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ABSTRACT

The Green River Formation in Uinta Basin, Utah con
tains immense resources of thin beds of oil shale having 
a kerogen content ranging from 15 to 25 gallons per ton of 
shale. These resources may be recoverable with horizontal 
retorting. A program is being conducted under the aus
pices of the Laramie Energy Technology Center (LETC) of 
the Department of Energy (DOE) to evaluate the feasibi lity 
of economically recovering oil from oil shale through hori
zontal modified in situ retorting.

Based on economic and practical criteria, a site for a 
future in situ retort was selected in Cowboy Canyon, five 
miles southeast of Bonanza, Utah. The retorting experiment 
will most likely include the upper part of the Mahogany Zone
of the Green River Formation.

Joint parameters such as persistence, spacing, atti
tude and opening were utilized to make a detailed joint 
analysis of 4,481 joints measured in and around the pro
posed mining area. Statistical and regression analysis 
of the joints and their correlation with other variables 
such as bed thickness and kerogen content gave parameters 
that were used to make an estimate of rubble (block) size 
in the proposed mining zone.

iii
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Testing of the mechanical properties of the oil shale
was performed in order to make an assessment of strength,
cohesion and internal friction angle for the rock. These
properties can be utilized in calculations for the mine
design, such as pillar and roof span dimensions.

Based on the joint analysis and mechanical properties
testing, some conclusions can be made. The joint analysis
shows that the rubble size in the upper part of the mining

3zone can be expected to be between 12 and 60 ft. , and in
3the lower part of the mining zone between 24 and 120 ft. . 

The difference in sizes is due to the fact that joint 
spacings are wider and joint trace lengths shorter in the 
oil-rich, lower part. The strength of oil shale decreases 
drastically when the kerogen content increases. This fact 
has to be taken into consideration when designing pillars 
and roof spans. Long mining rooms and retorts should be 
oriented at an angle to the major joint set in the Mahogany 
Zone in order to avoid roof falls and other safety hazards.

iv
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1. Introduction.

1.1 General.
With heightened attention being given to replacements 

for petroleum, shale oil appears most attractive because in 
the U.S. it should be one of the less expensive synthetic 
fuels of the present generation. Because its components are 
more similar to petroleum, it processes more easily than coal. 
Studies indicate inplace reserves of kerogen in the tri-state 
area of Colorado, Utah, and Wyoming of 4.0 trillion barrels 
of shale oil. About 390 billion barrels are in high-grade 
deposits of the Green River Formation (Eocene) that may yield 
25 gallons or more of oil per ton of rock. Lack of industrial 
interest in the thin seam oil shales, abundant in Utah and 
Wyoming, made it imperative for the federal government t-o 
assume a primary role in the long-range high-risk research on 
these substantial oil shale resources.

As part of the overall accelerated oil shale in situ re
search concept, a general research plan was developed by the 
then Laramie Energy Research Center (LERC). These general 
plans included the initial basic concepts of the horizontal 
modified in situ (HMIS) experiment.

Approximately one-third of the known resources of oil 
shale occur in beds of thin strata, 50 to 80 ft. thick, and 
are comprised of shale units containing 15 to 25 gallons of
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oil per ton of shale. Some thin beds in these strata yield 
as much as 50 to 70 gallons of oil per ton of shale. The 
present proposed HMIS plan was worked out by the Laramie 
Energy Technology Center (LETC) of the Department of Energy 
(DOE). This project is primarily concerned with the techni
cal, economical, and environmental feasibility of applying a 
combined horizontal mining and retorting technology to oil 
shale production from thin-seam oil shale deposits (Harak, 
1978). The following paragraphs will discuss the principal 
objectives of the project, site selection and location, an 
oil shale overview, and the scope of this report.

1.2 Principal Objectives of the HMIS Project.
The principal objectives of the project, as stated by 

Harak (1978) are:
1. To develop modified in situ recovery engineering 

expertise on Type IV shales (thin shale seams under more 
than 100 ft. of overburden).

2. Develop mining and explosive blasting techniques 
that will insure the optimum void volume and particle size 
to maximize resource utilization.

3. Examine the effects of retorting variables (e.g. 
shale size distribution, shale porosity, retorting gas com
position) on the shale oil yields and shale oil quality.
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4. Determine the effect of vertical diagonal, or 
horizontal sweep of the retorting gases using various com
binations of steam, air, and recycle gas.

5. Determine optimum underground support design to 
minimize or eliminate surface subsidence.

6 . Develop technology for sensible heat and addi
tional hydrocarbon recovery from previously retorted shales.

7. Determine the economic feasibility of modified in 
situ horizontal retorting technology in thin seam oil shale 
strata.

8 . Design retort configurations that will maximize 
resource recovery with minimal environmental impact.

This report does not deal entirely with any one of the 
objectives, but will attempt to help in solving the geotech- 
nical problems at the site as well as contribute to calcula
tions of void volumes and particle size distributions.

1.3 Site Selection and Location.
LETC conducted preliminary studies to identify poten

tial field sites for the proposed project. Three primary 
criteria were used to evaluate the sites (Harak, 1978).
First, the shale deposit should be representative of the 
resource base that ultimately will be available for commer
cial development by a combined horizontal mining and retort
ing process. Based on this requirement, only shale deposits
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of 20 to 25 gallons per ton average thickness, with a thick
ness of 50 ft. or more, were considered. Second, the shale 
deposit should outcrop in order to avoid expensive initial 
vertical mining and site development. Third, it was felt 
the deposit should be accessible year round and in reasonable 
proximity to a population center to minimize field develop
ment costs and hardship to field workers.

Based on the three criteria outlined, the most favor
able potential location of those investigated was in the 
Cowboy Canyon region of eastern Utah. Location of the site 
is shown in Figure 1.3-1.

The site is a weathered exposure of the Mahogany Zone 
of the Parachute Creek Member of the Green River Formation 
and is more exactly located in sec. 28 and 33, T95, R25E, 
Uinta County, Utah. The site occurs on the northeastern face 
of an unnamed eroded promontory, which rises more than 900 
ft. from the White River. The White River flows around the 
southeastern end of the promontory.

The openings of the mine adits would be about five 
miles southeast of the town of Bonanza, Utah. The area is 
accessible on a dirt road from Bonanza, and on paved highways 
from Vernal (51 miles) and Rangely (33 miles), Colorado.

1.4 Oil Shale Overview.
Oil shale has been defined in various ways. A more 

correct description would be: a dolomitic marlstone that
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contains varying amounts of kerogen. Cashion (1967), who
has done a considerable amount of geologic mapping in the
area, uses the term oil shale for marlstone that will yield
15 gallons or more of oil per ton of shale when subjected to
destructive distillation.

The ASTM (D283-57, 1977) defines oil shale as:
Ma compact rock of sedimentary origin, with an 
ash content of more than 33 percent, and contain
ing organic matter that yields oil when destruc
tively distilled but not appreciably when ex
tracted with ordinary solvents for petroleum."
The mineralogic composition of Green River oil shale

varies, but generally will approximate that shown in Table
1.4-1. The composition of the organic constituents of oil
shale is shown in Table 1.4-2. Table 1.4-3 shows figures
for potential resources and does not indicate recoverable
reserves. Estimates of the recoverable portion of these
resources range from 20 to 45 percent of the resource.

An isopach map showing the thickness of the Mahogany
Zone in eastern Uinta Basin is shown in Figure 1.4-1.
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Table 1.4-1
Mineral Constituents of Green River Oil Shale, 

Modified from Morse (1976, p. 2)

Weight Pet. of
Mineral Chemical Formula Total Minerals

Dolomite CaMg(C03)2 32
Calcite CaCO^ 16
Quartz ^i02 ^
Illite K20.3Al203 .6Si02 .2H20 19
Plagioclase NaAlSioOfl 10
(low-albite)
Orthoclase KAlSi~0R 6
(adularia)
Pyrite 1
Analcime __1

Total 100 ■
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Table 1.4-2
Organic Constituents of Green River Oil Shale, 

From Morse (1976, p. 2)
Weight Pet. of

Organic Constituents Total Organics
Carbon 76..5
Hydrogen 10..3
Nitrogen 2 .5
Sulfur 1 .2
Oxygen 9 5

Total 100.0
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Table 1.4-3
Oil Reserves in Known Deposits in the Green River 

Formation Reprinted from Synthetic Fuels Data Handbook 
(Cameroon Engineers,1975)

Shale Grade, Piceance Creek Uinta Basin, Green River 
Gallons Oil/Ton Basin, Colorado Utah  Basin, Wyoming

25-65 450-500 90 30
10-25 800 230 400
5-10 200 1500 300

Area Totals 1.500 1.820 730

Formation Total: 4.050
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Figure 1.4-1 Isopach map of the Mahogany Zone, Green 
River Formation (After Cashion, 1976) 
Scale 1:250,000, m = Mahogany Marker.
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1.5 Scope of This Report.
This report contains an analysis of joints measured 

in and around the proposed mining zone in Cowboy Canyon.
In order to evaluate the mine design parameters such as 
pillar dimensions and roof span dimensions, several types of 
mechanical testing were conducted on samples of different 
kerogen content from the study area.

Section 2 contains geological background relating to 
the study area and the processes involved in the creation of 
the joints.

Section 3 encompasses the analysis of the measured 
joints and joint parameters such as joint spacings, joint 
openings, dip and strike trace lengths. Because one of 
the main objectives in doing the joing analysis has been to 
calculate rubble sizes using the joint parameters, this is 
also presented in the same section.

In Section 4 the different joint parameters are analy
zed for correlation with each other and other variables such 
as bed thickness and kerogen content. Section 5 contains 
the results of the mechanical properties testing and their 
correlation with kerogen content and orientation of bedding. 
Section 6 discusses the implications of joint parameters and 
mechanical properties on mine design. Photographs of fea
tures described in the report are presented in Appendix A.
In Appendix B and C additional curves from mechanical prop
erties testing are shown.
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2. Geology and Geomorphology

2.1 Introduction
Cowboy Canyon is located in the eastern portion of the 

Uinta Basin, which is a broad, assymetric basin located on 
the northeastern edge of the Colorado Plateau.

During Paleocene and Eocene, the Uinta Basin was the 
northeastern part of a much larger intermountain lake basin 
that spread over most of the state of Utah. Beginning with 
the Early Eocene Epoch, Lake Uinta covered the entire Uinta 
and Piceance Creek Basins. During Early Eocene, when Lake 
Uinta existed in its maximum dimensions, the Green River 
Formation sediments and organic matter accumulated on the 
lake bottom. As the lake dried up, alluvial sediments of 
the Uinta Formation were deposited over the surface of the 
Uinta Basin by meandering streams.

In this section the geomorphology and geology of the 
Uinta Basin is discussed, as well as stratigraphy, site 
geology, and the structures of the area and their develop
ment. A geographic map of the southeast Uinta Basin is shown 
in Figure 2 .1-1 .
2.2 Geomorphology

Geologically, the Uinta Basin is part of the Colorado 
Plateau. The edges of this part of the basin lie near the 
rim of the plateau and, as a result, streams draining the
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Figure 2.1-1 Geographic map of the southeast Uinta Basin.
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exterior faces of the plateau are short, few in number and 
exhibit steep gradients while Evacuation Creek and the creek 
draining Cowboy Canyon are longer and more gently sloping.

In the southeastern portion of the Uinta Basin, where 
the experimental site is to be located, intertributary di
vides between major drainages are broad and capped by resis
tant rock strata. These strata dip northwestward a little 
more steeply than does the plateau surface itself to create 
narrow, benchlike mesas, and hogbacks. Within the study 
area, the landscape is composed of a series of north-south 
and northwest trending canyons separated by narrow, elongated 
mesas. The general direction of these landforms is perpen
dicular to that of the White River, which flows east-west in 
this area.

Physical weathering processes in the area include frost 
action and mass wasting. Chemical weathering by solution and 
oxidation is also an important phenomenon. Sheet wash leads 
to colluvium deposits on slopes and the piling of debris up- 
gradient from vegetation established on slopes. Large amounts 
of sediment are picked up by water flowing down Cowboy Canyon 
during occasional high-intensity summer thunderstorms. Chan
nel cutting along the White River has created steep slopes on 
the south and southeast side of the promontory that includes 
the experimental site. Also, the slopes of the narrow
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canyons on the west side of the promontory are very steep.
The slopes facing Cowboy Canyon are more gentle.

Geologic structures and erosion have influenced the de
velopment of several landforms in the study area, especially 
rock pinnacles. They occur on or near ridge tops and have 
been developed by progressive headward erosion from drainages 
along vertical fractures or joints.

Large rock faces on canyon walls along the White River 
plainly show evidence of massive rock failures. These rock 
failures have occurred along vertical fractures that are 
generally perpendicular to the bedding.

The overall drainage pattern of the Uinta Basin is den- 
tritic, but because of the influence of the northwest-trend
ing and northeast-trending sets of joints in the surficial 
rock formations, there are many straight reaches along 
stream channels and canyons. Level portions of land near 
the river exhibit a fine-textured drainage density, while 
upland areas of the Uinta Formation remain relatively un
dissected. Surficial outcrops of the Parachute Creek Member 
of the Green River Formation have a higher drainage density 
than the Uinta Formation.
2.3 Geologic History of Uinta Basin

The Uinta Basin, which can be classified either as a 

structural, a depositional, or a topographic basin, in-
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eludes an area of approximately 7,000 square miles, 95 per
cent of which is in Utah. The differential vertical move
ments which created the basin and its rim began in Paleocene 
or Eocene time during the deposition of the Wasatch Formation. 
The synclinal axis of the basin trends easterly and is 
slightly convex northward. The basin is asymmetric with a 
broad gently dipping south flank and a north flank which is 
only up to 10 miles wide with beds near vertical and locally 
overthrust. (See Figure 2.3-1).

The configuration of the Uinta Basin is controlled in 
part by pre-existing structures and geologic trends, but 
much of the present rim is the result of Tertiary tectonics.

The dominant tectonic factor in the development of 
the basin is the rise of the Uinta Mountains block and the 
simultaneous subsidence of the synclinal axis of the basin. 
This major flexure in the crust probably conforms to the 
edge of the late Precambrian trough in which the rocks of 
the Uinta Block were deposited (Osmond, 1964).

During lower Paleozoic time the Uinta Basin area was on 
a stable crust just east of the Cordilleran geosyncline. In 
the Pennsylvanian Period the Uncompahgre uplift formed a 
mountain range, part of which now underlies the southeastern

part of the present basin. This major tectonic feature had 
a northwest trend, and several small folds or faults with



ER-2392 17.

similar trends developed in the eastern part of the basin. 
These structures were gradually masked by Mesozoic sedi
ments. Slight Tertiary upwarping and differential compac
tion allow some of these structures to be reflected as 
folds plunging into the eastern part of the Uinta Basin 
(Osmond. 1964).

In Cretaceous time the Rocky Mountain geosyncline 
occupied the region and received clastic sediments from the 
Cordilleran geoanticline in Western Utah.

There are several hypotheses developed about the tec
tonics of the Uinta Mountains-Uinta Basin area in Late 
Cretaceous-Early Tertiary time. Sales (1968), proposed 
that the deformation of the area in Late Cretaceous time 
was caused by compressive stresses transmitted tangentially 
through the continental basement and overlying geosynclinal 
prism from the Pacific continental margin. The stresses 
probably originated from relative overriding of the Pacific 
Ocean block by the continental block as a result of drag on 
the bottoms of the blocks by convection cells in the mantle.

Burchfiel and Davis (1975) propose that the basement up
lifts in the Rocky Mountain region (also including the Uinta 
and Uncompahgre uplifts) are attributed to compressive 
shortening of the thermally weakened craton in response to 
intraplate stresses generated by plate convergence. They
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also relate these uplifts to subduction along a plate 
margin 1,000 to 1,500 km farther west.

There is not enough work done on the tectonics of the 
Uinta Basin to propose any single model for the develop
ments. Sales (1969) relates the subsidence of the Uinta 
Basin to the uplift of the Uinta Mountains and the east 
and south rims of the basin to the stable elements supported 
by the Douglas Creel; arch and part of the Uncompahgre block. 
All the tectonic events in Late Cretaceous-Early Tertiary 
time in the east Uinta 3asin are related to the Laramide 
orogeny.

The initial subsidence of the area south of the Uintas 
formed Lake Flagstaff in the Paleocene. A lot of elastics 
were deposited in the lake from the surrounding higher 
areas. During early Eocene time downwarping was accom
panied by renewed pulsating uplift on all positive elements 
bordering the Uinta Basin (McDonald, 1972). Beginning with 
the Early Eocene Epoch, Lake Uinta covered the entire Uinta 
and Piceance Creek Basins and possibly connected with 
another large lake that covered most of southwestern Uyoming 
(See Figure 2.3-2). At the end of Early Eocene, Lake Uinta 
had dried up after accumulating a thick sequence of deep 
sediments from the surrounding highland.

Sequences of strata that crop out in the southeastern 
part of Uinta Basin reflect the different stages of
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evolution of the basin. When Lake Uinta existed in its 
maximum dimensions, the Green River Formation sediments 
and organic matter accumulated on the lake bottom. As the 
lake diminished because of further rise of the Uinta Moun
tains and the Douglas Creek arch, alluvial sediments of the 
Uinta Formation were deposited over the surface of the Uinta 
Basin by meandering streams (McDonald, 1972).
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Figure 2.3-2 Estimated extent of Lake Uinta and Lake
Gosiute in late early to middle Eocene time 
(modified from McDonald, 1972).
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LEGEND
O a ,Qc-Quaternary alluvium 

and colluvium 
Tua -Uinta Formation(Eocene) 

sandstone, siltstone 
Tgp -Green River Formation 

Parachute Creek Member 
Marlstone, siltstone, 
oil shale 

-m- -Mahogany oil shal e. hed-
Figure 2,4-1 Geologic map of the Cowboy Canyon area

(modified from Cashion, 1974, 1977, 1978).
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2.4 Stratigraphy
The oldest rocks exposed in the study area are the 

sandstones, marlstones, oil shales and limestones of the 
lowermost part of the Green River Formation named the 
Douglas Creek Member.

The youngest rocks exposed in the study area are the 
sandstones of the Uinta Formation. In Table 2.4-1 a gen
eralized description of the rocks in the Cowboy Canyon area 
can be seen.

Quaternary alluvial and colluvial deposits cover large 
parts of the slopes and the canyon floors (see geologic map, 
Figure 2.4-1).
2.4.1 Green River Formation

The name Green River shales (later changed to Green 
River Formation) was first used by Ilavden (1869) in describ- 
inb exposures along the Green River in Uyoming.

The Green River Formation (GRF) consists primarily of 
light-gray to dark-gray, hard brittle marlstone and oil 
shale, interbedded with relatively minor amounts of brown 
sandstone, siltstone, nahcolite nodules and thin volcanic 
tuff beds. Total thickness of the formation beneath the 
study area is about 1,653 feet.

