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FOREWORD

This report was prepared by the U. S. Army Engineer Waterways Experiment
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as a part of this contract during the period October 1976 to April 1979.
This report was submitted by the authors on 15 May 1979.

Dr. F. C. Townsend, Research Group, Soil Mechanics Division (SMD), Geo-
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respectively, the chemical and compositional testing. The study was con-
ducted under the general supervision of Mr. C. L. McAnear, Chief, SMD, and
Messrs. J. P. Sale and R. G. Ahlvin, Chief and Assistant Chief, respectively,
GL.

COL John L. Cannon, CE, and COL Nelson P. Conover, CE, were Directors of
WES during the investigation and preparation of this report. Mr. F. R. Brown
was Technical Director.
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CHAPTER 1: SUMMARY

Problem Statement

Economic operation of a surface oil shale retort plant involves retort-
ing an estimated 25,000 to 50,000 tons* of raw shale per day, which in turn
creates approximately 20,000 to 40,000 tons of spent shale requiring disposal
in a structurally and environmentally safe manner. Surface disposal requires
information concerning geotechnical properties such as compaction, compressi-
bility, strength, and permeability. To obtain this information and provide
the oil shale industry with typical geotechnical properties for planning dis-
posal schemes, the U. S. Bureau of Mines initiated this investigation on
PARAHO and TOSCO retorted oil shales.

Scope of Work

The laboratory testing program conducted was divided into three catego-
ries: (a) physical properties, (b) engineering properties, and (c) composi-
tional and durability characteristics. The physical properties tests con-
sisted of typical classification tests for identifying and comparing the re-
torted shales with other materials. The engineering characterization investi-
gated compaction, consolidation, shear strength, self-cementing tendencies,
particle breakage and abrasion, and dynamic properties and earthquake resis-
tance. Compositional tests consisted of X-ray diffraction, petrographic and
scanning electron microscopy, differential thermal analyses, and chemical
analyses.

Pertinent Results and Conclusions

The raw shale material is quite hard and resistant to abrasion and slak-
ing, which is generally uncharacteristic of "shales." However, compositional
analyses reveal that it is more properly described as a carbonate rock instead
of shale. The PARAHO** retorted shale is classified as a nonplastic poorly
graded sandy gravel (GP) with a trace of fines, while the TOSCO** is classi-
fied as a silty sand (SM). Both retorted shales are resistant to slaking as
the plasticity index (PI) only increased from 0 to 5 after 18 months soaking.
This observation is consistent with compositional analyses identifying a lack
of clay minerals. Retorting essentially removes most of the hydrocarbons,
and neither retorted shale has any indication of bitumen on surfaces, which
could possibly have affected engineering results.

The PARAHO and TOSCO can be compacted in the laboratory to dry densities

* A table of factors for converting U. S. customary units of measurement to
metric (SI) units is presented in Appendix D.

** For brevity, the terms PARAHO and TOSCO will be used throughout this re-
port to refer to spent shale retorted by the PARAHO and TOSCO process.
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of 95, 98, and 104 pcf, or 97, 99, and 104 pcf, respectively, for low (60
percent of standard), standard, and modified compaction efforts. In the case
of PARAHO, these densities can be achieved without requiring water for com-
paction. Conversely, optimum water contents to achieve maximum densities of
97, 99, and 104 pcf range from 22 to 17 percent for TOSCO material. The maxi-
mum density achieved by laboratory vibration was only 89 pcf; however, Woodward-
Clyde Consultants (1976) reported that vibratory compaction is the best method
of field compaction and that densities ranged from 98 to 110 percent of stan-
dard depending upon lift thickness, number of passes, etc.

The compressibility of compacted PARAHO and TOSCO is comparable to that
for dense rockfill or sands. Both PARAHO and TOSCO materials suffer particle
breakage during consolidation; both materials experienced breakage values of
approximately 28 percent for standard effort densities consolidated to 800-psi
normal stress.

Both PARAHO and TOSCO possess self-cementing characteristics, which pro-
duce additional strength with time. PARAHO is more reactive than TOSCO exhib-
iting 3- to 8-fold strength gains over 28 days, while TOSCO only exhibits a
1.5- to 3-fold strength increase for comparable conditions. Cementing reac-
tions under normal conditions are slow for PARAHO with increasing strength gains
still indicated after 28 days, while TOSCO gains most of its strength within
3 days following compaction. Based upon chemical and petrographic analyses,
the self-cementing characteristic is attributed to reformation of the carbo-
nate minerals that decompose during the retort processing to remove the hydro-
carbons (ongoing research on self-cementing properties is being investigated
by Colorado School of Mines Research Institute under USBM Contract No. J0285001).

The shear strengths of both PARAHO and TOSCO are comparable to those for
sandy gravels with respective effective angles of internal friction $' of 33
deg and 37 to 43 deg, respectively. Despite high compaction efforts, both
materials generally exhibit positive pore pressures when sheared. Special
interface shear tests indicate the order of decreasing friction angle for raw
shale and PARAHO is rubber belting, rusty steel, and stainless steel.

Compacted PARAHO can be considered as semipervious with permeability

values of 10-3 and 10 cm/sec depending upon density. The finer grained TOSCO
can be considered as semipervious to impermeable with permeability values of

10-6 to 10-7 cm/sec.

The dynamic characteristics of compacted PARAHO are comparable to those
for dense sand and gravel. Cyclic triaxial test results show that at easily
obtainable densities, the resistance to seismically induced failure is quite
high.

Based upon the previously mentioned results, the PARAHO and TOSCO oil
shales can be considered as possessing geotechnical properties characteristic
of a GP and SM, respectively. In this context, properly engineered waste
embankments of these materials should perform well. When both materials are
compacted, they possess good strength values, which are enhanced by their
self-cementing tendency. However, both are semipervious when compacted and
could not be relied upon to perform as an impermeable barrier to seepage.

12



Recommendations

Analytical studies investigating typical embankment geometries
for disposing spent shale should be conducted utilizing the properties

of PARAHO and TOSCO determined in this investigation. Effects of inter-

nal drainage, seepage forces, and seismic resistance should be included.

Performance and design predictions could subsequently be verified by

geotechnical centrifugal models.
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CHAPTER 2: INTRODUCTION

The current energy shortage and rapidly diminishing supply of petroleum
have created an expanding search for alternative energy sources. These factors
have spurred interests in developing oil shale as an energy source. Specif-
ically, oil shale is a fine-grained, usually dark-colored sedimentary rock
containing kerogen, a complex organic matter that decomposes upon heating to
yield oil. Processing raw shale by heating involves use of surface retorts,
in situ retorting, or combinations of both. However, to be commercially
feasible and to operate economically, a surface operated oil shale retort
plant should process an estimated 25,000 to 50,000 tons of raw shale per day.
Most of the currently used surface retort processes produce retorted shale
(spent shale, ash, etc.) for disposal at about 80 to 85 percent of total raw
weight, which corresponds to approximately 40,000 tons of spent shale per day

for a 50,000-ton per day plant or about 30,000 yd3/day. As an alternative to
surface retorting, in situ retorting would obviously reduce the volume of
shale requiring surface disposal. However, since 20 percent by volume of the
raw shale would be removed during in situ rubblization and subsequently
processed in surface retorts, a sizeable volume of retorted shale still would
require surface disposal.

Hence, one of the major problem areas of a commercial oil shale opera-
tion is the efficient disposal of the spent shale in a structurally and en-
vironmentally safe manner. Principal options available for the disposal of
retorted oil shale from surface retorts are: (a) filling deep narrow canyons
of the mine area with the spent shale, or (b) backfilling the mine cavities
with spent shale as the raw shale is removed. Nevertheless, since the shale
occupies about 20 percent greater volume after retorting, some of the mate-
rial will have to be disposed in surface impoundments even if the main scheme
is (b). In this context and in view of increasingly more rigid environmental
restrictions, a thorough working knowledge of the geotechnical properties is
essential. One of the first major studies in this area was "Disposal of
Retorted Oil Shale--PARAHO Oil Shale Project" by Woodward-Clyde Consultants
(WCC) (1976), which was sponsored by the U. S. Bureau of Mines.

Objectives

The objectives of this study were divided into two tasks: (a) a lit-
erature search and (b) material testing. The literature search was restricted
to the Green River formation of oil shale in the tri-state area of Colorado
(Piceance Basin), Utah (Uinta Basin), and Wyoming (Washakic and Green River
Basins) and limited to physical and geotechnical properties. The purpose of
the literature review was to provide a data base for comparisons with results
obtained in task (b) and is documented by Snethen, et al. (1978) as U. S. Army
Engineer Waterways Experiment Station (WES) Miscellaneous Paper S-78-3, "A
Review of the Physical and Engineering Properties of Raw and Retorted Oil
Shales from the Green River Formation" (Appendix A). The material testing was
designed to furnish a complete characterization of the physical, geotechnical,
and compositional properties of two retorted oil shales, PARAHO and TOSCO, for
use in developing disposal schemes.
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Scope

The testing program schematically diagrammed in Figure 1 is divided
into four categories: (a) material processing, (b) physical properties, (c)
engineering properties, and (d) composition and durability characteristics.
The testing program was as follows:

Material processing
The PARAHO, TOSCO, and raw shale were received at the WES in 55-gal

drums, from which subsamples were taken from randomly selected drums. Grada-
tion analyses were performed on these subsamples to determine representative
gradations and variability of the materials. Processing consisted of separat-
ing the material into various sieve fractions to facilitate reconstitution of
uniform test specimens.

Physical properties
Physical property tests consisted of gradation analyses, Atterberg

limits, and specific gravity.

a. Gradation analyses were performed to ascertain representa-
tive gradation and variability of the materials.

b. Atterberg limits were used to evaluate plasticity of PARAHO
and TOSCO materials following three disaggregation procedures:
(1) standard test on minus No. 40 material, (2) blenderized
minus No. 40 material, and (3) material crushed to minus No. 40

sieve and subsequently blenderized. Plasticity of the raw shale
was evaluated by the Corps of Engineers (CE) undried, air-dried,
and blenderized methods used for shales. Plasticity changes due
to inundation were evaluated after 9 and 18 months of inundation.

c. Specific gravity tests were performed on plus No. 4 and minus No. 4
fractions of retorted shale and the plus No. 4 fraction of raw shale.

Engineering properties
Engineering properties testing formed the bulk of the material testing

program and was designed to determine the compaction, consolidation, shear
strength, and permeability characteristics of compacted retorted shale under
a variety of conditions.

a. Compaction tests were performed on PARAHO, TOSCO, and modeled PARAHO
using three compaction efforts: (1) 60 percent of standard, (2)
standard, and .(3) modified. The PARAHO material was compacted in a
12-in.- (30.5-cm-) diam mold, while modeled PARAHO and TOSCO materials
were compacted in a conventional 6-in.- (15.2-cm-) diam mold. Post-
compaction gradation tests were performed to determine the extent
of particle breakage during compaction.

b. Maximum-minimum density determinations were made on PARAHO
and modeled PARAHO materials using an 11.0-in.- (28.2-cm-) diam
mold and vibrating table.
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c. Consolidation tests were conducted using 12-in.- (30.5-cm-) diam
floating ring consolidometer specimens of PARAHO and TOSCO materials
compacted to densities comparable to 60 percent of standard, standard,
and modified compaction efforts. Maximum vertical stress applied
was 800 psi (5.5 MPa), and postconsolidation gradations were deter-
mined to evaluate the effects of particle breakage during
consolidation.

d. Unconfined compression tests were conducted on 6-in.- (15.2-cm-) diam
specimens of modeled PARAHO and TOSCO materials compacted to densi-
ties comparable to 60 percent of standard, standard, and modified
compaction efforts. Specimens were cured 0, 3, 7, 14, and 28 days
to evaluate self-cementing tendencies. In addition, a mixture of
75 percent PARAHO plus 25 percent TOSCO compacted to a density cor-
responding to standard effort was tested after curing times of 0
and 28 days.

