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ABSTRACT

The Los Alamos National Laboratory executed 19 Intermediate scale
cratering experiments in oil shale at the Colony H.ine in Garfield
County, Colorado. These experiments have led to a better under-
standing of fracture characteristics and fragmentation of ~ ~ oil
~hale by uae of a conventional high explosive. Geologic site charac-
terization included detailed mapping, coring, and sample analyses.
Site-specific gsoloRy was observed to be a major influence on the
resulting crater geometry. The joint patterns at the experimental
site frequently defined the final crater symmetry. Secondnry
influences included vugs, lithology ohanges, and grade fluctuations
in the local atratigraphy, Most experiments, in both the b and
floor, were conducted to obtain data to investigate the fragmentation
results within the cratera. The rubble waa screened for fragrnent-
aize di~tributiona. Geologic features in proximity to the explosive
charge had minimal effeot on the rubble due to the overpowering
●ffect of the detonation. However, these same featurea became ❑ore
Influential on the fracture and rubble oharacterlat:.oawith greater
distancea from the ahothole. Postahot oorea revealed a direct
relationship between the &rade of the oil sha(e ●nd ita sus-
ceptibility to fracturing. The Colony Mine experiments have demon-
strated the aignif”ioantrole of geology in high exploalvetoil shale
interactim. It is probable that this role will have to be con-
sidered for lsrger applications to blast patterna and potential
problems in retort stability in the future of oil shale development.



INTRODUCTION

The importance of shale oil was recognized with the first recorded
production in Austria in 1350 (EPA, 1979). Since tht first installa-
tion of oil shale retorts by France in 1838, the greatest activity of
oil ~hale industries took place in the decade encompassing World War
II. Generally, development has occurred only under unusual localized
conditions where supplies of coal or crude oil were absent or inade-
quate. As conventional petroleum resources continue to rise in
costs, the significance of this resource will come into focus.

This peculiar rock occurs, by one name or another, on all contin-
ents and is known to exist in nearly three dozen countries. However,
the Green River Fomatiorl in Colorado, Utah, and Wyoming contains the
largest single known concentration of hydrocarbons in the world
(Russell, 1980). Resource estimates range from 111.3 billion m3 (700
billion barrels) of synthetic crude (Yen and Chilingarian, 19:6) to
636 billion n13(J?ourtrillion barrels) of oil equivalent (5PA, 1979).
Tt,e perspective of what is economically recoverable is the main
factor Tor difference in the estimates. The Piceance Creek Basin of
western Colorado [Fig. 1), alone, may yield approximately 190.8
billion ❑3 (1.2 trillior. barrels) of shale oil (Newton, 1982).
Regardless of which reserve estimate is accepted, the resource is
extensive.

A primary Inflvence on economic feasibility t,asbeen the lack of
adequate technology addressing certain problems in oil shale industry
development. The problems are numerous and cover a broad spectrum of
disciplines ranging from environn)entalimpact to process chemistry.
However, one problem ~.sfrequently mentioned in oil shale literature
and has beeri aszi~ned high priority by several i ~vestigators
(McCarthy et al., 197H; Peil and Humphrey, 1978; Berry, 1978; and
Simonj !979)1 That problem Is rook fragmentation, sometimes termed
rubblization or rubble bed preparation. The solution of that problem
oould represe,lta key step toward eoonomio feasibility by circumvent-
ing the costly operations of mining, surfaoe handling, and surface
retorting. Rubblization is oriented toward a proce~~ known as
mcdified jJA~ (HIS) retorting. This method may introduce addi-
tional :qchnioal problems, bhk it does present a viable alternative
for oil shale hevelopmont. It is particularly suited for deeper
lying shale beds such us those in the Piceanoe Creek Basin of
Colorado, Modified Q W (MIS) prooesses, by mining some of the
oil shal~ for surfaoe processing prior to explosive fracture, allow
the damaged roak to expand into the mined-out volume. This increa8es
the penneab.ilityof the resultant,rubble pile sufficiently to allow
pyrolysis and remwal of retorted products. The void volumes
aohieved oiinbe controlled by the amount of mining performed. Repre-
sentative numbers for void volume ra~ge from 20 to 307. This fol’mof
fraotured bed, permeabie openings around nonporous blocks, is a
dcnirable goal for ~ ~ retorting beaause of minimum mining coat

(Simon, 1979).
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Fig. 10 Location of tl]eColony Mine within the Piceance Basin of
western Colorado.

Other minin4 technique have been considered as alternatives to
MIS retortina or as modifications to the MIS approach. l~e mining
system used must be capable of exoavat.l~glarge quantltiea of shale
at a very low cost. One teohnique with great eoonamio potmtlal is
block caving, which uses gravity to fraoture the shale into manage-
able sizes, However, Reynolds (1975) point~ out that it Is not at
all clear that oil #hale will fraoture under a nd~ura~ auving ac:ion
even though joint spaoing prerequiaitea app~ar favorable. A detailed
study by Hoskins et al. (1975) aonaldered SIX mining systems adap~-
able to Large-saale mining of oil shale. Th~ee systems were priori-
tized above block oaving, with room and pillar being the most favor-
able. Allsman (1968) propoBed a ❑edified bioak caving system using
blaating to enhance rubblization and propagating subnldenco to ~he
surraoe for disposal of spent (retorted) shal~. The surface dia-
turbanae is severe, however, and thin method 1s feasible o:,ly for
uninhabited and undeveloped areas (Slad?k, 1975). Sinoe tl~eU.S.
Bureau of Mines tried room and pillar mining in the 1940~e and
1950~u, that mining systam appears to be an attractive ❑ethod, and
several privaLe firms have auooessfully operated room and pillar
❑irtea safely. The rubble-size for processing remains a prcblen,
however, and handling for surfaoe retorting id ooatly aonaidering thu
tonnage to be ❑oved.



The Los A IOS National Laboratory is involved in a research
effort primaril directed toward the explosively produced fracture of
oil shale in prep~ration for a MIS retort. The oil shale fragmenta-
tion Is produced by use of conventional high explosives. The Initial
objective is to devtlop the capability of predicting various rubble
bed characteristics .frcxnan explosive emplacement design. The ‘~lti-
❑ate goal is to define a design plan that will produce a ruliblebed
suitable for retorting.