There are two members of the GRF in the area:
1) The Douglas Creek Member of which parts are equivalent
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to the Garden Gulch Member in the Piceance Creek Basin to 
the east.
2) The Parachute Creek Member, which formerly was split in 
two parts, the lower Parachute Creek Member and the upper
Evacuation Creek Member. This terminology was revised by
Cashion in 1974
2.4.1.1 Douglas Creek Member

The Douglas Creek Member, named by Bradley (1931) is
composed mainly of sandstone, siltstone, shale and oolitic 
algal, and ostracodal limestones, and only a small amount of 
oil shale. Outcrops of the Douglas Creek Member in the south
east nart of the study area reveals that the member is com
posed primarily of light yellowish-brown and light-gray ooli
tic limestone interbedded with gray to brown sandstone and 
siltstone. Maximum thickness of this member beneath the 
study area is probably about 650 feet (Beard, 197S). The 
Douglas Creek Member grades laterally into and intertongues 
with the Parachute Creek Member. Many thin nearshore-lacus
trine units extend laterally from the main part of the 
Douglas Creek Member.
2.4.1.2 Parachute Creek Member

The Parachute Creek Member includes the uppermost 
strata of the Green River Formation, and contains the most 
economically important sequences of oil shale strata within
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the same. Its lithology is predominantly calcium carbonate 
mudstone or marlstone, oil shale, sandstone and tuff. 
Lithologic units of the Parachute Creek Member are pre
dominantly thin and even bedded and are laterally continuous. 
Most strata are less than one inch thick, and some of the 
oil shales are paper thin. Key tuff beds less than five 
inches thick can be traced over thousands of square miles 
in the Piceance Creek Basin and Uinta Basin.

In the study area the Parachute Creek Member is com
posed mostly of thin-bedded marlstone, oil shale, and tuff. 
The thickness of the member is approximately 1,000 feet be
neath the study area.

The term oil shale is used in this report for marl
stone that will yield 15 gallons or more of oil per ton 
when subjected to destructive destination. Unweathered 
oil shale ranges from brown to very dark gray owing to 
differences in its kerogen content. Beds that contain the 
most kerogen are most resistant to erosion. These beds 
weather to distinctive blue-gray ledges, the most important 
of which is the Mahogany ledge, which in the subsurface is 
called the Mahogany zone. The Mahogany ledge is approxi
mately 100 feet thick beneath the study area.

The thick oil-shale bed containing the most kerogen, 
the Mahogany bed, occurs near the top of the Mahogany ledge.
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In the mapped area the bed is 8 to 12 feet thick. The 
thick oil-shale sequence grades laterally into, or inter
fingers with beds of marlstone and siltstone in any shore
ward direction. The Mahogany marker, the best known tuff 
bed in the Green River Formation, lies 9 to 15 feet above 
the Mahogany bed. It is an analcitized volcanic tuff bed 
that averages six inches in thickness. Uniformity of thick
ness and appearance over a very large area distinguishes 
the marker. The Mahogany marker weathers to orange-brown 
rectangular blocks. On many outcrops the marker has the 
physical appearance of a sandstone and is commonly saturated 
with oil. The marker bed dips at about 150 to 200 feet per 
mile to the northwest. Another distinctive tuff is present 
55 to 85 feet above the Mahogany marker. It is locally 
called the MWavy Bed Tuff". This bed is distinctive be
cause in most localities it contains thin intercalated 
stringers of marlstone that accentuate the wavy bedding sur
faces formed by plastic flowage or differential compaction. 
The tuff is light gray to tan and weathers to gray and 
orange-brown outcrops. Its thickness varies from a few 
inches to two feet within the study area (Appendix, Figure 
Al).

A very distinctive zone lies near the top of the 
Parachute Creek Member. It is known informally as the
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"Bird's Nest Zone" because of its many ellipsoidal cavities 
formed by leaching out of nahcolite, a soluble sodium-bi
carbonate mineral, from a matrix of predominately siltstone 
and marlstone. This zone is the principal aquifer above 
the Mahogany zone in the study area.
2.4.2 Uinta Formation

The Uinta Formation, which conformably overlies and 
interfingers with the Green River Formation, includes the 
most extensively exposed array of strata in the central 
Uinta Basin. The Green River-Uinta contact is drawn at 
the base of the lowermost massive resistant fluvial sand
stone bed in the Uinta (Appendix, Figure A 2 ) . The formation 
has been divided by previous investigators into two units, 
unit a and unit b, based primarily upon the position of a 
tuffaceous sandstone bed approximately two to six feet 
thick that lies at the base of unit b. Unit a (designated 
"Tua" in Figure 2.3-1), extends downward from the base of 
unit b to the top of the Green River Formation. The lithol
ogy of both units is generally much the same; stream-de
posited, fine-grained, light-reddish-brown sandstone and 
siltstone interbedded with minor amounts of shale and con
glomerate .
2.3.3 Quaternary Alluvium and Colluvium

Within the study area, Quaternary alluvium occurs 
along Hells Hole Canyon, the eastern part of Cowboy Canyon,
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along the White River and also along some smaller canyons 
in the western part of the area (see geologic map, Figure 
2.4-1). This alluvium is composed primarily of unconsoli
dated gray and brown silt, sand and gravel of stream-bed 
and fan deposits. Along the White River the alluvium is 
primarily light-brown fine sand with some gravel. The 
maximum thickness of the alluvium along the White River 
near the study area is about 35 to 50 feet.

Some colluvial deposits occur in Cowboy Canyon and at 
the south side of the White River. The colluvium in 
Cowboy Canyon is primarily unconsolidated talus and cliff 
debris with some slope wash. The colluvium south of the 
river is reddish-orange talus composed of fragments weathered 
from outcrops of burned oil shale of the Mahogany ledge.
2.5 Structural Geology

Geologic structure within the vicinity of the study 
area is quite uniform. The strata generally dips less than 
five degrees toward the northwest and no surface expression 
of faulting is exhibited. The Mahogany Marker bed reveals 
the orientation of strata within the proposed mining zone 
and generally dips about 150 to 200 feet per mile toward 
the northwest. Almost all joints in the area are vertical 
or near-vertical. The most predominant joint set trends 
N60°W and can be related to compression between the Uinta 
uplift and the Uncompahgre uplift during the Laramide
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orogeny. The direction of the I1W trending features shifts 
substantially vertically. The secondary joint set trends 
N13°E to N35°E and it also shifts direction vertically.
These joints could be related to north to south compressive 
forces arching along the backbone of the Douglas Creek arch, 
just to the southeast of the study area. They could also 
be related to the Laramide orogeny, although they are 
younger than the northwest trending joints.

The fracture patterns in the Parachute Creek Member 
are very complex. Below the Mahogany Marker the most pre
dominant joint set is trending N80°W to E-W, a difference 
of 25° to 35° compared to the overlying layers. The 
secondary set here trends N-S to N20°E. In the layers be
low the Mahogany zone the predominant joint set is trending 
N75°W to N80°W and a secondary joint set is trending N15°E. 
A more detailed discussion on the joints follows in Section 
3.
2.6 Site Geology

In the main part of the study area, the Parachute 
Creek Member of the Green River Formation is the surficial 
outcropping rock formation. At the south end of the study 
area and south of the White River, the Douglas Creek 
Member outcrops in a small area. At the very north and 
northwest parts of the study area the Uinta Formation



ER-2392 31.

outcrops (See Fig. 2.4-1). In this area the Douglas Creek 
Member is about 650 feet thick and is primarily composed 
of yellowish-brown oolitic limestone and gray siltstone 
and marlstone. It also contains a few low-grade oil shale 
beds. The Parachute Creek Member is approximately 1,000 
feet thick and consists mainly of dolomitic marlstone with 
variable amounts of organic matter (oil shale). Numerous 
thin tuff beds are interbedded with the oil shale. Higher 
grade shales are generally brown, dark brown or black.
Those beds are more resistant to erosion and weather to 
distinctive blue-gray ledges. The richer oil shale appears 
in most cases to occur in beds ranging from 2 inch to 2 
feet in thickness. This is just a result of their resis
tance to weathering. In realigy the oil shale beds are 
very thinly laminated, with laminae ranging in thickness 
from 0.05 inches to 0.3 inches. For mining purposes they 
can be considered to be beds, because no parting occurs 
between the laminae in the richer beds. Leaner oil shale 
beds and the laminated dolomitic marlstone weather to 
grooves in the cliffs or crop out on steep slopes. Those 
rock types are most commonly very thinly laminated, with 
laminae ranging in thickness from 0.05 inches to 0.3 inches. 
Considerable parting occurs along those laminae. In out
crops the marlstone is very cracked up due to its brittle
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nature and thin lamination (Appendix, Figure A3). Accord
ing to x-ray analysis made by LETC (Trudell, 1979), this rock 
consists of dolomite, quartz, calcite, feldsoar, and in some 
cases illite.

The nature of the Parachute Creek Member with its mix 
of lean and rich oil shale lias led to massive rock failures 
along all steep slopes. Toppling failures are caused by 
this phenomenon in connection with vertical joints. Shear 
failures have been observed in many cases where the base of 
a face has been undermined by erosion. This kind of rock 
failure has induced many fractures at the steep faces and 
precautions must be taken so that those fractures are not 
observed or mapped as true joints that intersect the rock in 
the subsurface also (i.e. deeper than approximately 15 to 20 
feet) .

Cashion and Donnell (1972) published a Utah to Colorado 
correlation chart which divided the main oil shale interval 
of the Parachute Creel; Member into several rich shale zones 
separated by lean zones and designated the rich zones R-2 
through R-5 and Mahogany in ascending stratigraphic order.

A composite histogram of the Parachute Creek Member 
using richness data from several nearby coreholes is shown 
in Figure 2.6-1. The core log data are from the study area 
the the named key tuff beds and distinctive oil shale
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sequences present in the Parachute Creek Member are shown 
on the log.

Rich oil shale production require two essential con
ditions :

(1) An abundant supply of organic matter derived from 
the remains of plentiful aquatic and near-shore terrestrial 
plant and animal life, particularly aquatic plant life.

(2) An environment of deposition conducive to the 
preservation of that organic matter.

When both conditions were optimum, rich oil shale was 
produced. When either one or both conditions were of lesser 
quality, relatively leaner oil shale was produced.

In the upper part of the Parachute Creek Member vugs re
sulting from the dissolution of nahcolite are quite common, 
especially in what is called the "bird's best Zone". This 
zone, which here is approximately 100' thick, is also the 
principal aquifer in the area. Since the strata are dipping 
northwest and consequently the flow is northwest, essentially 
no seepage was observed at outcrops around the promontory. 
Almost all the outcrops are up dip of the groundwater table. 
Since the recharge area in the vicinity of the experimental 
site can be considered to be relatively small, the ground
water problems can be expected to be small.

Tuffs are present through the whole Parachute Creek 
Member. In most cases they are thin (0.5 inches) and
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undulatory in nature. They consist mainly of analcime, 
quartz, feldspar, and dolomite. The oil shale tends to 
crack where those thin tuff beds are present, mainly along 
the bedding-planes. Therefore, the roof in the experimental 
mine has to be chosen carefully in order to avoid unnecessary 
problems due to those weakness planes. In the study area 
there are three tuff beds of special interest :

(1) The Mahogany Marker, which has been described 
earlier, is in the area approximately 4-6" thick and is im
pregnated with tar. It has very planar upper and lower sur
faces and is silty to sandy.

(2) Wavy bedded tuff, which is located approximately 
80 feet above the Mahogany marker. This bed is distinctive 
because in most localities it contains thin intercalated 
stringers of marlstone that accentuate the wavy bedding sur
faces formed by plastic flowage or differential compaction. 
The tuff is light gray to tan and weathers to gray and 
orange-brown outcrops. The thickness varies between six 
inches and 2 feet in the study area (Appendix, Figure A l).

(3) Curly bedded tuff, which is a contorted tuff bed 
that occurs approximately 70 feet below the Mahogany marker. 
This tuff is gray where unweathered and gray to brown where 
weathered, This unit has extremely undulatory upper and 
lower surfaces and contorted bedding. The undulatory con
tacts causes great differences in thickness within short



ER-2392 36.

distances. Thicknesses ranee from 1 inch to 24 inches 
within a horizontal distance of 20 feet. Sandstones from 
the Uinta Formation are intertounging with the marlstones 
in the northern part of the study area. Those sandstones 
are of. fluvial origin. The sandstone beds weather to a 
light reddish-broun color and the outcrops are much more 
rounded than the marlstones. The unit mapped is generally 
called unit a of the Uinta Formation.

A further evaluation of joints and mechanical proper
ties of the different oil shale beds are made in the follow
ing sections.

3. Joint Analysis
3.1 Introduction

The main purpose of this study has been to study joints, 
their attitude and dependence on different parameters such as 
kerogen content, lithology and bed thickness.

A joint can be defined as a break of geological origin 
in the continuity of a body of rock along which there has 
been no visible displacement (Int. Soc. for Rock Mechanics 
Commission on Standardization of Laboratory and Field Tests, 
1978). A group of parallel (or almost parallel) joints is 
called a set and joint sets intersect to form a joint system.

Air photographs were studied before the field work was 
conducted in order to detect the most obvious joint systems.
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There are two main types of joints present in the area, true 
joints that extend long distances also in the subsurface 
and can be explained by tectonics or fracturing before con
solidation of the lake sediments. The other type of joints 
are mainly due to unloading at the outcrop surface and shear
ing of rock masses at steep cliff faces. This study can be 
said to be subjective in the sense that only the attitude of 
the first type of joints was recorded.

In order to evaluate the influence of kerogen content 
and bed thickness on jointing, joint spacings and joint fre
quencies (number of joints/distance) were recorded for both 
types of joints.

It would, though, be a serious mistake to count the 
second type of joint as being real joint sets and calculate 
joint spacings and dip and strike persistence (discontinuity 
trace length as observed in an exposure) and project those 
parameters into the subsurface. The longest distance this 
type of joint extends into the subsurface is about 20 to 30 
feet.

Virtually all joints in the study area are vertical or 
near vertical, very few inclined joints were recorded. The 
joint map for the study area can be seen in Figure 3.1-1. 
Statistics were performed on the joint parameters in order 
to establish variables like mode, mean and confidence
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Figure 3.1-1 Joint map of the Cowboy Canyon area.
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intervals. These variables are very important in calculat
ing the rubble (block) size in the mining zone and to cal
culate joint spacings and mean strike attitude for implica
tions on the mine design.
3.2 Methodology
3.2.1 Air Photography Reconnaissance

Black and white transparent air photos in the scale of 
1 :12,000 was studied prior to the field work.

Two joint systems are observable on this scale, one 
NW-trending that is very easily recognizable and one NNE- 
trending that just barely can be seen. The NW-trending 
joint set is most apparent in the upper parts of the Para
chute Creek Member of the Green River Formation. The only 
lineations seen in the adjacent Uinta Formation are the NW- 
trending Gilsonite veins.

All fractures were classified into 18 azimuth classes, 
each of 10 degrees. The length of the fractures could only 
be approximately estimated. It later became apparent that 
what at first had been considered to be one joint was 
actually two or three aligned joints. Average length of the 
NW-trending joints are approximately 300 to 400 feet. Aver
age length of the measured NNE-trending joints were estimated 
to be in the order of 100 to 150 feet.

The strike and length of each fracture was measured and 
recorded. A total of 32 joints were measured.
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No direct correlation can be made between directions 
of streams, canyons and joints. A few streams flow short 
distances in the direction of the main joint set, but that
correlation is too weak to be conclusive.

To aid in the evaluation of the fractures, a length
percentage and a number percentage can be calculated. For
azimuth class 1 the total number of fractures is N, and the 
total length of all the fractures is L, and so on for all 
azimuth classes. For azimuth class 1 the average length 
of fractures, La-̂ , is calculated: La^ = and so on.

For the purposes of plotting azimuth and length dis
tribution diagrams the values of length percentage and 
number percentage for all azimuth classes are required.
Thus, for azimuth class 1 length percentage is calculated 
as :

L iL-, % = ----------------------- x 100 and so on.
L«i + + . . . + L^g

Similarly for azimuth class 1 number percentage is calculated
as :

N iN-, % =   x 100 and so on.
N x + N2 + ... N 18

These fracture data can be seen in Table 3.2-1. In Figure
3 .2.1 length percentages are plotted as histograms and the 
number percentages as curves.
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Table 3.2-1
Azimuth classes and average length of fractures and total length 
of fractures as interpreted from air photos. Length and number 
percentages for. each class.

Azimuth Class* La , ft. IL, ft. L7a N7.

1. 270 - 280 0 0 0 0
2. 280 - 290 175 350 1.3 2/82 - 2.4
3. 290 - 300 290 6,090 23.3 21/82 * 25.6
4. 300 - 310 360 14,760 56.0 41/82 « 50.0
5. 310 - 320 370 4,440 16.9 13/82 * 15.8
6. 320 - 330 0 0 0 0
7. 330 - 340 0 0 0 0
8. 340 - 350 0 0. 0 0
9. 350 - 360 0 0 0 0

10. 0 - 10 0 0 0 0
11. 10 - 20 150 150 0.6 1/82 * 1.2

' 12. 20 - 30 150 450 1.7 3/82 * 3.6
13. 30 - 40 100 100 0.4 1/82 = 1.2
14. 40 - 50 0 0 0 0
15. 50 - 60 0 0 0 0
16. 60 - 70 0 0 0 0
17. 70 - 80 0 0 0 0
18. 80 - 90 0 0 0 0

Sum 26,340 100.2 99.8

*Note: Azimuth class 1. ■ N90°W to N80°W, azimuth class 10. *
N-S to N10°E.
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Figure 3.2-1 Graph and histogram for air-photo fracture length 
and number percentages over the Cowboy Canyon area. 
0° = E-W, 90° = N-S.
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3.2.2 Field Methods
A total of 207 stations were located in and around 

the study area. The ideal station was three-dimensional 
and had at least 200 feet of the section outcropping. Most 
stations fulfilled those criteria, but in some cases read
ings were taken along steep cliff faces, etc. In the later 
case perhaps just one or two parameters could be recorded.

The following parameters were recorded at each station 
(if possible):

a. Strike and dip of joints.
b. Strike and dip of the bedding.
c. Joint spacings (perpendicular distance between

adjacent discontinuities).
d. Joint frequency (number of joints in each set/100

feet).
e . Strike persistence for each joint set •
f . Dip persistence for each joint set.

g- Joint aperture (measured with feeler gauge).
h. Joint surface characteristics.
i . Rock type.

j • Bed or lamination thickness.
k. Length and direction of the measured section.

1 . Section thickness.
m. Joint termination, i.e. against other joint or

in rock.
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A total of 160 section directions were measured, and 
if the frequencies of those are plotted against azimuth 
class it can be seen that sections in all directions were 
measured quite uniformly, with the exception of azimuth 
class 10 (see Figure 3.2-2). This is just a coincidence and 
proves furthermore that a joint survey never can be 100% un
biased .

The thickness of the measured sections varied between 

10 and 6 0 feet with an average of 20 feet.
Some sections were picked for detailed study; they 

were 10’ x 10’ in area and generally along a vertical cliff 
face. This was done primarily to study lamination thick
nesses and joint frequencies in the smallest details.