e. Consolidated-undrained R* triaxial compression tests (with pore
pressure measurements) or consolidated-drained S triaxial com-
pression tests were performed on 9- and 6-in.- (22.9- and 15.2-cm-)
diam specimens of PARAHO, modeled PARAHO, and TOSCO materials com-
pacted to densities equivalent to 60 percent of standard, standard,
and modified efforts. R tests were also performed on specimens of
PARAHO fines, compacted to a density comparable to standard effort.

f. Permeability determinations were made on triaxial specimens (see e)
after back-pressure saturation and consolidation, but prior to
shearing.

g. Direct shear tests composed of two series of large-scale tests (2
by 2 by 1 ft (0.6 by 0.6 by 0.3 m)) performed on PARAHO compacted to
a density equivalent to standard effort. One series was inundated,
while the other was dry. Three interface shear tests were performed
using raw shale on stainless steel, rusted steel, and conveyor-belt
rubber using the large shear box (2 by 2 by 1 ft (0.6 by 0.6 by
0.3 m)). A series of conventional direct shear tests (3 by 3 in.
(7.6 by 7.6 cm)) were performed on TOSCO, both inundated and dry,
and on modeled PARAHO, inundated. A series of repeated direct shear
tests to determine residual shear strength were also performed on
3- by 3-in. (7.6- by 7.6-cm) specimens of modeled PARAHO and TOSCO.

h. K tests were performed on 9-in.- (22.9-cm-) diam and 6-in.-

(15.2-cm-) diam specimens of PARAHO and TOSCO, respectively, com-
pacted to a density comparable to standard effort. PARAHO specimens
were allowed to cure for 0 and 13 months, while TOSCO specimens
cured for 0, 11, and 19 months prior to testing.

i. Cyclic triaxial tests were performed on 6-in.- (15.2-cm-) diam
specimens of modeled PARAHO material compacted to densities corre-
sponding to 60 percent relative density (Dr) at effective confining

* For convenience, symbols and unusual abbreviations are listed and defined

in the Notation (Appendix E).
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pressures of 14.5 and 29.0 psi (100 and 200 kPa) and to 60 percent
of standard compaction effort at an effective confining pressure of
14.5 psi (100 kPa).

j. Dynamic properties tests that evaluate shear modulus G , Young's
modulus E , and damping ratio X were performed on 6-in.- (15.2-cm-)
diam specimens of modeled PARAHO material using cyclic triaxial equip-
ment. Complementary values of these parameters, but at lower strain
levels, were determined on 4-in.- (10.2-cm-) diam specimens using the
resonant column apparatus. All test specimens were compacted to den-
sities equivalent to 60 percent of standard or modified compaction
effort.

k. Drop height density determinations were made on PARAHO and
TOSCO materials dropped from various heights up to 20 ft (6.1 m)
to determine densities achieved from a free-fall condition.

1. Los Angeles abrasion tests were performed on various gradations of
PARAHO, TOSCO, and raw shale to evaluate the abrasion resistance of
these materials.

m. Bin and hopper analysis involved determining the flow rate for raw
shale by Jenike and Johanson, Inc., to evaluate possible bin and
hopper designs for handling raw shale materials.

Composition and durability characteristics
A series of petrographic and chemical tests were conducted to investi-

gate possible physical and/or chemical changes that occur during curing and
could account for the observed self-cementing tendencies. Accordingly,
samples of raw shale and 28-day cured and uncured PARAHO were analyzed by

the following tests.

a. X-ray diffraction (XRD).

b. Petrographic microscope of thin sections.

c. Scanning electron microscope (SEM).

Differential thermal analyses (DTA) and chemical analyses were performed on
raw shale. The durability to alternate cycles of drying and slaking were
evaluated on specimens of raw shale and cured and uncured PARAHO by Franklin
slake durability tests.
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CHAPTER 3: MATERIALS AND TESTING PROGRAM

Materials

The retorted oil shales tested in this program were retorted by the
PARAHO and TOSCO processes and are designated as such in this report. In some
instances, tests were performed on the raw shale and on mixtures of PARAHO
and TOSCO.

PARAHO
The PARAHO retort is located at the Anvil Points Facility located near

Rifle, Colorado. The retort shown schematically in Figure 2 basically is a
vertical cylindrical vessel into which raw shale is introduced at the top
where it is preheated by combustion gases as it travels downward by gravity.
Air and recycling gas are injected at midheight and are burned, bringing the
oil shale to the operating temperature of 1000* to 1200 F. The oil vapor is
collected at tubes near the top. The shale obtained for this study was from
the semiworks plant operating in the direct heating mode.

TOSCO
The TOSCO retort operated by the Colony Development Corporation is

located in the Parachute Creek area near Rifle, Colorado. The retort shown
schematically in Figure 3 is used to process the shale by mixing with preheated
balls in a horizontal rotating kiln. This process can take a large amount of
finely crushed shale particles, which are crushed further by the action of the
balls.

Raw shale
The raw shale was from the Green River Formation and was that used in

the PARAHO process.

Specimen Preparation

Generally, specimens were prepared in one of three ways. Compaction
specimens were batched in three or five separate portions; each portion cor-
responded to a compaction lift. The appropriate amount of water was added to
each portion of material to obtain the desired water content. Containers of
material and water for each lift were then sealed and allowed to mellow for
16 hr before compaction. Specimens were then compacted using either a sliding
weight rammer or a mechanical compactor, depending on the size of specimen
to be compacted.

The second method, which was used for the large-scale direct shear
tests, consisted of placing a lift of air-dried material into the test device.
This air-dried material was loaded statically until the material was com-
pressed to the desired dry density. This process was repeated for each lift.
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Although static compaction produced a different structure from the impact com-
paction used for other strength tests, static compaction was the only practical
method of preparing specimens for this device; since the materials were co-
hesionless, it was believed the effects of compaction method on strength would
be small.

For all cylindrical-shaped strength specimens, i.e., unconfined com-
pression, triaxial, resonant column, etc., the specimen preparation was as
follows: each lift was batched separately to the appropriate gradation to
minimize segregation and variation in gradation between lifts, and the appro-
priate amount of water added to achieve the desired water content. A pro-
cedure of undercompaction, in which each lower lift was compacted less dense
than the succeeding lift, was used in an effort to achieve a more uniform
density through the specimen. Approximately six to eight equal height lifts
were used for each specimen.

The specimens were compacted inside a cardboard tube to the desired
density using a sliding weight or a mechanical compactor. If the specimen was
to be saturated, the top was sealed with wax; while specimens to be tested
unsaturated were sealed with hydrostone. The sealed specimen was then put in
a lard can with a small open jar of water and placed inside a 72 F envi-
ronmental room until tested. Unless otherwise specified, the test specimens
were usually cured 3 days prior to testing. This brief curing period was to
take advantage of any self-cementing properties that would make the specimens
less friable and easier to handle. Prior to testing, the cardboard tubes were
cut and peeled away from the specimen.

Since size of laboratory equipment physically limits the maximum par-
ticle size of the material to be tested, often it is necessary to model the
full-scale gradation. When modeled gradations were required, a scalping and
replacing modeling technique was usually employed. This technique consisted
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of removing the oversized particles (+3/4 in.(19 mm)) and replacing them with
an equal weight of smaller fractions (3/4 in. (19 mm) to No. 4). The other two
techniques, which were not used extensively, consisted of constructing a gra-
dation parallel to the full-scale gradation, or merely scalping the oversized
particles.

Tests and Test Methods

Material properties tests were performed in accordance to current CE
procedures outlined in EM 1110-2-1906, "Laboratory Soil Testing" (Department
of Army, 1970), which in most cases is compatible with American Society for
Testing and Materials (ASTM) standards (ASTM, 1979). In cases where no stan-
dards were available, current research practice at the WES was followed, with
necessary modifications to accommodate specific material property require-
ments.

Tests were conducted primarily on PARAHO and TOSCO retorted oil shale,
with nominal testing conducted on mixtures of PARAHO and TOSCO, and on raw
shale. The testing program has been presented in Figure 1 and is discussed
below:

Physical properties
Gradation. Upon receipt of the PARAHO and TOSCO materials, particle-

size distribution tests were conducted on representative samples to establish
representative gradation of the materials. These tests were performed accord-
ing to Appendix V of EM 1110-2-1906, which is compatible with ASTM D422. Wet
sieving was performed on one sample each of PARAHO and TOSCO to disaggregate
any possible clay lumps.

Specific gravity. Specific gravity analyses were performed on plus No.
4 and minus No. 4 fractions of PARAHO and TOSCO and plus No. 4 fraction of
the raw shale. These tests were conducted in accordance with Appendix IV of
EM 1110-2-1906.

Atterberg limits. Three procedures were followed to determine plas-
ticity characteristics of the PARAHO, TOSCO, and raw shale; specifically, (a)
standard test on minus No. 40 material, (b) blenderized minus No. 40 material,
and (c) material crushed to minus No. 40 and then blenderized. These pro-
cedures were repeated after inundation for 9 and 18 months. Testing was in
accordance with Appendix III of EM 1110-2-1906. Blenderization is a procedure
described in this appendix and used for clay shale materials. It consists of
one cycle.of air-drying and slaking followed by disaggregation in a high-speed
blender for 10 min.

Engineering properties
Compaction. Compaction tests were performed using three compaction

efforts: (a) 60 percent of standard (7,425 ft-lb/ft ), standard (12,375

ft-lb/ft3), and modified (56,250 ft-lb/ft3). Full-scale tests using a 12-in.-
(30.5-cm-) diam mold were performed on PARAHO, while a conventional 6-in.-
(15.2-cm-) diam mold was used for modeled PARAHO and TOSCO materials.
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These compaction efforts are summarized as follows:

Mold
Diam- Hammer Drop No.
eter Weight Height Blows/ No.

Compaction Effort in. lb in. Layer Layers

60% Standard (7,425 ft-lb/ft ) 6 5.5 12 34 3

(0.36 MJ/m3) 12 24.7 24 39 3

Standard (12,375 ft-lb/ft3) 6 5.5 12 56 3

(0.59 MJ/m3) 12 24.7 24 65 3

Modified (56,250 ft-lb/ft ) 6 10.0 18 56 5

(2.69 MJ/m3) 12 24.7 24 179 5

The procedures for performing conventional 6-in.- (15.2-cm-) diam tests were
according to Appendix VI of EM 1110-2-1906, which is similar to ASTM D698
for standard effort and D1557 for modified effort, with the exception that a
sliding weight rammer instead of a sleeve rammer was used. The 60 percent
of standard effort procedure used was merely the standard effort procedure,
scaled to the appropriate number of blows. For modeling of the full-sized
PARAHO material, a procedure of scalping the plus No. 3/4-in. (19.0-mm) mate-
rial and replacing that percentage with an equal percentage of 3/4-in. (19.0-mm)
to No. 4 sized material as described in Appendix VIA of EM 1110-2-1906 was
generally used.

The large diameter (12-in.(30.5-cm)) compaction tests were performed
using a Howard mechanical compactor (Figure 4). This equipment and procedures
used for compacting large-diameter specimens are described by Donaghe and
Townsend (1973 and 1975). The compactor is equipped with a 24.7-lb (11.2-kg)
rammer having a face diameter of 6 in. (15.2 cm); the 12-in.- (30.5-cm-) diam
mold is 12 in. (30.5 cm) high. A special harness for suspending the mold and
specimen from a forklift was rigged with an electronic load cell sensitive
to within 0.1 lb (0.5 kg) to obtain specimen-plus-mold weights. Batches for
test specimens were prepared by thoroughly mixing by hand the appropriate
air-dried portion (by weight) of material required from each sieve fraction
with a measured quantity of water. Each layer was batched separately to min-
imize any variations in grading between layers. Each batch was stored in an
airtight container after mixing and allowed to mellow for a period of at
least 16 hr prior to compaction. Since compacted specimens could not be
trimmed flush with the top of the mold without substantial disturbance, the
specimen volume was determined by measuring from the top of the mold collar
to specimen surface. The mold collar volume not occupied by the specimen
was determined; hence, the specimen volume was then determined. The specimen
was removed from the mold and oven-dried for water content determinations;
selected samples were taken to determine particle breakdown during compaction.

