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ABSTRACT

Discussed are the Instrument&tIon and dibgnostlc technfaues used to evaluate the exVlosive fragmentation
experiments In oil shale at the Colony .nd Anvil Po$nts Mines in Color*do. These experiments were conducted to

investigate some of ttw many oarmeters thct control the frtgmenttnq or rubblizincjof ofl shble in preparation
for sub$urfacs retortfng. Framlnq ~nd TV cameras were used to study the size #nd speed of the ejected $hale
fragments. Stress and accelerometer gauges provided auant~tatfvc data abut the ●wlosfve]y Wuced ;tr@st
field tn the rock, The CORRTEX technique was used to deterndne the detonation veloclty of the explostve and the
Induced fracture tielocityin the 011 shale. Postshot MMuraments lnclud8d tha crtter dimensluns and rubble
$Ize dlgtrtbutlon. In addtt$on prashot and po$tshot Qeoloqical maoplnflwas done to relate frtctures #nd jO~fttS

to crater size and shape, Thes@ data are used to compare mathematical models that predict rubbltzation md
retort performance.

10 INTRODUCTION

Large deRosit$ of oil shtle tn the Green River Formation in Colorado, Mat!. and UyominQ have the potential
of stqrtflcantly eddlng to this country’s oil supply. (This reserve !s @sttm#ted to be about two trillton bar.
rels of oil.) Oil shale f% 8 fine.qrafned S8diIB8ntaFy rock containing the hydrocarbon kWOOQn, Throuah re*ort.
Ing, th? oil shale yields oraenic products, includlna 0$). One of the recovery methods Considered, and one that
minimizes extensive mfnfnq and reduces environmental concerns involye$ subsurface rwtortlnq usinq the rOCk

format$on M the retort, lhls process requires breaktnq the 0$1 shale into t suftable SiZQ that MS b unfforrllY
distributed void volume for flutd flow. Explosives have been used ,0 rubblfze the retort volume Md distribute
the broken shale,

To $tudj bed preparation for # retort, intermediate scale exolosltieexperimer,tswere conducted by the Los
Alamos Natfonal Laboratory tn the ARCO/TOSCO Colony Mtne at Parachute, Colorado and Anvil Points oil Shale mfn?
near Rifle, COlOrtdo, These experlmdnts varlefi In purrose, destgn, and results. Alona wfth the purpose of each
experiment, many Psrmeters were varied from one experiment to snother, such es mount of instrumentation used,
number of ●xplosl!’aboreholes, con’lguratfon of experiment (rib or floor), size of ea~lostve boreholes, uelqht
of explosfv~, geology, etc. The experiments were efth~r conducted In the floor or tn the rib (mine wall) of the
mines and were designed with either a sirqle explostve borehole or four explosive boreholes Plsced In # sW4re
psttern, The ●xDlostve used in thes~ ex~ertments was amsnontumnftrate/fuel 011 (ANFO). The ANFO, uhi-h con=
tained 6 ut% fuel ofi, h~d @n @vcrage bulk densfty near 00EU Q/Cmt. Dependinq on the ptckfng of the ANFO when
emplscedl the de~lsi+y could ranae from 0,79 to 0,89 u/Cm~, Th@ d~tonttors u$ed varied from C01!SMrCf41blostinq
capl to ?xp!odlng brldgewlres (EBM), Eech enr@rfmant was deslanea to blast to a free face with the ANFO deto-
nateo from the bottom of th8 explosive column, AbovQ the ANrO, the borehol? was stemed to the surface with
Qlther grout or oil shale ffnes,

1I, lNSTRUPfENTATION

The kinds of fnstrumerttattonused to provfde rock frscturina and frtqmentatlon data ware divtded between
d namtc cnd postshot measurements,
Y

The \o#dinflconditions (the stress-strain response of the shale to m ex.

P osive charga betng deto,lttedin the rock mass) from the dynamic measurements can be I!nked to the size dis.
tributton of the shale fmments from posLshot data.

Schematics of the Stngle and multtple borehole experiments tllustratlnq typ!cal dimensions we show! fn
Ffgs, 1 tnd 2, locations of the experiments fn the ColonyMine are shown in Fig. 3.