A Silva geologist compass was used to measure strikes 
and dips, steel tape measure to measure joint spacings, 
discontinuity persistences, etc., and a feeler gauge to 
measure joint apertures. The mapping was done in the 

scale 1 :6 ,000.
3.2.3 Data Analysis Methods

Since a large volume of data was created by this in
vestigation, it was decided to use a computer to evaluate 
the data. For the attitudes programs PATCH (Mahtab, et al.,

1974) and QUAD (Call, 1971) was used. PATCH was used to 

define joint sets (clusters), make diagrams of the spatial
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distribution for each joint set, and to measure the disper
sion, k 0 QUAD was used to produce contour plots and strike 
and dip histograms. These computer programs are discussed 
further in section 3.3.

STP, a statistical, interactive program was used to cal
culate parameters like mean, standard deviation, variance,

2mode, median, etc. from the parametric data. The x test was 
used to test if the populations had normal distributions, and 
if that was the case, 95?o confidence intervals were calcu
lated. The t-test for test of equality of means between 
samples was also used. Program LSO was used to evaluate lin
ear and curvilinear regressions to highly correlated para
meters .
3.3 Joint Attitudes

As was mentioned in section 2. , the directions of the
main NW-trending joint sets shift remarkably along a verti
cal section.

Three different zones or domains were, therefore, easily 
distinguishable within the Parachute Creek Member:

I. Zone 1: above Mahogany marker and up to the 
bottom of Uinta Formation.

II. Zone 2: from the Mahogany marker and down to the
bottom of the Mahogany Zone.
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III. Zone 3: from the bottom of the Mahogany Zone
and down to the top of the Douglas Creek Member.

The main emphasis of this study is placed on Zone 1 
and Zone 2.

Zone 1 can be considered to be in the roof of the ex
perimental in situ mine, and Zone 2 can be considered to 
be the mining zone itself. The statistics for each zone 
and set are listed in Table 3.3-1.

The mean is defined as the sum of all observations di
vided by the number of observations. The mode is the value 
which occurs with the greatest frequency.

Variance and standard deviation are both measures of 
the spread or dispersion about the mean. The standard de
viation is the square root of the mean. The sample var
iance is defined by the equation:

2 _ n v 2s = I (X . - m)
i=l —  ----n

where p is the sample mean, X* the observed value and n 
the sample size.

Zone 1 had 3,132 measured joints altogether. In order 
to evaluate any changes in mean strike for each joint set, 
the values were split up and run two times through PATCH.
The first run, named Zone 1 (a), included 1,200 values
outside a 1 mile radius of the proposed mine site and 745
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values inside this 1 mile radius. In the second run, all 
the values (1,999) were inside the 1 mile radius. This run 

was named Zone 1 (b). As can be seen from Table 3.3-1, the 
mean strike for joint set 1 is the same for both runs. For 
joint set 2 , the mean strike differs 1.6 degrees, but this 
is not a significant difference.

In Zone 2 1,237 joints were measured; these values were 
just run once through PTACH. In Zone 3 119 joints were 
measured and just run through PATCH once.

The PATCH computer program inaentifies clusters or 
groupings among fracture orientations and calculates the 
mean orientation of the fractures within each cluster and 
the dispersion or scatter among these fracture orientations. 
Data points are represented by intersections of joint nor
mals with the upper hemisphere, which is divided into 100 
equal-area quadri-lateral patches. The points in adjacent 
patches where the Poisson distribution test shows signifi
cant concentrations are assigned to a single cluster. For 
a cluster whose orientations follow Arnold's hemispherical 
normal distribution, a confidence interval for the fracture 
orientation mean is calculated by applying Fisher's esti
mates (for further information on definition of clusters, 
etc., see Mahtab et al., 1972).
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2The x -test shows if the sample has a hemispherical 
normal distribution or not. In this case, none of the joint 
sets has a hemispherical normal distribution, or any other

known distribution. Therefore, a cone o f  confidence‘for the 
population mean will not be available. In Figure 3.3-1 
the distribution of joints in joint set 1 in Zone 1 is shown 
as an example of this. Therefore, no confidence intervals 
are given for the joint sets. One reason that the distri

butions do not fit any known distribution can be the very 
narrow range of dips.

Although the distributions are not hemispherical nor
mal distributions, the program was changed in 1979 by R. 
Smith to give a measure of dispersion around the mean in a 
so called cluster level plot. If the distributions have 
had hemispherical normal distributions, the contour curves 
would have approximated circles. When the shape of the 
curves is very different from a circle, an anisotropic 
fisher distribution can be used (see Shanley and Mahtab,
1975). In such a distribution, the dispersion factor k 
varies with direction (see Figure 3.3-2).

k is defined by the equation:

where R is the numerical value of the^ ~ _______
^ _ R * resultant vector of all

the unit vectors in the cone from one joint set. N is the 
total number of data points in the cluster being analyzed.
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If all the joint normals are exactly parallel, the magni
tude of R will equal N and k approaches infinity. Thus, 
the bigger k, the less dispersion. k's for all joint sets
are listed in Table 3.3-1.

The QUAD computer program creates histograms of all
strikes and dips, percent plots and point plots. This pro
gram is based on Lambert's azimuthal polar equal area pro
jection. The projection of the traces of the joint normals, 
called a point diagram is displayed on the equal area net.
The program was used mainly because it gives point concentra
tions expressed as percentages of the total points. Another 
advantage is that it uses a lower hemisphere projection, 
which is more used than the upper hemisphere projection 
that is output from program PATCH.

The strike histogram for the whole area, including all 
measured joints, can be seen in Figure 3.3-3.
3.3.1 Zone 1

This zone, which lies above the Mahogany Marker, is 
the most densely jointed of the three zones (Appendix,
Figure A4). This is mostly due to the fact that the rocks 
in this zone are more brittle and consist mainly of lean 
oil shale, marlstone and finegrained sandstone.

As mentioned before, two runs were made on the joints 
from this zone in order to define mean strikes and dips of
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Figure 3.3-1 Lower hemisphere percent plot of all joints 
in Zone 1.
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Figure 3.3-2 Upper hemisphere cluster level 
plot for joint set 1 in Zone 1 
V = 8.8°.

m i n i  1 0 - 2 0 %
IM  o - io %



ER-2392 54

each joint set. Of most interest are the joints that are 
within one mile radius of the proposed mine site. There
fore, the values discussed here are from that area. Ninety 
five percent of all the joints were classified to either
belong to a NW-trending or a NE-trending joint set. A 
strike histogram for all the joints can be seen in Figure
3.3-4 and the contour plot in Figure 3.3-1. The most sig
nificant joint set is the NW-trending. The mean strike is 
311.8 degrees or N58.2°W which well agrees with previous in
vestigations (Beard, 1978). The mean dip is 88.3 degrees to 
the SW. The figure after the decimal point is not signifi
cant in the sense that the dips were just measured within 
one degree accuracy. Some places in this zone are very in
tensively jointed with joint traces extending up to 300 feet. 
Those joints can be called master joints. In this section 
they are treated together with all the other joints, but in 
later sections they are treated separately. The cluster 
level plot of the OTW-trending joint set (see Figure 3.3-2)
shows the spread around the mean.

The NE trending joint set is younger than the NW set.
In most cases they appear in the same beds and the same
outcrops and in most cases the NE joints terminate against
the more persistent NW joints (Appendix, Figure AS) . This
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Figure 3.3-3 Strike histogram for all measured joints in 
Cowboy Canyon. 0° = N-S, 90° = E-W 
N = 4,481 joints.
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joint set has a wider spread, which can be seen in the clus
ter level plot in Figure 3.3-5. The mean strike of these 
joints is 213.3 degrees (or N33.3°E), which is almost normal 
to the mean strike of the NW trending joints. The major 
part of the joints have attitudes within 10° from 213 degrees. 
Where the NW trending changes direction, the NE trending also 
changes, so that in most cases the latter joints are normal 
to the former.
3.3.2 Zone 2

This zone, which lies between the Mahogany Marker and 
the bottom of the Mahogany Zone (top of B-groove), is less 
jointed than Zone 1. This is most probably caused by the 
fact that those beds consist almost entirely of more or less 
high-yielding, ductile oil shale.

There is a distinguishable difference in the attitudes 
of the joints between Zones 1 and 2. The most persistent 
joint set is trending WNW with a mean strike of 276.0° (N84°W). 
The second joint set has a mean strike of 192.6 degrees 
(N12.6°E), and even though there are a high number of joints 
within this set, those joints have shorter joint traces than 
the first set. A strike histogram for all the joints can be 
seen in Figure 3.3-6. More than 80% of the joints in set 1 
are within 10° of the mean, as can be seen in the cluster 
level plot in Figure 3.3-7. The NNE trending joint set has
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Figure 3.3-4 Strike histogram for joint set 1 in Zone 1 
24° = N 66W, 40° = N50W.
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Figure 3.3-5 Upper hemisphere cluster 
level plot for joint set 
2 in Zone 1. Y = 28.4°.
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Figure 3.3-6.Frequency histogram for all the joints in 
Zone 2.Strike orientation:0°=N-S,60P=N60°E
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a high concentration of joints (60%) between 185 and 195 
(5°E to N15°E) which can be seen from the histogram in Figure
3.3-8.

Generally, the NNE trending joints are normal to the 
WNW trending joints and also terminate against them (Appendix, 
Figure A 6) . The dips are very steep for both joint sets, as 
can be seen in the contour plot in Figure 3.3-9. The first 
set dips most to the south 87°-90° and the second set to the 
southeast, 86°-90°, with a mean of 88.1°.
3.3.3 Zone 3

This zone lies beneath the Mahogany Zone, the lower 
limit is somewhat uncertain due to the lack of outcrops 
in the lower part. Since just 12 stations with a total of 
119 joints were measured, the reliability of these results 
is lower than for Zone 1 and 2. This zone lies beneath the 
proposed mining zone and can, therefore, be considered to be 
of less interest. The major joint set has a mean strike of
283.3 degrees (N76.7°W) and more than 807o of the joints vary 
within 5° of this value. The second joint set was just de
fined by 23 joints and has a mean strike of 193.7° (N13.7°E) 
23 joints are probably too few samples to be considered re
liable. It should, though give a hint in the right direc
tion. Both joint sets have steep dips, between 86° and 90°, 
the first to the southwest and the second to the southeast.
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Figure 3.3-7 Upper hemisphere cluster 
level plot for joint set 
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Figure 3.3-8 Strike histogram for joint set 2 in Zone 2. 
85° = N5W, 135° « N45E.
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Figure 3.3-9 Lower hemisphere percent 
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The attitudes of all joints in Zone 3 can be seen in the con
tour plot in Figure 3.3-10.
3.4 Joint spacings

The spacing of adjacent discontinuities largely controls 
the size of individual blocks of intact rock and, therefore, 
this is a very important parameter. The distances between 
two (or more) parallel joints was measured with steel-mea- 
sure to about 5% accuracy. In order to get unbiased values, 
a criteria was used that there should be at least 50 feet 
distance perpendicular to the joint set available in the out
crop. The sampling length should preferably have been 
greater than ten times the estimated spacing to give big 
enough samples size. The latter criterion was not always 
achieved, but it was felt that the recorded values were re
liable anyway.

It is very important to point out that the calculated 
joint spacings and their statistics are biased in one sense. 
The presented values consist of recorded and observed spac
ings, but in some cases there were no spacings to record.
That means that in some cases there were no joints of that 
particular joint set. The spacing between sets could then 
be estimated by projecting two different stations to one 
line perpendicular to the joints. This was done for the 
master joints, which are so easy to detect that a figure
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Figure 3.3-10 Lower hemisphere percent plot of all joints
in Zone 3.
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that at least comes close to the real value could be calcu
lated. In the case of all the other joints no such dis
tances were calculated since too much bias would have been 
introduced because many outcrops and joints were covered or 
inaccessible in other ways. Bear in mind, therefore, that 
the calculated values are valid only when there are joints 
of this set present. The following terminology for spacings 
are used in this reDort:

Description Spacing
Extremely close spacing < 1"
Very close spacing l”-2. 5(
Close spacing 2 .5”-6'
Moderate spacing 6"- 24

Wide spacing 24"- 72

Very wide spacing 72”-240
Extremely wide spacing > 240”

To test if the joint spacings conform to a normal dis- 
2tribution, a x goodness-of-fit test was used. It was hy

pothesized that the samDles have normal distributions with
ounknown mean p and variance o'". The alternative to this hy

pothesis was taken as the case where the sample does not
2have normal distributions. The x test statistic is found 

by dividing a standard normal distribution into segments.
The probability that a random observation from a standard 
normal distribution will fall into one of the segments is
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equal to the area under the curve within that segment.
From these probabilities the number of observations that 
would be expected in each segment can be calculated. The 
expected frequency of occurrence within each segment can be 
compared with the frequency of sample observations that fall 
within the segments. If the number in each segment de
viates significantly from that expected, it seems unlikely 
that the sample was drawn from a normal population (Davis, 
1973). The test statistic is calculated by the equation 

k 0 - E ^2 = E cj j )A u p
j = 1

where 0 . is the number of observations within the j th class, J
and Ej is the number of observations expected in that class.

oThere are k classes or intervals. The test was performed
so a confidence interval for the means could be calculated.

oCalculated and theoretical x*“ values are presented for each 
distribution.

The statistics for each zone and joint set are shown in 
Table 3.4-1. In most calculations for block sizes the modal 
spacing is used.

For each station an average joint spacing was calculated 
for each joint set and used as one sample.
3.4.1 Zone 1

As can be seen from Table 3.4-1 the modal spacing is 
much lower than the mean spacing. This is caused bv some
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parts of the rock mass being less fractured than others.
Some extremely wide spacings are present. The modal spac
ing gives a better value to evaluate block sizes in the rock 
mass and, therefore, it can be considered to be a better 
parameter to u se.

The histogram in Figure 3.4-1 shows the distribution of 
joint spacings for the NTJ trending joint set (set 1) and it 
can be seen that 68% of the spacings are 8 f t . or less, i.e. 
they are in the moderate to the wide range. The secondary 
joint set (set 2) has wider joint spacings than set 1 , which 
is apparent from the histogram in Figure 3.4-2. The modal 
spacing here is 6 ft. and almost 50% of the spacings are 
within 4 to 8 ft.

For the master joints, which are NW trending, the dis
tance between heavily jointed parts was measured by project
ing the joints to a line perpendicular to the joints. This 
was measured on the field map, which was in the scale 1 :6 ,000. 
Nine such distances were measured with the following results:

Modal spacing: 450 ft.
Range: 175-900 ft.
Due to the inaccessibility in some areas, there probably 

exists more zones with master joints, so it is most likely 
that the most reliable values are in the lower end of the 
range, i.e. from 175 ft. to 450 ft.
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Figure 3.4-1 Frequency histogram for joint spacings in 
joint set 1, Zone 1. Mean = 11.6 ft.
Mode = 6 ft.
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Figure 3.4-2 Frequency histogram for joint spacings in 
joint set 2 in Zone 1. Mean = 9.3 ft. 
Mode = 6 ft.
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The areas where master joints have been observed are 
shown in Figure 3.4-3.

The modal spacing for the master joints is the same as 
for the other NW trending joints; 2 ft.; 42% of the spacings 
for the master joints are 2 ft. or less. Although just 12 
stations with master joints were recorded, the values for 
the joint spacing can be considered to be reliable, because 
at least 20 to 30 readintt of the snacin^s were taken at 
each station.
3.4.2 Zone 2

In this zone the difference between the modal and the 
mean spacing is even greater than in Zone 1. The modal 
spacing is going to be used to calculate block sizes, which 
is very important in this zone since the rubblization of the 
oil shale is going to occur to a large extent in this zone.

The WNW trending joint set (set 1) has the most developed 
joints here, even though the NNE trending set has a lower 
modal spacing, 4 versus 6 ft. Sixty eight percent of all the 
joints in set 1 has spacings between 2 and 10 feet, which can 
be seen in the histogram in Figure 3.4-4. Eight percent of 
all the joint spacings are greater than 20 feet; this as a 
result of zones which are missing WNW trending joints almost 
entirely.
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Master joints
m  Proposed mining area 
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Dirt road

Figure 3.4-3 Location of master joints in the Cowboy Canyon 
area.
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The NNE trending joints (set 2) show a wider spread in 
their distribution (Figure 3.4-5), but has a low modal spac
ing. Fifty five percent of the spacings are between 2 and 
10 ft., but as much as 21.47. are over 20 ft. This indicates 
that those fractures are absent more frequently than the 
WNW trending joints.

Both joint sets can be considered to have wide to very 
wide spacings.
3.4.3 Zone 3

Since just 12 stations were measured in this zone, the 
sample sizes are very small and can't be considered to be 
more than an estimation of the true conditions. The'pre
dominant joint set in Zone 3 is a WNW trending set (set 1) 
with very wide spacings, the mode is 10 ft. and they have a 
narrow range (Figure 3.4-6), between 1.5 and 12 ft.

For the secondary, NE trending set just 7 joint spac
ings were calculated. The only thing that can be said about 
this set here is that the joints appear to have extremely 
wide spacings. The modal spacing is 50 ft.
3.5 Joint openings

Each joint was checked for displacement, the character
istics of the surfaces and the width of the opening.

At some surfaces weak plumose structures could be seen. 
This indicates that the fractures are extension joints.
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Figure 3.4-4 Frequency histogram for joint spacings in joint
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Figure 3.4-5 Frequency histogram for joint spacings in joint

set 2, Zone 2. Mean = 17.8 ft. Mode = 4 ft.
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Figure 3.4-6 Frequency histogram for joint spacings in
joint set 1, Zone 3.
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In general it can be said that the NW trending joint 
set in Zone 1 has the most distinct surfaces. They are in 
most cases smooth and planar. A few joint surfaces in the 
other zones and sets show similar features, but in most 
cases those surfaces are irregular and planar to undulating. 

Some joints have very wide openings (1 to 2 inch) at 
the surface due to erosion, those were not measured because 
in the subsurface those openings probably are in the range 
of 0.01 to 0.1 inch. Even the measured joint openings are 
probably over-estimated in width from the surface apertures. 
This means that the values presented here should be used 
with caution. No subsurface openings have been available
for measurement.

In Table 3.5-1 some statistical parameters for the
joint openings from different zones and joint sets are 
shown. It appears that the openings in Zone 2 are wider 
than those in Zone 1. Although the rock material is harder 
and more erodable in Zone 1, it seems like once an opening 
or weakness plane has been created in the more ductile oil 
shale it developes a wider opening somewhat faster than the 
more brittle shales. It can be seen in most outcrops that 
the oil shale has wider joint openings than the marlstone. 
This is not to say that this is the case in the subsurface. 
In contrast, the openings are more likely to be wider in



ER-2392 77.

Table 3.5-1 
Joint opening statistics

Zone
No.

Joint 
set no.