Maximum-minimum density determinations. These were performed on PARAHO
and modeled PARAHO in an 11.1-in.- (28.2-cm-) diam mold in accordance with
Appendix XII of EM 1110-2-1906, which corresponds to ASTM D2049.
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Consolidation. Large diameter (12-in. (30.5-cm)) consolidation
tests to 800-psi (5.5-MPa) vertical stress were performed on full-scale speci-
mens of PARAHO and TOSCO materials compacted to densities corresponding to 60
percent of standard, standard, and modified efforts. These tests were per-
formed at the South Pacific Division Laboratory (SPDL), CE, using a 12-in.-
(30.5-cm-) diam floating ring consolidometer, which accommodates an 8.25-in.-
(21.0-cm-) high specimen. Stresses were applied using a hydraulic ram, while
deflections were monitored using four potentiometers located at quarter points.
Consolidation stresses of 12.5, 25, 50, 100, 200, 400, 600, and 800 psi (86.2,
172.5, 345, 690, 1380, 2760, 4140, and 5520 kPa) with rebound stresses of 600,
200, 50, 12.5, and 0 (4140, 1380, 345, and 86.2 kPa) were each applied for a
minimum of 24 hr. After rebounding, the specimen was oven-dried and a sieve
analyses performed to determine particle breakage. Specimens were prepared by
batching sufficient material with the appropriate gradation for 2- to 4-in.- (5-
to 10-cm-) high lifts and compacting to the desired density with a 10-lb
(4.5-kg) rammer.

Unconfined compression tests. Unconfined compression tests were per-
formed on 6-in.- (15.2-cm-) diam specimens of modeled PARAHO and TOSCO materials
compacted to densities corresponding to 60 percent of standard, standard, and
modified compaction efforts. The specimens were then cured for 0, 3, 7, 14,
and 28 days to evaluate their self-cementing properties. Unconfined compres-
sion tests were also performed on a mixture of 75 percent PARAHO and 25 percent
TOSCO compacted to standard effort density and cured 0 and 28 days. Specimen
preparation consisted of: (a) batching each appropriately graded layer to
minimize segregation and variation in lift gradation, and (b) adding the re-
quired quantity of water and allowing the layer to mellow 1 hr prior to compac-
tion. The specimens were compacted in six layers inside a 6-in.- (15.2-cm-)
diam cardboard tube; the surface was leveled and sealed with hydrostone; and
then the sealed specimen was placed inside a lard can containing a small jar of
water and allowed to cure inside an environmental room at 72*F. Testing was
according to Appendix XI of EM 1110-2-1906, which is compatible with ASTM D2166.

Triaxial compression tests. Consolidated-undrained (with pore pressure

measurements) (R) and/or consolidated drained (S) triaxial compression tests
were performed on 9-in.- (22.9-cm-) and 6-in.- (15.2-cm-) diam specimens (de-
pending upon maximum particle size) of PARAHO and TOSCO materials compacted to
densities equivalent to 60 percent of standard, standard, and modified com-
paction efforts. R tests were also performed on 6-in.- (15.2-cm-) diam speci-
mens of modeled PARAHO and on 1.4-in.- (3.6-cm-) diam specimens of PARAHO fines,
all compacted to equivalent standard effort density. Effective confining
pressures of 20, 40, 80, and 160 psi (138, 276, 552, and 1104 kPa) were used to
isotropically consolidate the specimens. After back-pressure saturation,
permeability determinations were made using falling head methods.

The axial load, chamber and pore pressures, and axial deformations were
monitored electronically via a load cell, pressure transducers, and a linear
variable differential transformer (LVDT), respectively, and recorded digitally
on a multichannel recorder and/or an x-y-y' recorder. Testing procedures
conformed to Appendix X of EM 1110-2-1906.
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K triaxial tests. K tests were performed on 9-in.- (22.9-cm-) and

6-in.- (15.2-cm-) diam PARAHO and TOSCO specimens, respectively, compacted to
equivalent standard effort density. In the case of PARAHO specimens, curing
times were 0 or 13 months, while curing times for TOSCO were 0, 11, and 19
months. The principal of K testing is to determine the axial stress-
deformation properties under conditions of zero lateral (horizontal) defor-
mation. For PARAHO tests, the specimens were back-pressure saturated, and the
null condition for no horizontal deformation was calculated from the axial
deformation and volume of water expelled into a burette based upon the
assumption that the specimen deformed as a right circular cylinder. For TOSCO
tests, the horizontal and vertical deformations were monitored by a pair of
LVDT clamps positioned at one-third points (Figure 5). The LVDT clamps elimi-
nate the problem of membrane penetration affecting volume change measurements
by directly monitoring the specimen diameter. (It is believed that errors due
to membrane penetration on the volume of water measured by the burette in the
tests on PARAHO were minimized due to the size of the specimens tested.) The
axial load, deformation, and confining pressure were monitored electronically
by a load cell, LVDT(s), and pressure transducer and recorded on an x-y-y'
recorder.

Testing consisted of applying a small seating load, obtaining the null
horizontal deformation, and then gradually increasing the axial stress. The
chamber pressure was subsequently increased manually to maintain a null hori-
zontal deformation value. Loading the specimen consisted of a series of
load-rebound cycles to characterize the plastic and elastic components of
deformation. Additional details concerning K0 testing and procedures used

are described by Al-Hussaini and Townsend (1975 and 1975a).

Direct shear tests. Two series, inundated and dry, of large-scale (2-
by 2- by 1-ft (0.6- by 0.6- by 0.3-m)) direct shear tests were performed on
PARAHO material. The material was compacted in 3-in. (7.6-cm) lifts by placing
the loading plate on the loose material and statically applying a load until
the desired density (equivalent to standard effort) was achieved. Figure 6
shows a schematic drawing of the equipment. The normal stress is applied to
the specimen by three hydraulic jacks and monitored by three load cells, all
of which are mounted in the loading head. The shearing force is applied to the
lower half of the specimen by three hydraulic jacks, which produce shear at the
specimen midheight. This shearing force is determined from two load cells.
Dial gages measure the normal and shear deformation of the box. Additional
information on the apparatus is presented by Nicholson (1979). The tests were
multistaged using ascending normal stresses of 2.5, 5.0, 10.0, and 20.0 tsf
(239, 479, 958, and 1917 kPa) and allowing the specimen to reconsolidate under
each normal stress.

Interface shear tests to determine material handling characteristics of
PARAHO and raw shale were also performed using this equipment. For these
tests, a plate to which either smooth stainless steel, rusty steel, or con-
veyor belt rubber was attached formed the top half of the specimen, thus
providing an interface shear surface. Each material was loosely dumped in
3-in (7.6-cm) lifts into the lower half of the box as material handling would
be for a loose state, and the only densification was due an applied normal
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stress of 0.25 tsf (24 kPa). The tests were multistaged using ascending
normal stresses of 0.25, 0.50, 1.0, and 2.0 tsf (24, 48, 96, and 192 kPa).

Conventional direct shear tests were also performed on 3- by 3-in.
(7.6- by 7.6-cm) specimens of inundated modeled PARAHO and inundated and dry
TOSCO. Specimens were trimmed from samples compacted in a 6-in.- (15.2-cm-)
diam compaction mold using standard compaction effort. Testing was in ac-
cordance with Appendix IX of EM 1110-2-1906.

Repeated direct shear tests to establish residual shear strength were
performed on 3- by 3-in. (7.6- by 7.6-cm) specimens of modeled PARAHO and
TOSCO material trimmed from samples compacted in a 6-in.- (15.2-cm-) diam
mold under standard compaction effort. The WES automated repeated direct
shear machine (Figure 7) consists of a shear box, the top half of which is
held stationary while the lower half is moved back and forth accumulating de-
formation until minimum resistance to shear is offered. The shear force and
shear deformation are monitored electronically by a load cell and LVDT, re-
spectively, and recorded on a strip chart recorder. The normal load is ap-
plied by an air cylinder. The tests were multistaged with increasing normal
stresses applied after residual is achieved under a given normal stress.
Testing was in accordance with Appendix IXA of EM 1110-2-1906.

Dynamic properties test. The dynamic properties of modeled PARAHO were
evaluated by cyclic triaxial and resonant column equipment. Since resonant

column equipment only applies small shear strains, i.e., 10-5 to 10-3 percent,

and cyclic triaxial equipment is limited to 10-3 to 1 percent strain, both
tests are required to completely characterize the dynamic properties.

a. Cyclic triaxial tests were performed on 6-in.- (15.2-cm-) diam
specimens of modeled PARAHO compacted to equivalent 60 percent stan-
dard and modified effort density. An MTS closed-loop electrohydraulic
system was used to apply a sinusoidal compression-extension wave form.
The load-deformation hysteretic loop was monitored using a load
cell and LVDT clamps positioned at one-third points on the speci-
men, respectively, and recorded using an x-y recorder. To ensure
that the load and deformation responses did not exceed the recorder
speed, testing was conducted at 0.5 Hz instead of 1.0 Hz as was
used for the cyclic triaxial tests to evaluate earthquake response.
To calculate the shear modulus G , using cyclic triaxial equipment,
the equation, G = E/2(1 + v) , is used, which requires calculating
Young's modulus E and either estimating or measuring deforma-
tions to obtain Poisson's ratio v . For these tests, Poisson's
ratio values were determined from axial and radial deformations
using the LVDT clamps, which were recorded on a strip chart recorder.
The tests were multistaged by applying 25 cycles of loading at each
increasing strain level for each confining pressure. Each specimen
was multistaged with respect to strains but not with respect to
confining pressure.

b. Resonant column tests were performed on 4-in.- (10.2-cm-) diam speci-
mens of modeled PARAHO with the same modeled gradation as used for
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cyclic triaxial tests and compacted to equivalent 60 percent stan-
dard and modified effort density. Testing was with a Drnevich appa-
ratus (Figure 8), which is a fixed-free type with torsional or
longitudinal shearing stress applied to the specimen at the top using
electrical coils or an electromagnet, respectively. The resulting
Lissajous figure is monitored on an oscilloscope when resonance is
established, and the shear modulus G and damping ratio X are cal-
culated from the resonant frequency, coil-power relationship, and
accelerometer output. These tests were multistaged with respect to
both strain level and confining pressure. Testing sequence was to
increase strain level at a given confining pressure under the
torsional mode, then return to a low strain value, and increase the
strain level under the longitudinal mode. After specimen response
was determined under both torsional and longitudinal excitations,
the confining pressure was increased and the testing sequence
repeated. Additional details concerning resonant column testing
are described by Drnevich (1977 and 1978).

Cyclic triaxial tests. The earthquake resistance of modeled PARAHO
material was evaluated by isotropically consolidated undrained cyclic tri-
axial tests on 6-in.- (15.2-cm-) diam specimens compacted to densities
comparable to 60 percent of standard compaction effort and 60 percent rela-
tive density Dr . Testing was conducted using an MTS closed-loop electro-

hydraulic loading system, which applied a sinusoidal compression-extension
wave at 1 Hz. The axial load, deformation, and confining and pore pressures
were monitored electronically using a load cell, LVDT, and pressure trans-
ducers, respectively; their outputs were recorded on a six-channel strip
chart recorder. Specimens at 60 percent Dr were prepared by moist

tamping. Confining pressures used were 14.5 psi (100 kPa) for specimens
compacted to 60 percent of standard effort, while confining pressures of
14.5 and 29.0 psi (100 and 200 kPa) were used for 60 percent D specimens.
Testing procedures conformed to Appendix XA of EM 1110-2-1906. r

Los Angeles Abrasion tests. These tests were performed in accordance
with ASTM C131-76 and C535 on PARAHO and raw shale. ASTM gradings A, C, and
1 were used for the raw shale, while gradings A, C, and 2 were used for
PARAHO.

Drop height density tests. These tests were performed on PARAHO and
TOSCO materials to determine densities achieved from a free-fall condition.
Testing was performed by placing the 11.1-in.- (28.2-cm-) diam D mold

r
beneath a scaffold, dumping material from a known height into the mold,
screeding, then weighing the mold plus material, and calculating the corre-
sponding density. Drop heights of 0.7, 1.5, 4.5, 10.5, and 16.5 ft (0.2,
0.4, 1.4, 3.2, and 4.9 m) were used.

