Thecubhad4.≠38mm

bhslholesillqLLadraJlglesurroundinga≠89mmempty

holewithtJleburderL160mrrL.TnalJI4.3-4mdeep

cutsinthequart丁benchwallswereblastedeitherho)e

byholeorinoneSequence.Thedehysequencewas

checkedbyacce)emmetermeastLrementS.A瓜miJtg

layoutisshownirLFigtJre1.Thetwo16mmhigh

speedcamerascoveredanareaofroughly1.0by1.5

minfrontoEthecut.

Packagedd∝oupleddynamitet叩eexplosiveswere

used.Thestandardconfigurationbecamea3mcut

with≠29mmHabitcolumnchargesandasmall175g

primer.Thechargeswerelocked inpuceby

wedges.Thetnchargedholelengthwas0.ト0.4m.

ThedehytimetKtWeenthehleswasvariediJ)the

).Thedetonationconditionsvarygreatlyasshown

byamu221enamecharacterranglngfrombright

light,plumesoHireorsinglenamestojustblack

orgreysmoke.Therewasnocorre)ationwiththe

resultingrockbreakagehoweyer.

2.MaJlypressurizationefEedswereobserved.

Gassesenteredcracksupto4maway.The

chargelockscou)anotalwayscontainthecharges

intheholes.Wh enbreahgewasuJtSatisfacto吋.

theejectio7lOLchargesEromneighboringholes

staTtedwithin40msoEinitiatiollaJtdtheywere

throm 20-40m.lnonea se.seeFigure2,a

dlargefromadetonatingholewasejectedaJld

detonatedpart-wayiJltOtheair!

3.Theejectaconsistedmostlyofsub30mmrlneS

andsomelargepleCeSfromthecollariJlgregtOn.

Themeasuredejectionyelocityatthemuzzlewas

roughlylessthaJl120m/sEor400-500msaJldthe

nowofejectastoppedalterabout800-1100ms.
4.An interholedelayofatleast75m8Wasrequired

toobtainacceptat)leadvancesinthe3mcutsbut

thiswasnotsufficientinthetwo4mcuts.

ItisconcLudedl)thatparalLeLholecutsusingcar･

tridgedexplosivesrunalargedskofmalLtlnCtiondue

todetonationctltOfFs,causedeitherbychargesepara･

lionordead-pressingeffects.Eyeniftheadvanceis

goodtheini血tionsequencemaynotbeworkingpro-

CutBIastingTestLayoutjnQuarry
Po$ltion80fctJt8andcarnera90nbench
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TwoconSeCtJtiveframesfromcutK7intheJ(rAkernalaqLJarry

Fig.2 ChargedetonatiJlgPrt-Wayintheair.Sketchalterhighspeed
lilmingframes.

per)ydlJetOSimultaneousdetonationsoEclα紀lyspac･

edbhsLholes.Whennewct)Iblastingtestswere

madewithANFOinctlESwith卯8mmblast-holes

r∝ently,asimulatedNonelGT/Tinitiationwith100

msdelaysgavegoodadvaJtCeSiJ14mcu(S.Delays

simulatingsimultaneousdetoztationsresultedinbad

breakagehwever.

DEItOn8tionf8ilureversussirrNltaneousdotonation

ofblas卜holes

Thedetonationpropertiesofpre-compressedAN･

FO(PtillitA)havebeeninvestigated5-inorderto

assesstherisksoEdetonatiollEailure.Boreholecondi･

lionsweresimulatedusing¢45.60and75mmsteel

cylinderswithprecompressedANFOinsertedinbct･

weenoraltersectionsofANFOwiththenomal

degreeoEpacking,0.95g/cm3･SeeFipre3.The

criticaldensityfordead-pressing,pm..andthedetona･

liontransmission(flash-oyer)abilityyerstlSdensity

wereEotndbymeasumgthedetonatiot)vel∝ity

(VOD)alongtheexplosive.
ForPdllitA.pロ｡dependsontheinitiationpressure.

thechargediaJTLetqandtheconEineTnent.Thesetests

gavetheresultpf.,.守I.35.1.39and1.43dcmJrespec･

livelyforthe0.4-0.5mtestsectionswithdiameters

≠45.60and75mm.Fhsh-overocctJredtorareaction

ve)ocityaLSlowas600m/sattheendoEtheprecon･

presseds∝tion.seeFigure4.Forlowervalues

thedetonationdiesout.

The)engthoEANFOwhichnolongercantransmita

detonationbetweentwochargesofnormaldensity,L.

isshowninFigure5.Ageneralexpressionwhichfits

thedatais

L-L.,.n･((p.T.IX-P{)Hp-P.))