Sample
size

Model 
aperture, 
inch

Aperture 
range, 
inch

Mean
aperture, 
inch

Standard
deviation

1 1 50 0.05 0 02-0 10 0 060 0 023
1 2 42 0.05 0 02-0 10 0 051 0 020

1 Master 
j oints 12 0.05 0 05-0 10 0 .073 0 025

2 1 50 0.10 0 05-0 20 0 105 0 040
2 2 47 0.10 0 05-0 20 0 101 0 038
3 1 12 0.05 0 05-0 15 0 065 0 032
3 2 7 0.05 0 05-0. 10 0 061 0 020
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the marlstone since it is situated above the oil shale. If 
the joints are associated with extension of the top surface 
of anticlinal folds (Osmond, 1964) the oil shale in the 
Mahogany Zone should have smaller openings than the above 
lying marlstones.
3.6 Joint persistence

Persistence implies the size of a discontinuity within 
a plane. It can be crudely quantified by observing the dis
continuity trace lengths on the surface of exposures. The 
discontinuities of one particular set will often be more 
continuous than those of other sets. The minor sets will, 
therefore, tend to terminate against the primary features. 
This is the case in Cowboy Canyon where the NE trending 
joints in general terminate against the NW trending joints.

Frequently, rock exposures were small compared to the 
strike length and the real trace length could just be esti
mated .

If the model trace lengths for the strike are used to 
classify the joints with relation to their persistence, the 
following scheme can be used:

Very low persistence : < 3 ft.
Low persistence : 3-10 ft.
Medium persistence : 10-30 ft.
High persistence : 30-60 ft.
Very high persistence: > 60 ft.
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The type of termination was recorded at each station.
A discontinuity can terminate either in rock (r), against
another discontinuity (d) or outside the exposure (x). In
many cases the termination was covered, in those cases it
was considered to terminate in rock (r).

Piteau (1973) has demonstrated that discontinuities
where both terminations can be seen are generally smaller
than discontinuities where one or no terminations can be
seen. A systematic set of discontinuities with a high score
in (x) is obviously more persistent than a sub-systematic
set with predominant scores in (d). All here described
joint sets can be described as systematic.

Termination data can be used to calculate T , a termin-r
ation index. T is defined as the percentage of the discon
tinuity ends terminating in rock (Ir) compared to the total 
number of terminations (ISRM, 1978).

X = (£t) x 100 y

2 (no. of discontinuities observed)
According to Piteau's ideas concerning the correlation 

between termination and persistence a low Tr means long per
sistence and a high Tr implies short persistence. This is 
not always the case here and it can depend on the fact that 
all covered terminations were classified (r). Therefore, the 
Tr doesn't give a good correlation to the joint persistence 
in this case. The termination indices are shown in Table
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3.6-1. The stistical parameters for the strike lengths are 
shown in Table 3.6-2. Remember that the modal length is 
used to classify the persistence. In Table 3.6-3 the same 
statistical parameters are shown for the dip length.

In order to test if the distributions were normal, the
2X goodness-of-fit test was used. All distributions except 

Zone 1, set 1 (strike length) proved to be in very close 
approximation to normal or log-normal distributions.

3.6.1 Zone 1
This zone, with its brittle rock types, has the joints 

with the longest persistences. Especially the master joints 
have very long joint traces; all these are trending north
west. Joint traces up to 300 ft. were observed, but since 
the average from each station was used, the highest average 
was 250 ft. (Appendix, Figure A7) . A histogram of the ‘strike 
lengths can be seen in Figure 3.6-1. The model trace length 
is 50 ft., but that depends most on the fact that there were 
two readings with this value and one of all the others. The 
mean is 93 ft. and that gives a better average for the master 
joints, which can be considered to have very high persistence 
The joints also cut through several beds in the vertical di
rection and are not so bed-dependent (i.e. confined to one 
bed or group of beds) as the other joints in this area. The
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Table 3.6.1 
Termination index (T ) for joints.

Zone n o . Joint set no. Tr
1 1 0.46
1 2 0.35
1 Master Joints 0.50
2 1 0.47
2 2 0.36
3 1 0.50
3 2 0.36
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Figure 3.6-1 Frequency histogram for the strike length of
master joints in Zone 1. Mean « 91.7 ft.
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Figure 3.6-2 Frequency histogram for the dip length
of master joints, Zone 1. Mean = 21.6 ft.
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modal value for the dip length is 10 feet, but in some cases 
the dip length is as much as AO to 50 feet (Figure 3.6-2).

The strike lengths for all the other NW trending joints 
has a somewhat strange distribution, which can be described 
as bimodal (Figure 3.6-3). In order to calculate a 95% con
fidence interval the distribution was split up in two and

2checked for normality with the x test. The two distribu
tions showed to be normal with a cut-off at 15 feet strike 
length. Confidence intervals were then calculated for the 
two distributions. To simplify matters for this joint set 
just the lower limit for the low distribution and the higher 
limit for the high distribution are shown in Table 3.6-2.
The mean strike length is 18.6 feet and this joint set can 
be considered to have medium persistence even if the modal 
trace length is used in the classification. The dip length 
is much smaller than for the master joints, but still it is 
not bed-dependent altogether. The mean trace length is 10.9 
feet and that is substantially longer than the average bed 
thickness, but it should be pointed out that approximately 
60% of the joints have dip liengths less than or equal to 10
feet and are in many cases bed dependent (Figure 3.6-4).

The secondary joint set has considerably shorter trace
lengths, one cause for this is that they terminate against 
the primary set. The mean strike length, seven ft. is well 
within the boundaries of the average joint spacing, eleven
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Figure 3.6-3 Frequency histogram for the strike length 
in joint set, Zone 1. Mean = 18.6 ft.
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Figure 3.6-4 Frequency histogram for the dip length in 
joint set 1, Zone 1. Mean = 10.9 ft.
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ft., for the NW joint set. The strike lengths have a log
normal distribution, which can be compared to a normal dis
tribution (Figure 3.6-5 and 3.6-6). Ninety percent of the 
joints have strike lengths of 10 ft. or less. These fractures 
are much more bed-dependent than the primary set and they just 
have a mean dip length of 2.9 ft. Eighty five percent of all 
the dip traces are 5 ft. or less (Figure 3.6-7).
3.6.2 Zone 2

The primary, WNW trending, joint set has considerably 
shorter trace lengths than the primary set above the Mahogany 
Marker. This is most probably due to the more ductile 
character of the rich oil shale. The mod trace length for
the strike is the same, but as can be seen from the histogram 
in Figure 3.6-8, 82% of the joints are 15 ft. or less as com
pared to 507o in Zone 1. The dip lengths are less than half 
the length of those in Zone 1 and are in a high degree bed- 
dependent. Eighty-four percent of them have 6 ft. or less 
in dip lengths (Figure 3.6-9). The secondary joint set here 
is as strongly developed as the secondary set in Zone 1 and 
is not far from having the same trace lengths as the primary
set. This can depend on a lot of things, but one possible 
cause can be that the north to south compressive forces that
caused these fractures were stronger by the time of the for
mation of the secondary set in Zone 2. The mean strike length 
is 9.5 feet and that is well within the limits of the joint
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Figure 3.6-5 Frequency histogram for the strike length 
in joint set 2, Zone 1. Strike length 
loglO-transformed.



Fr
eq

ue
nc

y

ER-2392 91.

o 20-cT

10 -

20161284
Strike length, feet

Figure 3.6-6 Frequency histogram for the strike length in
joint set 2, Zone 1. Mean = 7.0 ft.
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Figure 3.6-7 Frequency histogram for the dip length in
joint set 2, Zone 1. Mean = 2.9 ft.
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Figure 3.6-8 Frequency histogram for the strike length in
joint set 1, Zone 2. Mean = 14.8 ft.
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Figure 3.6-9 Frequency histogram for the dip length in
joint set 1, Zone 2. Mean = 4.7 ft.
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spacings for the primary set, which is 13.3 ft. The distribu
tion of the strike lengths can be seen in Figure 3.6-10. The 
dip trace length has a mean of 3.8 feet and 90% of the frac
tures are shorter than six ft. (Figure 3.6-14) and can be con
sidered to be bed-dependent in most cases.

All the frequencies in this section have log-normal dis-
2tributions, but as mentioned earlier, the x test can be used 

on these also to check for normality and just the un-trans-
formed values are shown in the diagrams.
3.6.3 Zone 3

The primary set (WNW trending) in this zone have joint 
trace lengths very similar to the primary set in Zone 2. The
mean strike length is exactly the same and if the strike
length was the only parameter in the sample both could be 
said to belong to the same population. But since several 
other parameters say that they do not, thev have been treated 
separately also in this section. The distribution of the 
strike lengths are shown in Figure 3.6-12. The dip lengths
are somewhat higher than in Zone 2 and this is probably
caused by lower kerogen content in the oil shale here. The 
bedding in the oil shale is not as apparent as in Zone 2.
Seventy five percent of the joints have trace lengths that
are nine ft. or less. The secondary set has too few sam
ples to be evaluated properly and it should just be pointed
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Figure 3.6-10 Frequency histogram for the strike length
in joint set 2, Zone 2. Mean = 9.5 ft.
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Figure 3.6-11 Frequency histogram for the dip length
in joint set 2, Zone 2. Mean = 3.8 ft.
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Figure 3.6-12 Frequency histogram for the strike length in
joint set 1, Zone 3. Mean = 14.8 ft.
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out that the mean strike length probably is overestimated, 
since it is much longer than the mean joint spacing for the 
primary set.
3.7 Block Size

Block size is an extremely important indicator of rock 
mass behavior. It is also very important in this case to 
evaluate the size of rubble that is going to be retorted 
in situ. Block dimensions are determined by discontinuity 
spacing, by the number of sets, and by the persistence of 
the discontinuities delinea in potential blocks. Block 
size can be described either by means of the average dimen
sion of typical blocks (block size, index 1^), or by the 
total number of joints intersecting a unit volume of the 
rock mass (volumetric joint count J ).

Since there are two perpendicular joint sets present, 
a problem arises; how to determine the third parameter in 
order to achieve blocks. Three cores (two 3-inch, one 6- 
inch) were available for logging of fractures. One core 
was logged by L. Trudell at LETC and the other two by the 
author. All the holes were drilled perpendicular (or al
most perpendicular) to the bedding and covered the Mahogany 
Zone and some additional 20 to 30 ft. above it. (For 
positions of the drill holes, see Figure 3.7-1). Very few 
natural fractures were observed in the cores, in all three
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cores at the most 8-9 fractures in 100 feet were observed, 
in one core just 3 fractures in 100 ft. RQD (Rock Quality 
Designation) was 100^ in all three cores.

It was observed, though, that where the core was broken 
or fractured in most cases was at the boundary between a 
tuff layer and an oil shale layer. If these can be consid
ered to be weakness planes, spacings between the tuff layers 
can be considered to be the third factor in calculating the 
block sizes (Appendix, Figure A8) .

Twenty three pieces from the top of the Mahogany Zone
from each core were used to calculate the statistics shown

2in Table 3.7-1, The x test again was used to check if the 
samples had normal distributions.

Table 3.7-1 
Statistics on tuff spacings from core data.

Core
No.*

Sample
Size

Mean, 
ft . Sd. 2Variance(s )

Calculated
X

Theoretical
X2

1 23 3.70 2.76 7.63 1.65 31.41
2 23 2.84 3.25 10.55 4.26 28.87
3 23 3.06 2.37 5.62 2.61 28.87

*This follows the nomenclature CCl, CC2, CC3 from LETC. 
No. 3 is the 6-inch core.
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Figure 3.7-1 Location of drillholes in Cowboy Canyon.
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The t test can be used for testing the hypotheses about 
the equivalency of two samples. Three assumptions are ne
cessary to perform this test. One is that both (or more 
than two) samples were selected at random, the second is 
that the populations from which the smaples were drawn are 
normally distributed, the third is that the variances of 
the populations are equal. The first assumption can be con
sidered to be true, the second is almost certainly true since 
the samples had very nice normal distributions, and the third 
can be checked by a F test, which tests if the variances of 
two samples are equal.

The F test is based on a probability distribution 
called the F distribution. This is the theoretical distri
bution of values that would be expected by randomly sampling 
from a normal population and calculating, for all possible
pairs of sample variances, the ratios 

2
S1

F = ^ 7  
s 2

2 . ^ , .  2 .
'1where sn is the larger variance and s0 is the smaller.

The hypotheses tested are:
2 2 

V  °i = V
U 2 , 2H-, : f  o 2

nwhere is the variance of the population. The calculated 
F values for a certain level of significance, in this case
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57o. If the calculated value falls below the critical value 
the null hypotheses is not rejected and there is no evidence 
for concluding that the variances are different.

Wien it is found that the variances are equal, the t 
test is performed pair by pair on the samples. In this 
case the t test is used for testing the hypothesis of equi
valency between two sample means. The test hypothesis is:

which states that the mean p1 of the population from which 
the first sample was drawn is the same as the mean (p2) 
the parent population of the second sample. This hypothesis 
is tested against the alternative:

1̂ 1 : P ^ p 2

that the two population means are not equal. The test 
statistic has the form: 

t = Xi - x2

s (l/n1) + (l/n2)

where and ")(2 are sample means, n-̂  and n2 the sample
sizes and sp the pooled estimate of the population standard 
deviation, based on both samples. The estimate is found
from the pooled estimated variance, given by:

2 (n^ - 1) s^2 + (n2 - 1) s22
s = --------------------------------
D  I r\n 1 + n 0 - 2i i.
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2 2where s-̂  and S2 are the sample variances and n^ and ^  

are the sample sizes.

Results from the F and t tests can be seen in Table 
3.7-2. As a conclusion of these tests it can be said that 
there is no evidence to suggest that the three samples came 
from different populations. This furthermore shows that 
tuff-beds and oil shale beds are laterally consistent within 
the Uinta Basin.

Table 3.7-2
Statistical tests on tuff spacings in three 

cores from Cowboy Canyon. Five percent level of significance.

Core nos. F test
Critical 
F value t test

Critical 
t value Result

1 vs . 2 1.38 2.05 0.97 1.72 H not rejected 0 J
1 vs . 3 1.36 2.05 0.84 1.72 H not rejected 0 J
2 v s . 3 1.88 2.05 0.26 1.72 H not rejected 0

Since the calculated tuff spacings cover both Zone 1 
and Zone 2, the same values are going to be used in both 
zones.

The modal spacings for the tuff layers are 1.0 ft. for 
all the cores. If 95% confidence intervals are calculated
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around the mean, the following values result:
Core no. 1: 2.50-4.90 ft.
Core no. 2: 1.43-4.25 ft.

• Core no. 3: 2.04-4.08 ft.
In estimating the block sizes the modal spacing is used to
calculate the smallest block size. As a comparison the 
highest value from the 95%, confidence intervals is going to 
be used to calculate the largest block sizes. This value 
is 4.90 ft.

There is no guarantee that the rock really is going to 
break up along these planes, but it is the best estimate 
that can be made. If the rock doesn't break up along these 
planes, the result is going to be columnar block shapes, 
with one dimension much bigger than the other two.

The block size index 1^, is described by:

where S^ and S2 are the modal joint spacings and are the 
tuff spacings as described above. As a comparison block 
sizes are also going to be calculated using the lowest and 
highest values from the 95% confidence intervals to give an 
indication of largest and smallest block sizes.

The volumetric joint count, J , is calculated by adding 
the frequencies for two joint sets and the frequency of tuff 
layers in 100 feet. The mean of the frequency of tuff from
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the three co es were found to be 30/100 ft. of core. The 
mean frequencies from the different joint sets were used in 
the calculations. A typical result might appear as below:

Jv = 50/100 + 15/100 + 30/100 = 0.95 joints/ft.3 
The following descriptive terms give an impression of 

the corresponding block size (modified from ISRM, 1978).

3Description Jv (joints/ft. )
Very large blocks <0.3
Large blocks 0.3- 1
Medium-sized blocks 1-3.3
Small blocks 3.3-10
Very small blocks > 10

Note that Jv is based on mean frequencies. Mean frequencies 
were calculated for joint sets.
3.7.1 Zone 1

This is the most densely jointed zone and, subsequently,
the smallest block sizes are to be found here. The model
spacing for the NW joint set is just two ft. and that is far
below the mean value of 11.6 ft., but since the recommenda
tions from ISRM, 1978 are followed the 2 ft. value is used.
The spacing data are found in Table 3.4-1. The block sizes
calculated in Table 3.7-3 shows that the range is very wide.
If the ISRM's norms are follox^ed strictly the most likely

3block sizes to exnect ranges between 12 and 60 ft. .
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Table 3.7-3
Block Size Indices for Zone 1.

sx , ft. S2 > ft • , ft . Xb
Corresponding 
block size, 
ft .3

Smallest tuff 
spacing, modal 
joint spacings

2 6 TX 3.00 12.0

Largest tuff 
spacing, modal 
joint spacings

2 6 4.9 4.30 58.8

Lower limit* 
of 957o confi
dence inter
vals

5.9 4.2 1 3.70 24.8

Higher limit 
of 95T'= con
fidence inter
vals

17.3 14.4 4.90 12.2 1,220.7

*Modal tuff spacing
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Table 3.7-4 
Block Size Indices for Zone 2.

S^ ft. s 2 , f t . S3 , ft- Xb
Corresponding 
block size, 
ft. 3

Smallest tuff 
spacing, modal 
joint spacings

6 4 1 3.67 24.0

Largest tuff 
spacing, modal 
joint spacings

6 4 4.9 4.97 117.6

Lower limit* 
of 95% confi
dence inter
vals

7.8 11.2 1 6.67 87.4

Higher limit 
of 95% confi
dence inter
vals

18.9 24.4 4.9 44.93 2,259.7

*Modal tuff spacing
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Volumetric Joint Count 
Mean frequency (100 ft.) for joint set 1: 35.6

95% confidence interval = 22.5-48.7
Mean frequency (100 ft.) for joint set 2: 31.4

95% confidence interval: 18.2-44.5
Mean frequency (100 ft.) for master joints: 54.7

95% confidence interval: 23.5-85.9
1) Lowest J , master joints absent. Mean tuff frequency.

, . « i + i t i + J a . 0 .71
v 100 100 100 ----

2) Highest J , master joints absent. Mean tuff frequency.
j _ + .30 _ 1 23
v 100 100 100 =

3) Highest J , master joints present. Mean tuff frequency.
j - * l l  +  4 4 ^  + _30 _ 1-60
v 100 100 100 =

4) Mean J , master joints present. Mean tuff frequency.
J = K l  +  +  ^ 0  . , 16

100 100 100 ----
5) Mean J , master joints absent. Mean tuff frequency.

J  =  +  2 L A  +  _ 3 0  =  o . 9 7
v 100 100 100 =

Range - J : 0.71 - 1.60
This means that the block sizes can be classified as medium
sized to large.
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3.7.2 Zone 2

The same methodology as in Zone 1 is used here and
again the model spacing for the primary set is much lower
than the mean spacing: why the low and high limits from
the 95% confidence intervals are used as comparison.

Table 3.7-4 shows that the block sizes are varied in
a wide range. If ISRM's norms are followed the most likely

3b • ock sizes to expect are between 24 and 120 ft. .

Volumetric Joint Count 
Mean frequency (100 ft.) for joint set 1: 14.6

9570 confidence interval: 11.5-17.7
Mean frequency (100 ft.) for joint set 2: 13.2

957. confidence interval: 10.6-15.8
1) Lowest J . Mean tuff frequency

J = = 0.52
v 100 100 100 ----

2) Highest J . Mean tuff frequency
T = 17.7 L 15.8 , 30 _ A
v 100 100 100 ^64.

