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INSTRUMENTATION AND DIAGNOSTIC TECHNIQUES USED BY LOS ALAMCS NATIONAL LABORATORY
IN FRAGMENTATION EXPERIMENTS IN OIL SHALE

C. L. Edwards
T. F. Adams
R. D, Dick

Los Alamos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

Discussed are the instrumentation and diagnostic techniques used to evaluate the explosive fragmentation
experiments in ofl shale at the Colony and Anvil Points Mines in Colorado. These expsriments were conducted to
investigate some of the many parameters that control the fragmentinag or rubblizing of ofl shale in prepsration
for subsurface retorting. Framing and TV cameras were vsed to Study the size and speed of the ejected shale
fragments, Stress and accelerometer gauges provided quantitative data sbout the explosively irduced stress
field in the rock. Tne CORRTEX technique was used to determine the detonation velocity of the explosive and the
induced fracture velocity in the oil shale. Postshot measurements included the crater dimensiuns and rubhie
size distribution. In addition preshot and postshot geoloqical mapping was done to relate fractures and joints
to crater size and shape, These data are used to compare mathematical models that predict rubblization and
retort performance,

1. INTRODUCTION

Large deposits of ofl shale in the Green River Formation in Colorado, Ltan, and Wyoming have the potentia)l
of siarificantly adding to this country's oil supply. (This reserve is estimatec to be about two trillion bar.
rels of oil.) O1) shale 1s 2 fine-qratned sedimentary rock contatning the hydrocarbon keroagen, Through retort.
ing, the ot) shale yields orqganic products, including oi)l, One of the recovery methods considered, and one that
minimizes extensive mining and reduces environmental concerns involves subsurface retorting wusing the rock
formation as the retort, This process requires breaking the ot) shale into & suftable size that has a uniforrly
distributed void volume for fluid flow., Explosives have been used (o rubblize the retort volume and distribute
the broken shale.

To study bed preparation for a retort, intermediste scale explosive experimerts were conducted by the Los
Alamos Nationa) Laboratory in the ARCO/TOSCNH Colony Mine at Parachute, Colorado and Anvil Points oi) shale mine
near Rifle, Colorado, These experiments varied in purrose, desiqn, and results., Alonq with the purpose of each
experiment, many parameters were varied from one experiment to another, such as amount of instrumentetion used,
number of explosiva boreholes, con’iguration of experiment (rid or floor), size of explosive borehole:, weight
of explosive, qeology, etc. The experiments were either conducted in the floor or in the rib (mine wall) of the
mines and were designed with efther a single explostive borehole or four explosive boreholes placed in a square
pattern, The explosive used in these experiments was ammonium nitrate/fue! oi) (ANFO). The ANFO, whi h con.
tained 6 wt% fuel ofl, had an average bulk density near 0.84 q/cm?, Depending on the packing of the ANFO when
emplaced, the density could range from 0,79 to 0.89 y/cmt, The detonators used varied from commercial blasting
caps to exploding bridgewires (EBW). CEach experiment was desiqnea to blast to a free face with the ANFO deto-
neteo from the bottom of the explosive tolumn, Above the ANFO, the borehole was stemmed to the surface with
either grout or oil shale fines,

11, INSTRUMENTATON

The kinds of instrumentetion used to provide rock fracturing and freqmentation data were divided batween
d{nam1c and postshot measurements, The loading conditions (the stress-strain response of the shale to an ex.
plosive charge being detonated in the rock mass) from the dynamic measurements can bhe linked to the size dis-
tribution of the shale fraaments from posishot deta,

Schematics of the single and muitiple borehcle experiments {Ylustrating typica! dimensions are shown in
Figs. 1 and 2, Locations of the experiments in the Colony Mine are shown in Fig, 3.

A, Cameras

and freming cameras provided a view of fragmants as they left the surface. The video systems were very
useful for recording tor future playback & broad view of tiie experimental site, documenting features of the test
such as the deta’ls of booster assembly, gauce installation, and loading the explosive hole, and real time view
of the blast., Bacause of the slow framing rate of the TV camera (60 frames/s), the velocity of » large percent.
age of the fragments cannot bu determined. Howaver, on some of the first field tests, the surface ejectd was
photographed using a Mitrhell) traming camera with & fraring rate of 100 frames/s. By using a common reference



on each frame, the speeds of large fragments were found to range from 0 to 22 m/s. This speed range agyrees well
with predictions from computer calculations by Los Alamos, On future experiments 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 is a continuous writing, rotary drum, framing camera that has a variable framing
rate of 200 to 26,000 frames/s.