HerepE山 -I.73dcm3.thecrystallinedensityoE

AN.andp{=1.2g/cm1.anestima(edhighestdensity

thatcansupportadetonation.L.h.AisaminimuTn
lengthrequiredloobtainde(Onationlai]ure.The



DetonationVelocityinFlash一〇verTestsonANFO
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ロED.staticcompr6SionpropeTtiesoLPrillitAwer

calsodetermiJledandcomputersimulado

nsoldeadpress･inginbhst-holesmade.FuT

theTSOtT)eShoトreceiyerholetestswithPrillit

Aweretnadeinsha)e.TherestJltsmaybesummare

ZedasLouows:1.AprcsstLreOE

70-100MPaissuuicienttodead-presspdledANFOilllesslhaJl1-

2msincommonbhst-holediameters.Hence

itishardtoavoidsucheffectsinthecut.2.1nboreholediametersof45to75mm.th

enash-やyerCapacityisalways)argerthanloo-140mmindryANFO -largerthaJ14

001500mmimdryANFOwithdeJl･sitiesintheraJ

lgel.35-1.45g/cm3,-hrgerthan500mminwe

tsectionsorillairSectionsbetweendryANFO

sections.3.InneighboriJlg¢48mmbhstrholesi

rLShale,thedskoE

dead-pressingissubstantialata0.2mdistaJtC

ebtnearlynonexistent0.5maway.TheriskofnashW

erSeemstOdomirLatefromaboutO.25mandoutwar

ds.Similarwor



workslikealiquidplugthattransmitsthepressure

andiSejected.Fortheemulsionswehavefurther

beenmoreworriedaboutdynamicdeadpressingeE･

fects.Fortllisworkwehavehadtodevelopourown

pr飴SuregaugeSGL.seeFipre6.SudtagaugeCOnSists

oEa¢3mm.tmmthickpiezoceramicdiscattheendof

acoaxialcableandsurroundedbysiliconoiHrISjde

anlbbercasing.ThecablerunsiTtSidea¢6mmSteel

ttJhe,inordertoprotectitfromvadouspr鰐 ureef-

fectsandtomakeitpossibletoiJISet,tthegaugeintoa

holefulloEexplosives.Thesiegaugesarequitelinear

upto100MPaandwehareusedabtlt100ofthemto

date.

Fieldtestswithashot-holeandchargedreceiver

holeshavebeenmadewiththecapsensitiveemlJtSion

explosiyeKimultJX氏;'･FourcutswithQ64mJnholes

weredrilled2-4mdeeplnaCOmpetentrelativelyun･

fracturedr∝k.seeFigure7.Inthese.9sht)Iholesin･

strumentedwithVODgaugesweretiredatthe

variousstagesoEanormalcutexcavationseqt)ence.

eachholesurroundedby3receiverholesin･

strumentedwithpressuregauges.Theinterhole

distancewasbetween0.22and1.Om.

neholeswereInspectedforcrackcomnlJnica(ions

beforeblぉtingbypressurizationwithwater.When

suchcommuTLi田tionexisted.thepressuregaugewas

placedclo馳 tOthecrack.TheinitiationoIthe

shot-holeswasbyNoneIGTrrcapsno.0(25ms)in･

serteditltOa25gTNTprimerandthetimeswere

measuredwithavel∝i【ygaugeinadriftnearby.The

receiverholesaroundshotno.Iwerealsoprimedto

Eadlitatethe押 目eStexcavation.Theotherreceiver

Pressure Gaugeforln-ho一eMeasurements

Ba80d01103mlTt'1mmpie三〇electriccerAnlcdjBe

Sen81叩 elerrlent EpoxystabilizBr Microdotco8XiAI

cabJeFig.6 PressuregaugeforinsertionillChargedbu

st-hole.ShoトreceiverHoleTestsw.Emul
sionExp一osivet3otdLJnde川neshowsdrlft474and

testnO.215

J3.23〇 ･･一9､･･ 024
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holeswererLOtPrimed.ThemainrestJltsaresum･

marizedasfollows:

1.ThewaterinjectiorLShowedpreexistingcrack

communicationsi一l4Casesof27,butonlyfor

hoteswithin0.31mofeachother.

2.Thepressuregaugeswereej∝tedfrom7

reeeiyerholes,uptolmawayhmtheshotlhole.

Onlyinoneoftheseaseshadacrackcommunica･

tionbeendetected.

3.Forrecieverholeswithin0.31moEthe

shot-holes,prcsstJreSOE25-50MPawere

measured.AccordingtoearlierteststhisissuEfi･

cienttocausedead-pressingbutneitherct)rshed

micTOSpheresnorrecrystal)izationoLtheemul･
sioncouldbedetected.

4.Of5receiverholesat0.22m,3detonatedand

fromtheother2thegaugeswereeJ'∝ted.ThllS

Lorthisemulsionexplosive,theriskoI

sirrLultaneousdetonationsisgreaterthantherisk

ofdetonationfailureatspaclngSSmallerthan

O.25m.

5.Evenwhennocracksbetweentheho)esexist

beEoretheblast,thebustingcreatesthemand･

penetratinggzLSeSmayprematurelycutoffaLnd

ej∝tpartsoEthechargesinthereceiverbles.