The approach taken at Los Alamos is a combination of numerical
calculations to analyze and predict ~ertain physical phenomena,
laboratory experiments to provide basic Information, and field
verification experiments. The field experiments were performed in
the Colony Mine and, more recently, the Anvil Points Mine. This
discuslon will be restricted to the Colony !lineexperiments. The
Colony Mine (room and pf:.lar)is iocaLed approximately 25 km north of’
Parachute (previously ntiiiedGrand Valley), Colorado in Sectjon 7,
Township 5 South, Range 95 West (Fig. 2).

The field verification experiments have three basic purposes: (1)
to provide field data fol’the calibration and evaluation of computer
codes that model various phenomena; (2) to I.dentjfyma,jor factors
that Influence the fracturing of oil shale; and (3) to analyze the
field results in a quantitative manner and determine the applica-
bility of scaling laws. During the program of field verificFtj.on
experiments, site geology clearly established its impact on experi-
mental results. Site-specific geology was documented during the
Colony experiments as an integral parameter that will require
characterization for applications t~ design of blast patterns and
potential problems in retort stability.

GEOLOGIC SETTING

Regional Geology

Geomorphology in this a?e8 of the Piceance Basin shows that a high
table-land, knoh~ as the Roan Plateau, i~ bounded by steeply sloping
cliffs (Roan Cliffs) of the Green River Formatiol]@i] the south and
the Grand Hogbaok monooline to the east. The Roan Cliffs rise
tieveralhundred meters abcve steep talus slopes which, in turn, rise
900 to 1200 meters above the Colurado River to the south. The
plateau is frequently diaaected by tributaries of the Colorado River
drainage whioh flo’#through steep-walled canyons contributing to an
intricate topography.

The ?Ioeanoe Baaln margins present many opportunities to observe
the BtratlgrOphiO aeation. In meet areaa ttm dip of the beds is
ne~ligible and allows a olose approximation of thu thickness of any
member of Interest. The outoropa of early Tertiery (Eooene) rocks
are aualgned to the Manatoh and Green river Formations that overly a
thiok aeatlon of Meaozoio and Paleozoic sedimentary rooks. The Green
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River Formation primarily consists of tan to gray sandstone and shale
In the upper and lower thirds, and gray to black thin-bedded rnarl-
stone in the middle third, with a total thickness of about 975 m.
The marlstone portions of the fomation contain the “oil shale.”
There are four local member-s in the Green River Formation: (1)
Evacuation Creek Member; (2) Parachute Creek Member: (3) Garden Gulch
Member; and (4) Douglas Creek Member. Proceeding eas+, the Douglas
Creek Member and the Garden Gulch Member become the Lower Sandy
Member. Further eaat the Lower Sandy Member begins to interfinger
with the Parachute Creek Plember. A generalized description of the
Hasatch Formation and the respective members of the Green River
Formation ❑ay be reviewed in Fig. 3. These descriptions and
specified thicknesses are general and may vary substantially over the
extent of the baain. Figure 3 also represents a compef~ium of works
by ❑any authors (as noted on tte figure) addressing the unique
st?atigraphy of this region.

The general consensus credits algal organisms as the principal
contributor to oil shale source ❑ateriais (Yen and Ch.ilingarlan,
1976). The organic content of oil shale generally ranges from less
than 1 weight-percent of total weight to 40 weight-percent of the
total weight. The organic content of the rock greatly Influences the
inherent mechanical properties of &he rock ana their response to
explosive fracturing. The rich Mahogany Zone of the Green River
Formation averages about 16 weight-percent organic content. The
Mahogany Zone is the best known interval of rich oil shale and most
of the test mining has been performed within this zone. The organic
content of oil shale is generally translated into ‘grade’tquantita-
tively expressed in fltonne (gallons per ton)+ oil yield. Figure 4
presents a histogram showing oil yield typioal of the upper Parachute
Creek Member of the Green River Formation.

Regional structures ahr)wa marked tenden~y toward northwest wien-
tat.ionand Include faultt+,anticlines, and synclines. The nearest
major structure to the Colony Wine is the Crystal Crebk Antiolinal
Nose approximately 14 km aouthwegt. An azimuth frequenoy plot of the
regional structures, shown IfiFig. 5, shows very similar distrl.bu-
tions to those ❑easured on specifio sites in the Colony Mine. Thti
data plotted in that figure also show~ the orientation of the two
olosest mujor atruotures to demonntratg their influenco on Bite-$
specifio parameters.

Colony Mine Geology

The Colony Mine is looated in the southern part of the Piceanoe
Basin (Fig. 1), but well within a ~eologi~ environment representative

~Goneral use of the terms “gallons per ton” (cJilyield) and barrels
oonttnuea in the oil shale indu8try. The following conversion
faotors (1’iokson,1981) may be uaqcl: to oonvert t/tonne to Eallton,
❑ultiply by 0.2396; to oonvert ml to barrals, ❑ultiply by 6.29.
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Fig. 3. Generalized descriptiol]sof oil shale strrtigraph!~in the
vicinity of Colony Mir,e.
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of the potential oil resource of the region. The Colony Mine portal
is looated in the middle fork of Paraohute Creak oanyon within t,he
Paraohute Crock Memb&r of the Green River Formation (Fig. 6). More
important, however, is ita looation uichir.the rlah Maho@ny Zone.
All of the Colcny Mine oratering experiments were exec~,tedin the
relatively rioh 12 ❑ interval below tt,a Mahogany Mricer. ‘fhe
Mahogany Marker 1s a thin (10- to 20-am) bed of sandy texiured
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analcltized volcanic tuff. It ia used as a gtandard reference bed j~
detailed correlations of the oil shale within the Mahogany Zone.

The struc~ure in the Co ony Mine Is primarily expressed in two
joint sets oriented

\
Bear 90 to each other. The major joint system

gen~rally trends N80 E and the conjugate set strikes approximately
N~O M. The joints are usually closed and occasionally contain min-
eralization precipitated out of the ground water cm filling comprised
of volcanic tuff. The joint systems within the mine are a primary
influer,ceon fracture experiments. Laboratory tests have shown that
jointing may reduce the compressive strength of the rock by a factor
of four (Agapito, 1972). Reaction of the joint system to the explo-
sives often prwuced unstable conditions In the mine pillars and ribs
necessitating postshot scaling for safety. Joint spacing and orien-
tation is variable and sometimes sensitive to particular strati-
graphic horizons. In certain locations in the Colony Mine joints
scinetimesdissect as ❑uch as 12 m of ❑ine rib and continue into the
back as seen &n Fig. 7. Dips on the joint systems were found to
usually be 60 or greater, and most often close to vertical. This
Joint posture is important because studies by Horino and Hooken
flq’pl)found critical joint orientation,
place at low strength values, to ~ie bet~~~~’b~h~ ~%lu~~o~a~~~
vertical. No evidence of faulting was identified in the mine.

