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TNSTRUMENTATION TESCHMI(JES FOR MONITORING SHOCK AMD DETONATION wAVEE

Richard D. Dick end R. Leon Pertieh

ABSTRACT

CORRTEX (Continuous Ref.ectometry for Radi.e
Vers.e [ime Bxperimants;. SLIFER (Shorted Locetlion
Indicetion by FPrequency of Blectricel Resonence).
and P11 pro-48 were used to monitor severel condi-
tiones ~f blesting such ss the detonstion velocity of
the explos.ve. the funccioning of the stesming coiumn
confining the explosive. end rock mass motion
ZORRTEX ie @ peseive device that amploys time-domain
tef lectometry to intecrrogets the two-wey trensit
time of @ coaxie. ceble. GLIFER ie an sctive device
that monitore the changing frequency resulting from
o change in length of ¢ coexisl cedle forming en
slemant of en oscil.etor circuit. Pin probes in
thie epplicetion consist of RG-17a coexisl cebles,
sach with an open circult. pleced et seversl known
ioce:lone within the materiel Sech ceble le con-
nected to 8 pulee-forming network end s voltege
source When the osbles sres shorted by the sdvenc-
ing wave, time-distence dets ere produced from which
a velocity cen be computed This peper desscrides
ssch tachnique. inetgiletion of the geuge. examp.es
of the sigrele. end .rterpratetior of the recorde

INTRODUCTION

Hassuremerte of the performarcs of the explosive
in @ blegtwell ere essentisl for svelusting the
sffectivensse of e rock fragmentetion round and for
computer simu.stions of the blest. During e recert
Depertment of Erergy (DOE: epongored o1l sheie freg-
mer.:etion resescrch program. the exp.osive solumn end
the stem column oconte.ning the explosive were
inetrusented on @ routine besis during the fleid
tests Leing coexis. cebiss se® ssnsors. the initile-
tinn time end the detorgtlon ve.oclty wers eured

vwe deeszribe three techniques for intercogeting o
coaxiel sensor ceble pleced i1n the explosive end
stem columns The techniques produced time-disterce
dete from which the initistion time and detonstior
velocity were determined. The propesgetion speed of
the shock wave in the stem column wes obteined from
two of the methods. EBach method used @ standerd
50-2 cos:tiel ceble commonly sveileble. we discuss
the beeic opersting princigler of esch technique.
instelletion procedures. snc signel recording
methode. Examples of specific epplicetions end the
interpretetion of the signel records ere aleo
diecuseed.

TECHNLICAL SXPLAMATIGN AND METHODS

In cocx fregmentetion, clisl bleseting
sgents sre used. Thess explosives sre “non-idesl.
that ‘e, the explosivet do not beheve sccording to
stesdy-stets theoreticel predictions bssed on
equllibrium thermodynamice of the detonstion
producta. For these sxplosives. the performance
depends on the toehole diameter. densificetlon
during loeding. downhois teapsreture. moisturs
ocontents, end initistion method GSoms commericel
explosises have been charscterised [l] in the
leboretory to provide besic date on the energy
relesss Direct messurements of the explosive
energy cen not ba sccompliehed in the field. dut @
good estimate [2) ocan be made using the messured
deneity end the detonstion velocity

The key slement in thess messursment tech:iqwes
18 the “orushing” (1 & mechanice. deformati:-.
s.e0tricel short. or s lerge changs in the s.sotricel

for esch exploeive Ir eddition. the functionirg of
the .ritlstor end initistion scheles were scoutetely
determined Ir .ome tests. separets boreholes wers
drii.ed in the rock end i1netiumerted with coexie.
osb.es to obtein information on rock mase motlion erd
ore.er formation Traee diegnoes i.c mathode wers
.elieble essy to lreta . end scc.rete
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imped ) of @ 30-C. coexisl sesnsor cedle es the
detonation fron? or s shook weve sweeps slong the
osbls Beoh of the methods utilises 8 diffaerent
echeme for scourstely determining the jrogressive
shortening of the sensor cebie One method. CORRTEX
[3-5] (Continuous Raflectometry of Redius Virsus
Time Experimente!. employs & time domsin reflec
tometry :TDR) techrique to mese.rs the chengs i:
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ceble lensth as @ function of time. The second
method, SLIFER [6-8) (Shorted Locetion Indicetion by
Froquency of Electricel Resonance). utilises the
coaxisl ceble a- an element in an oscillator circuit
to e change in freq y of the clreule
resulting from a change in length as the sensor
crushes. The third method, celled pin prodes,

on the shorting of an open-circuit coaxiel
ceble sttached Lo the explosive column. Shorting
occurs vhen the lonizetion front assoclisted with tha
detonation wave contacts the ceble end or when it le
deformed mechanicelly. CORRTEX and SLIFER eccuretaly
provide e continuoua record of wave front poeition
as @ funotion of time, while pin probes provide
discrets position-time velues depending on the
number of cebles used. CHORRIEX and SLIFER sleo
provide eccurste dets on wave propagetion in the
stem, but pin probes ere not usaful for this eppli-
cetion. CORRTEX wae used on s few fragmsntetion
cests to detarmine motion within the rock mses during
the blest with some success.