Contourblastingwithdetonatorswithelectronic

delaycircuits

ThecontourcomesnexttothecutirlimportaJICein

tunnelblasting.Minimaldamageandoverbreakwill

decresethescalingandsupportwork,ilwi)1decrease

theriskforrockfillsandpersonneliq'uries.AuoL

thisincrea与eStheproductivetimeavailableataLace,

Inarecentfieldtestさ■,detonatorswithelecLronic

delaycircuits(ICcaps)weretlSedtotrytoachieve

thisandsmoothercontotJrthanstandardcontour

blastingprocedures.

ThetestsitewasaroadcutprPvidedbytheNa･

tionalSwedishRoadAuthority.Themaintestcom-

prisedsix16-lamlongrowswithaheightof4-5m.

SeeFigure8.Eachrowconsistedof21,≠42mm

bust-holeschargedaccordingtotraditionalsmooth

blastingprocedures.ThechargeswereGurit417mm

cartridgeswith200-250goEDynamexMasabottom

primer.Thetotaldlargedlengthwas3.4-3.7m.

Thetestwasdividedinto12Setsorhalf-rowswith

10-llholeseach.OEthese3referencesetswere

blastedusiJlgCOnVentionalNonelGTITdetoT)atOrS

no.55whicharetheonesrlorma)Iyusedintunnelcon-

tours.Theirinitiationtimeis5500±150ms.This

meazISthteadhcontousholedetonatesvirtuallyby

itselEwithoutanyassistancefromtheothers.hthe

other9sets.ICcapswereused.Theyhaveascatter

weubelowIms.

TwoinitiationprinciplesweretriedwiththelC

caps.ThefirstonewassimultaneousinitiationofalI

holesinahalf-row.InthiswaytherewilLbestress

wavesuperpositionandtherowcanmoveoutmoreor

lessiz)onepiece.Thesecondprinciplecou)dbecalled

(Sequential)microintervalorzipperblasting.hita

smal)butpredsedetaybetweenholesisusedsothat

ContourBlastingwithElectronicDelayDetonators
SmoothwalltestblaBtelnroadcutatSvalbo
HolodJam,42mm.chargodlan.17nlrrb
BtJrden0.9rrl.叩aChg0.8m

Row
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Half-castsonBenchFaceafterBlasting(row#7)

BLa8tho一edlam.42mmand8PaCiq 0.8rTI

GtJrlt17mmdlam.charges.NonelGT/T#55detonator8

ーDrJ))holotraJectorle8Om

5m 10m 15m 20mFig.9 Visiblehal一castsonSvalbobenchfaceaft

erbustingoErowno.7.RoughnessofBenchFace
afterBlasting(row#5)SLlrfaceBCanlhe8andblast-ho一epoeltJon8(･)
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8/ / .1.0m /■′ / ●0 5 10 15∩Fl'g.10 ScaJllinesshowingsurfaceroughnessoESva)bobenchf

aceatdifferent]eyels.onegetsacontinuouscrack

ddvirLgforce.YetthedehyislongeTLOughtopreve

ntStressWaveSuPerPal･LioneEEeets.IrLthe紀Iests

a2msdelaywasused.TbetestswererrLOnitore

dbystandardvideo,higllspeedphotographyandv

ibrationmeastqementsloubehindabust.Thetestresdt

swerejudgedbythelengthsoLvisiblehlf-QStSOn

thebenchfaceretatiyetoactuallychargedleng山.tJl

eEracttJrefrequencybehindthefaceasmeasuredby

opticalboreholelogg-LngarLdcoreloggingbeforeaJld

afterbustingand,finally.theroughJ16SOEtherK

ksurfaceasdeterminedfrom3∝amtinesacro防t

heberIdlLace.SeeFipres9K6gydKayaku.Vol.53.No.4.1992 aJld10.Thephoto卵 phyverirted

theplaJlnedirLitiatiorLSe･quences,theNoneIGTrr

sequencewasraJldomwithh208300ms.thezippersets

werenicelylinearsequencesandthesitnultaneous

setspracticallyspeak･mgmostlytrulysimultaneous.

nelogglnggaveboththein-situfr

acturefrequencyandadepthoE1.513.0mEortheb

lastindtlcedfractures.SomeresultsareshowTtinT

able1.ThesurfacesmoothnesspercerLtagerelates

thelellgthoEscanlinewhichlieswithin土4cmoEapolygona



Table1 Contourblastingwithdetonatorswithelectronicdelaycircuits.