COLONY MINE EXPERIMENTS

Results of the Colony Mine experiments, like most others, were
defined by factors that could be controlled interacting with factors
that could not be controlled. The controllable factors were elements
that could be manipulated on each experiment. The uncontrollable
factors were essentially elements of the site-specific geology. The
geologic elements could be identified through site characterization
but their basic disposition could not be altered.

Young et al. (1!?78), contended that explosive fracturing to
produce void volume, a major obstaale to development of fi ~
processing, would require a great deal of site-specific information.
Tailoring the controllable elements of explosive fracture to
Site-~peclfic information w~ll represent a positive step toward

removing that obstacle. Table 1 surmnarizesthose two categories
pertinent to the r~lony Mine experiments.

Agapito (1972) cited overcore ❑easurements as evidence that the
stabillty in the central part of the mine Is ❑arginal. The fracture
experiments were located well away from the unstable center of the
uine and their locations are shown on the ❑ap in Fig. 8. Most of the
instability problems encountered were associated with the pillarg
northwest of the experiments In Room 5 which are closer to the center
of the mine.



Fig. 7. Vertical continuity of joints frequently extended through
❑ine ribs into the floor and back. ‘Theseparticular joints
greatly influenced the resulting crater of experiment
79.03.

The explosive
oil (ANFO). The
011 with density

used In these experiments waa ammonium r~itrate/fuel
ANFO contained approximately 6 weight-percent fuel
ranging from 0.79 g/cm3 to @.89 g/cm3 (Edwai’dset

al., 1981). The detonators used varied from commer~ial blasting caps
to exploding bridgewires (EBU). Each experiment was designed to
blast to a free face with the ANFO detonated from the botto”~of the
explosive column. Above the ANFO, the borehole has stemmed to the
surface with either grout or oil shale fines. Schematics for typical
experiment configurations are illustrated In Figs. 9 and 10.



Table 1. Factors identified as important elements in the Colony Mine
experiments.

Controllable Factors Uncontrollable Fact,>rs

1.

2.

3.

4.

5.

6.

7.

8.

DOB (depth of burial) 1. grade

powder (type) 2. joints

Cd (charge diameter) 3. vugs (and associated

CL (charge length) permeability)

Co (charge orientation) 4. inhomogeneities

“ (charge pattern)
‘P

5. ti~ stresses

steuning (type) 6. bedding reatures

timing (tm’~ltipleshotholes)

EXPERIMENT RESULTS

The interaction of the factors itemized illTable 1 leads to exper-
imental results expressed as observable and measurable parameters
that are of direct interest to Los Alamos researchers. The follow~ng
data sets are certainly not exclusive but have consistently demon-
strated a relationship to site geology.

Fragmentation

fludified~ ~ oil shale technology depends on effective rubbl-
Izatim of large vollunesof shale deposits. Certain Important char-
acteristics of the ruhblization procezss in?lutiefragment sizes and
void/permeability distributions. The larger the shale part,lces, the
less efficient the oil extraction proaess is (Galloway, 197!1). But
in oontrast, Reynolds (1975) asserts that a ❑inimum amount of fines
is detiirable. Therefore an essential characteristic of d rubbliza-
tiorlplan Is its abill,tyto produoe a predictable and reproducible
particle-size distribution within a certain range of sizeg. The
particles acmprislng a heterogeneous Led have differer,tsizes (from
dubt f.oblooks) end the permeability channels between part,ioleshave
different resistances to fluid flow (Travis, 1982).

The size distribution of the rubble from experiments performed at
the Colony Mine oan be ueed to oompare the effects of diffel’ent
experimental designs on the overall fragmentation results (Hnrper and
Clliver,1981). The rubblq was separated into various size rmngea by
passing the fragments through aoreens of sequontl~ll.ysmaller sizes.
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Fig. 8. Map of COlOny Mine showing looation of the intermediate
scale experiments.

The larger fragments were sareened by dumping the exoavated rubble
through three atatio soreens. The remaining rubble that pasaed
through the 26 om (8 in.) screen was then run through a portable
screening un,lt(Fig. 11), whioh oontained three smaller soreen sizes.
Inclination toward slab-shaped fragments suoh as th080 formed by jaw,
gyratory, or toothed-roll orushers (Baughman, 1978) was not apparent
In n.nvof the alze rangua.

Certain experiments were exoavaced iE progressive stages to allow
sepurate treatment of the resulting data frcm zones within the arater
interior. This p,-ooedurewas introduced to apeoilioally addreaa
oonoernn for rubble distribution (e.g., Berry, 1979) within the frag-
❑ented teat bed. Zones identifi~d during exoavatlon of the Colony
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Mine experiments can generally be categorized unden one of the fol-
lowing: (1) fines i~ediately adjacent to t,he explosive charge
(ANFO); (2) flyrock ejected from Lhe crater; (3) surface span above
the crater but most often preserved at the crater periphery as sur-
face heaving; (4) fractured and tumbled (or rotated) rubble
in the crater in~erior; and (5) the portion of the host bed

COLLAR OF

remaining
which has

ANFO

B = DEPTH TO BOTTOM “c ANFO

‘= DEPTH TO TOP OF AhJFO

S = SPACING OF BOREHOLES

IV’

Fig. 10. Deaigl]pnrametera for ?our ●xploslve borehole experiment,



Fig. 11. Rubble screening operations using the portable screening
unit outside the Colony Mine portal.

been fractured, but not rotated, and rernaing essentially in its
original position. These zones are schematically illustrated, rela-
tive to a typical charge, in Fig. 12.