A, Cmr9s
and framtng cemeras provtded a view of fr~g!wtntsbs they left the surface. The vfdeo syutems were very

uteful for recording for future playbock a broad view of the experimental sfte, documenting fettures of the test
such *S the dett!ls of booster tssembly, gau$e fnstalla:ion, and loadlng the exploslve hole, and retl tfme VIW
of the blast, Becduse of the slow frtmtn9 rate of the TV cemera(60 frsmes/s), the veloctty of P lcrge oercent.
age of tht frtgments cannot M determined, HouevPr,on some of the ffrSt fteld tests, the surface 8j@Ctt was
photographed uslfiga Mitrhelll frsming cmert w:th b frming rate of 100 frames/s, By ustng t Wmmon ref8r8nc8



m c+schframe, the speeds of large fragments were found to range from O to 22 mfs. This speed range aqree$ well
with predictions from canputer calculations by Los Alamos. On futurd ●xperiments we intend to use one or more
Dynafax (Mode1326)* framing cameras to determine more precisely the size, trajectory, and speed of the rock
fragments. This style camera 1s a continuous writing, rotary drum, framing camera that has a variable framin9
rate of 200 to 26,000 frmes/s.

B. Stress Gauges
The stress gauges were grouted in Separate instrumentation holes to record the stress loading and r~sporise

o’?the rock during thg event. The locations of the St-ess gauges relative to the explosive borehole varied fro
1.2 to 3.1 m In the axial direction as measured frm the bottom of the charge and 0.5 to 3.2 m radially. Fo!
the multiple borehole experiments, the range dimensions were 0.5 to 1.1 m and the axial dimension was 0.9 m.
Sandla National laboratories provided the Qrezs gauges and reduced the gauge records to standard stress units.
The techniques and problems associated wfth the use of stress gau9es end the fnter~retation of stres$-gaug@
records have been discussed by Reed and 8oade,$ The gauges used were either single-element lithium niobate or
ytterbium gauges. Eaetsgwge element measures a generalized component of the tensor stress field. The direc-
tiunsl sensitivity of the gauges is very difficult to calibrate and may. in fact, depend on the nature o: the
stress field and the environment in which it is used. Reed* has presented a comprehensive discussion of the
operation of stress gauges and the techniques used to calibrate them. Figure 4 shows a typical stress gauqe
record and the ptedicted stress level.

Calculated first-arrival peak Str@SSM obtained with the Los Alamos code have been comoared with the peak
stresses obsorwed In three hlchly instrumented field explosive tests in oil shale. The calculations are gener-
ally in good &greement with the observations, Those instances in which the calculated Peak mean stress and the
observed peak stress do not agree can be understood in terms of differences between the desictnand actual shot
configurationor the effect of the complicated directional sensitivity of the qau9@s.

co AccelerometerGauges
single-component accelerometer gauges designed for high-amplitude shock wave applications were Placed in

instrummtetion holes to record the g-load experienced by the oil shale at the surface and within the rock mass.
The gauge locations relative to the explosfve borehole varied in rancsefrom 0.5 to 5,0 m for the surface instru.
ments. For the embedded 9auges the redial dimensions varied fron l,C to 3,0 m and axial dimensions were 0.5 and
1,0 m above the top of the exp;osive column, The accelerosnetv qaug?s used were Endevco} pi~zoresistive and
PCB~ piezo~lectrfc devices. These gauges were chosen becaur~ of their small size and low mass to provide maxi-
mum frequency response to follow fast rise time shock waves as well as long duration motion The 2264A ser+e$
of Endevco gauges incorporate e piGZOreSiStiv@ material in two arms of a bridqe ctrcuit and fixed resistors in
the other two arms, The bridge unbalance hue to the q-load is the Signal source. The PCR 3f)5Aseries gaucws
employ the ICP ([ntograt@d Circuit Piezoelectric) conc~pt for Instrumentation, that is, a miniature IC (lfi’!-
gratefl Circuit) voltage amplifier or impedance converter is mounted in the same package with the piezoelect,.lr
oltmento ;his results in a very $imDle two.wire system that he; low noise, hiqh frequency response, htqh volt-
age output, and e~imtnates the need for char~e or voltage amplifiers. The gauqes were mounted In c&nlster$,
stout the si~e ot a frozen Or#nqe juice can, molded frm aluminum.loaded plastic potting compound such that trw
axial (2), radial (R), 8nd tangential (T) acceleration components were measured.