Resultsfrombenchblastingwith842mholesn

TypeofinitiatiOn NonelGT/T Zipper SimuLtaneo

usNo.oEhalL-rows/bust-holes 3/26 4/34

5/42ⅠmitiadOntimelmsl 5500±150 ().2.1一
.. 0±0.01FracttJrefreqlJenCyll/'m]

1.5 1.3 1.4VisibIehalE1温StSlPo'] 4

2±19 55±09 79±Ⅰ3SmOothsurface[%

] 37±15 55±15 59±07MAD,all3p

roEiles[cD] 9.8 5.0 4.5MAD.lowe

r2proEiles[ct)] 6.2 2.1 1.4Max.

vibrationamp1.【山/S] 24±06 96±l8meanabsol

utedeviationoLtherocksulacewithrespecttothis

polytirLe.Boththesemeasureswerecomputereyatua

tedfromthedigitalscaulilledata.Ther

esultsmaybesummarizedasEouows:).Asimu)tane

ousirLitiationolthecon(ourholesgavethe

fRCttm SurfaceswiLhtheleastvisibledamage.ThehaIトG弘tfactorwasb

etterandthebenchfacesmoother.2.Theconv

entionalsmoothbhstingLoptunJlelsgavethevisi

blypoorestresults.muchworsethansiTnultaJleOuSinitiation.tnthisser

LSetheprqectgoalswerereached.3.Thezipperb
lzLStingratesbetweenthetwoothermetodsillt

erTnSOEsurfacesmoothness.Howeveritdo拐giy

e4timestoweryibrationamplittJd田thanthesimul

taJteOuSinitiation.butthehTaCttmloggingdidn

'tshowsipirtcaJlt)yEewerbustin･du

cedEracttJreSinsidetherockmass.4.AsimultaJteOuS

initiatiorLOIthecontourholescanprob

ably唱ealowerchargeconceJltralionwithoutimp

airingeitherbreakageolsmoothnessmuch.andstilldecreaseth

ebustdamagehattm･ndcontour.Thisendsth

eexpsLolresearchfortheimprove･mentofttnne

lbkLStiJ1g.mene7(ISectionw山ShowhowtheexperiencegairLedhasgorLeintothel

a柑eSofiattlnnetlingA也Dp

roject.TheSofiatunnBllingprojectTTlelargescal

estJbleyelcavlngintroducedbytheLKABmines

limitsthenumberoEaccessibleddEtfacesaJldthi

sforcesthedeyebpmentworktokomemoreeLEectiyetoo.RouJldswithlongadvaJICeSaJId reductionolth

eblas

tingdamagearewaystoadtiyethis.neywereaddre

ssedintheSofiattnnellingproject9-,whichwascarr

iedoutintheSofiaorebodyoftheKirtlnarrLirLeduringtheperiod

ofhteAupst1990tomid-June1991.Atotalof1255

mof19-28dftuJmeLsordriftsweredrivenasapartD

Eaprerscheduleddevelopmentopera･Lio

n.Theprojectgoalsweretoadhieye'Lowcost.wellIunctioningstaJl血rd

datingortun･nellingtechniques.｡Round8wilhlongadvancesaJldwith

outurgeemp-tyholesillthecut.'Asaleworkingenyironment,less

oyerbreakandlowerstIpprtcosts.Thecdctllatedpotentialsayingareroughly1,200

SEX(Y25000)permeteroEttJnneI.Theprojectwas

dividedintotwomainparts.Part1containedonlys

hort4.4mroundsdrilledwithanoldrigaLndthegoalwas

tOhavedevelopedawet)fuJICtion･iJlgQ64mmblぉtin

gpattenrnattheendoEit.TheuseofQ64rrLmholesw

ascorLSideredTteCeSSarytOachievelongadyaJICeS

OnarOu血ebasis.Part2staTtedwithshortrouJldsof

4.0maJldendedwithlongroundswithdrilleddepthsof

upto7.8m.Initanewlydeyelopedrig.theAtla

sCopcoBoomer186Sdthanautomatedrodadding

systemwasused.ltWasequippedwithf由dbeamaJ)gleinshmentadoT

Ianddrillhgdatalog･gtT)gunits.TheseproJ'e

ctpartsWerethendiyidedhtooftensimultaneouso

perungcuttestsandcontou･bustingtests.ThemainFollowtip



structtJremapplnginthedrifts,adyancemcasure･

mentsandhalトcastmeasurements.IrlSelected

rounds,overbreak,blastvibrations,drillhobdevia･

lionsandblastdamagewerealsomeasured.

DuriJlgPaJtIatotalof132roundsWerebusted

withanayerageadvanceoE3.94mor90,06.OEthese

27werereferenceroundswithastandardLKA8

blastingpattemwithtypically53,卵 mmblast-holes

andparallelholecutwitha¢102emptyhlc.The

chargingoftheseroundswasANFOinthecutand

slopingholes.≠22mmemlJIsion(Kimu]ux821pipe

chargesforsmoothblastingilltJleCOntOuraJldeither

ANFOor¢50mmemulsioncharges(wetholes)inthe

liEters.InitialionwasbytheNonelGT/Tsystem.

Relatiyelysoortthe卵 mTnpaltemwasremadefor

Q64mmbust-holeswith11/2●drillsteels.Atleast10

bust-holesareeliminatedinthisway.seeFigt)reI1.