Adams and Keller (1982) perfcrmed a detailed oornparisonof crater
damage on a single shot-hole experiment and a multiple shot-hole
experiment. These experiments were perfornredat the Colony Mine and
were designated 79.10 and 79.12 respectively. Adaaa and Keller
oonoluded that the effect of having four charges, spaoed in a square
pat~ern as in experiment 79.12, did not appreciably inorease the
total extent of fraoture, but rather the total volume of loose and
tumbled rubble. Their oonolusions ware atronuly influenced by a
comparison of the crater ~rofiles. The inorease in total volume in
to be expeoted, hut Inspection of the soreen-size distributions for
these two tixperimentsreveals an interesting oontrast. The soreening
data for 79.1(Iis plotted in Fig. 13 witn data from two other single
experiments for oanpariaon. The ourve for /9.10 shows an unusually
high percentage of fines for a single borehole ex~erlment. The
aoreening data for 79.12 is presented in Fig. 14. The volume of
rubble bounded by the four-hole pattern in +hls experiment was
aoreened s~parately ●nd, ●n expeoted, shows ● s,~nlfiomtly greater
volume of fines than the rubble from the orater periphery. The
percentage of emaller rubble produc+ in 79.10 oanparas best uith the
data frcmr ttie oenter of the c!ratcr from 79.12. However this



SCHEMATICOF RUBBLEZONESINTYPICALCRATER

Fig. 12. Schematic of the zonal relation of rubble identified during
crater excavations.

compariso:lfor these two experiments is valid only for the screened
rubble <5 cm. The 79.10 distribution for rubble greater than 5 cm is
very gimilar to the other single

The volume inside a four-hole
or:another experiment designated
the pattern was 8ubdivided into
and a zone below the top of
soreening prooess, seen in Fig.

borehole experiments.

shoi pattern waa treattiddifferently
as 79.16. The rubble volume inside
a zone above the top of the charges
the charges. The data from this
15, shows no appreciable ohange in

the distribution of the rubble-inside the pattern. The zoneg inside
the multiple shot patterns on 79.12 and 79.I6 appear to follow an
approximate log-linear scale curve while the rubble external to the
shot pattern oan be approximated by a linear curve (Edwards et al.,
1981). The difference in fragment-size distributions for zones
inBide &nd outside of ❑ultiple-shot pattern~ ❑akes a aignifioant
statement about the Influenoe of orater edge-effeots on the rubble
prooess.

One oommon basis for comparison of single and ❑ultiple borqhole
experiments is the sealed depth of ourial (SDOB), tiledepth of burial
divided by the oube root of the weight of the explosive. The SDOB
values for 79.10 and 79.12 show the lowest valuee of all the experi-
❑ents with soreening data plotted in Fig. 16. This figure documents
the relationship of SDOB to fragment. size produoed by explosive
fraoture in the Colony experiments, The plot integrates oonrputed
SDOB values frca experiments for whioh there is eoreening d~ta with
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Fig. 13. Cumulative pef-centageof the volume of rubble screened from
exparimer.ts79.04, 79.08, and 79.10.

the resulting percentages for two extremes of rubble size. The

explosive has a greater tendenoy to produoe fines (<5 om) with a
correspondingly lower SD(3Bvalue. The percentage of large rubble
(>45 om) inoreases with those experiments having a larger SDOB value.
The two rubble sizes considered in Fig. 16, braoket the range
required for ❑aximum extraction efficiency as determined by ohemioal
klnetios and prooeas studies (Sohmidt et al., 1979). It ia notable

that these two ourvas interseot at 7.6 SDOB, elightly leso than the
value of 8.5 SDOB used as optimal depth (oonduoive to maxim~ oreter
volume) for the experiments, but within reasonable agreement. The

relatively small overall ohange in percentage for eith?r ourve in
Fig. 16 (’\J20$)implies that pattern ●nd spaning parameters ❑ay be
❑ore oriticai to rubblization than SDOB.
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Fig. 14. Cumulative percentage of the volume of rubble screened for
zones A (center) and B (surface) from experiment 79.12.

The geologio mflueroes parallel tileuncontrollable factors listed
in Table 1 and ❑ay generally be considered either a atratigraphic or
structural feature.

Principal stratigraphio Influences inolude oil shale grade (kero-
gen e“ntent), inhomogeneities, bedding features, and vugs (voids).
The skratigraphio variations in oil shale fracture properties must be
understood if Q ~ rook fraoture is to be controlled and ‘~ntimized
for opeoiflo prooesses. Olinger 11977) reported wave velocities for
five propagation modes relative to the bedding orientation through
Oreen River oil shale, The velooity data demonstrated considerable
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Fig. 15. Cumulative percentage of the volune of rubble Yoreened for
zones A, B, and C (as laoeled) from experiment 79.16.

dependenoo on the oil shale density and documented the nontransverae
isotroplo noture of the shale. The density 10 aenaitlve to the
kerogen oontent, or oil yield (Smith, 1976 and Tr@nt.et al., 1981),
as seen in Fig. 17. Young and tiith (1979) aautlon that this varia-
bility underscores the risks that re taken when rook, and particu-
larly oil shale, 1s treated as a homogeneous Isotropio engineering
mnterial jn the design auld annlyaia of field experiments. Thin

oolmern Is reiterated by Adams et al. (1981) and Hargolin (1981)
regarding its impaot on predictive oomputer ❑odeling of fraoture. In
each case, the detailed assessment of site-speoifio geologio param-
eters 10 advooated.
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depth of burial (a critical shot design parameter),

Experiment 79.22 in the Colony Mine presented a unique opportunity
to observe the influence of oil shale grade on fraoture frequency.
Cores were retrieved during site characterization prior to execution
of the experiment and again after the s~ngle tioreholeoharge had been
detonated. The post.shot cores were possible because extensive
rubblization and cratering did not occur on this experiment. The
relative location l’orcores 1 And 2 with respect to the shothole are
presented on the site sohematic in Fig. 18. The histograms in Fig.
19 allow oomparinon of the frequenoy distribution of interval lengths
of oomp~tent, or unbroken, sore fran eaoh of the four oore holes.
Similar information 1s presented in Fig. 20 thnt graphically shows
the lengths of oanpetent sore relative to cumulative percentage. The
data plotted in the8e two figures disregards oil shale grade. Sinon
the Fisher Assay grade analyses were determined from core site 2, Lhe
postahot oore fraoturea at that Bite were tabulated and the frequenoy
was plotted relative to grade as seen in Fig. 21. Several fractures
logged in the oore ware obviously associated with Inhomogeneities,
medimentnry atruoturns, und/or lithology ohanges but tlteiroocurrenoe
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wa3 relatively Infreguert. The largsst valtiesof fraoture frequency
correspond to the .Iow(+tgrade~ of oil shale. The gainsdata from
postshot core 2 is prest.!nt.eddiffer~nbiy in Fig. 22. A percentage of
the total sample of fractures represented by this ~ore ❑ay be coul-
pared directly to any ~lpeoifiooil nhale gradn identified at this
site. The curve SIJONS,for example, thst shale with a grade of 167
~tonne (40 gnl?.on~F~l’ton) or grenter contained approximately 12%
of the total number’(!t!’raoturealogged in this core. Although Fig.
22 iY site specific it,doouments the ralationsn~p of oil shale grade
to fraoturo properi’’]l.y.