B, _ Stress Gauges

@ Stress gauges were grouted in separate instrumentation holes to record the stress 1oading and r2sponse
o! the rock during the event. The locations of the st~ess gauges relative to the explosive borehole varied fro-
1.2 to 3.1 m in the axia) direction as measured from the bottom of the charge and 0,5 to 3.2 m radially, For
the muitiple borehole experiments, the range dimensfons were 0.5 to 1.1 m and the axial dimension was 0,9 m,
Sandia National Laboratories provided the stress qauges and reduced the gauge records to standard stress units,
The techniques and problems associated with the use of stress gauges and the interpretation of stress-gauge
records have been discussed by Reed and Boade.* The gauges used were either single-element 1ithium niobate or
ytterbium gauges. Each gauge element measures 2 generslized component of the tensor stress field, The direc-
tional sensitivity of the gauges is very difficult to calibrate and may, in fact, depend on the pature of the
stress field and the environment in which 1t is used. Reeds has presented a comprehensive discussion of the
operation of stress gauges and the techriques used to calibrate them. Figure 4 shows a typical stress gauge
record and the predicted stress level,

Calculated first-arrival peak stresses obtained with the Los Alamos code have been compared with the peak
stresses observed in three highly instrumented field explosive tests in oil shale. The calculations are gener-
ally in good agreement 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 th2 design and actual shot
configuration or the effect of the complicated directional sensitivity of the qauges,

C. Accelerometer Gauges

nglre-component accelerometer gauges designed for high-amplitude shock wave applications were placed in
instrumertation 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 explosive borehole varied in range from 0.5 to 5.0 m for the surface instru.
ments. For the embedded gauges the radial dimensions varied from 1.C to 3,0 m and axial dimensions were 0.5 and
1.0 m above the top of the expiosive column, The accelerometer gaug?s used were Endevcos plezoresistive and
PCB* plezoelectric devices. These gqauges were chosen becaure of their smal) 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 series
of Endevco gauges incorporate a piezoresistive material in two arms of & bridge circuit and fixed resistors in
the other two arms, The bridge unbalance cue to the a-load is the signal source. The PCB 305A series gauges
employ the ICP (Integrated Circuit Piezoelectric) concept for instrumentstion, that is, a miniature IC (In’o.
grated Circuit) vnitage amplifier or impedance converter {s mounted in the same package with the piezoelect:ir
element, This results in a very simple two-wire system that ha: low noise, high frequency response, high volt.
age output, and elimnates the need for charge or voltage amplifiers, The gauges were mounted in canisters,
atout the size ot a frozen orange juice can, molded from aluminum.loaded plastic potting compound such that the
axia)l (Z), radial (R), and tangential (T) acceleration components were measured,

Figure 5 1s an example of & PCB qauge record from a single borehole test and shows the corresponding com.
puter prediction, As noted, the tire-of-arrival (TOA) of the shock wave agrees with calcvlations to 0,05 me,
Even though the measured and calculeted peak g-levels differ by & factor of two, the TOA, shape of the recorded
signals, and the 3-levels tndicated the mathematica) models calculated the shale response nearly correct,

D, CORRTEX

e CORRTEX (COntinuous Reflectometry for Radius versus Time EXperiments) systems were used to mesasure the
position of @ detonation or shock wave as & function of time, The suitcas:-size electronics package emite
pulses that travel to the end of & coaxial sensing ceble, =eflect, and then return to the unit, The CORRTEX
unit times and digitizes the travel time of these puises. In use the sensor cable is crushed diminishing its
Tength g the pressure wave advances. Thus, @ time-dependent record of the wave position is obtained with cen-
timeter resoluticn over a wide range of pressures. Pulsing rates ere varisble over a range of 20 to 90 s and
two thousand date points are collected. The CORRTEX unit s microprocessor controlled and an accompanying LS!
11.02 computer provides quick response for reducing the field test data, including gqraphics. This technique was
used to measure the ANFO cetonation velocity in nearly all the field tests, These dats were used to determine
(1) +f the ANFO detondted, (2) the velocity if detonation occurred, and (3) the stesdy-state detonation param.
eters, Figure 6 shows an example of processed CORRTEX date from & sensor cable in ANFO in a borehole, The
sensing cable 1n thil example was 6,35-mm-diam Superflexible Meliax coaxial cable (Andrews FSJ1-50), This cable
wis used oecause of its low pressure crush threshold, From this particuler CORRTEX record, the measured ANFO
detonation velocity was 3.9 km/s, which indicates the explosive did resch steady-state detonatton, Features of
the racord are an initial fast shortening of the cable from the effects of the explosive pooster, a monotonic
decrease in length as the detunation front crushes the ceble, & change in glope of the curve at the interface
between the ANFO and the stemming, and finally, the cable bresks at the borehole collar,

Another applicetion for CORRTEX is to monitor the propagation of fractures as the rock breaks by placing
sensor cables in grouted borehnles located 1 or 2 m from the explosive borehole. Figure 7 i3 an example of &
signa) in which FSJ1-80 coaria) cable wes run continuously from the bottom of a borehole ] m from the shot hole
into and out of & second borehole 2 m from the shot hole, The indicarions of shortening of the cable suggest
fracture propagation speeds near 3 km/s.