SoonawellEurLCtioningcutwithoutaurgeemptyhole

hadbeendeveloped,thesocamed64TctJtinFigure

12.27roundsWithoutlargeemptyho一eswereblasted

SotiaHaulageDrift,6.0･4,5∩and25m2
B)a8tho一edlarn.64mm.elTIPtyholeS64mrTt

+ 6.0m 4
● ●●
● 0.9･0.9∩

T64mJTI･●●
cut

l･1m :
l■･.■一一一一一････.･.･.･-

5.5m

Fjg･11 Driuingpt(emEoraSofiahauhged蛾.I)singQ64mm
bhst-holes.

durirtgPart1.DtJringit.smal)testserieswithpresplit

ctltS,Spiral cutsanddilutedbdkexplosiyes(Emdet

50)werealsotried.Part2startedhydrillingshort,

4.0mrotLndswiththenewdg.About900ftJleSeWith

964mJnpattemSWerebustedbeforethetestswi仙

longrotmdsstarted.

Atotalof222shortroundsWereblastedwithatotal

advanceof840m.neayerageadyaJICeWas3.78moE

89%,includingammberoEh也ding andcross仙t

rounds.ner飴u】tBareShowninFigtJre13.ThestaJl･

dard948mmpttemprduceda∝eptablereLadvead･

yaJ)C60E89タiinthe4.0-4.4mshortrotndshtthe

prespLitctltdidrLOt.TheEmulet50resultsshowthta

decreaseiJtthechargedensityoE30%inthecutmay
actudlyimproyethebreahge.Am≠64mmpttems

gavesatishctolyreSultswithayerageswellaboye90

形.the64Thasthehrgestbasis,65rotJJldsbutthe

64TCutofSofiaProJ'ect
BbBtholedlan.64mm.emptyhole864rTtm

#3 NS;

900mm #4

NonelQT/TdetonatorB.dolayN

Fig･12 The64TctltOEtheSo血projcct,usmgonly
≠64血drillholes.

K6gyaKayJkLJ.〉ol.53.No.4.1992 -L乃-
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555 0 SofiaTunneHingProjectRelatl
veadvance.%of6.6-7.8mrounds64T 84Tl

SLS 乳S. 乱B Ho●trockOI●TypeofparaHelcut

/rocktypeFig.14 TherelativeadvanceoEthelon
g.6.5-7.8mroundsintheSoEia

project.SL5cutwith3emptyholesseemstobeSlig

htlysuperiorwithits95,00'ayerageover33rou

nds.messLongeradvaLnCeSCOrrelatewithabetterfunc

tionlngblasttimingsequenceinthectlt.TheIonsr

ouJtdphaseofPart2startedwith7.8mrouJtds.Sin

cethe詑 Werenotalwayssuco巴汚fularLumberofdiLEer

entcutsweretded.ThediEEicultiesoccurredmain)yint

hesmallerareadriftsintheore.Therefore6.5rrLan

d7.27.8mdeeproundswereakotried.Theadyancei

llthehsErockandthebrecciaFinallyreach
edanacceptable)evel,butnotintheore･TherestlltsaresummarizedinFi即re14.AtotaloE72 Longro

undswereblastedwithatotaladyanceof415m,with

anaverageadvanceoE3.78mof89タi.Theaverageadyance

oEthe72IonsrotLndsis5.76mor79%.Fordiffe

rerLtCuttypeStheyrangebetween72and82形aJtd
aredefinitelytIotsadshctoTy.ThedifferencebetweeJ)

thebestaJIdtheworstctltis10,iorabout0.7m

inalonground.TherrLultiyariateamlysisshowsth

erocktypetobeTnaJ'orIrn仙encetJIOugh.IntJleOre,theayerag



advanceofover94%.

tArgedrillingtrajectorydeviationsisoneprobable

reasonforthemoderateadvances.Mostroundswere

ddnedwithbuttonbitsandaclleCkononeround

showedthatal)holeshaddeyiatedmorethan250mTn

Fromtheirintendedtrajectorya)readyafter5-6m.

FortwoX-bitroundsonly2096haddonethisandthe

remaining80%haddeyiatedless山an100mmatfull

depth.Sotheu父Ofsuchbitsshouldincreasethead･

VanCeS.

nemoderateadvanceswereakoa∝ompaLniedby

badbLasHiming sequences.Onayeragemorethan
twooEthefirst8interyalswereeithermissingor

gTqSSlyot)IoEsequence.Thereweremartymove

misfirestoo.Le.renairLiJIgPartsOEbhsトholeswith
undetorLatedANFOin.ThemtJttiyariateanalysis.

however.givesonlya0.2mlongeradyanceforrounds

inwhichtheblasttimingsequenceinthecutworks

properly.Tttereisahrgercorrelationbetweenthe

minimumdistancebetweenchargedholesinthecIJt

andtheadyance.Againthisshowstheriskofmalfunc･

lion. due to either simultaneous detonations

(mash-overs)ordetonationEailurcs,whenblast-holes

aretoocloselyspaced.