Hinernl l’(r,ed\/r)idS,known an vugs, w~re also inflUt3ntjalon the
79,02 experimerlt,, Two vug zones were idef~tifiedin the oore and
dl~ring t,heproutjng protean. The Interpreted pozltion of the t~o
zone~ is .ijl~l:ltrntedin the sahemat!o oross seotion in Fig. 23.
Cofumunlant~(nLw(,weenholes by way of the vug zones was noted during
grouting O\J@.rh[iOnS. The Voji ahal’aoteristloof a vug does not
neo~astirl.iy r(present a problem to P!?!u.m ~APl=miVe experiments.
Howrver, thn fraoture permeability c$annels frea’lantlyassooiatecl
with vufl:I (sh.>wn in Fig. 24) oan greatly influenc~ t!)crole playrd by
t.hn hif,i]rJ~USSUr9 gases produced from the explosive. Cnreful
oxaavnt .~.~n of experiment orater& has provided ev~c!enoe that the zone
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tumbled fragments)of sffective rubblization (i.e., rotated and
closely ooincides with the region of gas penetration. It is probable
that the VUR zones, especially the upper zone, channeled the explo-
sive energy from the shothole in 79.02. Two points of evidence for
energy diasapatim through the vug zonesi are; (1) no crater was
formed by this shot !%lch had a relatively low SDOB value of 7; and

(2) significant Inoreeses in the frequency of horizontal fracture
occurred at the 5 ❑ and 10 m depths in both rore 1 and core 2.
Although this increase is possibly due to the effect of late time gas
drive (Craig et al., 1981), it is more likely u product of the two
vug zones which correspond to those depths.
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rig. 19. Histograms showing frequency of various lengths of
competent core from four core holes on experiment 79.02.

Influence of’geologic structures on the Colony Mine experiments
was daninated by .jolntsystems. Two ❑ajor joint sets are present in
the Colony Mine and generally strike NW and NE consistent with other
sections of the Green River Fc)matlon. Both Joint sets appeared to
be tight but normally showed signs of being water transroi~sive. This
evidence for joint permeability Is particularly impc,rtantwhen con-
sidering the scenario of gas drive and its contribution to the
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fracturing process. The mineralization or volcanic tuff
observed in the joints gives evidence o ‘ previous voids.

144

and postshot

occasionally

Experiment 78.01 was exhaustively investigated for postshot frac-
tures to determine the general trends expected for the Colony Mine
experiments. The histogram in Fig. 25 displays the azimuth frequency
distribution for those ❑easured fractures. This flgur~ quantifies
the tendency toward specific fracture orientating with respect to
strike but does not consider dip components. The planar faces and
fractures in the 78.01 crater interior that survived the explosive
detonation were ❑eaaurctdfor strike and dip. Thiz data was needed to
provide information regarding the survivability of joints and their
contribution to rubblization. One approach considered fragmentation
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Relative percentage of the total fractures logged compared
LO specific oil shale grade values for postshot core 2 on
experiment 79.02.

results to be greatly influenttedby beddinp planes and to OCCUI

irrespective of the natural Joints which would be subjected to
overpowering effects of the explosive. t!owcver, inspection of the

resulting rdbble found very few fractures alo~)g the bedding planes

and ❑ost often tl]ebreaks were high angle with respect to bedding
(oonslstent with the joint gemnetry).

To addrearnthe influenoe of tho three-dimensional Jcint ~rienta-
tion, inclusive of strike and dip, a polar Plot uas constructed on u
stereo net. Thr polar plot in Fig, 26 represents density contours of
polar axes perpendicular to both the dip and the strike of the
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Fig. 23. Schematic cross ~ection of experiment 79.02 illustrating
the interpreted positions of two vug zones and several
major joints.

Joints. The plot documents the small percentage of fractures con.
tributed by bwlding planes represented by the -all Clcxaainat the
center of the diagram, This providen ● significant window of infor-
mation to cauputer modeling efforts by: (1) aumtlfying rrlmtive
percentages of fracture or~el~tationfrom ● field v~rifioatiol~experi-
ment; and (?) dispelling the role incorrectly ●asidned to bedded
cracks in the fragmentation prooees. The edge of the stereo net
equntes to verticality in the joints ●nd the contours show the
prominence of steeply dipping angles in !l~eJoint systems. Although
the major joint net is considered to be the one atriklng NE, the
polar plot givers evideno@ that the conj~ate NU set aurvlve8 the
explosive much better. Tha NE jo~nts tend to show greater continuity
laterally but ●ru fewer in number wh!le the NH joints tend to b? more
nuurrous DUt dinoontinuous ●nd %rb.jectto oaptur@ by the NE net.. The
specific influence of joints on crater aymm@!ry is diacunsed in the
section cm esplonlvelrock Interaction.



Fig. 24. Extensive permaabillty ohannola frequently asnooiated with
vugs ware observed in the rib of room 5 at the Colony Mine.

sLAhLllL!i

Stability prcbloma in’MIS teohimlogy nru formldoblo, Thoro is nn
urgent need for prevnntlnu, or at lrant predlatins, tho onnat, of
instability of single retorts nnd retort alunt,orsduring formntion,
proausning, and abandonment. Thnrmcnnoohnnloalnffoots inoluda t,om-
perature aid ahrinknge, long-t.nrmarorp, nnd frnaLura (Morris, 19U7).
Additional fnatorn nre rotorL gewnfitry,nmount of ovnrburder],tl~o
;v’aaenoeof ahalo rubt.)lain Lhn ravlty, 8trntLRrnphicnlly fionnltlvo
phynloal proparLlc8, nrd rotortlng Lwmpornt,urnn(Mlllar nnd ConLiII,
Iglll), Increnann in thn lengLlln of raLorLs rind/or t,ho rnt,os of’

retorLlr~ will remult in OIUBC*’epnc!lnguf r~~l,ortsrind,Lharo!%ro,



“.-.
‘“.”.
. .
..”