Figure 5 1s en example of a PCB qtuge record from a single borehole test and shows the correspond~nq cmn-
puter prediction, As noted, the tice.of-arrival (TOA) of the shock wave aqreas with calculations to 0.05 m’,
Ev@n though the measured and calculated peak g-levels diff?r by a factor of two, the TOA, shape of the recordwl
signals, and the g-le%els indicated the mathematical models calculated the shale resPonse nearly correct.

%c+%&RTEX (COn!lnuous Ref}ectometry for Radius versus T!me Experiments) systems were used to measure the
petition of 4 detonation or shock wave as a function of time. The suitcas’;-sizeelectronics packaqe emit!
pulses thtt travel to the end of a coaxial sensing cable, ●eflect, and then return to the unft, The CORRTEX
un~t times and digitizes the travel time of theso Oulses. In use tht sensor cable is crushed diminishing its

length #s the pressure wave advances, Thus, a tima-deoendent record of the wave oo%ition is obtained with cen-
timeter resolution over a Wfde rangt of pressures. Puls~nsjrates bre varidblt over a renqe of ?0 to 90 “s and
two thousand dhtt points are collocted. The CORRTEX unit is microprocessor controlled tnd an accompanying LSl
11.02 computer provides quick rtsponse for reducinq the field test data, includinq qraphics. This technique was
ti$edto measure the ANFO detonation velocity in n?arly all the field tests, These data were used to determine
(1) ~f the ANFO deton$ted, (2) the velocity if detonation occurred, @nd (3) tha stted.v=$tdtedetonation oaram.
sters, Figure 6 shows an ●xample of Proce$ted CORRTLX data frcm b sensor cable in ANFO in a borehole. Tne
$Qnsing csble in thi3 enamPle was 6t35-mn-diam Superflexible Helftx coaxial cable (Andrews FSJ1-50). Tht$ cable
was used oecause of its low Wcssure crush threshold, From this particular CORRTEX record, the measured ANFO
detonation velocity was 3.9 km/s, which indicates the explosive did rpach stedy-state detonation, Features of
the rwcortiare an tnit~al ftst shortening of tho cable from the effects of the explosive oooster, a monotonic
decrease in lencjthas the detonation front crushes the cable, a chtnq~ In slope of the curve at the interface
between the ANFO and the stenening, and finally, the ctble bretks at the borehole collar.

Another @pplic@tion for CORRTEX Is to monitor the propmtion of fractures as the rock breaks b,yPlacinq
smsor cableo in grouted borehnles located 1 or 2 m from the explosive boreholet Figure 7 is tn example of a
siqnel {n which FSJ1=$O coarial cable was run continuously from th? bottom of a borehole I m from the shot hole
into and out of a second borehole 1!m fWII the shot hole, The indications of shortening of the cable Wqqest
fracture propagation sppeds near 3 km/s.



E. Crater Inspection
Bostshot measurements of the crater provide the link to dynamfc measurements and comPuter calculations.

Crater formation was expected on cartain experiments and in many c-m was actually an integral part of the
experiment. On experiments where crater fomation was anticipated, preshot surface Profilin!?and Preshot geo-
logic mapping were required. Even the absence of a crater did not preclude the importance of postshot pro-
filing. Postshot crater profiling was used to characterize the residu~l surface displacement, heaving, and
spalling, The profiles were usually oriented normal to each other and passed through the center of the exoeri.
mental site. Elevations were measured from stadia readinqs taken 0.3 m intervals across the experimental site.
During the profiling of the first few experiments, a sta?ionar,ystrinq or & line-of-sight method using a Brunton
transit was employed but these techniques resulted in errors UP to 0.3 m, Most of the remaining experiments
incorporated a regular survey transit for profiling witk an error probably no greater than 0.03 m. These pro.
file measurementswere qenerally adequate to characterize thr crater,