Bin and hopper tests. Flow tests were performed on samples of crushed
raw shale (minus No. 8 sieve) by Jenike and Johanson, Inc. Tests were for con-
tinuous flow and for flow after 3 days storage at rest for three moisture con-
tents: as received (1), 5.9, and 10.7 percent. In addition, compressibility,
wall friction, and flow rate tests were also performed. Appendix B contains
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details of the tests and data results furnished the WES.

Compositional and
durability characteristics

Compositional characteristics. Various analyses were performed on
samples of raw shale, PARAHO material, fragments of unconfined compression

specimens of modeled PARAHO (28-day cure), and portions of retorted shale from
Franklin slake durability tests. These analyses were performed to deter-
mine the mechanisms responsible for the observed self-cementing property
of retorted oil shale and also included petrographic X-ray diffraction,
scanning electron and steroscopic microscope examinations, differential
thermal analyses, and chemical analyses.

Franklin slake durability tests. These tests were performed on frag-
ments of raw shale, 1-1/2-in. and 3/4-in. PARAHO retorted shale, and the un-
confined compression specimens. Testing consisted of duplicate specimens
tumbled for 10 min inside a No. 10 sieve squirrel cage partially submerged
in water, as described by Franklin and Chandra (1972).
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D106 flCEL
100 N. Romine Street

Uribaa, Xllino i ioag

33



CHAPTER 4: PRESENTATION AND DISCUSSION OF RESULTS

Physical Properties

Gradation
Upon receipt of the PARAHO material in 55-gal drums, 10 drums were

randomly selected and subsectioned by quartering. Gradations were determined
for five subsamples using the Gilson shaker, while one subsample was wet
sieved and one dry sieved by hand. Figure 9 presents the results of these
gradation analyses, plus those determined by WCC (1976). The results of tests
on the five subsamples processed on the Gilson showed that the gradation of
the PARAHO material was remarkably consistent; hence, Figure 9 shows only one
curve representing a composite of these subsamples. A comparison between the
hand-sieved and Gilson-sieved gradation results in Figure 9 also show that the
PARAHO material is friable and experiences some breakdown by the Gilson shaker.
The Gilson action produced approximately 10 percent more fines (minus No. 200
sieve) at the expense of coarser particles than the relatively less abrasive
hand sieving. A comparison between the wet and dry hand-sieving gradation
curves reveals that dry hand sieving better represents the gradation and
probably more nearly represents the gradation of PARAHO material as it leaves
the retort. This latter gradation was used as a basis for reconstituting
PARAHO specimens.

A comparison of the gradations determined on the Gilson shaker with
those of WCC (1976) reveals fairly close agreement in one case and a finer
gradation obtained by WCC for another. Considering the variability of oil
shale and gradations entering the retort, the agreement shown in Figure 9 is
most likely a good representation of the gradation of PARAHO retorted shale.

Upon receipt of the TOSCO material in 55-gal drums, two drums were
randomly selected and subsectioned by quartering. Gradations for these two
subsections were determined using a Rotap shaker. The results of these gra-
dation analyses presented in Figure 10 show excellent agreement between the
two subsamples. Based upon this agreement, the drums of TOSCO material were
combined. Figure 10 also shows the representative gradation of this combined
material. Obviously, PARAHO processing produces a much coarser waste
shale than TOSCO because of the large difference in raw shale particle sizes
entering the retorts. The PARAHO material is classified as a poorly graded
sandy gravel (GP), while TOSCO is classified as a silty sand (SM). These
differences are reflected in the observed engineering properties.

Material processing
For the PARAHO material, processing consisted of dividing the material

into various sieve sizes by passing the material through a Trommel rotating
drum screen. The various sized fractions were then stored for reconstituting
test specimens. The gradation determined by the hand sieving was selected
as representing the PARAHO material.

For the TOSCO material, processing consisted of quartering the combined
material into appropriate subsamples for preparing specimens. Based upon
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gradations of Figure 10, the representative gradation of TOSCO material would
be that corresponding to the composite material.

Atterberg limits and specific gravity
Table 1 presents a summary of the results of Atterberg limits tests and

specific gravity analyses. These results show that the unprocessed shale is
nonplastic even after inundation for 18 months. During initial undried, air-
dried, and blenderized preparation procedures, the material proved to be ex-
tremely hard and difficult to process. Since blenderization produces the
greatest amount of disaggregation and thus the highest plasticity, undried or
air-dried processing would be fruitless on a material determined nonplastic
(NP) by blenderized procedures. Both the PARAHO and TOSCO retorted oil shales
initially were NP by blenderized procedures. However, after 18 months of in-
nundation, both exhibited a PI of 5. While this is a low PI value, the in-
crease indicates that some breakdown and softening of retorted shale can occur
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Table 1

Summary of Atterberg Limits and Specific Gravities of

Unprocessed, PARAHO, and TOSCO Oil Shales

Material

Unprocessed shale

PARAHO

TOSCO

*

**

t

Fraction No. LL* PL* PI*

-40
-4o

-4 to +40
-h0

-4o

-4
-ho
-4o
-)o

+4

-ho
-4o
-ho

-4
+4

G **
s

Solids

2.19

G **
a

Apparent

NPt
NP
NP

32 31 1

29

32
37

31
30

29
28
32

29
25

NP
4
5

NP
2

5

2.67

Remarks

Blenderi zed
Undried, air-dried, and blenderized
Undried, air-dried, and blenderized
Undried, air-dried, and blenderized,

9 months soak
Undried, air-dried, and blenderized,

18 months soak

Blenderized
Blenderized, 9 months soak
Blenderized, 18 months soak

2.42

2.61

Blenderized
Blenderized,
Blenderized,

9 months soak
18 months soak

2.55

LA)

LL, PL, and PI = liquid limit, plastic limit, and plasticity index, respectively.
GS, Ga = specific gravity for solids and apparent specific gravity, respectively.
NP = nonplastic.



with weathering. Dames and Moore (1974) reported PI values of 6 percent for
TOSCO material, while WCC (1976) listed PI values of 3 percent for PARAHO;
both of which agree well with values obtained in this investigation.

Specific gravity may be expressed in three forms: (a) the specific
gravity of solids, which is applied to soils finer than a No. 4 sieve; (b) the
apparent specific gravity; and (c) the bulk or mass specific gravity. Both
the apparent and mass specific gravities are applied to soils coarser than the
No. 4 sieve, with the apparent specific gravity being routinely used when
dealing with coarse aggregate. Apparent specific gravity for raw shale was
determined as 2.19. Average values of apparent specific gravity reported by
Snethen et al. (1978) varied from 2.02 to 2.36.

The majority of apparent specific gravities, as reported by Snethen et
al. (1978), for PARAHO material varied from 2.52 to 2.59. The value deter-
mined in this investigation was 2.42. Dames and Moore (1974) reported an
apparent specific gravity value of 2.53 for TOSCO, as compared with 2.55
determined in this investigation. These values reported in the literature are
comparable to those determined in this study, with values obtained for PARAHO
being slightly lower and those for TOSCO being slightly higher.

Specific gravity of solids for PARAHO and TOSCO materials were deter-
mined as 2.67 and 2.61, respectively.

Engineering Properties

Compaction characteristics
and maximum-minimum density

Figures 11 and 12, respectively, show the results of large-scale (12-in.-
(30.5-cm-) diam) compaction tests using 60 percent of standard, standard, and
modified compactive efforts performed on minus 2-in.- (50.8-mm-) diam PARAHO
material, and companion tests performed on scalped and replaced minus 3/4-in.
(19-mm) materials using a 6-in.- (15.2-cm-) diam mold. Vibrating table method
maximum-minimum density tests were also performed on minus 2-in.- (50-mm-)
and minus 3/4-in.- (19-mm-) diam PARAHO material using an 11.0-in.- (28.2-cm-)
diam mold. Table 2 presents the the results of these tests plus a summary of
the compaction test data.

The shapes of the water content-dry density curves in Figures 11 and 12
for both the full-scale and scalped and replaced PARAHO materials show the
common condition that to achieve maximum dry density sufficient water to
practically saturate the material is required. However, the effect of water
contents less than optimum is markedly different between the full-scale and
scalped and replaced materials. For the former, the addition of small quan-
tities of water causes bulking of the material and corresponding low densi-
ties, which is common for these gradations. Conversely, for the scalped and
replaced gradation, increasing water contents produced no bulking, but in-
creasing densities. Nevertheless, despite this difference in water content
effects and based upon the considerations that the full-scale tests are more
representative of field conditions and that high water contents only produce a
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Table 2

Summary of Compaction Test Results on PARAHO Oil Shale

Gradation Size
Compaction

Effort

Original Vibration
(-2 in. fraction) 60% of

standard
Standard
Modified

Scalped and re-
placed (-3/4 in.
fraction)

Parallel (-3/4.in.
fraction)

Scalped (-3/4 in.
fraction)

Vibration
60% of

standard
Standard
Modified

Standard

Standard

89.2
94.6

97.5
104.4

81.8
91.9

95.7
103.1

88.9
88.0

88.7
92.5

66.0
23.3 116.2

-- 22.2

-- 18.4

62.9
27.2

124.2

141.14

136.6

-- 25.3 148.3
-- 17.7 168.8

0.2
22.8

0.2
23.1
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density slightly higher than that for dry material, compaction of PARAHO
material in the as-retorted condition is feasible. This is particularly
significant in that surface water is scarce in western Colorado and would have
to be obtained at additional cost. Another obvious alternative to using water
to increase density is to increase the compaction effort. The results pre-
sented in Figures 11 and 12 indicate that both full-scale and scalped and
replaced materials produce significantly higher densities with increased

compact ion effort.

Since the zero air voids curve is a function of specific gravity, and
the apparent specific gravity is lower than the specific gravity of the solids,
the zero air voids curves presented in Figures 11 and 12 reflect the composite
specific gravity values for the material. This composite was obtained by
considering the percentage of a specific fraction and corresponding specific
gravity.

Laboratory compaction test specifications limit the maximum allowable
particle diameter to one fourth to one sixth of the corresponding mold diam-
eter. Hence to test materials, such as PARAHO, which contain large particles,
a modeling procedure that eliminates the oversized particles and allows testing
with smaller more conventional size molds is required. Scalping and replace-
ment was the primary modeling procedure used with some tests performed on
parallel or scalped gradations. A comparison of the "as batched" gradations
in Figures 13 and 14 shows the effect of modeling on gradation. A comparison

of the results presented in Table 2 shows that the scalping and replacement
procedure underestimates the maximum dry density and overestimates the optimum
water content. These results are consistent with those of others who have
observed that scalping and replacement modeling fails to achieve results
comparable to full scale (Donaghe and Townsend, 1973 and 1975). Also pre-
sented in Table 2 are the results of compaction tests on parallel and on
scalped (without replacement) gradations at zero and a water content assumed to
be near optimum. These model gradations also underestimate the maximum dry
density of the full-scale material. However, of the three model gradations
tested, the scalped and replaced procedure more nearly approached the maximum
density of the full-size material.