..9 I
●

)
. . . . .

,.. ~
. .

. . . ,“. ~ ● ,
. . . ..” ~..,

#
,.. . . .
,*. .“.”● ●“:. . . .“.

9. ‘b*~’~
● ● . . . .’:
... ....,*

—...
...

.0.

. . .

0. .

~..
,

.*

4 “ ‘ .’.. ,,,..... .;.*)..”
I ,,.. ~..

... ~“. J*

●.* ● ,...“.~,,~m ●,. l“!,“ . ‘=.
... . .,..* :,.,“‘,“.“.’,”..“.-,~.*a”*
..” “s ,,* ,“.’.,. ●

.
...”““. ,. ,,.m●’:.(.’.’,”.“m”. ““...S,“.,,. (... ‘*,‘.” ,.. ,

0-
● . ..* ,, .● . a

w N E

ANGLE SPACING

Fig. 25. Azimuth frequenoy di~tribution histogram for orater
features mapped in the peat-excavation orater from
experiment 78.01.

have a commercially economia impaot (Penner, 1981). Unfortunately,
alosor spaaing of the retorts inoreases the probability of fraature
propagation between ohambera and resulting instability.

Proooss aontrol 10 a key element of HIS technology that would
suffer from retort oommuniaation through fraoturea. Combustion oon-
trol is aritioal to the overall retorting prooeas and would be
adveruely effeoted by retort oommunioation. Combustion la normally
controlled by simply shutting off the sir inlets (Kilker, 1981).
Primary fnotors tn the obtainment of proaasa gaaea were itemized by
Ridloy (1978). Five of those faatora, listed here, have a aloae

relationship to site geology and the design of blast patterns: (1)



neaa 81LL pxllnr a~ tne uoolaental retor~ po was a case example or

>20% reLouroe 10SS (MaDermott, 1980) due to inntmbility. The
oollapae resulted in a large redistribution of flow during prooeoaing
(Campbell et al., 1981) ●nd greatly inhibltrd the sweeD effleienoy.

N

w E

n~~~~nw
0-1”/’0 1-3”/’. 3-5% 5-7% 7-9% 9-II% 11.13”4

Fig, 26. Experiment 78.01 polar plot presenting point density
oontours of polar axes perpendicular to both the d?.pand
the strike of the features mapped in the oratar.



Special attention to blast parameters that produce ❑inimal da~age to
tne retort walls and ceiling are critical.

Safe operation will depend on Lhe ability to maintain retort
integrity and isolation for close retort spacing. The process gases
oontain large amounts of’U and H2S, which could bc lethal if signif-
icant flows occur into occupied ❑ines. Strengthening abandoned
retorts is desirable because of the potential long-term effects of
acquifer communication with spent shale. The high concentrations of
organic and inorganic materials that could occur in acquifers or
surface streams ❑ay be toxic or carcinogenic (Persoff and Fox, 1979).

The Colony Mine experiments provided insight to certain aspects of
rubble bed preparation that oould ultimately jeopardize the stability
of the retort chambers. A combination of low scaled depth of burial
and proximate siting near a pillar for experiment 79.10, induced a
partial pillar collapse near the experiment. Other experiments
exhibited extensive fracture propagation beyond the crater periphery.
Single shcthole experiments drove fractures up to 3 depths of burial
(DOB) laterally away from the charge. Multiple shothole experiments
produced mappable fractures as far away as 6 DOB. The fractures
usually were extensions of major joints and frequently penetrated
adjacent ribs and pillars. Cooper and Blouin (1971) noted similar
phenomenology where joint controlled failures of the ~ ~ rock
mass occurred well beyond thu cratering region in quartz diorite. So
this type of extenglve orack propagation beyond immediate orater
damage is not unique to the Colony Mine and requires consideration in
retort design and spaalng. Agapito (1972) noted that speoifio roof
falls and failures in the Colony Mine pointed to combinations of
blasting shocks and adverse geology. Both of these problems ❑ay be
approached within the scope of current technology.

Several measures may be prescribed to prevent, or at least
improve, potential stability problems. The remedies are not exolu-
sive, but inolude the following: (1) pre-split blasting to minimize
pillar span and slabbing; (2) kerfing, pre-split, or similar tech-
niques to deoouple confined volumes destined for rubblization; (3)
judicious spaoing of retort oharnbers to prevent partition oollapse;

(4) exhaustive sit,tioharaoterization efforts inolusive of geology,
gecphysios, and rock meohanios; and (5) orientation to uinimize the
effeot of the major Joint direotion and to take advantage of the

stress field.

Agnpito (1972) presented interpretations of overooring data and

oonoluded that the maximum principal stress wao only 11.5° fr~ the
vertl.oal. Tho intermediate stress was parallel to the m~jor joint,
system and the minor stress was olosely oriented to the oonjugate
joint system. He oonoluded that pillar orientation should be done on
the basis of geology beoause the horizontal field atreasea are small.
The Colony Mine experiments oonsistantly provided evidenoa of joint



oontrol on crater features. This evidence indirectly suggests the
influence of Q W 8tresses on fracture propagation and crater

growth. Two difficult problems are defined from the experimental
results: (1) how to weigh the qualitative observations ❑ade during
postshot site investigations; and (2) determining the ❑agnitude of
the influence that ohangs of site-specifio parameters may have. To
resolve these problems, additional experiments are needed.