As mentionedaboye.tdngや22mmemulsionpipe

chargesistheLKAJIcontourblastingstandardin

80

$○

40

30

20

10

0

roundswith¢48mmblast-tlOles.Acheapermethodis

totlSedecoupledANFO.Theresultingchargedensity

isroughly0.4kg/Tninthe卯8mmho]csand0.7kg/m

inthe¢64mmhole.Thiscorrespondsto20125%oLa

liuedhole.thesameasforsingleanddouble¢22mm

chargesres叩Ctively.ThestandardinitiationisNonel

GT/T.

AprtEromtheseconventionalcontourblasting

t∝hniques some new techniques were tried.

simtJltaneotJS illitiation with elcctronk delay

detonatorszLJldwaterjetnotchedholesmadewith

abrasiyecuttingtechnology.Apressureo133MPa

made10-15mmdeeplinearnotchesalongthesidesof

thecolltOurholesinollepassand也et∝hniquewas

triedh9shortrOtJnds.TheICICaPSWeretriedillthe

contoursof27shortrounds.0(these18hada

simultaneousinitiadon.withthewa)lholesgolngOIE8

msbeforetheroofblesand9.¢64mmrotlndshadzip･

perblastingwithadelayoLI-2msbetweenadjacent

holes.

TherewasJIOStandardcartridgessuitableforthe

≠64mmcontotuholeswhentheSofiaprojectstarted.

DoublestringsofKimu)ux¢22mmpLpeChargeswere

usedinsteadin33shortrotmdsbuttheirhandingwas

ctmbersome.Ill9roundsEmulet20.aJtANFOemu)･

sionっtyropore mixture with the bulk busting

SofiaTunnellingProject

Half-ca8日actorofshortroLJnds.%

2.KIJTUILIXI.KIJTLtJtLIX 描iLT■ 匡雪 一8m hPle○⊂コ6一rNTlh○I
e一応.../ .Arlp

-..I.､詑IM

. ･R I8td.blqBtI)〇〇〇UP.ANFO 1･Klmubx l･KhLIILJ
X l･KlntJrLJXNoll●l NoneI IC-81mult. JC-ZIJ)Per N
l)tCb〇〇･Non●lContourbl

asthgmethodsFig.15 ThehdflaStfactorsoEtheshort
roundsintheSoLi

apro)'ect.K69YaJ(ay8ku.Vol.53.No.4.1



strengthof20%'ANFO,wasalsoused.

Theshortroundresultsaresumma血edinFigure

15.StandardsmoothblastingoEgI8mmblasトholes
gaveahal一castFactoroI39,06,whethersingle
Kimulux¢22mmchargesordecoupledANFOwasus

ed.Asexpected,substaJItiallybetterresults.55%,
wereobtainedwhenthecontourholeswereini血ted

simultaneously.For the rourLds with Q64mTn

btas卜holesasimihrtendencytunedupbutata

lowerlevel.Thedecreaseisprobablyduetothein･

creaseillChargeconcentrationandburdenforthe

hrgerholesWaterje(notchingoEthecontourholes

gavenearlyasgoodaresultasasimultaneousinitial

lionand,asinSection4,ZipperbhstingⅥ 5Sught)y
inLedortotheutter.

Thehalトcastsweremeasuredin43oLthe72long

rounds.OEthese13usedthedoubleKimulux≠22mm

pipedharges.7roundsusedspeciallymaJluhctured

¢32mmchargesthathaveanearlyequivalentcharge

concentratioll.Irt12rounds,single≠22mm pipe

ChargesweretJSedbtJtthisdidnotgivesatisfactory

breakge.DecoupledANFOwasusedonlyin2rouJlds

andEmulet20in5.In7rotlndswithsingleKimulux

¢22mmpipecharges.]ClapSWereusedbutztowater

jetnotchedcontourhlesweretried.

ForthelongrourLds.alloLwhichtJSedQ64mm

blasトholes.theresultsareslightlybetterthaJlthecor･

respondingresultsforshortrounds.Thebestrestllts

wereagainobLaiJledwithansimulbnecusinitiationof

25

20

1S

IO

S

O

thecontourholes.ThemultivariateaJlaJysisshowed

howeverthattheeffectoEtherocktypewasnearlyas

Large.ThesmightaccountforsomeoEthediEEerences

betweenthe448mmholerouJldsaJld≠64mmhole

roundら.

TherestJlEsoEtheoverbreakmeasurementsin39

shortrotlndsareseeninFigure16.Theoldrig.

withouteitherboomdirectionorhserleyellingequlp-

ment.producedrough)y2390'oyerbreakwhenstan･

dar°smoothbustingwasused.WithasimultaJ)eons

initiationofthecontourholesthisyaluedeqeasedto

19,形.ThecorrespondingligtqesEorthenewdgare

15%aJldll%.Thesshowsthepotentialofusing

holedirectioneqtLlpment.TheeEEectolnotchingthe
contourholeswastJleSameaSaSiJndtaneousiJ)i血一

lionofthen.

ThemainconclusionsoEtheSofiaprojectmaybe

summarizedaLSfollows:

1.Opening.cutswithonlyや64mmholesworkwell

aJ)dgiyeadyancesoE92-95,06Eorshortrounds

with4.01.4mdri)leddepths.