Seversl difte-ent types of coaxiel cebles have
been used. Common cosxisl cebles with e eolid
dieleotric between the center wire end the shield.
ingluding RG-58, RG-174, RG-213, RG-212. and RG-223,
have proven sdequete for of the detone-
zion valocity for many sppilcetions [9]. They ere.
however, inadequete for ceses whaie che shock weve
emplitude 1 low Specielly configured cebles with
metellic ol.ssthe. such se FEJ1-50 with e foam
dislectric and the HJA-%0 with an eir disiectric.
have been employed for speclisl ceses. The lower
crush strength (10-20 WPe). togather with s more
positive short when the shisld is crushad sgeinet
the center wire, makes thess types of ocebles fer
superior. The lower crush strength sleo perwmite
meesutrement of tha shock weve upward through the
stemming materisl. providing for an sasessment of
the etemming performance. Teble I 1s @ liet of
30-. cables used slong with festures of ssch and the
technique u.ed.-

The CORRTEX system is besed on puleed TDR methods
and inoludes the dete soquisiticn electronice. e
ainiocomputer, and dste reduction programs. The
mioroprocessov-ocntrolled unit periodiocelly eamples
50- .. ssnsor ocabl: and stores this information se
three digitel worde representing two-way traneit
timees ond one rrel-time clock dete word. Resolution
of the two-way *renait time is 125 pe. resulting in
30-mm resolutiol of the reistive ceble length over »
ssversl hundred mster ceble length Pulsed TOR

Teble I

Cable Diam. Crush
Irea —Rislsatric () o
RO-17aP Yoam 23 o 0%
RG-17a loly=thylens 30 0 0l
HJa-50 Alr 6 a 0 0l
r8J1-50 Foam 6 a 01
R3-58 Polysthylens [ 3] 02
26-223 Polyethylens 6.a 03
2G-214 Polyethylene 12.7 20
Rr-21a Yoam 127 2.0
20-225 Polyethylens 127 30

consiete of e seriee of pulses tranmmitted down the
ceble. At the stert of sach pulee, @ clock ie
started in the unit. When the pulee sncounters the
change in impedai.ce due to crushing, it reflects and
propagates back to the unit. The return pulee ir
detected. » clock-etop pules ie ilesued, and the
microprocessor counts the slepeed tims and stores
the time in mesory. This sequencs ls repeated for
sach pulee and the results sre stored in long-life
mamory. The entire eystem ies portsble snd can be
eadily coerried and deployed D> one person. Pligure 1
ie a ochematic of the uait and operstior.. The
letest CORRTEX unite ere cepsble of intercogeting
the sensor 4000 timee with pulee retes of 5-90 _e.
This provides 20-36U ms of recor-ing times. The
sampling rate depends upon the two-way trevel timas
of the pulese of the combinsd langth of sensor and
signal ceble. Otherwise, trs rete should be
competible with the desired reso_ution.

The CORRTEX unite ere triggered from o 5 V
signal genereted by an sxternsl computer-controlled
timing and firing (T and F) eystem. CGenerslly, the
unite ere asterted s few milliseconds prior to the
detonation to provide besseline and initistion time
dete

After an experimant. the time-ceble shortening
detes stored in memory ere reduced by bduilt in soft-
ware to provids detonstion velocity end initietion
time dets @ few ainutes sfter *hs experiment 1e
conducted.