Certain crater features were noted to occur in consistent relat-

ionships with respect to the shothole. Some of these features were

proximate to Joints and, therefore, believed to be a product of the

phenomenology associated with the Joint systems. Postshot site

characterization revealed that the three posalble geometric orienta-

tions of Joints, with respect to the shothole, resulted in three

di8tlnctly di~ferent dynemio resporses to the detonation energy.
These three orientations were: (1) joints that penetrated the
shothole; (2) joints not penetrating the shothole and dipping away
from the charge with depth; and (3) joints not penetrating the
shothole and dipping toward the ohrirge with depth. The joints
penetrating the shothole generally showed little evldenoe of survival
in the orater exoept at the edges, again underscoring the role of
edge effects. The joints in this configuration were normally the

ones showing extensive propagation, up to geveral depths of burial,
beyond the crater periphery. Joints in the second configuration

(dipping away with depth) were oriented approximately normal to the
shook wave that propagates with oonical symmetry from a bottom-

detonated cylindrical oharge (Johnson et al., 1977). ihls orienta-
tion resulted in truncation of the planal’ faoe of the jGint and
formation of terraoes conformable with the bedding planes on the
opposite side of the joint from the explosive oharge, Joints in this
configuration greatly inhibited the detonation energy and crater
growth in that direotion. Joints in the third ounfiguration (dipping

toward the oharge with depth) provided natul’al slip faoes folq rubble

release. Figure 2’/ shows the preferential Lhrow of rubble from two
rib experiments in room 1 of the Colony Mine. This phenomenon of
direoted flyrook was also observed on video monitors and postshot

mapping of floor experiments. Figure 28 proeevta a plan view profile

of experiment 79.03 and the major joints mepped and oored at that
site rel~tive to the ahothole. These same joints were shown pene-
trating the aeillng (back)/rib interfaae in Fig. 7. The rubble
dispersal (fl,118m3) and resulting orator was exemplary of joint oon-

trol on orator features. But more Importantly, these throo configur-

atlona and the a~aooiated features were exhibited in the same rela-
tionship on both rib and floor experiments independent of the bedding

orientation. The dynamio reaponae of the joints in these three

geometries should be considered oarefully in shat design.

Radial fracturing near the oharge was observed frequently 011 the
experiments during orator exaavatlo~l. The radiala were noted to have
llmitnd oontlnulty ●nd were normally oaptured (terminated) by ilatural

.jOinta . They probably contributed little to the fragmentation pro-
oese exoept toward fines immediately adjaoent to the exploaiva
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Fig. 27, Conceptual distribution and direotion of rubble from two

rib experiments in Iootu 1 of the Colony Mine. Pubble was

preferentially dispersed from the oraters
parallel to the major joint system.

charge. The radial fraatures were oa~e~orized as a

of the rook/cxploaive interfuoe.

Young and Smith (1979) oited tensile strength data
planes parallel to the bedding and oonoluded that

planes and zones of low tensile strangth oould play a

in a direotion

remnant feature

for breakage on

natural parting

dominating role

in rook breakage during & ~ frao:uring experiments. The oomprea-
sive pulse of the shook wave interao~z with the free nurfaoe mnd
reflouts in a downward-moving tensile relief wave (Adams, 1982).
Signlf’iuant. fraoture ooours dur.zg the initial propagation of the
Nhook wave toward the free surfaoe. The refleoted tensile relief
wavo uoours in ● favorable geometry to take ●dvantage of the tensile
weakness OF the shale that was documented by Young ●nd Smith. How-
ever, eviaenae for tensile fraoture oonoordant with bedding urlenta-
tiona In the Colony Mine experiment ooourred only near the free
eurfaoe, The relative number of fraoturee mapped that were
●ttributed to tensile rebound wms small and categorized ●l surfaoo

Span.

The ~blique nature of thu shook wave propagation leada to flexure
of the oil shale bed ●nd development of nhoar atroaeos (Parrieh et
al., 19tioand Adams, 1982). Sk,aarfraotureo were mapped in aetoral
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Fig. 28. Plan v~ew oroas seotion of experiment 7’?.03orater profile
Bhowing the looation of oore hol~s and the relationship of
pre-existing joints to crater experiments.

oraters and generally dipped (’05”) oonspiouously greater than hori-
zontal bedding oraokr but less than high-angle joints. The fraotures
interpreted ma shear ocamponentswere most often noted in a zone lying
between the near-nurfaoe beddin~ span ●nd a horizon oorreapondlng to

the top of the aharge. Although widenoe for ehear fraoture was

normally observed at the urater edges, it poaslbly oontrlbuted to

rubble formation in the orator interior above the oharge. kWen if
the shear fraoture does ooour in that regton Ur the urater, the
soreening data fraa experiment 79.16 (Fig. 15) suggest that its con-
tribution hna ●n inaianlfloant impaot on rragment-size diatributic)n.
Based on avidenoe at the orator periphery, tho number of shear frac-

tures II substantially leen than thoa, oorrelstive with nntural .jolnt

or~mntations.

Crster aymnetry provided a menoureable result loadlng to n better
understanding of the lnteraotlon of the mxplonlvn wILI)th~ hoot rook.
The resulting murfara expression of t.hocruter wnn ~uhjmo~ to the
joint orientation mnd wns-almost oxolumlvoly anymmetrinal parallel LO

tho ❑ajor joint aymtem, Exwrlment 79.08 @xnmplifies the orator



Fig. 29. Photograph of the preshot surfaoe for experiment 79.08
showing several ❑ajor jcin~~ tre-di~ east-northeast.

Fig. 30. Prominent surfaoe exprosslon of jol,nta ❑appud in tho
experiment 79.08 arater.



,

elongation parallel to nia.jorjoints. Figure 29 is a photograph of
the preshot surface for 79.08 showing several major joints trending
east-northeast. The postshot photograph in Fig. 30 underscores the
daninant surface expression of those same joints adjacent to the
shothole. Similar information Is evident In the asymmetry of the
postshot profiles in Fig. 31. The profiles show constrained crater

dimensions on the N-S axis normal to the joints and enhanced crater

s N

m ‘r “–
---------.-----------------------

w E
------ - -------- ------

012

1 1 I 1 I
METERS

N

w

+

E

s

Fig. 31. Postahole orater profiles showing joint controlled crater
geometry on experiment 73.08.
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Fig. 32. Relative asymmetry of surface crater expression shows a
dependence on the scaled depth of burial.

dimensions on the E-W axis parallel to the joints. The profile data
for all the Colony Mine experiments with creters were reduced to a
number for each experiment that represented a ratio of the ~hort axis

to tha I.ong axis (S/L ratio). Figure 32 presents the S/L ratio rela-

ticmst?ip to scaled depth of burial. The Colony Mine f~~eriments with
SDOB values less than the optimal depth of 8.5 ocdg (represented

by the daahed line) show a significantly greater tendency toward

syunnetrical craters (1.0 S/L ratio). The symmetry values deoreaae

slightly as the SDOB approached optimal depth and show a rapid dcp8r-

ture from 1.0 synmetry below optimal depth. Figure 32 graph~caliv

states that thr surfaoe crater expression for shallow experiments

(<8.5 SDOB) is not greatly Influenced by natural joint patterns. The
deeper experiments (>8.5 SDOB), in contrast, progressively trend
+joward surface cr~ter asymmetry. The interpretation of joint

influence from Fig. 32 should be restricted to surface orater

expression and ❑ay not necessarily be true for other aspeot.s of oil

shale fragmentation.