2.1nlongroundstheygiveasgoodadyancesinthe

hostrock.93形,butnotilltheore.Lowddllillg

precisionandtoocloselyspacedblast-holescon･

tributctotheseresults.

3.NewcontotJrblzLStingtechniques.withrLOtChed

holesorelectronicdelaydetonatOrS.gIYe

smootJlerCOntOur8withmorevisiblehaIElaStS

andlessoverbreak.

SofiaTunnellingProject

Overbreak帆ShortrotJnd8.%ofarea.

捕 ..空 ト 蒜 Tr.9wt ee eamtnBtrtJmentatl○n
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typeofblastlngFig.16 0verbreakyersusddIIrigandCOntOur
bustingmetJIOdEorshortroundsinth

eSortaproject.FtJrtherdevolopmontsofSwedish

tunnelblastingNewtestswithlortgrollJldsharea

headystartedaltheLKA丑miJ)einMalmbeTget10㌧Her
e7.8tnrouJldswerebustedusing卵 mrrtblast-hole

sandthestarL･dar°ddLtingpatleml.Tubularddll

steelswereusedinthecutaswereX-bitsinthecutil

lOretOimproyethedrillingprecision.Thedehybe

tweenctltholeswasalsoincreasedto200ms.Somere

sultsforthe90rotLndseriesareshowninFigure17

.Theayerageisnow7.0mor90形aJldonly20,%ol
theroulldshaveshorteradyaJICeS.ThereasonEor

thiswasnearlyalwayssomeexternaldisturbancesuch

asheayilyErac･tt汀edrock.muchwaterorabad

d仙iJlgpredsion.neu父OEshoTtQ64mtnrotJJIdswi

thOuturgeemptyholesisincreasingtoo.TheLKA
BKirunamineusetheminsomeprtsaJldSwedishcont

ractorsusetheminSaudiAm biaaJtdonIceland.Aninc

reaseofthead･vanceswi仙Eolhw,Whenther∝kcondi

tionspermitit.Theptentialst)pprtsayhpale

mu血lhrgerthaJIthecostsoEnotchingthecontowhol

esorinitiatingthechrgc9inthemsimu]taneousl

ywithelectronicdelaydetonators･Anewprojecth

asbeenrunwherethesemethodswereusedtogetherin

ttnnelrouJ)ds.WithitwehpetoestabbhthelimitsoEextreme

sznoothbhStiれg.LargedevelopmezttefEortSarealso

madetoimprovethedrillingrigs.Automatedchargin

gequJpmentthatproducese7Epbsiy6dthdiEelentI)l

astingstrengthSonsiteisfurtherbeingintroduced.This丘柑tly reducesthechrgingtimesdrastically

.Secondly.suchtruckswithANFO-emulsion-St

yropremixeswithANFOstTellgthsoE20.50aJId100Pi

forthecontour.helperandstopinĝiLterholesrespe

ctivelywillmakeitpossiblelobalancethebustdaJT

ugeZonesinthecontour.Furthermore,ifa70%stren

gthmixwereus･edintheCut,therisksoldetona

tionfailureandmash-勺VerWouldprobablydecrease.th

esensitivitytodeadprcssingaswellandtheamotJJ)I

OE丘nesgodown.ThedetonatorisandimprLantpa

rtofthesystemtoo.NitroNobelisnowintroducin

gtheNonelNPEDdetonator.whichcotltainsnopriTnarye

xplosives.ItisasaferprodtJCt.Itsmash-oyerdista

JICeis10timessTnallq thanconyentionaldetonators

.Lnairthemax･imurn distiLnCe Eor serialn

ashl0Yer betweende(onatorsi8about20mmaJtdthedsk

oLinitiationbyddllingimpactisonly1/30日hat

ofconyentionaldetoTLatOrS.臨 ides.theenvironJneZIt

issparedabet)I0.2gofleadEoTeachNPED

detonatorused.ThepTOgTam∬岨bledelaybet

weentheinterya)rLumber80Etheelectronicdelaydetona

torsaddtwoin･terestingpossibilities.Firstly.iH

ongerdelaystbnloomsareneededinthecutpartoEb

ngrotLndsthesecaneasilybeachieyed.Secondly.they

caJtbcusedtoseparateintetvalnuJTLbeTSintherest

oEtheroundtoavoidbothchokingeffectsinthef

bwofEragmentedrockandoyerlappingvibrationsigna

ls.SincetJleirpricetodayiSroughly10timesthato

EordinaJYOneS,theiru父WilIhoveyerforsOnetime

tocotnetKonlyK6gyaKllYakLJ.Vol.53.No.
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eofround,rnFjg･17 HistogTaJT)OEtheadvancesintherecenttestserieswithlong
roundsintheMalmbergetmi