3) Mean J . Mean tuff frequency
T _ 14.6 , 13.2 , 30 _ n co
Jv ■ ~TUo + + TTO “ 5^2°

Range - Jv : 0 . 5 2 - 0 . 6 4
This means that the block size in this zone can be classi
fied as large.
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3.8 Discussion of Structural Geology
A probable explanation of the differences in the direc

tion of the primary N-TT trending joint sets could be that 
those fractures resulted from the same main phenomenon, the 
compressional forces applied by the Uinta and Uncompahgre 
uplifts, but the direction shifted a little bit during the 
elapsed timespan. This implies that the fractures were 
created at a time very close to the time of deposition.

The Gilsonite veins in the area trend N60°W and go all 
the way up through the Uinta Formation. The Uinta Formation 
was deposited during Late Eocene, immediately on top of the 
Parachute Creek Member of the Green River Formation. The 
Gilsonite came up along tensional fractures that can be ex
plained by subsurface folds created by the Laramide orogeny 
(Osmond, 1967). They consequently have the same direction 
as the fractures caused by the compressional forces in Early 
and Middle Eocene. The secondary NE trending joint sets can 
be explained the same way, expect that they are related to 
the Douglas Creek Arch.



4. Joint Parameter Correlations
4.1 Introduction

It is quite obvious from observations in the field
that parameters like joint spacing, joint frequency, etc., 
just don't depend on the different stresses developed during
the existence of the rock mass.

The results from the joint analysis clearly indicate
that there is correlation between the kerogen content and
joint spacing for example. To make a correlation between

oil content and joint persistence proved impossible, because 
the oil content varies within wide limits in the vertical di
rection.
oil content and joint persistence showed impossible, since 
the oil content varies within wide limits in vertical di
rection .

The computer was used to calculate correlation matrices 
for the five joint parameters: spacing, frequency, joint
>pening, dip length and strike length. Correlation coeffi- 
ients were also calculated for other variables like bed 
>r lamination) thickness vs. the joint frequency, joint 
acing vs. kerogen content. In order to estimate the de- 
®e of interrelation between variables in a manner not in- 
snced by measurement units, the correlation coefficient 
used. Correlation is the ratio of the covariance of 
variables to the product of their standard deviations:
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The correlation ranges from +1 to -1. A correlation of 
+1 indicates a perfect direct relationship between two 
variables, a correlation of -1 indicates that one variable 
changes inversely with relation to the other.

In this report 0.50 was chosen as cut-off value. If 
r was below this, the correlation was considered to be too 
weak. As would be expected, there was a strong negative 
correlation between joint spacing and joint frequency which 
both actually are just two different methods of measuring 

the same variable. The other strong correlation was between 
dip length and strike length for each joint set. There was 
also a good correlation between kerogen content and joint 
spacing for erosional fractures (surface fractures due to 
un-loading of the rock mass).

When a high r was encountered, linear and polynomial 
regression were performed. The CSM computer program LSQ 
was used to find the best regression fit to the different 
data. As test statistics the F distribution was used. As 
a rule of thumb the calculated F value should be at least 4 
times bigger than the theoretical critical value (Turner, 
1980). LSQ also calculates the % explained which is de
fined b y :

R2 =
ssT
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sŝ ,, which is the term that expresses the variation of the
dependent variable, is defined by: 

n
SSrp — Z Syr Y )  ̂

i = i 1 '

where Y. is the random variable and Y the mean for all Y . .l l
The second measure of variation in Y is the sum of squares 
due to regression (ss^):

SSR = I  = x (Y± - Y )2

where Y. is the estimated value of Y. at specified values i l
of X ± .

The goodness-of-fit of the line to the points is de- 
2fined by R and if the line is a good estimator of the data,

2this ratio will be near unity. Often R is expressed as a 
percentage.

4.2 Bed thickness influence on joint frequency
It was observed during the field work that especially 

thin laminated marlstones were very cracked up and fractured 
and that many fractures in Zone 2 appeared to be bed-dependent. 
Therefore, it was decided to check if there was any correla
tion between the bed thickness and the joint frequency. It 
proved to be impossible to check the real fractures for those 
parameters, because the bed thicknesses vary widely within 
each outcrop and these fractures, in most cases, cut through 
several different beds and layers. As a result of this, just
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the erosional fractures (fractures due to surface unloading 
and weathering) were checked for these features.

Two criteria were used in this process:
1) There should be two different bed thicknesses in the 

same outcrop, with approximately equal kerogen content.
2) Joint frequency and bed thickness should be possible to 

record.
Thirty such readings were obtained and the first thing 

to check was the correlation coefficient, r. A very low 
value, 0.30 was calculated and that clearly indicates that 
there is no correlation. As can be seen from Figure 4.2-1, 
the values are very scattered and there appears to be no 
correlation.

Although this proves statistically that there is no 
good correlation, it must be mentioned that when an outcrop 
is mapped in smallest detail, there appears to be a clear 
correlation. Six detailed sections were mapped, each ten 
times ten ft. A sketch of such a detailed mapped section 
is shown in Figure 4.2-2. It is also apparent how bed-de
pendent the real fractures are here in Zone 2. It also shows 
how the joint spacing is strongly dependent on the kerogen 

content.
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8.02.0 4 0 6 0
BED THICKNESS,INCH

Figure 4.2-1 Scatter plot of bed thickness versus joint 
frequency. Corr. coeff., r = 0.30.
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4.3 Kerogen content influence on joint spacing
When comparing Zone 1 and Zone 2, it is apparent that 

Zone 2, which has higher kerogen content, has wider joint 
spacings than Zone 1.

Thirty samples were taken in the field for testing of 
kerogen content. The values range from 2.5 gpt (gallon per 
ton) to 58.7 gpt. Too much bias would be introduced into 
the data if all joint spacings were compared to the kerogen 
content. Consequently, the data was separated into the 
joint sets and zones that were discussed in section 3. There 

was also one separate set of joint spacings for the erosicnal 
fractures.

The correlation coefficients for all the real fractures 
v s . the kerogen contents all showed very low values. The F 
test gave the same result and the % explained was also very 
low, between 15 and 407=. The scatter among the values in 
the WNW trending joint set in Zone 2 is shown in Figure
4.3-1.

The correlation between the joint spacing and the kero
gen content for the erosional fractures was a little bit 
better. The correlation coefficient is 0.52 and the F-test 
shows that the calculated F-value is 8.01 against the theo
retical 4.54 (57= level of significance). The linear re
gression gives just 357= explained, but it is the best approxi
mation that can be made (Figure 4.3-2).
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Figure 4.3-1 Scatter plot of joint spacing versus oil yield
for joint set 1, Zone 2. Corr. Coeff., r = 0.27.



JO
IN

T 
S

P
A

C
IN

G
;F

E
E

T

ER-2392 120.

©"

111111111 nil 1II! I rTTTTTI 11111II11111! 1! 11111111111111 n 11 HT111111111 n 11111 in 
20 40 60 8(604020 40 60
OIL YIELD,GPT

Figure A.3-2 Correlation between oil yield and joint spacing 
for erosional fractures. Corr. coeff. r = 0.55.
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The cause of the bad results of those regressions can 
be the same as for the bed thicknesses, i.e. the great var
iation in vertical direction of the kerogen content.
4.4 Joint persistence correlation

The only correlation coefficient for the measured joint 
parameters that consistently shows high values are the r's 
for the strike length vs. dip length.

That means when one of the variables increases in 
length, the other also increases. This could be a valuable 
tool in predicting the persistence in a third dimension 
when the persistence in the two others is known.

The statistics for the regressions are shown in Table
4.4-1. No regression lines were made for the master joints 
in Zone 1 or the secondary joint set in Zone 3 since their 
F-values were too low.

If 32% explained can be accepted as a bad approximation, 
the strike length for the master joints can be predicted by:
SL = 51.5 -I- 1.9 DL, where SL is strike length and DL dip length.

This means that in this case the values are too scattered 
to make a reliable prediction of strike lengths.
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5. Mechanical Properties of Oil Shale.

5.1 Introduction.
It was the purpose of the mechanical properties test

to determine those properties essential to calculate rubble 
sizes and to assist in the structural design of a modified
in situ retorting system. In order to do a complete analy
sis of the behavior of oil shale, several variables have to 
be considered: temperature, kerogen content, orientation
(parallel or perpendicular to the bedding) and confining 
pressure. Of these factors all except the temperature was 
checked. Temperature is known to dramatically affect the 
strength of oil shale (Tisot and Sohns, 1971).Recently con
ducted tests (Miller et al., 1979) showed the compressive 
strength to be highly sensitive to temperature with ten-fold 
variations in strength observed. The confining pressure was 
found to significantly increase strength, particularly at 
higher temperatures.

The oil shale is composed of numerous fine laminations 
which are alternatively higher and lower in kerogen content. 
Thus, in the varved oil shale there exists an axis of 
symmetry (z-axis) which is perpendicular to the bedding 
planes. The horizontal axes (x and y) are equivalent (or 
interchangeable) due to lateral homogeneity. Due to these 
properties, oil shale can be characterized as a transversely 
isotropic material (Chong, et al., 1979).
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The reported tests were performed under various condi
tions of confining pressure, kerogen content and normal 
stress (direct shear test). Tests were performed on samples
taken parallel to the bedding as well as samples taken per
pendicular to the bedding. The kerogen content varied from 
5 gal./ton (gpt) to 69 gpt.

Properties determined were: uniaxial and triaxial com
pressive strength; Young's modulus and Poisson's ratio; di
rect shear strength, cohesion, and angle of internal fric
tion; and Brazilian tensile strength.

Data from stress, vertical and horizontal strain measure
ments together with Fisher Assay analyses were used in multi
ple regression computer programs to obtain correlations be
tween material properties and kerogen content.

Samples were taken at 11 different levels in and around 
the proposed mining zone in Cowboy Canyon (Appendix, Figure 
A9 ) NX-size (2 l/8inch) ores were then obtained from 
these samples and tested.

Furthermore, half 3-inch cores from corehole no. 1 in 
Cowboy Canyon were tested for uniaxial strength and direct 
shear strength. Figure 5.1-1 shows the position of the 
samples and their oil yield.

Throughout this report pounds per square inch (psi) is 
used as unit for pressure. In some cases the corresponding
unit, MP^, from the Sl-system is referred to in parenthesis.

2Pascal (Pa) is in N/m ’ and the conversion factor for MP toa
Dsi is 145.2 (i.e. 1 MP = 145.2 osi) .a
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Figure 5.1-1 Position of samples taken for testing of 
mechanical properties.
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5.2 Uniaxial Compressive Strength.

5.2.1 Experiment Technique and Sample Preparation.
Fifty half 3-inch cores with length to diameter-ratio 

varying from 1.06 to 2.36 were cut and the ends were surface 
ground flat and parallel. An additional six NX-size cores 
were also cut and grounded for comparison of shape effect.
The kerogen content varied between 5.8 and 69.0 gpt, includ
ing both 3-inch and NX-size samples.

The great variation in length to diameter ratios can be 
explained by the very nature of the oil shale. It is very 
common that the shale breaks along bedding planes with sig
nificant difference in kerogen content; thus shortening 
some samples considerably.

All the tested samples were cored perpendicular to the 
bedding; the NX size with a diamond tipped, water-cooled 
core drill. Most of the samples were tested with a Tinius 
and Olsen testing machine with ranges up to 120,000 pounds. 
Some lean samples were tested in a Material Test Systems 
(MTS) machine with ranges up to 1,000,000 pounds. Twenty 
six samples were tested with strain gages mounted laterally 
and vertically. The gages were of Kyowa brand, of lengths 
30mm (vertical) and 20mm (lateral) respectively. The applied 
load and the corresponding strain was recorded simultaneously 
during the tests.
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The loading rate varied between 10 psi/sec. for the 
strain-gaged samples and 50 psi/sec. for the samples that 
were not strain gaged. According to Jaeger and Cook (1976,
p. 144) the properties of most rocks can be regarded as vir
tually independent of strain rate in the range covered by 
the usual laboratory tests. The half 3-inch cores were 
analyzed for Fisher Assay oil yield at LETC and the NX-size 
cores were crushed and pulverized for Fisher Assay analysis 
at Colorado School of Mines Research Institute (CSMRI).

5.2.2 Results and Discussion.
The unconfined compression strength of oil shale has 

been tested previously, but mainly from Colorado's Piceance 
Creek Basin (Merrill,1954, Sellers, et a l ., 1972, Agapito, 
1974, Chong et a l ., 1977). Chong, et a l . showed by their 
experiments that unconfined compressive strengths are in
fluenced by mineral variations, oil yield, stratigraphy, and 
structure by testing the Tipton Member oil shale from 
Wyoming and the Mahogany Zone from Colorado. As a result of 
that, tests from Uinta Basin can't be directly compared to 
results from other places since the mineralogy and structure 
changes. The only other test results that the author could 
find were 10 tested samples from Hells Hole Canyon (approx. 
two miles SW of Cowboy Canyon). These tests were made for
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Gulf Research Comp. (Trent, 1980, personal communication).
Other companies have also performed tests, mainly in oil
shale tracts U-a and U-b, but these reports are confidential. 

Abel and Hoskins (1976) presented unconfined compression
test results from Colorado, compiled from several sources 
(Figure 5.2-1).

The compressive strength from the 55 tested samples are 
shown in Figure 5.2-1. The curve is assumed to approach the 
lowest value, 9,500 psi, assymptotrically. The equations 
for the regression lines are defined by the following rela
tions :

-0 04 50Yau = 19,llOe + 9 t 500 (5.2.1)
2= stress- at ultimate load, in pounds per inch (psi) 

OY = yield in gallons per ton (gpt) 
r = - 0.76, n = 55, R2 = 76.5% 

where r = correlation coefficient and u = sample size

R2 - SSr SS„’X

SS,p = total sum of squares
SS^ = sum of squares due to regression

Abel and Hoskins' equation is defined as: 
o = 38,000 - 1,220 OY + 12.5 (0Y)2 (5.2.2)
Equation (1) and (2) are both corrected for specimen 

length/diameter ratios 2/1. In the results presented here
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Figure 5.2-1 Compressive strength for 55 samples from
Uinta Basin compared to compressive strength 
for oil shale from Colorado.
A: Uinta Basin
o: Colorado (Abel and Hoskins, 1976) 
x: Best-fit curve, Uinta Basin

Correlation coefficient, r = -0.76
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ASTM’s empirical equation: a = a / (0.88 + 0.24 (b/fi))U cL

(ASTM, 1979) has been used to convert all the results to 
a 2/1 ratio.

= computed compressive strength of an equivalent 
L/D = 2 specimen

o = measured compressive strength of the specimen tested a
b = test core diameter
h = test core height

Chong, et al. (1976) shows linear relationships, but 
that is mainly because they have used the volumetric organic 
content, 0c , in percent, instead of oil vield in gpt.

A relationship between the oil yield, OY, in gpt and 
0c was developed by Smith (1976):

n  — 1 5 7 . 7 6  0 Y  /c o 'i \°c TTTT57' OY -T TD77 (5.2.3)

The plot of equation (5.2.3) is shovn in Figure 5.2-2. 
Since 49 of the 55 samples were half cores and the additional 
six were cylinders, a comparison was made between the differ
ent resulting regression lines. Referring to Figure 5.2-3, 
it can be seen that the cylinders have an apparent higher 
strength at low oil yields, but that the curves are approach
ing each other between 20 and 30 gpt. All the results 
(cylinders and half-cores) were put together for one final 
regression analysis, and it can be seen that this line 
.follows the line for the half cores very closely.
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Of the 26 samples tested with strain gages, six were 
cylinders. The same analysis as for the strength regarding 
the shape of the specimens were conducted (Figure 5.2-4) for 
Young's modulus (E, psi x 10^) versus oil yield. Young’s

G
modulus is defined by: E = —

X
where a = normal stress x

e = strain x
An increase in the normal stress thus gives an increase in 
strain. Contraction of the sample in the x direction is 
accompanied by lateral expansion in both the y and z direc-

O G
tions and thus: e =~v and e = - v —5y  E z E

where v is Poisson's ratio.
The analysis of the shape influence on E shows that there is 
a small difference, part of which probably can be explained 
by the fact that just six cylinders were tested. The curve
was assumed to approach the lowest value of 0.4 x 10 psi
assymptotically. The equation for all the tested samples 
is defined as :

E = (7.523e-0, •)702x + 0.4)106 (5.2.4)
r = 0.81, n = 26, R2 = 78.6%
Chong et al. (1977) got the following relationship:
E = 2924.3 - 23.37 0c (3.2.5)
If C>c is converted to OY, the following relationship 

is obtained:
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Figure 5.2-2 Correlation between oil yield in gpt and
organic content in % (modified from Smith, 1976)
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Figure 5.2-3 Sample shape influence on compressive strength.
03: NX-size samples
©: Half 3-incn cores
x: Best-fit curve for all samples



ER-2392 134.

(5.2.6)
r = -0.98, n = 6
The regression lines for equations (5.2,4 and 5.2.6) 

and the half 3-inch cores alone are shown in Figure 5.2-4. 
Equation (5.2,4) is recommended to use in estimating 
Young's modulus in Cowboy Canyon. The modulus was calcu
lated as a tangent modulus at 50% of maximum strain. It is 
obvious from the obtained results that both compressive 
strength and the modulus of elasticity (E) are more depen
dent on the length/diameter ratio of the specimens than 
their actual shape. Measured and converted data for all the 
obtained properties can be seen in Table 5.2-1.

The strain at ultimate load, e . proved to be dependent’ u *
on the oil yield as well as the modulus. The curve was 
assumed to approach the lowest value, of 0.005 inch/inch 
strain assymptotically. The following equation describes 
the relationship:

The obtained test results and the best fit curve can 
be seen in Figure 5.2-5.

The oil rich samples yield much more under pressure, 
which also can be observed from the stress-strain curves in 
Figure 5.2-6a and 5.2-6b. At high stress levels the strain

eu = 0.018e°-045x + 0.005 
r = 0.81, n = 26, R2 = 76.5%

(5.2.7)
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i;'igure 5.2-4 Young's modulus correlation with oil yield, in
cluding sample shape influence on the modulus.
♦: Colorado (Chong, et a l ., 1977)
A: Values from tested samples, Cowboy Canyon
*: Regression for all tested samples
o: Regression for half 3-inch cores alone
x: Regression for NX-size cores
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increases rapidly and the rock has a "spongy" behavior. 
Figures 5.2-7a and 5.2-7b show how the modulus decreases 
and the Poisson’s ratio increases with increasing stress 
level. The somewhat strange behavior of the lower curve in 
Figure 5.2-7b depends on the placement of the strain gauges. 
This results from the very heterogenous character of oil 
shale. Other workers have been using extensometers that 
cover the whole length of the sample and those averages the 
Poisson's ratio over the whole sample. As another evidence 
of this the scatter plot in Figure 5.2-8 can be seen. Al
though there exists a relationship between Poisson's ratio 
and the oil yield, the method with short strain gauges just 
proves the heterogenity of oil shale.

The leaner oil shales show a different behavior from 
the richer ones and the strain at ultimate load is often 
just 20 to 30% of that in the richer shales. Examples of 
this can be seen in Figures 5.2-9a and 5.2-9b. Referring 
to Figures 5.2-10a and 5.2-10b it is obvious that the lean 
oil shales show the same behavior regarding the modulus and 
Poisson’s ratio as the richer shales.