Severyl of the Colony Fline experiments were designed to lnveati-

gate the application of existing soallng laws to oil ehale. These

laws allow the comparison of results fr~m experiments with varying



design parameters from a common perspective. The application of
scaliig laws requlreg full treakise of a separate report but is
summarized here as an important objec%ive of the Colony Mine
experiments.

Investigation of the scaling laws considered data from both
small-scale experiments u9ing commercial blasting caps to
int6rm0diate-9Cale experiments using several kilograms of ANFO.
Several paramatera that were of interest in these Invegtigat.ionsare
as follows: (1) the depth of burial (DOB) of the explosive; (2) the
depth of the resulting crater; (3) the average radius of the result-
ing crater; and (4) the volume of the crater. The value of the first
three parameters fran different experiments can be compared on a

common scale by dividing the parameters by the cube root of the
weight of the explosive (Edwards et al., 1981). The fourth param-
eter, the scaled variable for the crater volume, is obtained by
dividing the volume by the weight of the explosive. These scaled
parameters lend information toward a better understanding of critical
depth aridor)timal depth relationships. Critical depth 13 the charge

depth of burial below which no surface fracturing occurs. The
optimal depth is the charge depth of burial that yields the greatest
crater volume. Numerous small-scale experiments gave evidence of the
influence of natural flaws on crater gymmetry even on a very small
scale. Figure 33 shows the resultil,~crater from a blasting cap

?,:: w ‘:”””!:. ,.

Fig. 33. Synmetrioal orater resulting From detonation of a-blasting
oap in homogeneous oil shale.



Fig. 34. Geologic features also expressed their influence on
sfnall..scale experiments, such as this blasting cap
experiment sited next to a small joint.

placeo in a homogeneous (relatively flaw free) oil shale environment.
The shot resulted in good crater symmetry accompanied by traditior?al
radial fractures. The crater in Fig. 34 regulted from the detonation
of a blasting cap purposely sited next to a small joint.

The crater is gh~aibply truncfltedby the flaw and accompanied by
elongated symmetry parallel with the flaw. The asymmetry ratio of
short crater axis to long crater axis is reasonably proportional to
the intermediate-scale shots previously discussed.

The application of scaling laws to oil snale fragmentation is a
technical subject important to understanding fragmentation processes
and critical to eventually d~sign‘=3 commercial size retorts,

CONCLUSIONS

Tho oil shale fragmentation experiments at the Colony Mine pr6-
duced information and datn with relevance to general interest in
explosive/rock interaction and specific application to MIS retorting
t~chnology. The experimental.results anawered many quentions and
provided insight into other questions. Specific items of information
that enhance the understanding of oil ~hale fragmentation and ita



implications to HIS retorting are categorized and summarized as
follows:

Fragmentation
o zones of rubbllzed rock are qualitatively characterized relative

to their gemetry around the explosive cha~”ge;
o screen-size distributions are quantitatively determined for

rubble frcm total crater volumes and fram individual zones

within some craters; and

o a relationship for fragment sizes <5 cm and >45 cm vs scaled

depth of burial (a critickl shot design parameter) Is identified
and graphically defined.

Geological Influences
o the susceptibility to fracture x’oroil shale of various grade
valuea is quantitatively defined;

o the role of several common geologic features in the fracture of

oil shale is characterized; and

o bedding features are documented to be relatively Insignificant

contributors toward the fra~entation process.

Stability
o experiment results provide evidence of geologic phenomena (e.g.

extensive fracture propagation beyond crater boundaries) with
implications toward the compromise of retort stability;

o information was obtained that has direct application to shot
designs to optimize undesirable side effects; and

o remedial ❑ easurea are preac?ibed to pravent, or at least

improve, potential stability problems.

Explosive/Rock Interaction
o natural joint postures are identified, and their dynamic

response to the explosive and resulting influence on the crater
is qualltativaly defined;

c the relative importance to ruobllzatlon of different types of

fractures identified in the experiments is priori:,ized;and
o crater susceptibility to control from natural joint systems is

quantitative} related to scaled depth of burial.

Sealing
o parameter of interest to the application of scaling laws are

identified and aumnarlzed; and
o ?videnoe of oertain ~eologic lnfiuencea are identified an

elements in both the small-scale experiments and the

intermedjata-scale ex~riments and suggest probable roles in
r)oallngaonelderationa.

The Colony Mine oxparlments have alao declared other problems to
be resolved that would represent slgniflcafit progre8s toward

implementing PIIS retorts. A partial list of work needed to address

teohnioal barriers follows:



(1) experiments, such as tracer flow studies, to determine
voidlperm~ebillty distributions and calibrate computer codes;

(2) experiments utilizing effective blasting mats to quantify zonal
relationships of the rubble size to the explosive charge. This
haa direct application to three-dimensional spacing and design

of explosive charge patte,-ns;
(3) continued work to refine scaling relationships and the applica-

tion of szaling laws;
(4) experiments to identify and prioritize the ❑ajor contributors to

fra~entation during early time (compression) and late time
(tension) regimes are integral to timing delays in decked
chargea;

(5) analytical work devoted to specific effects of cavity gases; and
(6) experiments to ascertain the influence Oftiw

maximwn/minimum principal stresses and how they can be used to
enhance predictable explosive/rock interaction and reduce
degradation of retort stability.

Oil shale fracture is a ❑ultifaceted problem requiring a Multi-
disciplinary approach. The specifio needs of size uniformity and
stability in large chambers reaches far beyond the conventional
“drill, blast, and muck” techn~logy. The Colony Mine experiments
produced sane informative results but also underscored the remaining
questions about fracture of rock. Geology is only one of several
data setg that need to be carefully integrated to determine their
interdependence but experimental results dramatically designate it as
a primary contributor to oil shale fragmentation.
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