J)e.marginal.Iexpectthetechniquesandmet

hodsdescribedabovetoperTneateSwedenfairlyrap

idlywhentheyhaveshowntheireconomicpotential.I

f1thuswoulddescribeadyancedSwedishttlnnelb

hsting5yearsfromnowitwouldreadsome

thingliketMs1.Thedril)ingoI7-各md

eeproundswith叫8-64mmdiameterbla

s卜holes.usingsemiautomatedpositioningtechni

quesaJtdbothtubu]ardrillsteclsandspedalbits

wherestraighthol

esareneeded.2.Thedriuingpattemwillhaveparal

lelholecuts,usuallywiLhouturg

eemptyholes.3.Thee7(plosivewillmain)ybeANF

O.btltintheconlour.inthehelpersandpossiblyal

SointhectltlowerstrengtJIANFOmixturcswil

lbeused.ThechTgingwiJlbemadeu8ingau

tomatedequip･mentthatcanregulatetheblasti
ngstrerLgthatwil

landonsite.4.Thecontourwillbemorelightly

chrgedthanto-day.takil1gadvantageoEno

tchingaJld/orsimultaneotJSinはationoEthecontour

holestopro･dtJCeCOntOurSthtarcsmoother,h

avelessover･breakarLdcontairLtes

sbustdamage.5.Theinitiationwi)Imain)ybemade

withtheNonelGTrrsystemwithNPEDde

tonators･Whenespecial)ysmoothcontou.rsorLowvi

brationlevelsarerequired.detoTLatOrSwithdect

ronkdelaydr-cuitswillbeusedhoweyer. 6.TherelativeadvancewiIIstillbe

90-95,00'ona

regutarbasis.kwotJtdseemthatthemethodsprese

ntedaboyeforextremesmoothblastingoEturmetc

ontotJrSWouldmakeitpossibletoblastlongerrotJJldS

alsoinweakerrock.ThusIbelieyethattheSwedish

experiencewillbeofyaluealsotoJapan.The(ranB

plaJltationofSwedishtechniquesthataresuitablein

hardandcom-peteJltr∝ktoweakr∝kishowey

erbynomeanstriyial.Thedetailsolthecut.tx)th

geometry.ex･plosiveaJldtimingrLeed(obechecked

clcGely.ltisal細quiteprobablethatbettermethods

Eorrocksup･portharetobedevelopedinoldertodothisst

JCIcessfully.Ibelieyefinally,thttunnelblas血g

winbeacom･petitivealtematiyetomechanica

)tul1nelbo血gmachinestoralongtimetocome.This

ismainlytheresultofastt)bbornaJldg血lorien

ted托Seal℃handdevelopmenteELortworldwideand

thispperhascoyeredrecentSwedishcontributionsto

theseefforts.Ackn

owledgemontsI gTateEutly ackJIOWIedge the

efforts olmycoworkersatSveDeFo.whoseworkform

sthebasisoEthispaper.ThesuppttofSveDeFo's

sponsoringin･dustriesisalsograteEullyacknowledg

ed.especiallyAtlasCopcoMCTAB.LKABIKimitA
B.NitroNobelABaTIdOutokumpuOy.TheSwe

dishBoardforTechicalDevelopment.formerl

ySTU aJldnowNtJTEK.isacknowledgedtoritscontinuoussuppor



orSvcI)cFo'sresearchprogramandformakingmy

stayinJapanpossiblethroughaspecialgrant.The

FactJltyoEEngineeringattheYamaguchiUniversity

invitedmetoJapanandittlaSgenerouslyprovidedthe

facilitiesformywritingolthispaper.Specialthanks

goestoprofessorKojiNakagawafortakingthein･

itiativcinthesematters.
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スウェーデンにおけるトンネル発破に関する最近の研究開発

FimnOuchterlony●

本論文は (財)スウェーデン爆発研究所 (SveDeFo)とそのHlや会社が トンネル発破の

改善を絵合研究する目的で行った庇近の研究活動の一端を解介するものである｡ トンネル

掘進発破の2つの覗要な同軸すなわち心抜き発破と周辺孔発破を主に取り上げられた｡

心抜き間執 こ関しては.破墳総柄,爆血中断と斉発性,及び遅延時間の影響の問題が研

覆された｡周辺孔発破に関しては,残壁の破壊や過破砕を減少する工法について研究され

た｡この中には周辺孔にノ_,チを設けることや避妊秒間を柄粧よくすることなどが含まit
ている｡

最近行った大規模 トンネル掘削の研究開発についても説明する｡これは長さ1255mのト

ンネルを新しい発破技術で掘削し.以下の結果が得られた｡

･64血圧の糞率孔を用いる典礼掘進発破のために開発された新しい,I-ンカット工法は

十分な織能が確認された｡

･7.8mの装薬孔を用いた失礼掘進発破で平均掘進長7.0mが得られ 岩盤条件や削孔構

度が良いとさらに長いくっしんが得られた｡

･穿孔技術と周辺孔発破技術により過破砕が50,0.(程度減少し,はっきり分かる穿孔跡の

数が50%近く増加した｡

最近に.将来のスウェーデンのトンネル発破技術の開発について簡単に説明した｡
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