Stress-strain curves and other curves not referred to 
here are shown in Appendix B. The cylindrical samples are 
numbered with roman numerals.

Most failures of the samples were sudden and explosive, 
especially for the lean oil shale (Figure A 11, Appendix).
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Figure 5.2-5 Correlation between strain at ultimate load 
and oil yield in gpt strain in inch/inch. 
Corr. coeff., r = 0.81.
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5 . 0 00.00 2.00 3 .0 01 .00STRAIN,niN/IN

Figure 5.2-6a Stress-strain curve for rich oil shale (69.0 gpt)
Strain in p inch/inch. MIN = p inch
x: Lateral deformation
+: Axial deformation
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o

0.00 1 . 00STRAIN,MIN/IN2.00 3 .0 0

Figure 5.2-6b Stress-strain curve for rich oil shale
(52.7 gpt). Strain in y inch/inch.
MIN = y inch.
x: Lateral deformation
+ : Axial deformation
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Q!---0 . 00 I00. 00 120.00% OF MAX.STRESS
Figure 5.2-7a E versus % of maximum stress for rich oil

shale (69.0 gpt).
x: Sample 17A +: Sample 17B

CO n

120.0 0 •8 0 .0 0STRESS4 0. 00
% OF MAX.STRESS0 . 00

Figure 5.2-7b Poisson’s ratio versus % of maximum stress for
the same samples as in Figure 5.2-7a.
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80. 0060. 0040. 0020 . 000. 00 OIL YIELD,GPT

Figure 5.2-8 Plot showing the scatter in Poisson’s ratios 
as related to the oil yield.
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Table 5.2-1
Mechanical Properties of Oil Shale From 

Cowboy Canyon. Samples Tested Perpendicular to Bedding.

Sample 
np.

Oil yield 
gpt

L/D-
-ratio Ja>nksi^' ksi^) yi&

E( 3)Psi 
x i o 6 Lithology^) Remarks

2A 5.8 1.89 39.30 39.01 0.30 5.10 ms A-groove
4A 14.8 1.81 19.35 19.10 0.27 2.05 los Top of 

Mahogany
4B 14.8 2.26 16.00 16.22 0.32 1.94 los Zone
5A 46.2 1.53 12.27 11.83 0.48 0.55 os
5C 46.2 1.76 10.00 9.84 0.19 0.71 os
6A 16.2 2.11 19.02 19.14 0.13 1.50 os
8A 32.7 1.89 10.61 10.54 0.47 1.00 os
83 32.7 2.35 15.15 15.43 0.20 1.73 os
9B 20.8 1.70 17.51 17.15 0.22 2.38 os

10B 39.3 2.17 9.90 10.00 0.25 1.50 os
11A 10.3 1.77 22.76 22.41 0.33 4.43 los
11B 10.3 1.45 23.70 22.67 0.48 3.21 los
12B 26.5 2.36 17.53 17.82 0.45 1.85 os
14A 44.4 1.77 14.59 14.37 0.33 0.96 os
14C 44.4 1.84 14.69 14.54 0.43 1.23 os
15A 31.6 1.87 14.30 14.20 0.37 1.48 OS

17A 69.0 2.36 9.54 9.35 0.39 0.47 OS Mahogany
Bed

17B 69.0 1.87 10.40 10.30 0.29 0.39 OS

19A 52.7 1.67 12.10 11.80 0.35 0.52 OS
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Table 5.2-1 (continued)

Sample 
no.

Oil yield 
gpt

L/D-
-ratio k.sî ) & i D

y2)
50

E 3)psi 
xlO6 Lithology^ Remarks

22C 55.6 2.23 12.40 12.55 0.43 0.53 os
I 20.7 1.27 20.50 19.15 0.49 2.30 os
II 17.6 1.71 21.70 21.25 0.35 2.74 os

VII 49.4 2.50 12.95 13.25 0.42 1.32 os Mahogany
Bed

VIII 45.6 1.51 13.60 13.10 0.31 0.86 os
IX 34.4 1.55 13.35 12.90 0.17 0.94 os
X 28.8 1.22 16.85 15.65 0.26 1.26 OS

3A 2.4 1.49 27.50 26.42 ms A-groove
3B 2.4 1.06 36.03 32.56 ms A-groove
3C 2.4 1.50 30. 93 29.74 ms A-groove
5B 46.2 1.66 16.19 15.80 os
7A 25.9 1.35 15.77 14.91 os
7B 25.9 1.48 11.83 11.35 os
7 C 25.9 1.90 4.90 4.87 tuff
9A 20.8 1.29 21.04 19.74 OS

9C 20.8 1.41 21.22 20.21 OS

10A 39.3 1.46 13.94 13.35 OS

IOC 39.3 1.40 12.13 11.54 OS

11C 10.3 1.34 24.08 22.74 los
12A 26.5 1.54 15.05 14.53 os
12C 26.5 1.47 15.25 14.62 OS

15B 31.6 1.72 15.55 15.25 OS

15C 31.6 1.63 14.70 14.30 OS
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Table 5.2-1 (continued)
Sample 
no.

Oil yield 
gPt

L/D-
-ratio kfi1) kSil)

v2)50
£ 3)psi 
xlO6 Lithology^ Remarks

173 69.0 1.87 11.50 11.45 os Mahogany
Bed

18A 70.5 1.49 11.10 10.65 os Mahogany
Bed

18B 70.5 1.54 10.70 10.30 os Mahogany
Bed

18C 70.5 1.45 10.50 10.05 os
19B 52.7 1.55 14.10 13.65 os
20A 21.9 1.33 16.75 15.80 os
2 OB 21.9 1.42 21.30 20.30 os
2 2 A 55.6 2.09 12.60 12.65 os
22B 55.6 1.61 12.75 12.35 os
23A 17.9 1.43 24.05 22.95 os
23B 17.9 1.68 17.70 17.30 os
23C 17.9 1.72 16.85 16.50 os
24A 5.1 1.54 23.40 22.60 ms
24B 5.1 0.94 14.90 13.10 ms

Motes: 1) 1 ksi * 6.897 MPa
2) Poisson's ratio at 50% of maximum stress
3) Young's modulus, tangent measured at 50% of maximum stress
4) ms = marlstone

los * lean oil shale 
os » oil shale
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CL

8.004 .0 0STRAIN,MIN/IN 12.00 16 .00

Figure 5.2-9a Stress-strain curve for lean oil shale (5.8 gpt)
Strain in p inch/inch. MIN = p inch.
x: Lateral deformation
+ : Axial deformation
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5 .0 0STRAIN,MIN/IN0.00

Figure 5.2-9b Stress-strain curve for lean oil shale (14.
gpt). Strain in y inch/inch. MIN = y inch
x: Lateral deformation
+: Axial deformation

146.
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QQ

0. 00 20.00 40.00  60.00S OF MAX.STRESS 80 . 00 100.00

Figure 5.2-10a E versus % of maximum stress for lean oil
shale (5.8 gpt).

100.0080.0040.00  60.00
% OF MAX.STRESS20. 000 . 00

Figure 5.2-10b Poisson's ratio versus % of maximum stress
for the same sample as in Figure 5.2-10a.
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Among the other samples, shear (cone) failures were most 
common (Figure A 12, ADpendix). Sometimes the shear failures 
were followed by horizontal fractures which has to do with 
the layered character of oil shale. Peeling failures as 
well as short vertical fractures in oil-rich layers were 
also observed in a few cases (Figure A 13, Appendix).
5.3 Direct Shear Strength.

5.3.1 Experiment Technique and Specimen Preparation.
NX-size cores were obtained from samples taken at out

crops in Cowboy Canyon. They were sawed to 1.5 inch pieces 
and the surfaces were ground to smoothness. The rough sur
face samples were obtained from half 3-inch cores (from 
LETC) from corehole no. 1 in Cowboy Canyon. These rough 
surfaces were created by performing point load tests on the 
half-core, parallel to the bedding. The samples were then 
molded in gypsum cement (Hydrocal) into aluminum rings. The 
direct shear apparatus consisted of an upper rigid part and 
a mobil base (Figure A 14, Appendix A). Both horizontal and 
vertical deformations were measured by means of suitably 
arranged dial guages with an accuracy of 1/1,000 inch. A 
strain rate of 0.018 inch/minute were used for all the tests. 
The normal stresses applied were 250, 500 and 750 psi (1.72, 
3.45, 5.17 MPa) with a small variation for each specimen 
depending on the area of the specimen. The point load tests
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were performed with the Terrametric's noint load tester, 
model T-590. Those tests were conducted with a length to 
diameter ratio of 0.7.

5.3.2 Results and Discussion.
Twenty two samples were tested under three different 

normal stresses. Fourteen samples had smooth surfaces, nine 
of them parallel to the bedding, five perpendicular to the 
bedding. Eight samples were tested with rough surfaces, 
parallel to the bedding. The oil yields for the tested 
samples varied between seven and fifty six gpt.

A typical shear stress curve for a smooth sample tested 
parallel to the bedding is shown in Figure 5.3-1. There is 
essentially no difference between the peak shear strength 
and the residual shear strength. The smooth samples tested 
perpendicular to the bedding show a very similar behavior 
(see Figure 5.3-2.) The tuff sample (MM-mahogany marker) 
shows also that there is essentially no difference between 
peak shear strength and residual shear strength. On the 
other hand the tuff has a much lower peak shear strength 
than the shale (see Figure 5.3-3). The samples tested 
with rough surfaces show a somewhat different behavior.

Here there is a significant difference between the peak 
shear strength and the residual shear strength. Since those 
samples were in the range 1.5 to 1.7 inches long, they
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couldn't be run further than approximately 0.23 inches, 
which is equal to 15% strain. Therefore, the residual part 
of the curve isn't fully developed. If the peak strength of 
a smooth sample is 400 psi at the highest normal stress (750 
psi) it can be seen that the top curve (highest shear stress) 
is approaching that value (see Figure 5.3-4).

The point load tests gave a wide scatter of values and 
didn't show any correlation between kerogen content and 
strength. Three tests were conducted on each sample and the 
mean of those were used for calculation of the theoretical 
peak shear strength according to Barton's (1974) equation:

T/o = tan n JRC log. 0 ( ^ )  + 0,
an

where
T = peak shear strength

o ’ = effective normal stress n
JRC = joint roughness coefficient 
JCS = effective joint wall compressive strength 
0^ = basic friction angle 

JRC was estimated for each sample, according to Barton’s 
classification. JCS was obtained from the point load tests 
and 0^ from the tests on the smooth samples. A comparison 
between experimental values and theoretical values is shown 
in Table 5.3-1 together with mean compressive strengths 
from the point load tests (a + sign in front of the percen
tage error figure means that the theoretical value is bigger
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than the experimental). One of the reasons for the wide 
scatter in values from the point load tests is the varia
bility in organic content in the numerous fine laminations 
of the shale. Barton’s empirical equation for calculating 
peak shear strength could be used as an estimation if 20- 
30% error is acceptable.

The Coulomb equation: T = c + o tan 0 was used to
approximate the relation between peak shear strength and 
normal stress. The experiments showed that there is no ob
vious relation between kerogen content and the internal 
friction angle 0. The values varied between 24° and 34° for 
samples tested parallel to the bedding and varied between

21° and 30° for the samples tested perpendicular to the 
bedding. The cohesion values were very low and didn't vary 
with the kerogen content. They were in the range 0-35 psi 
for smooth samples and 0-90 psi for the rough samples. 0 
and c values varied even between samples taken from the 
same layer. The 0 and c values for each sample are listed 
in Table 5.3-2.

Linear regression of the model y = bQ + b-̂  x were used 
to calculate the 0 and c values, where y represents c and 0 , 
bQ represents c and 0 at 0 gpt oil yield and b-̂  is the slope 
of the line. Statistical values such as mean and standard 
deviation were calculated for each of the three groups, i.e.
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Table 5.3-1

Barton’s theoretical value for peak shear strength compared to experimen
tal values for samples with rough surfaces. Applied normal stress: 250 psi.

Sample
No.

0* Compressive 
Strength 
From point- 
load test 

(psi)

JRC Theoretical 
Value (from 
Barton's 
eqn.)

(psi)

Experi
mental
Value
(psi)

Error, 7.

470A 28.8° 4,630 10 165 150 +10

422A 28.8° 3,250 20 295 250 +18

422C 28.8° 3,250 5 159 128 +24

425C 28.8° 1,740 20 249 253 - 1

498 28.8° 3,350 5 159 158 + 1

514B 28.8° 2,550 5 161 125 +29

514C 28.8° 2,550 10 191 203 - 6

547A 28.8° 2,400 10 199 193 + 3

*Mean value from smooth samples



ER-2392

©© SAMPLE:6

0.00 0.03 0.16  0.24  0.32DISPLACEMENT,INCH
0. ̂ 0

Figure 5.3-1 Sample with smooth surfaces, tested parallel 
to the bedding. The applied normal stresses 
are 250, 500 and 750 psi, respectively. 
Kerogen content: 33.0 gpt.
x - 250 psi
+ - 500 psi
A - 750 osi

153.
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I SAMPLE:1B

0.320.16 0.24DISPLACEMENT,INCH 0. 4 00 . 00 0.09

Figure 5.3-2 Sample with smooth surfaces, tested perpen
dicular to the bedding. The applied normal 
stresses are 250, 500 and 750 psi, respect
ively. Kerogen content: 20.7 gpt.
x - 250 psi
+ - 500 psi
A - 750 psi

154.
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!• SAMPLE: MM

0.320.16  0.24DISPLACEMENT,INCH0.080 . 00

Figure 5.3-3 Tuff sample with smooth surfaces, tested
parallel to the bedding. The applied normal 
stresses are 250, 500 and 750 psi, respect
ively. Kerogen content: 15.0 gpt.
x - 250 psi
+ - 500 psi
A - 750 psi
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!• SAMPLE: 547A

0.320.16  0 . 2*3DISPLACEMENT,INCH0.00 0 . 08

Figure 5.3-4 Sample with rough surfaces, tested parallel 
to the bedding. The applied normal stresses 
are 250, 500 and 750 psi, respectively. 
Kerogen content: 7.0 gpt.
x - 250 psi
+ - 500 psi
A - 750 psi
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smooth-parallel, smooth-perpendicular, rough-parallel to 
the bedding. These values are listed in Table 5.3-3. The 
statistics for the peak shear strengths are shown in Table 
5.3-4. Tests conducted with restricted normal displacement 
would have given higher shear strength values for the rough 
samples. If the blocks are confined shearing is possible 
only if the asperities themselves break, thereby increasing 
the strength of the joint. Since most joints in Cowboy 
Canyon are perpendicular to the bedding, the properties of 
the samples tested in this direction are of greatest interest. 
Because the samples tested parallel to the bedding gave simi
lar results, these could also be used for simplified calcu
lations .

Remaining curves and plots can be found in Appendix C.

5.4 Tensile Strength.

5.4.1 Experiment Technique and Sample Preparation.
A total of 23 NX-size discs were obtained from blocks 

of oil shale from Cowboy Canyon. The thickness of the discs 
varied between 0.700 and 1.202 inches; the variation is due 
to the tendency of oil shale to break up along bedding 
planes. The samples were ground to an even thickness.

The Brazilian test was used to determine the tensile 
strength. A MTS machine which covers ranges up to 100,000 
pounds was used for the tests. The loading rate was held
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Table 5.3-2 

Test results from direct shear tests.

Sample No. Bedding Kerogen Content 
(Rpt)

Internal Friction 
Angle (0)

Cohesion
(psi)

IB Parallel 20.7 29.5° 0
3 Parallel 17.7 33.8° 0

MM(tuff) Parallel 15.0 16.1° 0.9
5B Parallel 28.4 28.3° 4.2
6 Parallel 33.0 25.9° 18.2
7D Parallel 49.4 28.9° 19.7
9A Parallel 34.4 28.3° 33.3
9B Parallel 34.4 31.8° 0
9C Parallel 34.4 24.0° 21.6
1A Perpendicular 20.7 29.7° 0
7 A Perpendicular 49.4 28.1° 0
7B Perpendicular 49.4 20.9° 23.1
7C Perpendicular 49.4 29.7° 0
9E Perpendicular 34.4 29.6° 0

420A (rough) Parallel 14.2 33.8° 0
472A (rough) Parallel 19.5 34.4° 90.2
472C (rough) Parallel 25.5 29.9° 0.6
475C (rough) Parallel 22.4 42.7° 26.8
498 (rough) Parallel 28.7 24.9° 66.3
514B (rough) Parallel 55.6 20.2° 47.7
514C (rough) Parallel 55.6 28.4° 69.3
547A (rough) Parallel 7.0 33.7° 18.0
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Table 5.3-4

Statistics of peak shear strengths

Group Attitude of Normal Peak Shear Strength(psiV Sample
S i z eBedding Stress* Range Mean Standard
wJL«>C

(Statistical)
Deviation

1.Smooth Parallel 250 128-178 152 14.7 8
Surface

500 245-340 '299 26.7 8
750 374-512 444 47.6 8

2.Smooth Perpendicular 250 128-154 145 8.8 5
Surface

500 214-294 261 30.7 5
750 322-486 417 54.1 5

3.Rough Parallel 250 125-253 183 47.4 8
Surface

500 242-458 326 66.0 8
750 294-679 502 113.5 8

*Small variations due to variation in areas from sample to sample.
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at 10-20 psi/sec. during all the tests. Such a small varia
tion in loading does not affect the strength. Steel platens 
were used at both ends of the disc during loading. After the 
test the samples were pulverized for Fischer Assay analysis 
at Colorado School of Mines Research Institute (CSMRI).

5.4.2 Results and Discussion.
The Brazilian test consists of diametrical loading of 

a disc of rock. The force F applied along a diameter of 
the disc produces a more or less uniform tensile stress 
over the major part of the vertical diameter. When this 
tensile stress induces failure, the applied load gives a 
measure of the tensile strength Tq of the rock by using the 
formula:

where F = external load (lbs.)
D = diameter of sample (ins.) 
t = thickness of sample (ins.)

For the Brazilian test to be valid, failure of the disc 
should take place with the development of a vertical crack 
from the center of the specimen (Vutukuri et a l ., 1974).
The ratio between the thickness of the disc and the dia
meter doesn’t have much influence on the tensile strength 
when the diameter is as much as 2 1/8 inches (Dube and 
Singh, 1969).
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Thirteen samples were tested parallel to the bedding 
and eight samples perpendicular to the same. The results 
were quite scattered and don't show a good reproducabi lity.
As pointed out by previous workers (Miller, et a l., 1979) 
the standard deviation is quite large which is due both to 
intersample variations and the inherent scatter associated 
with Brazilian tensile testing. The mean tensile strength 
for the samples tested parallel to the bedding varied between 
1,251 psi (8.63 MP ) and 1,641 psi (11.31 MP ) and the mean

Cl Cl

strength for the samples tested perpendicular to the bedding 
varied between 916 psi (6.32 MP ) and 1,130 psi (7.79 MP ),

Sl a.

which is well within the range of previous investigations 
(Table 5.4-1).