The gradation curves in Figures 13 and 14 demonstrate the extent of
particle breakage during compaction for tests on full-scale and scalped and
replaced gradations of PARAHO material, respectively. As shown in these
figures, little difference in the magnitude of particle breakage exists for 60
percent of standard and standard compaction efforts. However, considerable
breakage occurs when modified effort is applied, i.e., 4 to 5 times as many
fines are produced by modified compaction effort than 60 percent of standard
effort. This is logical considering that modified compaction effort repre-
sents 7.6 times more compaction effort than does 60 percent of standard.
Marsal (1967) proposed a method for quantitatively describing the amount of
particle breakage. In this method, the difference in the percent retained on
each sieve before and after a test is obtained, and the sum of differences
having the same sign is designated the breakage factor B. Table 3 summarizes
the B values for the full-scale (12-in.- (30.5-cm-) diam) and scalped and re-
placed (6-in.- (15.2-cm-) diam) compaction tests on PARAHO material. A com-
parison of these B values shows a progressive increase with compaction effort.
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Table 3

Breakage Factors Due to Compaction of PARAHO Material

Original Scalped and Replaced
Initial 60% of Standard Standard Modified Initial 60% of Standard Standard Modified

% % % % Diff % % Diff % % Diff % % % % Diff % % Diff % % Diff
Sieve Size Pass Retain Pass Retain A Pass Retain A Pass Retain A Pass Retain Pass Retain A Pass Retain A Pass Retain A

2+ 100 0 100 100 0 100 0

2 to1-1/:? 93 7 95 5 -2 96 4 -3 97 3 -4

1-1/2 to1 80 13 82 13 0 85 11 -2 90 7 -6

1to 3/4 67 13 73 9 -4 77 8 -5 82 8 -5 100 0 100 0 100 100

3/4hto1/2 50 17 58 15 -2 63 14 -3 71 11 -6 70 30 83 17 -13 83 17 -13 84 16 -14

1/2 to 3/8 40 10 51 7 -3 55 8 -2 63 8 -2 52 18 67 16 -2 70 13 -5 74 10 -8

3/8 to 4 27 13 37 14 +1 43 12 -1 52 11 -2 28 24 48 19 -5 52 18 -6 62 12 -12

4 
to 10 18 9 27 10 +1 33 10 +1 42 10 +1 19 9 33 15 +6 37 15 +6 52 10 +1

10to 20 13 5 17 10 +5 24 9 +4 32 10 +5 12 7 22 11 +4 24 13 +6 39 13 +6

20 to 
4
0 9 4 13 4 0 17 7 +3 23 9 +5 8 4 13 9 +5 17 7 +3 30 9 +5

4otol100 5 4 7 6 +2 11 6 +2 15 8 +4 4 4 5 8 +4 8 9 +5 19 11 +7

100to 200 3 2 3 4 +2 8 3 +1 10 5 +3 3 1 4 1 0 5 3 +2 14 5 +4

3 3 0 8 5_ 10 + 3 4 +1 5 +2 14 +11

"B" factor 11 16 25 20 24 34



The results also show that particles of the finer scalped and replaced grada-
tion (6-in.- (15.2-cm-) diam mold) experienced greater breakage than did those
of the coarser gradation, which is contrary to general trends that coarser
particles generally experience a greater amount of particle breakage. One
possible explanation for this anomaly is that the impact energy delivered by
the hand-held rammer used with the 6-in.- (15.2-cm-) diam compaction tests is

688 ft-lb/ft2 (10.0 kJ/m2), while that for the full-scale mechanical compactor

is only 252 ft-lb/ft2 (3.8 kJ/m2).

Due to the importance of compaction in disposing of spent shale, numer-
ous laboratory compaction tests have been performed to evaluate the compaction
characteristics of PARAHO material. The following tabulation from Snethen et
al. (1978) summarizes the variability in compaction characteristics reported
for this material.

Optimum Water Maximum Dry
Compaction Energy ASTM Contentr dDensity

3 ASMCotn
ft-lb/ft Standard w , % max , pcf

6200 50% D698 18.5-23.7 77.0-99.2
12,375 D698 15.5-22.0 80.2-103.2

(Standard)
56,250 D1557 14.4-22.0 88.8-108.4

(Modified)

This variation is largely due to differences in gradation, particularly
the amount of fines, and variability of the unprocessed shale and retorting
mode (direct or indirect heat). A more valid comparison of previous data with
data from this report would be for tests performed on PARAHO processed by
direct heating in the semiworks retort as was the material used in this study.
Accordingly, Figures 15 and 16 and Table 4 present the results of WCC (1976)
for the pre- and post-compaction gradation analyses of minus 1-1/2-in. (38-mm)
and minus 3/4-in. (19-mm) materials, while Table 5 compares results between
this study and WCC (1976).

These comparisions show that the PARAHO material tested at the WES with
its greater amount of coarse particles produced greater densities for both the
minus 2-in. (50.8-mm) and minus 3/4-in. (19-mm) gradations than did the finer-
grained WCC minus 1-1/2-in. and minus 3/4-in. gradations.

Both ASTM and CE criteria recommend using a vibratory table method to
obtain the maximum dry density for materials containing less than 12 percent
fines. Hence considering that the WES "as batched" gradations contained only
3 percent fines, densification by vibration should be more appropriate for
achieving maximum density than impact compaction (Department of the Army, 1970;
Townsend, 1972). Nevertheless, the maximum dry density achieved by vibration

was only 89.2 and 81.8 pcf (1429 and 1210 kg/m 3) for full-scale (minus 2-in.-
(minus 50.8-mm-) diam) and scalped and replaced (minus 3/4-in.- (minus 19-mm)
diam) gradations, respectively, which is considerably lower than the maximum
dry density achieved by 60 percent of standard compaction effort (Table 2).
Similarly, WCC (1976) whose minus 1-1/2-in. (38.1-mm) and minus 3/4-in. (19-mm)
gradations had 11 and 14 percent fines, respectively, presented results
showing that vibratory densification produced lower densities than those
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Breakage actors uue to C

Table 4

,ompaction of PARAHO Material P]

(from Appendix B of WCC, 1976)

rocesseu by Direct Heating

Initial 50% of Standard Standard Modified Initial 50 of Standard Standard Modified
% % Diff % % Diff % % Diff % % % % Diff x % Diff % % Diff

Sieve Size Pass Retain Pass Retain A Pass Retain a Pass Retain A Pass Retain Pass Retain A Pass Retain A Pass Retain A

1-1/2+ 100 0 100 0 100 0 100 0

1-1/2 to 3/4 83 17 94 6 -11 93 7 -10 96 4 -13 100 0 100 0 -8 100 0 100 0

3/
4 

to 3/8 72 11 80 14 +3 79 14 +3 85 11 0 77 23 85 15 -2 89 11 -12 92 8 -15

3/8 to 4 50 22 66 14 -8 68 11 -11 75 10 -12 62 15 72 13 +4 79 10 -5 82 10 -5

4 
to8 43 7 56 10 +3 56 12 +5 65 10 +3 54 8 60 12 +6 65 14 +6 64 18 +10

8 to 16 34 9 45 11 +2 46 10 +1 54 11 +2144 10 44 16 0149 16 +6 47 17 +7

16 to 30 25 9 36 9 0 35 11 +2 37 17 +8 34 10 34 10 0 36 13 +3 35 12 +2

30 to 50 17 8 24 12 +4 25 10 +2 28 9 +1 25 9 25 9 0 27 9 0 25 10 +1

50 to100 15 2 18 6 +4 18 7 +5 22 6 +4 18 7 18 7 0 19 8 +1 18 7 0

100to 200 11 4 14 4 0 15 3 -1 16 6 +2114 4 14 4 0 15 4 0 14 4 0

-200 11 14 _+. 15 +4 16 _+ 14 14 0 15 +1_ 14 0

"B" Factor 19 22 25 10 17 20

l v T .eR+ ideas+ TR



Compaction Effort

ft-lb/ft
3

6,200tt or 7,425*

(50% or 60% of
standard)

12,375
(standard)

56,250
(modified)

WES
-2 in. Material Breakage

Y
wopt* dax

% pcf B**

23.3 94.6 11

22.2 97.5 16

18.4 104.4 25

Table 5

Comparison of Compaction Results on PARAHO

WCC WES
-1-1/2 in. Material Breakage -3/4 in. Material Breakage

Yopt dmax opt max

% pcf Bt _ pcf Bt

22 87.5 19 27.2 91.9 20

22 94.8 22 25.3 95.7 24

22 98.9 25 17.7 103.1 34

WCC
-3/4 in. Material Breakage

Y
Wopt dmax
% pcf B**

27.2 85.5 10

25.2 90.2 17

22.0 96.4 20

* wopt = optimum water content.
** See Table 3.
t See Table 4.

It WCC.
* WES.

0



achieved by impact compaction. From these observations, it might be concluded
that PARAHO does not respond favorably to vibratory compaction. However, this
conclusion is contrary to field compaction tests (WCC, 1976; Snethen, et al.
1978), which showed that the most economical compaction of PARAHO could be
obtained using a vibrating drum roller. The results presented in Table 2
also show that modeling full-scale gradations by scalping and replacement
will not duplicate corresponding estimates of maximum or minimum densities.

The results of 6-in.- (15.2-cm-) diam compaction tests using three com-
pactive efforts on TOSCO material are presented and summarized in Figure 17,
which shows the optimum water contents and densities obtained as 21 percent,

97 pcf (1554 kg/m3), 19 percent, 99 pcf (1586 kg/m3), and 18 percent, 104 pcf

(1666 kg/m3), respectively, for 60 percent of standard, standard, and modified
compaction efforts. The shapes of the compaction curves show a marked effect
of water content on density, quite unlike the PARAHO material, and water
facilitates compaction. Hence, for this material, the economics of adding
water versus increasing the compaction effort and compacting dry to achieve a
specific density is much more critical than for the PARAHO. By comparison,
compaction tests on TOSCO material by Dames and Moore (1974) show a range in

maximum dry densities from 88 pcf (1410 kg/m 3) at 22 percent water content to

100 pcf (1602 kg/m3) at 16 percent water content for standard compaction
efforts; and for modified compaction efforts, densities ranged from 101 to

109 pcf (1618 to 1746 kg/m2), while the corresponding optimum water contents
varied from 19 to 15 percent, respectively.

Figure 18 demonstrates the extent of particle breakage during compac-
tion. These results show the unusual event that during compaction the mate-
rial became coarser or agglomerated. Although efforts were made to break down
the test specimens into their appropriate fractions, the effort employed
obviously was insufficient. This agglomeration is suggestive of some self-
cementing as the TOSCO fines are noncohesive and ordinarily would readily
disaggregate. Additional study of this is indicated.

The range of standard densities reported for TOSCO is slightly lower
than typical results observed for a sandy soil, as TOSCO is classified.

Consolidation.
Figures 19 and 20 show the results of 12-in.- (30.5-cm-) diam consoli-

dation tests to a maximum vertical stress of 800 psi (5.52 MPa) for each of
the three compaction efforts for PARAHO and TOSCO, respectively. Appendix C
presents the corresponding settlement-log time curves for the various applied
vertical stresses. Table 6 summarizes the engineering consolidation parameters.

The total vertical strains, Ae/(1 + e), when the vertical stress was

800 psi (5.52 MPa) varied from 4.7 to 10.0 percent for the PARAHO and 4.7 to
8.4 percent for TOSCO, with the higher compaction efforts exhibiting the
smaller strains. By comparison, WCC (1975) obtained settlement values ranging
from 2.2 to 11.3 percent for PARAHO for three comparable compaction efforts
with a vertical stress of 1000 psi (6.9 MPa), which agrees quite well with the
data presented. However, consolidation test results on TOSCO presented by
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Table 6

Consolidation Parameters for PARAHO and TOSCO Retorted Oil Shales

at Maximum Applied Stress (800 psi)

Material/
Compaction

Effort

PARAHO
60%

standard

Standard

Modified

TOSCO
60%

standard

Standard

Modified
V1

Coefficient
of Compressibility

Vertical* a = te/AP, cm2/kg
Strain, % a= e v m k

10.0

7.7
4.7

8.4

6.7

4.7

0.00213

0.00154

0.00103

0.00138

0.00135

0.00107

Compression Index2

Cc P2 /P1 , cm2/kg

0.1495

0.1080

0.09634

0.09634

0.1262

0.09966

Coefficient
of Consolidation

2
= 0.848H2 ,c 2 /sec.

Cv t9 0

0.293

0.442

0.4326

0.358

0.451

0.352

Permeability, k**
Ca y

k = cm/sec

4.2 x 10

4.6 x10

3.0 x 10-7

3.1 x 10-

3.9 x 10

2.5 x 10

* e - e - oe ~ 800

1+ e 1+e
0 0

** Ft/yr = 0.97 x1 cm/sec.



Dames and Moore (1974), where the applied vertical stress was 700 psi (4.8
MPa), had vertical strains varying from 16 to 25 percent. The apparent reason
for the difference in results is that initial void ratios of the tests con-
ducted at the WES ranged from 0.55 to 0.69, while those reported by Dames and
Moore (1974) were much higher (lower dry density), 0.87 to 1.29. Figure 21
compares the compressibility of PARAHO and TOSCO with the data on dense rock-
fill materials summarized by Parkin (1977) and shows that both retorted oil
shales are comparable to rockfill.