SLIFER sensors consist of @ coexisl ceble
empleced in s wellbors slong tae peth where the weve
veloocity msssurenent is to be made and connccted by
messenger ceble to the dets recording/reduction
system. When the explosive detonation velority le
to be monitored, the ceble is emple:ed in the bleet-
well prior to loading of the explosive. Crushing of
the cable tekes plece up the explosive column ese the
explosive detol.ates, providing s continuous record
of the shortenad cable length as & funotion of time

The SLIFER method of dets scquieition utilizes
the feot that for lengthe less than s quarter wvave
lengtt. of & ceble, the cab.e inductance ie propor-
tional to length. The cable, se the industive
slement of an oscilistor, modul .tes the frequency se
e proportionsl meaguce of shorted length. The
frequency ie d -eci.y frequency-moduleted (PFM) and
is recorded ss an inlliocetion of wavefront poeicion
A sketch of the basic SLIFER system ls depicted in

Cosx.t. Bensor Cedler of 50— 1lmpedence

——Incholous Agatitn
CORRTEX Stem, Grout

CORRTRX. Pin Probe [Explosive. Stam. Grout
SLIFER Explosive_ Btea. Grout
CORRTRX Explosive, Btsn, Grout
SLIFER Bxplusive, f--a, Grout
CORRTEX Bxpiog:ve,. Stem, Grout. Rock
CORRTRX Rook. Creter

CORRTRX Puck. Creter

CORRTERX Rook. Cteter



Pigure 2. As the cable 18 crushed by the detonating
wxplosive, the oacilletor frequency changes and
becomes 8 record of the shacr front poesiticn se o
function of time (Figure 3) defore installecion.
the system is celibreted by vhorting the ceble with
® pin et verious positions sleng its length. The
resulte (Figure a) sre quite linear, providing s
simnle and convenient conversion from frequency to
shorted length. The FM frequency of the oecillaetor
canges from 800 kHz to 1.2 MiHz. permitting derivetion
of the shorted length st microsecond intervels.
Recording ie on gnalog tepes: one tepe track per
senecr. BRecording times of 30 minutes sre sveilsble:
the dets can be recorded from times well before the
scheduled detonstion time (to pick premsture detona-
tiung). to well sfter (recording eny lete time
detonations or other events)

The pin-probe technique involves the shorting by
ionizetion or machsnicel crushing of s coexiel cevle
electricially charged by @ pulse-forming network.
Figure 5 18 the charging circult and the pulse-fora-
ing network. The ceble 18 an open circuit thet ie
configured as @ switer At closure. current flows
in the pulee-foraing network generating @ pulee in
the eignsl line that in turn ie recorded by s feet
oecilloscope or trensient signel recorder. Thia
pulee represents the srrivei time of an ionized
front: by plecing seversl cebles terminetirg st
different spetiel positions within the explosive
charge. the errivel times of the detonation front et
each of the pins or cable ende sre determined. The
slope from the plot of time of srrivel versus posi-
tion of the ceble end is the detonstion velocity
The pine provide relisble dets when monitoring the
detonetion but sre errstic in other usss.

Typicelly. RG-174 coexiel cable ls used ss the
pin-prodbe wire In en expecriment, the open-circuit
end of esverel RG-i74 cables ers sttached to s ples-
tic or wooden rod et esccurstely messured locetions
The rod is inserted in the borshole. and then the
explosive snd etem materisl ie pleced in the hole
The ende of esch cable sre connected to the clreuit
box conteining the charging voltege olircuit end the
pulee-forming network Bech pin prodbe 1s then
connected -0 ¢ signal ceble

APPLICATIONS

Typicel epplicetions of sersor cebles in oil
stale fregmentetion e.periments [10.11) ere depicted
in Figures 6§ end 7. 1ln esch cess. the sensors ace
aapleced in the blestwell with the end a known
distance below or wrepped sround the detonetor/
beoster system. snchored in plece. end pulled teut
The blestwell 1s then loed~d with s oolumn of
exploesive end & column of etem ts confine the cherge
Depending on the recording technique. the ssneore
are connected to sither the CORRIEX unite. the BLIFER
electronics, or the pin-probe boxes

when the explosive is detonstud, the sensor
ceble le crushed at the detonstor/bogster licatlion
prov.ding the time of initletion The CORRTEX and
SLIFER ocebles ere crushed continuovesly at the
velocity of detcnetion. The pin probes short ee the
ionised detonstion front intercepts the cpen-oircult
ende of the sensors Crushing of the ceble continuse
through the stemming column providing s messurement
of the decressing shock wave valooity in the stem

meterisl. PFigure ? illustrstes the plecemsnt of
sensor cables in grouted sstellite instrument holes
to monitor motion and shock wave propagstion in the
oil shale rock.