Two tuff samples with a kerogen content of 15.0 gpt. 
were also tested. The two calculated tensile strengths 
were 136 psi and 450 psi and that shows that the tuffs 
have considerably less strength than the oil shale.

The tensile strength did not monotonically decrease 
with increasing grade, which probably was due to mineralo- 
gical effects, as certain ranges of kerogen contents would 
come from certain sample blocks. The results of the tests 

on core parallel to the bedding showed an average ten
sile strength 30-457, greater than the results for core which 
was perpendicular to the bedding. However, the high standard
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Table 5.4-1 
Brazilian Tensile Strength

Grade
gPt

Sample
size

Attitude 
of bedding

Range T , 
psi

Mean, psi 
(MPa)

Sd,
psi

20.7 1 Parallel - 1641(11.31) -

28.4 4 M 1286-1634 1482(10.22) 148
33.0-34.4 6 11 806-1787 1251( 8.63) 335

49.4 2 11 1445-1603 1524(10.51) 79
20. 7 2 Perpendic. 668-1163 916( 6.32) 248
34.4 2 11 900- 934 917( 6.32) 17
49.4 4 ti 542-1485 1130( 7.79) 356
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deviations encountered to not allow the conclusive determina
tion that this effect is present.

Gulf Research tested ten samples from Cowboy Canyon,
all of them parallel to the bedding. Five samples had 13
gpt. kerogen content and five samples had 23 gpt. The mean
for the lean oil shale was 1,193 psi (8.28 MP ) with valuesa
ranging from 1,144 psi to 1,328 psi. The rich oil shale had 
1,041 psi (7.18 MP ) as a mean tensile strength with values

ci

ranging from 700 psi to 1,254 psi (Trent, 1980;.personal 
communication).

The values from both investigations are quite similar 
and the values presented here (Table 5.4-1) can be used as 
a good estimator of the tensile strength for calculations of 
roof stability, etc.

5.5 Triaxial Compressive Strength.

5.5.1 Experiment Technique and Sample Preparation.
Twenty nine NX-size samples were obtained from the 

eleven block samples taken in Cowboy Canyon. The. samples 
were then cut and the ends were surface ground flat and 
parallel. Three of the 29 samples were from the Mahogany 
Marker (tuff). The kerogen content varied between 15.0 and
49.4 gpt.

The tests were performed by Excavation Engineering and 
Earth Mechanics Institute (EMI) at Colorado School of Mines.
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A MTS machine with a capacity of up to 1,000,000 pounds 
was used for the tests (Figure A 15, Appendix A). A load 
cell was installed between the sample and the end platens 
in order to measure axial load. Confining pressures varying 
between 300 (2.07 MP ) and 900 psi (6.21 IIP.) were applied3 3
to the samples. For statistical purposes the kerogen content 
was divided into five levels: 15-20, 20-25, 25-30, 30-35 and
45-50 gallons per ton.

All the tests except two were performed with orienta

tions perpendicular to the bedding. The remaining two tests 
were performed parallel to the bedding.

The loading rates were held constant at approximately 
50 psi/sec. for all the tests.

A run was also made without a sample in order to obtain 
the steel deformation and deduct that from the measured 
strain. After the tests were completed the samples were 
crushed and pulverized for Fisher Assay analysis at CSMRI.

5.5.2 Results and Discussion.
The Mohr-Coulomb criteria was used to characterize 

the two strength parameters, c, cohesion, and 0 , angle of 
internal friction for the tested oil shale samples.

It difficult to properly locate the Mohr-
Coulomb failure envelope on the Mohr circle diagram. Ex
perimental results alternatively can be presented in a
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versus diagram, where
= normal stress at failure
= confining stress at failure

The resulting versus a^ line is defined by:
a-, = + aQ tan ̂  (5.5.1')1 o 5

where
gq = compressive strength at 0 confining stress

. 1 + xin 0 /c c o\tan a = I~ ~sin 9 (5.5.2)

where
0 = angle of internal friction 

A typical versus can be seen in Figure 5.5-1.
Table 5.5-1 is a summary of all the performed tests and 

the obtained parameters. Five, four, six. seven, and seven 
samples were used for the respective oil yield intervals of 
15-20, 20-25, 25-30, 30-35, and 45-50 gallons per ton. The 

°1 ” °3 analYsis gi-ves somewhat anomalous values for 0 , the 
angle of internal friction, but shows a good correlation for 
the compressive strength versus oil vield (Table 5.5-2). mh. 
following equation was obtained from linear regression analy
sis of compressive strength (a0) at 0 confining stress:

aQ = 23,740 - 0.24 0Y (5.5.3)
r = -0.86

where
OY = oil yield in gallons per ton 
r = correlation coefficient



ER-2392 167.

Mohr circle diagrams for the lowest and the highest kerogen 
content are shown in Figures 5.5-2a and 5.5-2b respectively.

Stress-strain curves for the triaxial tests indicate a 
trend of increasing strength with increasing confining 
pressure. Figure 5.5-2 shows an example of this for the 
lean oil shale. Figure 5.5-3 exhibits the unpredictable be
havior of rich oil shale, where the value for the 600 psi con
fining stress is less than that for 300 psi confining stress. 
The application of confining pressure increased the compres
sive strength approximately 15-20% for the range of confining 
pressures applied here, compared to the uniaxial compression 
strengths.

In Figure 5.5-4 Young's modulus, at 600 psi confining 
pressure, is plotted against oil yield. The curve is similar

to that for Young's modulus at zero confining pressure ex
cept that the lowest value is moved toward a lower oil yield. 
This is probably caused by a small sample size (7) in this 
case.

Abel and Hoskins (1976) compiled results from investiga
tions made on Colorado oil shale and showed a linear rela
tionship between the angle of internal friction and oil 
yield that gave the following equation:

Angle of internal friction = 59.3 - 0.952 OY (5.5.4) 
where OY = oil yield in gpt.
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Figure 5.5-1 Typical versus cn diagram; in this case
for samples in the oil yield range 25-30 gpt.
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20 255 10 15
Normal stress, ksi 

Figure 5.5-2a Mohr circle diagram for samples with oil
yield 45-50 gpt.

10

10 2015 255
Normal stress, ksi

Figure 5.5-2b Mohr circle diagram for samples with oil
yield 15-20 gpt.
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Table 5.5-1
Results from Triaxial Tests on Oil Shale from Cowboy Canyon

Sample 
no.

Oil yield, 
gpt E ^  .psixlO^

Confiningstress
Failure 
stress, 
ksi*-)

Attitude
of

bedding Remarks

IA 20.7 1.31 0.3 21.50 Parallel
IB 20.7 1.42 0.6 21.75 tt
IC 20.7 1.42 0.9 23.00 tt

II. 17.6 1. 94 0.4 22.30 11
IIIA 17.7 1.20 0.3 22.20 ft
IIIB 17.7 1.27 0.6 26.25 »1
m e 17.7 1.21 0.9 27.95 n

VA 28.4 0.85 0.3 15.68 M

VB 28.4 0.84 0.6 14.38 ft
VC 28.4 0.75 0.9 16.80 It
VIA 33.0 1.29 0.4 18.15 It
VIB 33.0 1.15 0.8 18.40 f t

VIIA 49.4 1.11 0.3 16.00 " iMah.bedi
VIIB 49.4 0.92 0.6 15.55 tt I  ft

1

VIIC 49.4 0.95 0.9 16.40 !
VIIIA 45.6 0.94 0.4 14.48 n it
VIIIB 45.6 0.97 0.8 15.40 it f f

IXD 34.4 0.74 0.6 13.25 it
XA 28.8 1.20 0.4 19.33 1 1

XB 28.8 1.20 0.8 19.58 it
XIB 34.7 0.90 0.3 16.00 tt
XIC 34. 7 0.80 0.6 15.33 n

XID 34.7 0.89 0.6 14.73 m

XIE 34.7 0.93 0.9 17.90 tt
MMA 15.0 2.89 0.3 16.10 rt Tuff
MMB 15.0 2.15 0.6 10.30 1 1 It
MMC 15.0 2.81 0.9 16.70 t * tt
IXB 34.4 1.53 0.6 17.00 Perpendic.
IXA 34.7 1.07 0.6 14.43 It

1) 1 ksi * 6.897 MPfl
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3 . 002.001 . 00>.00STRAIN,niN/IN
Figure 5.5-3 Stress-strain curves for triaxial tests on

samples with an oil yield of 17.7 gpt. Strain 
in ;i inch/inch.
x: 300 psi confining stress
+: 600 psi confining stress
A: 900 psi confining stress
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5)Q

3.002.000 . 00STRAIN.MIN/IN

Figure 5.5-4 Stress-strain curves for triaxial tests on 
samples with an oil yield of 49.4 gpt. Strain 
in y inch/inch. MIN = p inch.
x: 309 psi confining stress
+: 600 psi confining stress
A: 900 psi confining stress
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11 H "I I! I! P. I! 11 IT 111 'TT'I IU TT! nTTTTTTi T1!TTTTT1IH 11111111 111! 111! I'I'U' 111 TIT!!
0 20 40 60 80

OIL Y IE L D ;GPT

Figure 5.5-5 Young’s modulus for 7 samples at 600 psi
confining stress. Corr. coef., r = -0.56: 
OY = oil yield, gpt.
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Table 5.5-2
Strength Parameters from Triaxial Tests 

as a Function of Oil Yield Range

Oil yield, 
range, gpt.

n
sample
size

tan a o , ksi o ’ 00

15-20 5 3.20 20.38 51.5°
20-25 4 3.93 19.58 36.5°
25-30 6 2.03 15.89 19.9°
30-35 7 4.35 13.75 38.8°
45-50 7 3.04 13.58 30.3°
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This could be comuared to the equation obtained from the 
values presented here:

Angle of internal friction = 49.3 - 0.470 OY (5.5.5) 
r = - 0.47

This correlation coefficient (-0.47) is a little bit too 
low to give reliable oredictions on the angle of internalD A J

friction, but it can be used as an estimate.

6 . Implications of Joint Parameters and Mechanical 
Properties on Mine Design.

6.1 Introduction.
In room and pillar mining in jointed rock, both room 

and pillar dimensions are governed by the structural charac
teristics of the mass. The design of pillars and roof spans 
depends also on the strengths and weaknesses of the oil shale 
rock mass. Joint set characteristics, hydrology, rock mass 
properties and the in situ stresses could be essential in the 
optimum design of underground oil shale mines.

The major rock mass weaknesses present in the Parachute 
Creek Member in the Cowboy Canyon area are limited to the 
joints and fractures encountered at or near outcrops. The 
horizontal rock units are characteristically cross-bedding 
jointed, with mean joint spacings varying between 3 and 18 
ft. in the upper two zones earlier described. The joints 
generally extend 5 to 60 ft. and up to hundreds of ft. for 
the master joints.
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Additional rock mass weaknesses are bedding plane part
ings. Those partings occur only occasionally and between 
beds with pronounced elastic property differences. These 
differences are especially pronounced where the oil uhale 
sequence is intempted with tuff layers. This report has 
shown that the uniaxial compressive strength reaches a mini
mum at an oil yield of about 60 gpt.

Triaxial tests show that the strength increases as the 
confining stress increases. Hoskins, et al (1976) reported 
that massive plastic deformation of oil shale occurs under 
triaxial compression tests. Confining pressures of 1,500 
psi permit at least 25 percent shortening to occur without 
brittle failure. The direct shear tests have given values 
for cohesion and angle of internal friction as well as re
sidual shear strength which all are important parameters in 
mine design. They showed that there are no strong correla
tions between oil yield and cohesion and angle of internal 
friction, although some previous authors (Abel and Hoskins, 
1976) have shown a weak correlation between angle of in
ternal friction and oil yield. The higher the oil yield, 
the lower the angle of internal friction.

6.2 Pillar Design Considerations.
At present, due to insufficient and localized pillar de

sign experience the development of generally applicable
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pillar design is not possible. The cumulative effect of oil 
yield, temperature and jointing in pillars have not been 
studied thoroughly enough to give exact design parameters.

Brady et a l . (1975) concluded in a study made on frac
tured oil shale pillars that a rational mine design cannot 
be made without a viable instrumentation and laboratory pro
gram. In room-and-pillar design, the three following items 
must be studied in detail:

1) In situ stress field prior to mining;
2) Load deformation behavior of pillars in both pre

failure and postfailure states;
3) Mine stiffness distribution throughout the mine 

structure.
Djahanguiri and Abel (1977) also concluded that the 

rock mass behavior and orientation of openings has be be 
evaluated. EMI (1979) performed tests on heated oil shale 
and concluded that compressive strength decreases to about 
10% of its original (room temperature) value at temperatures 
around 400°-500°C. They also found that oil shale is a good 
insulator, and that the temperature is almost normal at 
approximately 10 ft. in from the pillar wall.

Due to the location of the Cowboy Canyon mine site, 
with steep canyons on three sides, the horizontal in situ 
stresses can probably be approximated to be equal to the
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overburden stress. The overburden height in the central part 
of the mine varies from 500 to 550 ft.

Abel and Hoskins (1976) used the confined core pillar 
design, as adapted from Wilson (1972), to evaluate and de
sign oil shale pillars. Figure 6.2-1 shows the development 
of a vertical stress peak behind the exposed pillar ribs.
The pillar ribs carry less vertical stress than before mining 

because the lateral restraint has been removed. If a 
pillar is wide vertical stress decreases toward the center 
of the pillar from the peak stress location.

Wilson concluded that the maximum load that could be 
supported by the confined core of a pillar was the tri- 
axially confined strength of the rock mass.

The confinement is due to the horizontal in situ 
stresses. Horizontal stress, acting at the midheight of
a pillar ribside is zero, but increases toward the center

/*\
of the pillar. At a distance Y the stress is equal to the 
horizontal in situ stress. Wilson formulated an equation 
that relates this distance to the comnressive strength at 
zero confining stress and the ehight of the pillar:

Y = ? log ^  (6.2.1)6 *e Q

where
m = pillar height
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y = unit weight of rock mass 
h = depth of overburden

o q = failure stress of the pillar edge
Uilson's formula was developed for coal so the equation 

had to be modified for oil shale. That equation is defined 
by :

Y = ? log 3 -12~>h (6.2.2)6 &e oo

where 3.12 = }  — s^n \  for 31° as value for angle of internal1 - s m  y)

friction.
is small due to fracturing (induced and natural) at

the pillar edge. Agapito (1974) found that oQ was approxi
mately 2,400 psi at the Colony nine in Colorado.

 ̂ AIn a wide pillar (width 2Y) . a stress peak, o de
velops because the vertical load displaced by mining will

transfer only to the nearest point capable of supporting 
it. If additional load is transferred to the pillar, the 
peak stressed zone will widen. According to theory, the 
maximum load that a pillar can carry is obtained when the 
peak vertical stress extends across the pillar's confined 
central core.

Average vertical pillar loads may be approximated by 
the Tributary Area Theory which considers that each pillar 
supports a column of rock, which extends vertically to sur
face and laterally to the center lines of the openings.
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For the design it is necessary to establish the 
passive pressure coefficient, the angle of internal friction 
and the compressive strength at zero confining stress.
Passive pressure coefficient determines the load which the 
pillar can sustain under the horizontal in situ stress con
finement available. The compressive strength of the rock 
determines the distance from the ribside to the core.

These parameters were determined from direct shear 
tests for fractured rock and from triaxial testing for in
tact rock. The compressive strength for given oil yields 
can be extrapolated from equation 5.3.3. The most reliable 
value for the compressive strength is obtained from observed 
pillar failures. The reported values from Agapito's (1974) 
investigations are almost the only ones reported on and are, 
therefore, used as an approximation here. Note, though, 
that his values were for certain stress conditions and that 
the stress conditions in Cowboy Canyon could be significantly 
different. Agapito found that the pillars in the Colony 
Mine started to fail at 2,400 psi, even though they had a 
uniaxial compressive strength of 13,000 psi at 30 gpt. If 
the same strength ratio is used here the values 16,450 psi 
and 3,040 psi are obtained. The absolute highest value that 
can be used for the uniaxial compressive strength at the 
pillar edge (T ) is 3,040 psi. Due to jointing, blasting
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damage and retorting,^ is probably much lower than this, 
lliller, e t . a l . (1979) showed that the uniaxial compressive 
strength of oil shale decreases in the order of a magnitude 
when retorted.

The load-carrying capacity of a pillar is the area of 
the predicted confined core times the peak stress. Since 
the area between the core and the ribside is heated up at 
the most critical stage of the pillar life, the load carry
ing capacity of the edge can be approximated to zero, since 
the compressive strength of this material is very low.

The load-carrying capacity, or maximum stress distri
bution (Figure 6.2-2), is a truncated pyramid for a wide 
pillar, which is the case here. The two equations to be
used here are described by Abel and Hoskins (1976) :
Rectangular pillar: L = 0.072 6 (pl-pY-lY+1.33Y^), tons

(6.2.3)
Long pillar: L = 0.072 A (p-Y), tons/running footv (6.2.4)
where L = load carrying capacity

= peak vertical stress
p = pillar width 
1 = pillar length 
m = pillar height
Y = distance from ribside to peak vertical stress
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The peak vertical stress is defined by:
. _ l+sin0 ,
av ~ '---—  ah + ao (6.2.3)

l-sm0

where 0  = internal friction angle
a, = horizontal stress h
aQ = unconfined compressive strength of pillar 

Mignogna (1979) made an evaluation of different mining 
designs for the KMIS project and he recommended some dimen
sions for rooms and pillars that were used for the sensiti
vity analysis for pillar strength in Table 6.2-1. The dif
ferent values for e are all assumed values except the
highest (3,040 psi), which was derived earlier.

The following parameters and equations were used for 
the sensitivity analysis (in addition to previous mentioned 
equations):

0 = 31° (from direct shear test, rough samples) 
a , max = 3,040 psi (triaxial tests, this report) 
p = 50 ft. (pillar width)

= 100 ft. (length of pillar, exDerimental retort)
^2 = 500 ft. (Length of pillar, full-scale retort)

= 156 pcf
h = 500 ft. (height of overburden)

1-N O-'/

o = t~rr DSi (vertical stress)

o u  =  t ~~~-— o psi (horizontal stress)n 1-'- v



ER-2392 184.

where V is Poisson's ratio. The value 0.22 from Miller, 
et al. (1979) is used here.

Load on the pillars are calculated by the following 
equations:

Gp = (1 + ^o/W^) (1 + ^o/L_) - Rectangular pillar

0 = (1 + '^o/W ) - Rib pillar

where Lq = 25 ft. (length of opening)
= 100 ft., 500 fte (length of pillars)

Wq = 100 ft. (width of opening)
= 50 ft. (width of pillar)

The safety factor (SF) is obtained by dividing the 
load carrying capacity with the load on the pillar.

As can be seen from Table 6.2-1, the safety factors 
become very low at low values for a . This means that if 
the pillar width, 50 ftc, is used, no lower value than 
approximately 1,500-2,000 psi for o q can be accepted in 
areas where men are working. During retorting decreases 
to a very low value, and if the pillars are not widenend, 
they are going to fail.