The permeability values presented in Table 6 generally exhibit the
anticipated trend of decreasing with increasing compaction efforts and verti-

cal stresses. The value obtained, 107 cm/sec, for both PARAHO and TOSCO
indicate that these materials will be impermeable when compacted and subjected
to sufficient vertical stress. By comparison, WCC (1975) reported permea-

bilities for PARAHO ranging from 1.7 x 10-6 to 8 x 10-8 cm/sec for three
compaction efforts and a vertical stress of 200 psi (1.4 MPa). These low
values of permeability for PARAHO are quite unexpected considering that this
material generally contains less than 15 percent fines, and materials con-
taining less than 12 percent fines are expected to be pervious.

Figures 22 and 23 present postconsolidation test gradation determina-
tions for comparison with pretest batched gradations for PARAHO and TOSCO com-
pacted to densities equivalent to 60 percent of standard and standard, respec-
tively. Table 7 summarizes the corresponding breakage B values for these
tests. These figures and table show that the PARAHO fines content increased
from 3 to 12 percent during specimen compaction and subsequent consolidation
testing, with no significant difference in particle breakage observed for the
two densities; the corresponding breakage B value was 27 percent. For the
TOSCO material, the fines content increased from 32 percent to 61 and 76 per-
cent for standard and 60 percent of standard compaction efforts, respectively.
The corresponding breakage B values were 29 and 44 percent, respectively.

These particle breakage results are a composite of breakage suffered
during specimen compaction and application of the vertical stresses applied
during consolidation. Breakage B values discussed previously in the compac-
tion section indicate that breakage values of 11 and 16 percent occurred
during compaction of the PARAHO specimens. This suggests that breakage in the
magnitude of 16 percent for 60 percent of standard effort and 11 percent for
standard compaction effort occurred during consolidation, although it must be
noted that compaction equipment for the compaction tests was different from
that used for preparing consolidation specimens. For comparison, isotropic
consolidation of basalt to 650 psi (4.5 MPa) exhibited practically no particle
breakage, i.e., B < 5 percent.

Postcompaction gradation determinations on TOSCO indicated that an
agglomeration effect had occurred (i.e., the post-compaction gradations were
coarser than the precompaction gradations). This unusual event precludes
reasonable estimates of particle breakage during consolidation tests. Never-
theless, breakage B values of 29 and 44 percent for standard and 60 percent of
standard compaction efforts, respectively, suggest considerable breakage
occurred during compaction and/or consolidation for this material. It is most
surprising that more particle breakage was observed for 60 percent of standard
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compaction effort than for standard compaction effort. Generally, it would
be anticipated that more particle breakage would occur for the higher compac-
tion effort. Perhaps the higher compaction effort contributed to better
cementation due to closer association of the particles and, in turn, is ex-
pressed by less particle breakage. This explanation is more plausible con-
sidering Marachi's et al. (1969) triaxial test results in Pyramid Dam mate-
rial, which indicated that density had little effect on breakage B value.

Unconfined compression
To investigate self-cementing characteristics, which had been reported

by Snethen et al. (1978), Peterson et al. (1978), and WCC (1976) for spent oil
shale, 6-in.- (15.2-cm-) diam unconfined compression tests were performed on
specimens compacted using three compaction efforts and allowed to cure inside
waxed cardboard tubes at ambient temperatures (approximately 72*F) for periods
of 0 to 28 days. Figure 24 presents and Table 8 summarizes the unconfined
compression results for PARAHO, and Figure 25 and Table 9 for TOSCO. Figure 26
compares the results for both PARAHO and TOSCO, i.e., a combination of both
Figures 24 and 25. The following is a summary of the unconfined compressive
strengths for PARAHO and TOSCO obtained in this study plus previous tests on
PARAHO (WCC, 1976).

60

0
LU

LU
z
LL

z
LU
U

LU
a.

7------ -

------ -7-
- - - - -- -

I

iI IFirm

10

20

30 0

40 }

50

60 v

z

70u

80

90

100

-N



Table 7

Breakage Factors Due to Compaction and Consolidation of PARAHO and TOSCO Materials

Original

Sieve Size

2+

2 to 1-1/2

1-1/2 to 1

1 to 3/4

ON 3/4 to 1/2

1/2 to 3/8

3/8 to 4

4 to 10

10 to 20

20 to 40

40 to 100

100 to 200

PARAHO
60% of Standard
and Standard

Diff
Pass Retain Pass Retain

100

93

80

67

50

4o

27

18

13

9

5

3

7

13

13

17

10

13

9

5

4

4

2

3

100

96

91

85

75

67

54

42

32

22

15

12

4

5

6

10

8

13

12

10

10

7

3

12

TOSCO
Original 60% 0

%

A Pass Retain Pass

-3

-8

-7

-7

-2

0

+3

+5

+6

+3

+1

27

100

99

98

97

96

93

87

73

62

53

42

32
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Table 8

Summary of Unconfined Test Results on PARAHO Oil Shale

ymbol
nber on
gure 241

Compaction
Test No. Effort

1 UC-L-0-9
2 UC-L-0-9A

3 UC-L-3-10
4 UC-L-7-ll
5 UC-L-14-12

6 UC-L-28-13
7 UC-L-28-13A

8 UC-L-28-13B
9 UC-L-28-13C

10 UC-S-0-5
11 UC-S-3-6
12 UC-S-7-1
13 UC-S-7-4
14 UC-S-14-7
15 UC-S-28-2
16 UC-S-28-3

17 UC-S-28-8

18 UC-M-0-14
19 UC-M-3-15
20 UC-M-7-16
21 UC-M-14-17
22 UC-M-28-18A

23 UC-M-28-18B

60% standard

Standard

Modified

Curing
Time
days

0
0
3
7

14

As Tested

Water Dry
Content Density
w, % d, pcf

22.8
22.5
21.6
21.5
20.5

89.2
89.8
89.3
90.3
90.4

Maximum
Unconfined
Strength
psi tsf

5.7 0.41
11.9 0.86
16.3 1.17
22.8 1.64

Secant
Young's

Modulus to

1/2 Maximum
Unconfined
Strength

psi tsf

720 51.5
650 46.5

1,560 112.0
Not available

28 20.2 97.1 51.3 3.69 2,730 196.5
28 23.0 93.0 27.4 1.97 1,180 85.5

28 20.4 82.9 12.5 0.90 1,130 81.5
28 20.4 90.5 27.4 1.97 1,840 132.5

0
3
7
7

14
28
28

20.7
21.4
21.3
21.3
20.3
20.4
22.1

99.6
99.0
98.0
98.2
100.9
98.3
98.1

8.2
22.4
35.6
31.1
49.3
73.6
62.3

0.59
1.61
2.56
2.24
3.55
5.30
4.49

510
890
950

1,430
2,230
3,640
2,740

37.0
64.0
68.5

103.5
160.5
262.0
197.0

28 19.5 101.2 66.8 4.81 2,630 189.0

0
3
7

14
28

17.2
16.6
15.6
15.7
17.4

104.4
105.8
105.2
105.5
107.2

61.3
95.6

127.0
161.6
194.8

4.41
6.88
9.14

11.64
14.03

4,100
4,240
8,170

12,000
11,818

295.0
305.0
588.0
864.0
850.9

28 15.1 106.5 151.4 10.90 11,818 850.9

Questionable results

Initial strain data are

questionable

Soaked overnight before test
conducted

Mellowed 16 hr before compacting

Mellowed 16 hr before compacting
Mellowed 16 hr before compact-

ing; soaked overnight before
test conducted

Soaked overnight before test
conducted

S3

Nu
Fij

O'
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Figure 25. Effect of curing time on unconfined compressive strength
for compacted TOSCO (1 psi = 6.9 kPa)
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Table 9

Summary of Unconfined Test Results on TOSCO Oil Shale

Compaction
Effort

Curing
Time
days

As Tested
Water Dry

Content Density
% pcf

Maximum
Unconfined

Strength
psi tsf

TOSCO Oil Shale

UC-L-0
UC-L-3
UC-L-7
UC-L-14
UC-L-28

UC-S-0
UC-S-3
UC-S-7
UC-S-14
UC-S-28-1
UC-S-28-2

UC-M-0
UC-M-3
UC-M-7
UC-M-14-1
UC-M-14-2
UC-M-114-3
UC-M-28

6o% of
Standard

Standard

Modified

75% PARAHO and 25% TOSCO Oil Shale

UC-S-PT-0*
UC-S-PT-28*

Standard
Standard

0
28

18.14
17.3

96.0
96.2

23.4 4.70
65.9 4.74

* See Figure 26.
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Test No.

0
3
7

14
28

0
3
7
14
28
28

0
3
7
14
14
14
28

20.6
19.9
20.0
19.5
18.6

18.5
18.1
18.1
18.7
18.0
18.1

17.2
17.4
17.3
17.3
16.7
17.2
17.2

96.7
97.5
97.6
96.3
95.5

98.2
98.8

100.9
96.3
97.5
98.8

103.7
101.6
103.8
103.1
103.2
104.1
103.6

19.5
31.7
35.1
47.0
53.7

41.14
58.7
52.5
52.1
57.1
61.8

72.4
95.5
96.9
57.1

103.8
104.0

86.3

1.140
2.28

2.53
3.38
3.87

2.98
4.22

3.78
3.75
14.11
4.45

5.21
6.88
6.97
4.11
7.148
7.49
6.21
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Unconfined Compressive Strength, psi

Compaction PARAHO TOSCO PARAHO (WCC, 1976)
Copcind d d d dEffort 0 28 0 28 28 at 123F

60% of Standard 5.7 27.4 19.5 53.7 150-175
Standard 8.2 66.8 41.4 61.8 150-175
Modified 61.3 194.8 72.4 104 175-200

The unconfined compressive strength of a standard effort equivalent density
specimen composed of 75 percent PARAHO plus 25 percent TOSCO mixture ex-
hibited a strength increase from 23.6 psi for zero-day curing to 65.9 psi for
28-day curing (162.8 to 454.7 kPa) (Figure 26 and Table 9).

These results indicate self-cementing characteristics* since the uncon-
fined compressive strength of retorted oil shale increases with curing time.
The magnitude of cementation is dependent upon curing time and density and
increases proportionally with these variables. The durability of the cement-
ing action was verified for several 28-day cured PARAHO specimens by soaking
them overnight (Table 8). These results also show that overnight soaking
caused no strength loss; in fact, a slight strength gain was observed in two
of the three specimens (low and modified compaction efforts). Hence, the
observed self-cementing phenomenon is not due to capillary moisture tension,
i.e., effective cohesion.

PARAHO specimens continued to gain strength throughout the 28-day curing
time, and the shape of the curves in Figures 24 and 26 suggest that they are
still gaining strength beyond these 28 days. Although higher densities
produced greater strengths, percentagewise standard effort density specimens
produced the greatest strength gains. For the TOSCO specimens, the major
portion of the total strength gain occurred within three days after compac-
tion. Perhaps the finer nature of the TOSCO material permits cementation
reactions to be completed more rapidly than the coarser PARAHO material.

An examination of Figure 26 reveals PARAHO to be more reactive than
TOSCO, for while TOSCO initial strengths are higher than corresponding PARAHO
initial strengths, yet after 28 days, except for 60 percent of standard dens-
ity specimens, the PARAHO specimens exhibit higher strengths. Also, the
percent strength gains for PARAHO specimens are three to eight fold, while
TOSCO specimens only register a 1'.5- to 3-fold increase. The 75 percent
PARAHO plus 25 percent TOSCO mixture at standard effort density performed
practically the same as the comparable 100 percent PARAHO specimens. Whereas
it would be anticipated that the finer nature TOSCO would be more reactive
than coarser PARAHO, this is not the case. Perhaps the finer material deteri-
orates upon exposure to air more rapidly, thereby losing much of its
self-cementing potential. If this is true, then the delay between retorting
and fill placement becomes an important variable.