An idealised signal record, which might be
obteined from either the SLLIFER or CORRTEX methods.
ie ehown in Pigure 8 along with the test geometry
When the exploeive ie detonated, the sensor ie
immedistely crushed by the booster et the 0.1 m
level. The sensor continues to crush another 2.5 n
ot the detonation speed of 5.65 km/e. Then, a eig-
nificant change in elope occurs at the explosive-stem
interfece indiceting e decressing shock wave veloc-
ity in the stem column. QRventuslly it reduces to
nearly zero st the borghole coller. In thies test.
t.«0 messured detonation velocity indiceted the
explosive performod es expected ss did the stea
zaterisl. The following two examples illust-ste
devistions from the normal or clessic behuvior.

oot B-o

Test B-4 was 8 five-borshole cratering and
rubbligetion oxperiment in oli ehsle- Four bore-
holet were loceted et the cornets of s squere
spproximstely 3.5 m on @ side snd @ borehole in the
center. Figure 9 illue’retes the test geometry and
ti.e CORRTEX sensor plecament within chs borehole.
The borehole depth was 5.0 a and the exploesive
column wae 3.5 a FB8J1-350 end RG-174 coaxisl cebdles
were used ss sensors Pin probes were 8lsco used to
wonitor the detonation wave in esch borshols The
time-distance plot shown in Pigure 9 ie & compusits
of the signel recorde from s sensor ceble in each
borehole. Aleo shown is @ pin probe tims and loce-
tion point. The charge cclumn in the four corner
holes detonsted properly. ss noted by the 5 km/e
velocity from the plot for sansors X2 through KS.
Howsver. the esignal from the Kl ssnaor indiceted
improper detonetion of the center-hole explosive
leading to the conclusion thet the borehols con-
teined undetoneted explosive Thie conclusion wee
verified during e cereful post-test excevetion of
tha orater

SLIFER Test

The ] h the SL1FER system :n en
explosive evelustion tes: A blgetwsll 0 15 m 1n
diameter and 12 m depth wes drilled in limesto-.e
A RJA-50 scneor ceble wes tied to the datonstor/
booster, and & 0 95 & length “ssusegs” of water-in-
g0l axploesive end lowsrad intn the well. Loading
was continued with s 2 87 a length of ANFO prille.
enother 0 9% m of gel, 3 51l m of ANFO, 1.07 = of
gol. end 2 7a m of crushed stone stemming. The
wallbore was “making weter. i . though it wase
dewetered prior to loeding. weter coming into the
wall batween the loading end detcnation wes euf-
fioclent to wct the bottom portion of the well. The
GLIFRR record is shesm in Figure 10. The detonstion
veloojty tarough ths lower gel wae 6 10 km/s. The
wave velocity slowsd to 0.41 km/e through the firec
1.27 m of wet ANFO. inoressed to 5.94 km/s in the
firet 0.24 m of the next gel. dropped to 3 96 Im/e
in the next intervel of ANFU. then dropped further
to 1.94 /e in the top gel. end decressed with
dietance es it treveled through the 3 74 m of
etnmmlng.

le
p

The SLIFER record provided en scourets
sssssement of the test The reduttl-n of wave
velooity in the wet ANFO to le®s ther critlosl



detonation velocity showed that deflagretion rether
than datonation had occurred. Of even grester
importance was the observetion that the energy wes
otill sufficient to detonats the next sausage of
water-in-gel slurcy ot ite noimal velocity. The
datonation velocity of the next interval of ANFO wae
noraal. However, the top ssusags of water-in-gel
defiagreted, indicating that bridging had probably
occurred during loading (the empleced length of

1.07 m rether than 0.94 m slec indiceted bridging).
Thie is an example of the dexterity of the msasure-
ment and ths benefit of ueing the HJA-50 eir dielec-
tric cable with low (10 MPe) crush etrength.

Figure 11 shows @ pin-probe record in which eix
RG-17a iouizetion pin cebles were placed in & column
of TUT explosive st 0.3 m intervels. Each fast-
crieing pulee is an electricel short et the time the
detonaticn front srrived st the sensor locetion.

A detonation velocity of 4.8 im/e was coaputed from
thie record, which compares with 4_84 km/e determined
by CORRTEX. BRach pin vme charged with & negetive

24 ¥ and had o decey constant of about 100 ms. The
cliee time was spproximstely 10 . These ere very
good dats and provide an eccurste measurement of the
veloeity.

SUMMARY

The techniques descrided repCesent three mathode
by which coaxisl cebles sre used to munitor the per-
forwmance of explosive and stem columne in @ wellbore.
The CORRTEI and ILIFER teochniques provide & con-
tinuous record of the wave propagetion. whils pin
probes provide e discontinuous record However. pin
probes require the lasst amount of electronice end
recording equipment. GBLIFER relies on s change in
frequency s 3 function of ceble shortening to
provide the time-distance date. while CORRTIX relies
on puleed TDR methods The methods ere sccurete.
versstile, and essy to instell
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Figure 1G. Explosive svelustion test ueing SLIFER.
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