E. Crater Inspection

Tostshot measurements of the crater provide the link to dynamic measurements and computer calculations.
Crater formation was expected on certain experiments and in many cs.es was actually an integral part of the
experiment, On experiments where crater formation was anticipated, preshot surface profiling 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 residual 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 readings taken 0,3 m intervals across the experimental site.
During the profiling of the first few experiments, a stacionary siring or 2 line-of-sight method usina a Brunton
transit was employed but these technigues resulted in errors up to 0,3 m, Most of the remaining experiments
incorporated a reqular survey transit for profiling with an error probadly no greater than 0.03 m. These pro-
file measurments were generally adequate to characterize \he crater,

Many of the exper.ments were designed to investigate the application of the existing scaling laws to ofl
shale, The scaling laws address the problem of comparing the results of the experiments with varying design
parameters on & cormon scale. The parameters used in these initial investigaztions of the scaling laws are: (1)
the depth of burial (DOB) of the explosive; (2) the depth of the resulting criter; (3) the average radius of the
resulting crater; and (4) the volume of the crater. [he value of these parameters from different experiments
can be compared on a common scale by using an appropriate transformation to a set of scaling varishles, The
sceled variables for (1), (2), and (3) above were obtained by dividing the parameters by the cube root of the
weight of the explosive, The scaled variable for the crater volume is obtained by dividing the volume by the
weight of the explosive. Two other parameterc included in the scaling laws wers critical depth and optimal
depth, Critical depth is that depth of burial of the charqe, below which no surface fracturing occurs. The
critical depth value from the field tests was about 18 cm/g'/*', Optimal degth i¢ that depth of burial of the
charge that yields the qreatest crater volime and was found to be 8.5 ¢m/q'/? or about one-half the critical
depth., The volumes of the craters were obtained by _xcavating the rubble from tne crater to the point where it
was judged that the oil shale was no longer affectea by the explosion. Sometimes this was in.:ed & juagment
decision in the field since the test sites contained numerous pre-existing joints and fractures,

Figure B shows the crater profile from a particular tesr, The charge was a column of ANFO 0.15 m diam by
1.8 m long with 1.5 m of stemming material to the collar. The primary purpose of the exporiment was to provide
dats %o study the scaling laws and rubble distribution. The site had prominent joints with strikes ranqing from
east to ecst-noriheast, During excavation of the crater, the thrown and overturned rock were removed and the
resulting crater protiicd. This profile is shown in Fig., 8, The rubdble that was conside-ed fractured by the
explosion was excavated and profiled. Because of the relatively shallow depth of burial of the ANFO, the
geology had little effect on the qenera) shape of the crater, and the crater dimensions were fairly symmetric,
The calculated profile agrees very well with the actual contours. Thie providac considerable confiderce in the
mathematical models,

F. Rubble Screening Data

¢ rudble size and size distribution have a profound effect on ofl shale retort performance and a2ffi.
ciencvy, Consequently, the screening data is important for calculating the effectiveness of in situ retorts,
Also, the rubble distribution can de related to scalina parameters. The screaning operation for most of the
experiments «ds accomplished in two stages, Fi~st, .he largcr fragments were screened by dumping the excavated
rubble through three static screens with sizes of 18-in,, 12-in,, and B8-in, squares. The remaining rubble that
passed through the B-in, screen was then rur through & portable screening unit, Cedarapids model M6016, which
contatned three screen sizes of 6-1n,, 4-1n., a1d 2-1in, squares. The screened rubble was stacked in seven piles
with designations: <2 in, 2 to 4 in,, 4 to 6 1n,, 6 to 8 in,, B to 12 in,, 12 to 1R in,, and >]8 in. The vol.
ume of Lhese piles was then determined and recorded, assuming a porosity within the ptie of 0.5,

Figure 9 shows the screening data from a cratering experiment in which a four borehole pattern was used.
Three z0nes were excavated and screened. Zone A was the volume of rubhle thet occurred between the four explo-
sive boreholes and below the top of the charqes, while Zone R was the volume of rubble that occurred between the
four explnsive boreholes and above the top of the charqes, The remaining rubiile that consisted of flyrock and
fraaments that occurred along the parimeter of the crater comprises Zone C. The :o0ta) volume of rubble exca-
vated was 36,6 m', Figure 9 also shows the volume of rubble !n each s17e cuteqory for each 20me, The rubble
from Zones A and B appeared to follow an aporoximate log.linear scale curve. The flyrock, however, can be
approximated by a )inear curve,

111, SUMMARY

The instrumentation and experimenta! techniqurs used in rratering tests in the field include fast and clow
framing cameras, video coveragqe of the event, st ess ¢nd accelerometer qauqes to record rock response over 2
20-ms duration, CORRTEX methods to monitor explosive performance such as the measurement of the detonation speed
and stesdy-state behavior, and postshot evaluation such as measuring the crater volumes and profiles, determin.
ing geologicel influences, and screenin; the rubble to define the rubble s.ze and distribution. These dates
provide a basis for the mathematica! models for computing the response of the oil shale when shock loaded and
cvaluating the performence and efficiency of a commer-1al size in sity retort,
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Rubble screening data from a four borehole test.