Previous unconfined compression tests by WCC (1976) on specimens of
PARAHO processed at the semiworks plant by direct heating and cured 28 days
at 125*F indicate strengths of 175-200 psi (1.2 to 1.4 MPa) and 150-175 psi

* Additional studies concerning self-cementing characteristics are being
investigated by the Colorado School of Mines Research Institute under USBM
Contract No. J0285001.
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(1.0 to 1.2 MPa) for modified and standard effort density specimens, respec-
tively. By comparison, strengths of 194.8 psi and 66.8 psi (1.3 MPa and 47
kPa) were obtained in this investigation for the same compacted efforts.
Considering the differences in several key variables affecting cementing
reactions, i.e., curing temperatures (125*F versus 72 F), percent fines and
gradation differences (14-24 percent versus 3 percent), and the amount of time
between retorting and compaction (approximately one week versus approximately
six months) between WCC (1976) and this investigation, the agreement for the
modified effort strengths is fortuitous. The differences between WCC (1976)
and this investigation favor higher strengths for WCC specimens as observed.

Criteria for assessing stabilization response of soils treated with lime
recommend an unconfined compressive strength increase of 50 psi (345 kPa)
after 28-day curing at 72*F between standard effort density untreated and
lime-treated specimens (Thompson, 1970). Durability criteria for nonfrost
conditions recommend an unconfined compressive strength of 30 psi (207 kPa)
after 28-day curing at 72 F followed by 24-hr immersion (Dunlap et al., 1975).
Soil-lime specimens satisfying these two criteria are considered sufficiently
strong and durable for use as base course material in pavements. Based upon
these criteria, PARAHO would be judged as a suitable stabilized material,
while TOSCO fails to satisfy these criteria. Perhaps the fine-grained nature
of TOSCO makes self-cementing components susceptible to deterioration upon
prolonged exposure to air, while PARAHO breaks down during compaction and
exposes fresh surfaces for reaction.

An important construction consideration for stabilized soils is time be-
tween mixing and compaction, termed "mellowing time." The results presented
in Table 8 show that mellowing times up to 16 hr had no effect on resulting
unconfined compressive strengths. Based upon these considerations several
important design and construction guidelines are evident if self-cementing is
desired:

a. PARAHO and TOSCO both possess self-cementing properties producing
additional strength with time. However, PARAHO satisfies recom-
mended criteria for lime-stabilized soils, but TOSCO does not.

b. Increased density produces higher strengths. Hence, areas where
additional strength is required, i.e., adjacent to structures,
surfaces exposed to erosion, etc., can be accommodated by pro-
viding additional compaction.

c. Mellowing times up to 16 hr have little effect on self-cementing
of PARAHO. Nevertheless, experience dictates this time should
be kept to a minimum. However, if this is not possible, increased
compaction effort can be substituted to obtain greater strengths
if the expense of increased compaction effort is justified.

d. For PARAHO, the self-cementing components do not deteriorate
significantly due to exposure to air after retorting. However,
for TOSCO this apparently is not the case, as it is less reactive,
although finer grained. Nevertheless, logic suggests that exposure
time between retorting and placement should be minimized to maxi-
mize self-cementation.
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e. The self-cementing characteristics of PARAHO are retained, i.e.,
specimens not affected by immersion.

f. Cementing reactions under normal curing conditions for PARAHO
are slow, with strength gains still indicated after 28 days. Hence,
heavy equipment should be restricted from tracking compacted areas
for at least 7-14 days following compaction. Conversely, TOSCO
gains most of its strength within 3 days following compaction,
and equipment routing can be done accordingly.

Triaxial compression tests
Strength parameters for the three compactive efforts were determined

by performing a series of consolidated-drained S triaxial compression tests
and consolidated-undrained R triaxial compression tests with pore pressure
measurements on 9-in.- (22.9-cm-) diam specimens of PARAHO material. Supple-
mentary R tests were performed on 6-in.- (15.2-cm-) and 1.4-in.- (3.6-cm-)
diam specimens of modeled PARAHO and PARAHO fines,_respectively, prepared at
equivalent standard effort density. A series of R tests on 6-in.- (15.2-cm-)
diam specimens of TOSCO compacted to three different densities were used to
determine the strength of this material. Effective confining pressures used
for these tests were 20, 40, 80 psi (138, 276, 552 kPa) and 160 psi (1.1 MPa).

Interpretation of shear strength parameters based upon total stresses
from R test envelopes is influenced by several factors: (a) curved failure
envelopes, (b) negative pore pressures, and (c) criteria selecting maximum
deviator stress. Typically the failure envelope based upon total stresses is
curved, particularly in the overconsolidated range of normal stresses. Thus
the parameters, angle of internal friction 4 and cohesion c , are often re-
ported only for the higher confining stresses, i.e., the normally consolidated
range. In undrained tests, reduced pore pressures due to the tendency for di-
lation during shear creates tension in the pore water, which can cause measured
deviator stresses to be unusually high and to correspondingly affect the fail-
ure envelope. Because these high induced negative pore pressures, u - u0,

may not develop in the field, the deviator stress corresponding to the maxi-

mum effective stress ratio, al/o , is used for determining the strength

envelope. Since Q1/Q = tan2 (45 + 4'/2), this provides the maximum

value for the effective angle of friction 4' . Alternatively, the effective
stress path, which is the locus of stress states, can provide indications of
dilation and the influence of pore pressure on strength. Typically, the stress
path will curve upward or down the failure envelope, thereby assisting in
determining values of $' and effective cohesion c' . For these reasons,
Tables 10 through 12 list values for maximum deviator stress and stress ratio.

Figures 27 through 34 present the effective stress paths, Mohr's
circles based upon maximum effective principal stress ratio, and the total
and effective stress envelopes for both PARAHO and TOSCO materials where ap-
plicable. The following tabulation summarizes and compares the total and
effective stress parameters for PARAHO and TOSCO; the values shown ignore
failure envelope curvature and are based upon "best-fit" straight-line
envelopes:
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Material and Maximum Total Stress Effective Stress
Compaction Particle 2 2

Effort Size, in. 4, deg c, kg/cm $', deg c', kg/cm

PARAHO
9-in.-diam, 60% of Standard 1-1/2 33.0 0.9
Standard 1-1/2 14.5 1.3 32.7 0.8
Modified 1-1/2 31.0* 0 32.3 1.9

Modeled PARAHO
9-in.-diam, Standard* 3/4 38.0 0
6-in.-diam, Standard 3/4 17.1 1.7 37.9 1.1

PARAHO Fines
1.4-in.-diam, Standard 23.2 1.7 33.6 2.3

TOSCO
6-in.-diam, 60% of Standard 3/4 20.2 0.3 36.7 0.1
Standard 3/4 18.4 0.3 35.0 0.1
Modified 3/4 24.5 1.4 43.0 0

* Based upon single test.

Typically well-graded compacted gravels have effective angles of internal
friction ranging from 40 to 45 deg for these confining stresses (Donaghe and
Cohen, 1978; Becker et al., 1972); hence, while PARAHO possesses adequate
strength, it is slightly weaker than similarly graded gravels. These results
show that except for a higher cohesion intercept for specimens compacted using
modified effort, increased compaction effort does not noticeably improve
PARAHO's shear strength parameters.

These results also show that modeling by scalping and replacement tech-
niques (compare 6-in.- (15.2-cm-) diam with 9-in.- (22.9-cm-) diam, standard
effort density) overestimate the effective angle of internal friction by

5.2 deg and cohesion intercept by 0.3 kg/cm2. The tests on the PARAHO fines
provide conflicting conclusions, as the 1.4-in.- (3.6-cm-) diam tests show
higher strengths ($' = 33.6 deg) than the full-scale 9-in.- (22.9-cm-) diam
specimens ($' = 32.3 to 33.0 deg), yet lower strengths than the 6-in.-
(15.2-cm-) diam modeled specimens ($' = 37.9 deg). Nevertheless, due to the
small quantity of fines in the large specimens, it is doubtful that the fines
control the strength of this material. Concerning effects of modeling tech-
nique, Donaghe and Cohen (1978) have shown that model gradations having a
constant uniformity coefficient Cu (parallel gradation) or variable Cu

(scalped only) provide the same estimates of the angle of internal friction
for clean gravels at single confining stresses. Marachi et al. (1969) also
has shown that for constant C modeling (parallel), reasonable estimates

u
of friction angle can be obtained using smaller specimens. Hence, from
these considerations, use of scalping and replacement as a modeling tech-
nique is not recommended for PARAHO material.

The S triaxial compression tests on 6-in.- (15.2-cm-) diam specimens
of 1-1/2-in. (38-mm) maximum particle-sized PARAHO material at standard
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Table 10

Summary of Consolidated-Drained (S) and -Undrained (R) Triaxial Compression Tests on PARAHO Material

Specimen Conditions
After

Initial Consolidation Maximum B
Dry Dry Before

Water Density Satu- Void Density Void Consoli-

Content d ration Ratio Yd Ratio B da/An

w, % pcf S., e pcf e B 3

17.0 90.1 57.8 0.738 90.9 0.724 0.97

18.3 89.3 62.2 0.753 91.4 0.714

23.3 89.2 79.1 0.756 92.2 0.700

17.8 88.7 60.6 0.765 95.4 0.643

18.7

17.3

17.5

18.1

18.6

13.1

12.9

13.0

12.8

95.1

95.1

95.2

96.5

94.6

98.7

100.3

100.3

98.5

72.8 0.654
67.2 0.654
68.2 0.652

95.9 0.640

96.6 0.629

98.1 0.604

0.97

0.97

0.96

0.97

0.98

0.96

70.6 0.629 98.0 0.618 0.97

72.7 0.662 97.0 0.622 0.97

51.5

50.6

51.2

50.4

0.606 99.5

0.581 101.2

0.581 101.8

0.601 101.7

0.594

0.567

0.558

0.559

0.98

0.97

0.97

0.99

Principal I
Stress

Difference P
vl - v3

Permeability 2
cm/sec kg/cm 1

1.5 x 10-2t 6.23

1.0 x 10-2t 8.95

5.8 x 10-3 14.29

2.7 x 10-3 27.54

4.6 x 10-3
1.9 x 10-3

5.2 x 10-

6.8 x l0-

6.2 x 1-0

5.9 x 10-

7.6 x 104

4.6 x 10-

5.7 x 10

4.03
6.13

10.61

18.79

14.81

10.34

14.35

12.32

32.23

At Maximum Effective Stress Ratio,

induced Effective Effec-
Pore Volu- Minor tive

pressure metric Principal Stressu - u Strain Stress Ratio
o AV/V a3

kg/cm % kg/cm l 3

N/A 2.65 1.66 4.75

N/A 4.81 3.04 3.94

N/A 6.29 5.86 3.44

N/A 7.61 11.35 3.43

0.68

1.59

8.65

N/A

N/A

N/A

N/A

3.56

N/A

N/A

N/A

N/A

1.80

4.20

0.48

0.57

N/A

2.24

0.80

1.38

2.73

5.72

5.69

1.57

2.95

2.22

11.33

6.02

5.45
4.89

4.28

3.60

7.58

5.86

6.55

3.84

Compaction
Effort*

(1)

(2)

(3)

Test No.*

S-P-9-L-
20-1

S-P-9-L-40-1

S-P-9-L-80-1

S-P-9-L-160-1

R-P-9-S-20-1

R-P-9-S-40-1

R-P-9-S-160-1

S-P-9-S-80SR-1

S-P-9-S-80-2

S-P-9-M-20-1

S-P-9-M-40-1

R-P-9-M-80-1

S-P-9-M-160-1

X1/03

Pore Pressure
Parameter, A

u - u
A = o

N/A

N/A

N/A

N/A

0.17

0.26

0.81

N/A

N/A

N/A

N/A

0.29

N/A

Strain
e

15.02

13.2

14.2

15.2

1.5

2.0

5.1

7.8

14.24

1.5

1.8

1.0

7.0

* S = consolidated-drained; R = consolidated-undrained; P = PARAHO; SR = scalped and replaced gradation; 9 = 9-in. diam; 6 = 6-in. diam;
L, S, and M = low. standard, or modified compaction effort; 20, 40, 80,or 160 = confining pressure; 1 or 2 = specimen number. Example:
S-P-9-L-20-1 = 9-in.-diem PARAHO specimen, low compaction effort, 20-psi confining pressure, test specimen No. 1.