Many of the exper”.mentswere desiqned to investiqatp the application of the existinq scaling laws to oil
shale. The scalinq laws address the problem of comparing the results of the e~pariments with varying dmign
parameters on a cmanon scale. The parameters used in these initial investigationsof the scaling laws are: (1)
the depth of buridl (OOB) of the exPlosive; (2) the depth of the resulting cr&ter; (3) the av-ra$e radius of the
resulting crater; and (4) the volume of the crater. rhe value of these parameters from d!fferent experiments
can be compared on a common scale by using an appropriate transformation to a set of scaling variables. The
scaled variables for (l), (2), and (3) above wera obtained by dividing the 13arametersby the cube mot of the
weight of the exp}osive. The Scaled variable for the crater volume is obtained by dividing the volume by the
weight of the explosive Two other parameter< included in the Scalins laws were critical decIthand optimal
depth. Critical deptt,is that deuth of burial of the char~~,below which no surface fracturing occurs. The
critical depth value from the field tests wds about 18 cm/q Optimal de th +$ that depth of burial of the
charge that yields the qreatest crater voltma antiwas found to”be 8.5 Cmjgi9, or about one-half the critical
deptt,. The volunes of the craters were obtained by .xcavatirwlthe rubble from the cr~ter tn the point where it
was judged that the oil shale was no longer affecteo by the explosion. Sometime% this was in,}ad a judgment
decision in the field since the test sites cont8inertnumerous LWe-existinq joints and fractures.

Figure 8 shows the crater profile from a particular teSt. The charqe was a column of ANFO 0.15 m diam by
1.8m long with 1.5 m of stemming material to the collar. The primary purpose of the experiment was to groviiie
data to study the scaling laws and rubble distribution. The site had prominent joints with strikes ranqinq from
east to edst-nortk~ast., Ouring excavation of the crater, the thro~n and ov~rturned rock were remo~ed and the
resu>ting crater prorl;c?. This profile is shows in Fig. 8. The rubble that was cOnSide”@dfractured by the
explosion was excavated and profiled. B@caus@ of the relatively shallow deDth of burial oi the ANFO, the
geology had little effect on the aenerel shape of tha crater, and the crater dimens~ons were fairlv synsnetric.
The calculated profilt dqrees very well with the actual contours. Th,s providzc cons~derable confldePCt in the
mathematical models.

F. Rubble Screening Data
The rubble SiZe and size dtstr~bution have d swofound eff~ct on oil shale retort Oeriormance and @ff!-

ciency, Conseauentl,y,the Screening data }s important for calculating the effectiveness of In situ retorts.
Also, the rubble distribution can be relat@d to Scalina parameters. The scrcrfninaoperation,Tor~st of the
experiments ws accomplished in two staqes, fi”st, the larg~f fragments w@re screened by cium~inqthe excavated
rubbla throuqh three static screens wtth sizes of 18-in,, 12-in., and 8-in. squares, The remainina rubble that
passed throuqh th@ E-In, Screen was then rur through a portable Screeninq unit, CedaraDids model M6016, which
conta+ned three screen sizes of 6.in,, 4.in., and ?-in, Squores. The screened rubblu was stecked in seven piles
with designations: (2 in, 2 to 4 in,, 4 to 6 in., 6 to 8 in., 8 to 1? in., 12 to lR in,, and >18 in. The vol-
ume of Lhese piles was then determined and recorded, assuming a poro$ity wtthin the Dilo of 0,5.

Figure 9 shows the screenlnq date from a craterinq experiment in which a four borehole pattern was used.
Three zones were excavated and screened. 2one A was the volume of rubhl~ thtt occurr~d betw@en the four Qxplo-
s{ve boreholes and below the top of the charoes, while Zone R wa$ the volume of rubblt that occurred between the
four explosive boreholes and above the top of the charqes, The renafnino rubble that consi$ted of flyrock and
fraoments that occurr@~ alohq the p@rim@ter of the crater comrrtses Zone C. :h~ total volume of rubble exca.
vat@d wbs 36,6 m), F\qt.re9 also s~,owsthe #o}ume of rubble !n each S!?@ Cat?aory for each zone. The rubbl~
from Zones A and 8 appeared to follow an approximate loo.linear scale curv?. The flyrock, however, can be
approximated by a linear curve.

11!, SUMMARY

Th@ instru~ntation dnd experimental ter,hniquw$user!in rratering testt in the field include fa%t and C1OW
framing cameras, video coveraqe of the Went, St:ess dnd accelerometer qauaes to record rock response over a
?O-ms duration, CORRTIX methods to monitor ●xplosive performance such #s the mea<urcm?nt of th~ detonation sPeed
and Steadj-stete behavior, and postshot ev~luation such as measurina tho crater volum@s @nd profilts, determfn.
ing geological influences, and screenin~ the rubble to define the rubble s:te and dlstributton. These dat&
~rovide a basis for the mathematical models for computlt~athe response of the oil shale when shock loaded amtf
tvaluatinrjtha performance and efficiency of b consner”ialsize ~~,tr retort,
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