If 100 ftc pillar width is used instead, the lowest 
oq that can be tolerated with a safety factor of 1 or more, 
is in the order of 800 psi for a rib pillar.
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Figure 6.2-2 Load carrying capacity or maximum stress
distribution diagram (Abel and Hoskins, 1976)



ER-2392 186

i
CM
VO
0)
1— 4rOcdH

CO O n UO CM CM CM tM <)■
fz-l rH T—1 CM CO vO 00 CM U0 rM
CO

o O O o o O rM rH rM CM

-a
txO >•>
C 4J ^ UO VO UO <}• CM 00 00 oo 00 00

cO •iM *H *iM UO O 00 uo Ov r - i"- r-" r"»
o X  O CO CM CO < t UO CM CO

i—l M O P i - - - - *•
Jm Cl ''- ' iH rM CM CM CO CO

-a cO cO 
O O

CD Jm
V) &C X  CO uoCD X> CO r*M /  s rH UO rM U0 rM UO rM in r  1

O rH *H CO CM CO CM CO CM CO CM co CM
i—4 rM »H CO O vO o VO O VO O vD o vO
aj P - a  p . - - - - •> - - *"

> CO
rH

p .
D C

CM iH CM rM CM i—1 CM rH CM rM

4-) i—4 o
e •iM
CD Ph
Jm
CD

MM
4->
CO 00 00 00 00 00 00 00 00 00 00

4M •H r - r-- r̂ - r - r -
•r-1rC >  CO UO UO r-- r -
Q 4-J < C P . - - - *

OC v^ iH r—. CM CM CO CO
}m p
O CD

Mm U4->
CO CO V vD vO rH iH r - o -5-j UO UO co CO
CO CD < >-• 4-) •

<r
O O o o

i—4 > Mm CO O') <i’
r—1•tM 'w ' CM CM rH iH
•H CO
Ot CO

CD
»M U
o p . p

UH E
o

CO
rfZ r—t ✓

}M u 4-1 rH ■ O O o O o o O o o o
o OJD-I-I u o O o O o o O o o o
4-> rM P P-Mm iH uo tH UO rH uo rM UO rH UO
u cO CD
CO*r-l hJ Mm

fit X
CO

o

4M P
CD ZD

Mm Mm
cO Mm O Jn

CO o cO
rP rM 4J i—l 4-1 o s
TO *|M Um UO
•H P .s—̂
I—*

✓--s
•tM CD O O o O o o O O o
CO O O O o o o o O O o

O CM rH rM CO CO o o o O O o
t rM rM CM CM CO CO



ER-2392 187.

6.3 Roof Span Considerations.
Previous investigators (Sellers, et al., 1972) have 

concluded that roofs must be located at strong bedding 
planes so that a smooth, safe, easily maintained roof is 
obtained. Other bedding planes are likely to create pro
blems of roof sag if located slightly above the roof.

At the Anvil Points mine the roof was selected at 
bottom of A-groove (top of Mahogany Zone). This produced 
a very smooth roof which, once rockbolted, required little 
or no further attention. Other roof horizons were con
sidered, but rejected mainly on the grounds that without 
a controlling bedding plane the roof would be very rough 
requiring much initial scaling and frequent maintenance 
thereafter to preserve safe conditions overhead.

In some cases in Colorado, temperature differences 
have caused roof falls. Cool air causes contraction of 
the roof rock, resulting in a decrease in the horizontal 

compressive stress in the roof. Roof falls occur when 
tensile stresses become greater than the compressive 
stresses tending to hold the beam in place. The design of 
roof spans uses beam or plate theory to determine the cri
tical stresses. Roof beam failure is generally considered 
to be one of two types: tensile failure or shear failure.
Failure in compression, under high horizontal stresses is
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also possible, but this is less common and will not be dis
cussed here.

Two types of roof structures are going to be discussed 
here. The first type is associated with natural beams 
oriented parallel with the strike and with only minor joints 
likel y to be present. Because the rock mass is fairly in
tact, the stresses are often estimated by applying elemen
tary beam theory to the roof structure.

Mignognas (1979) proposed design is used again as a 
practical example. The roof spans of greatest concern are 
the mine adits and pre-rubblization drifts. The drift in 
the later case is 50 ft. wide and 20 ft. high. The roof 
will then be located in the upper part of the Mahogany Zone, 
most likely in a rich oil shale layer. The immediate roof 
is assumed to consist of two layers, separated by a weakness 
layer in the form of a tuff layer.

The maximum deflection at midspan of a uniformly loaded 
fixed-ended beam is given by:

inertia) and q='yxh for a beam of unit width and depth h.The 
maximum stress occurs at the support and is expressed as:

(6.3.1)

\/here L=roof snan in ft,E=Young’s modulus (moment of

(6.3.2)
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Equations (6.3.1) and (6.3.2) can be applied directly to 
several simulated cases from Cowboy Canyon (see Figure
6.3-1). The modal and mean spacings between tuff layers 
are used as beam thicknesses. Calculations are also made 
for the case where the drift orientation is at 45° angle 
with the main joint set. The modulus of rupture were taken 
from the Brazilian tests and can be averaged to lj475 psi.

The results are summarized in Table 6.3-1. The follow
ing parameters are used (two-layer case):

v = 0.22 (fr.Miller,et al.,1979)
= 120 pcf, lower layer 

Y2 - 140 pcf, upper layer 
L = 50 ft.

E^ = 0.jxlO^psi,lower layer 
E2 = 1 .0x 10 psi, upper layer 
t^ = thickness of lower beam, ft. 
t2 = thickness of upper beam, ft.

In the case where the thinner layer overlies the 
thicker layer, the lower layer is loaded by the upper one; 
the additional loading can be calculated and represented as 
an equivalent increase in the unit weight of the lower 
layer. Thus.-

E1t2 ( \ tl + t2) „  , ,N
Y a --------------3---------------- 3--------------  (6.3.3)EltlJ + E2t2J

where E^=Young's modulus for beam i and t^=thickness of 
beam i .
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Figure 6.3-1 Example on unjointed roof structure.
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Table 6.3-1
Roof Span Calculations

t^ = 1 f t ., t2 = 3.2 ft.
(in.)'max y

a (psi) c max r
SF1) .1,475 

'max
s f 2) .1,475.s 2x -max

3.91

1.042
1.42 
0.71

t^ = 3.2 f t t, t2 = 1.0 ft., Ya = 154.3 pcf
c (in.) max 0.49

rf (Psi) ^max r y 418.6
SF1) _1,475

3.52max
qF2) _ 1 ,475 
SF 1.76

max
t^} = 4.9 ft., t2 = 3-2 ft., Y = 135.8 pcf

£ (i n . ) max .18
o (psi) max r ' 49.1
SF1) .1,475

30.0max
2) .1,475 

SF 2x a 15.0
max

1) Drift orientation: 90° to major joint set direction
2) Drift orientation: 45° to major joint set direction
3) Upper limit of 95% confidence interval for tuff layer

spacings.
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As can be seen from Table 6.3-1, the safety factors 
are very low with thin beams as calculated with here.
Obert et a l . (1960) derived a formula for the safe span of 
a horizontal, fixed end roof beam, loaded only under its 
own weight. The formula is based on tensile failure at the 
ends of the beam:

L = safe span, ft .
R = modulus of rupture 
T = beam thickness 
Y = unit weight of rock 
F = safety factor

With a beam thickness of 3.2 ft. and = 120 pcf L 
becomes 53.2 ft. for F = 4 and 37.6 ft. with F = 8 . For 
the safety factor U.S. Bureau of Mines recommends 4 to 8

(Obert et a l ., 1960). Note that this formula considers the 
beam only to be loaded under its own weight.

Obert et al. also developed a formula for the safe 
span, based on shear failure at the ends of the beam:

where S is the shear strength of the rock ,F the safety 

and the other variables are as above.

2RT/^F (6.3.4)
where
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S can be estimated from the performed direct shear 
tests and by multiplying by the horizontal stress concen
tration factor for a rectangular opening. From Obert , et 
al. CL960 ), the stress concentration factor can be esti
mated to be approximately 4 for a rectangular opening like 
this. The horizontal stress can then be calculated by:

= 0.22
o = Y xh = — —  x 500 = 542 Dsi 
v 144

a = 4 ( 5 ^ )  542 = 611 psi 
n 0.78

where a, =horizontal in situ stress h
a =vertical in situ stress v
v=Poisson's ratio 
y=unit weight

Table 5.3-4 shows that the peak shear strength for a 
rough surface parallel to the bedding with a normal stress of 
500 psi is 326 psi and 502 psi for a normal stress of 750 
psi. The value for a normal stress of 611 psi can then be 
extrapolated to 400 psi. This gives a safe span of 160 ft. 
for a safety factor of 4 and 80 ft. for a safety factor of 
8 against shear failure at the ends of the beam.

Note that use of the formula based on the tensile 
failure results in a more conservative design than use of 
the formula based on shear failure. This is because the
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maximum shear stress varies directly as the span while the 
maximum tensile stress varies as the square of the span. 
Considering that the tensile strength of rock is usually 
considerably less than the shear strength, tensile failure 
becomes the primary consideration.

It is also important to note that the last two for
mula assume that the rock is elastic, isotropic, and homo
genous; that is, there must be no joints. They also assume 
that the beam is under no external force from any direction. 
The strong possibility that there will be a surcharge load 
on the beam, due to part of the overburden,has also been 

neglected.For these reasons it is nrobably safer to use the 
calculated values in Table 6.3-1 for roof span considerations 
in unjointed or slightly jointed rock.

The second type of opening to be considered is asso
ciated with beams oriented perpendicular to the strike which 
may be weakened because of the presence of major joints. If 
the vertical joints are initially closed and have rough 
surfaces, friction can transmit the vertical forces and a 
voussair arch can be formed (Barker and Hatt, 1972).

The same roof structure as described earlier (Figure
6.3-1) is repeated in Figure 6.3-2 with vertical joints 
occurring at the critical sections near the abutment and at 
midspan. Table 3.4-1 shows that mean joint spacing in Zone 
2 (roof here) is 13.3 ft. with a range from 1.5 to 100 ft.
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Figure 6.3-2 Example on jointed roof.

Same properties as in 
Figure 6.3-1.

Twenty five foot joint spacing is used here as a theoreti
cal example; in reality the situation will be worse than 
the theoretical example.

Whether or not this fractured roof structure becomes 
self-supporting depends on the formation of a compressive 
zone by arch action at the supports. If compressive stresses 
exist at the abutments, the crack will remain closed and the 
joint can transfer vertical load by shearing stresses to the 
supporting pillars. If the friction in the joint is able to 
carry vertical loads, the arch will be stable. If not, the 
blocks of rock will simply slide down and the roof will 
collapse.

Figure 6.3-3 describes a beam with cracks at midspan 
and at the support. When the assumed rigid blocks rotate 
under their own weight, compressive stresses will develop at 
the bottom fibers at the support and in the top fibers at 
midspan.
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Figure 6 .3-3 a .Voussoir arch action for cracked roof layer 
showing the forces on an individual layer. 
(After Barker and Hatt, 1972).

T
L/4 £

2 M 0= 0 
TZ = O L / 8

Figure 6.3-3b.Free body diagram of left half of Figure 6.3-3. 
(After Barker and Hatt, 1972).
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Statics can be applied to give the horizontal thrust 
necessary to support the weight of the block. Balancing 
moments about the support point (Figure 6 .3-3b):

T = QL/8Z (6.3.6)
where L=roofspan in ft.

Q=yhl (=total uniformly distributed transverse load
per unit width of beam)

T=horizontal thrust per unit width of beam
Z=momentarm for Z
Z is approximated to . 9h
The vertical force that can be transferred at the 

support depends on the coefficient of friction u in the 
joint given by: it = tan 0 
where 0 = internal friction angle

The vertical force capable of being transferred must 
be greater than the weight of the block. Thus, for the roof 
to be stable:

T tan 0 > V (6.3.7)
where V = shear force

^rom Figure 6 .3-3b it can be seen that V = 0/2. Put
ting this in equation 6 .3.6 ,the stability criterion can be

A7written as: tan 0 > j—  (6.3.8)

The factor of safety against the block sliding down
ward under its own weight is given by:

m- _ T tan 0 _ L tan 0 0S F   ---------52- (6.3.9)
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This value will be conservative because the equili
brium approach used gives a lower bound on the limit load 
for the structure.

Consider the case where the lower layer of the roof 
structure is A.9 ft. thick and fractured as shown in Figure
6.3-3 a . Then, for L = 50 ft., Z = 0.9h and 0 = 3 1 °  (fr. di
rect shear tests), the factors in inequality 6.3.8 become:

tan 31° = 0.601 and ^  = 0.353
which indicates that the blocks will not slide and the roof
will be stable.

The factor of safety against sliding will be 
SF = L,t,an_g, . 1<70

For the case where the lower layer is 3.2 ft. the 
safety factor becomes:

SF = L°... *. tan _______2.61
4 x 0.9 x 3.02

Finally,for the thinnest lower layer considered here,1.0 ft.,
the safety factor becomes:

gF=5° x tan 31° = 8 .35
4 x 0.9 x 1.0

These calculations show that the safety factors are satis
factory for thinner lower layer than approximately 2 ft., 

which will give a safety factor around 5 ,which is the lower

limit for openings which have major cracks and fissures.
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To avoid the problems with cracked roofs the drifts should 
be oriented in a 90° direction from the major joint set in 
Zone 2.The mean strike of the major joint set is N84°W, 
consequently the drifts should be oriented N6°E.
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7. Summary and Conclusions.
A total of 4,500 joints have been measured and analy

zed from the Cowboy Canyon area. Three different zones of 
jointing were distinguished in the upper part of the Parachute 
Creek Member. Essentially, all joints measured had dips vary
ing from 85° to 90° from the horizontal. Zone 1 is located 
between the bottom of the Uinta Formation and down to the 
Mahogany Marker. This zone is densely jointed and has long 
joint trace lengths, and consists mainly of lean oil shales 
and marlstones. The upper part of the proposed mining zone 
is situated here. Zone 2 is located in its entiri 
Mahogany Zone and is topped by the Mahogany Marker and has 
its lower limit at B-groove. This zone contains oil shale 
with high kerogen content and shows different joint direc
tions as well as shorter trace lengths and wider joint

spacings from those of Zone 1.Zone 3 lies below the Mahogany 
Zone and is of less interest from a mining viewpoint.

The mechanical properties testing confirm previous 
investigations; that is, the higher the kerogen content, the 
lower the Young's modulus and compressive and tensile 
strengths. Some differences from Colorado oil shale was 
found and the results presented here can be used for mining 
design at this particular site.It has been found that small 
mineralogical and varve structure changes have a great
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influence on the mechanical properties.The modulus of 
elasticity can also be correlated to joint spacings and 
trace lengths.The lower the modulus the wider the joint 
spacings and shorter the trace lengths.
The strongest correlation between joint parameters exists 
between joint dip length and strike length.With the help 
of the equations developed here,one of the parameters can 
be estimated if the other is recorded,for example in the 
subsurface.

The goal in modified in situ retorting of oil shale is 
to achieve uniform particle size with minimum fines.The 
oil recovery is a function of maximum particle size as well 
as other operating characterisics.The joint parameters found 
here,together with weakness planes in the form of tuff layers 
(found from three logged cores)assisted in the calculation 
of natural block sizes in the different zones.The most like
ly block sizes to be found in Zone 1 varies between 12 and

360 ft., with 4.9 ft.as the largest linear dimension.In 
Zone 2 the blocks can be expected to be larger due to the 
wider joint spacings.The blocks are most likely to vary bet-

3ween 24 and 120 ft. where the rock is jointed.The largest 
linear dimension in this case will be 6.0 ft.The simpli
fied calculations made on wide pillars according to the con
fined core concept indicates that the pillars should be at
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least 50 ft. wide,because the outer 10 ft. of the pillars 
are weakened substatially during the in situ retorting 
process.Main drifts,access drifts and other major openings 
not used for retorting should be oriented at 90° angles to 
the major joint set in Zone 2,which has a mean strike of 
N84°W.Consequentely these non-retorting drifts and openings 
should be oriented N6°E. Precaution should be taken if 50 
ft. roof spans are used in the mining of the retorts and if 
those are oriented parallel to the major joint sets. The 
safety factor against roof falls and sliding of roof blocks 
then becomes dangerously low.

It would be recommended to drill inclined or horizon
tal drill holes at the proposed mine site to make a more 
complete assessment of the subsurface joint spacings. This
could help in both rubble size calculations and mine design. 
It is also recommended to conduct continuous joint mapping
in drifts in order to correlate retort efficiency to joint
parameters.
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APPENDIX A

Photographs Describing Features 
Referred to in the Text
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Figure A1 Wavy bedded tuff, upper Parachute Creek Member. 
East side of Cowboy Canyon.



ER-2392 212

Figure A2 Sandstone from Uinta Formation intertonguing with 
marlstone from Parachute Creek Member. Northwest 
side of Cowboy Canyon.
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Figure A3 Cracked up, thin laminated marlstone and oil shale 
in canyon west of promontory (west of Cowboy 
Canyon.
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Figure A4 Master joints with narrow joint spacings, canyon 
west of promontory.



ER-2392 215

Figure A5 NE trending joints terminating against NW trending 
joints northeast of Cowboy Canyon.
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Figure A6 North-south trending joints (going out to the 
left) and large east-west trending joint going 
in to the picture. (Zone 2).
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Figure A7 NW trending master joints with long trace lengths 
as seen from north to south into the. east side of 
Cowboy Canyon.
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Figure A8 Six inch core. Drillhole located on top of promon
tory. Note the induced fracture in the tar-impreg- 
nated Mahogany Marker to the left.
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Figure A9 Detail mapped section in Mahogany Zone (Zone 2) 
Black marks in bottom of picture 10 ft. apart.
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Figure A10 Picture showing size of blocks taken for testing 
of mechanical properties of the oil shale.
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Figure All Brittle fracture of lean oil shale, 
compression test.

uniaxial
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Figure A12 Shear failure, note cone shape. Uniaxial com
pression te s t .
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Figure A13 Failed sample, note that some oil-rich zones
seem to have been deformed most and also short, 
vertical fractures in oil-rich layer near the 
top .
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Figure A14. Direct shear machine with lower mobile part 
(left) and control panel to the right.
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Figure A15.MTS testing machine used for uniaxial 
and triaxial compression tests.
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APPENDIX B

Stress-strain Curves from 
Uniaxial Compression Tests
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This appendix contains stress-strain curves not presented 
in the text.

4- - compression
x - expansion
Strain in ^  inch/inch
Stress in ksi. 1 ksi = 6.897 MPa
Sample denotations with a C in front of the number means 

cylindrical sample of NX-size.
All other samples are half 3-inch cores from LETC borehole

CC1.
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APPENDIX C 

Curves from Direct Shear Tests
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This appendix contains curves not presented in the
text.

The applied normal stresses and their denotations are:
x - 250 psi (1,72 MPa)
-1- - 500 psi (3.45 MPa)
A - 750 psi (5.17 MPa)
Sample numbers from 1 to 10 are cylindrical samples 

(NX-size) with smooth surfaces.
Sample numbers above 400 are half 3-inch cores with 

rough surfaces.
The tests were performed at a strain rate of 0.018 inch/

min .
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