"" (1) indicates 60% of standard (Gs = 2.51); (2) standard (Gs = 2.52); and (3) modified (Gs = 2.54).
t Permeability data may be questionable.



Table 11

ouuuryus uTu L.1m-uluaLm 01rf"^.&.ia. u nw bSc v{ +hFr ~ us e ucumni +

Principal Effective

Maximum B Stress Induced Minor Effec- Pore

Specimen Condition Before Perme- Differ- Pore Principal tive Pressure
Dry Consoli- ability Rate ence Pressure Stress Stress Parameter

Water Density Satu- Void dationk /sec of a1 - a3 u - u 3 Ratio u - u Strain
Compaction Content Yd ration Ratio dton -/ Strain 1 2 o 3 - - A = 0

Test No.* Effort w, %pcf S.,. e 3 x 10 6 min kg/cm kg/cm kg/cm 1 3 1 03 __ %

R-P-6-S-20-1 Standard

R-P-6-S-20-2

R-P-6-S-40-1
R-P-6-S-80-1

R-P-6-S-160-1

R-P-6-L-40-1 60% of
Standard

R-P-1.4-S-20-2 Standard

R-P-1.4-s-40-1

R-P-1.4-S-80-1
R-P-1.4-S-160-1

R-P-6-S-20-1 Standard

R-P-6-S-20-2
R-P-6-S-40-1
R-P-6-S-8o-1

R-P-6-S-160-1

R-P-6-L-40-1 60% of
Standard

R-P-i.4-S-20-2 Standard

R-P-i.4-5-40-1

-P-i.4-S-80-1

B-P-1.4-S-160-1

Initial

21.3 99.6 91.5 0.592 0.90

21.4 98.4 88.9 0.612 1.03

20.7 99.3 88.2 0.596 0.85

21.7 96.7 86.1 0.640 1.02

21.9 96.5 86.6 0.643 1.02

21.5 91.4 74.8 0.727 0.96

24.3 80.4 60.6 1.073 1.00

23.4 82.3 60.8 1.026 1.00

23.3 82.0 60.1 1.034 1.01

23.0 83.0 61.0 1.008 1.01

At Maximum Effective Stress Ratio, a /3

0.16 0.05 5.65 0.66

52 0.08 5.59 0.81

5.3 0.11 10.21 1.40

23 0.12 9.54 4.03

6.8 0.11 13.83 8.14

13

8.5

12

8.3

7.11 1.37

10.88 2.55

10.95 3.73

19.96 6.65

0.75

0.59

1.33

1.53

3.12

8.54 0.12 2.51

10.55 0.15 2.02

8.69 0.14 3.54

7.25 0.42 2.14

5.43 0.59 2.74

0.04 205.8 0.19 0.67

0.27 41.85 0.23 0.92

1.90 6.77 0.34 1.24

4.60 5.34 0.33 2.41

At Maximum Principal Stress Difference, 01 - a3After Consolidation

-- 100.2 -- 0.583 0.90

24.0 99.6 102.9 0.592 1.03

22.1 102.4 102.2 0.549 0.85

23.7 100.6 104.7 0.576 1.02

23.0 101.7 104.6 0.559 1.02

28.5 93.4 104.2 0.692 0.96

38.6 80.9 97.3 1.060 1.00

38.4 83.5 102.9 0.996 1.00

37.1 83.7 100.0 0.990 1.01

35.7 86.1 101.9 0.935 1.01

0.16 0.05 12.92 -2.08

52 0.08 12.12 -1.95

5.3 0.11 16.31 -1.02

23 0.12 15.38 1.57

6.8 0.11 17.64 6.77

49 -- -- --

13

8.5

12

8.3

-- 12.10 0.32

-- 13.43 0.77

-- 13.23 3.19

-- 20.69 6.47

3.49

3.35

3.75

3.98

4.69

1.09

2.04

2.43

4.78

4.71 -0.16 13.14

4.62 -o.16 13.44

5.35 -0.06 14.69

4.86 0.10 14.49

4.76 0.37 8.70

12.10 0.03 1.92

7.59 0.06 2.51

6.44 0.24 2.25

5.33 0.31 3.21

v3

" R = consolidated-undrained; P = PARAHO; 6 = 6-in. diem; L, S, and M = low, standard, or modified compaction effort; 20, 40, 80, or 160 = confining
pressure; 1 or 2 = specimen number. Example: R-P-6-L-20-1 = 6-in.-diam PARAHO specimen, low compaction effort, 20-psi confining pressure, test
specimen No. 1.
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Table 12

Undrained Triaxial Compression Tests with Pore Pressure Measurements on TOSCO

Maximum
Pore Coefficient Coeffi- Effective

Pressure of Consoli- cient of Principal Induced Minor Effec-
Parameter nation Perme- Stress Pore Principal tive Pore Pressure

Specimen Conditions r C 0.2H ability Rate Difference Pressure Stress Stress Parameter

Water D y CSatu-iVoid- - k . a-a u - u a Ratio u-u Strain
Compaction Cotnt density St- Vi dation V 50  cm/sec 1 3 o 3 A o

Content ration Ratio R = u/Aa 2 -6 Strain 2 2 2 ae
Test No.* Effort w, % Y d pc S, z e 3 cm /sec x 10 %/min kg/cm kg/cm kg/cm 1 3 1 3 %

Initial

R-T-6-L-20-1 60% of 18.8 95.5 69.5 0.706 1.00
Standard

R-T-6-L-40-1 20.2 95.6 74.9 0.704 1.04
R-T-6-L-80-l 18.5 95.8 68.9 0.701 1.00
R-T-6-L-80-2 20.6 96.3 77.7 0.692 0.97
R-T-6-L-160-1 20.7 96.0 77.5 0.697 1.05

R-T-6-S-20-1 Standard 18.7 97.9 73.4 0.665 1.00
R-T-6-S-40-1 19.1 97.4 74.1 0.672 0.99
R-T-6-S-40-2 18.9 98.5 75.3 0.655 1.06
R-T-6-S-80-l 18.5 96.0 69.2 0.697 1.00
R-T-6-S-160-1 18.4 96.8 70.2 0.684 1.02

R-T-6-M-20-1 Modified 19.0 103.1 85.5 0.580 1.04
R-T-6-M-20-2 17.3 104.4 80.5 0.561 1.02
R-T-6-M-20-3 19.3 104.2 89.3 0.564 1.02
R-T-6-M-40-1 18.3 103.0 82.1 0.582 1.07

W R-T-6-M-80-1 17.5 105.3 83.5 0.547 0.98
R-T-6-M-160-1 18.4 103.1 82.8 0.580 1.01

After Consolidation

R-T-6-L-20-1 60% of 26.2 95.8 97.6 0.700 1.00
standard

R-T-6-L-40-1 25.7 96.9 98.2 0.682 1.04
R-T-6-L-80-1 25.4 97.7 99.3 o.668 1.00
R-T-6-L-80-2 24.3 99.2 98.7 0.643 0.97
R-T-6-L-160-1 23.5 100.5 99.0 0.621 1.05

R-T-6-S-20-l Standard 24.4 98.2 96.5 0.659 1.00
R-T-6-S-40-1 25.0 98.5 99.6 0.655 0.99
R-T-6-S-40-2 24.2 99.4 98.6 0.639 1.06

R-T-6-S-80-1 24.8 98.5 98.7 0.654 1.00

R-T-6-S-160-1 23.6 101.7 102.4 0.602 1.02

R-T-6-M-20-1 Modified 21.3 103.8 97.9 0.569 1.04
R-T-6-M-20-2 21.1 105.1 100.8 0.545 1.02
R-T-6-M-20-3 21.3 104.9 100.4 0.553 1.02
R-T-6-M-40-l 20.9 105.9 102.5 0.552 1.07
R-T-6-M-80-1 19.9 108.3 103.1 0.504 0.98
R-T-6-M-160-1 20.4 108.0 104.7 0.508 1.01

At Maximum Effective Stress Ratio, 103

1.83 5.0 0.10 2.94 0.55 0.82 4.58 0.19 1.17

1.19
0.88
0.72
0.52

0.56
0.69
1.15
0.76
0.62

0.35
0.45
0.49
0.33
0.83
0.60

2.9 0.09 3.75 1.73 1.17 4.21 0.46 4.29
2.7 0.08 6.31 3.47 2.06 4.06 0.55 2.69
2.1 0.12 6.90 2.79 2.78 3.48 0.40 5.48
1.3 0.14 12.67 7.07 4.13 4.07 0.56 5.82

3.4 0.07 2.19 0.74 0.66 4.32 0.34 1.20
2.7 0.06 5.27 1.14 1.66 4.17 0.22 3.11
2.3 0.09 5.12 1.48 1.31 4.90 0.29 1.81
2.3 0.11 7.25 4.65 2.52 3.88 0.64 3.51
1.9 0.10 11.27 6.90 4.11 3.74 0.61 5.63

0.88 o.14 5.88 0.16 1.25 5.70 0.03 2.08
0.73 0.10 6.15 0.33 1.09 6.66 0.05 1.10

0.82 0.015 10.39 -0.78 2.13 5.89 -0.08 1.88
0.68 0.10 8.68 0.74 2.21 4.92 0.09 3.84
0.58 0.09 16.31 2.41 3.22 6.07 0.15 2.32
0.67 0.10 20.33 5.96 5.29 4.85 0.29 2.95

At Maximum Principal Stress Difference, a - 03

1.83 5.0 0.10 3.97 -0.01 1.38 3.88 0.00 15.00

1.19 2.9 0.09 4.67 1.23 1.67 3.80 0.26 15.00
0.88 2.7 0.08 7.19 2.89 2.64 3.73 0.40 13.96
0.72 2.1 0.12 8.12 2.02 3.56 3.28 0.25 15.00
0.52 1.3 0.14 14.62 6.12 5.07 3.88 0.42 15.00

0.56
0.69
1.15
0.76
0.62

0.35
0.45
0.49
0.33
0.83
0.60

3.4 0.07 2.92 0.25 1.15 3.53 0.08 15.00
2.7 0.06 6.58 0.33 2.47 3.67 0.05 15.00
2.3 0.09 7.38 0.21 2.58 3.86 0.03 15.00
2.3 0.11 8.44 3.99 3.18 3.65 0.47 15.00
1.9 0.10 11.87 6.28 4.74 3.50 0.53 15.00

0.88 0.14 12.28 -1.60 3.00 5.09 -0.13 4.50
0.73 0.10 21.44 -3.81 5.23 5.10 -0.18 4.04**
0.82 0.015 19.06 -3.57 4.92 4.88 -0.19 4.30**
0.68 0.10 19.87 -3.60 6.56 4.03 -0.18 11.86**
0.58 0.09 31.46 -3.56 9.18 4.43 -0.11 7.67**
0.67 0.10 35.34 -1.40 12.65 3.79 -0.04 15.00

* R = consolidated-undrained; T = TOSCO; 6 = 
6
-in. diam; L, S, and M = low, standard, or modified compaction effort; 20, 40, 80, or 160 = confining

pressure; 1 or 2 = specimen number. Example: R-T-6-L-20-1 TOSCO specimen, low compaction effort, 20-psi confining pressure, test specimen No. 1.

** Test terminated at approximately -3.5 kg/cm
2

induced pore pressure.
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AFTER
CONSOLIDATION
7d, PCF e

90.9 0.724
91.4 0.714

COEFFICIENT OF
PERMEABILITY

K, CM/SEC

1.5X 10-2"
1.0 X 10-2*

REMARKS

DRAINED
DRAINED

- S-P-9-L-80-1 92.2 0.700 5.8 X 10-3 DRAINED
S-P-9-L-160-1 95.4 0.643 2.7 X 10-3 DRAINED

PERMEABILITY DATA MAY BE QUESTIONABLE

- PARAHO

ORIGINAL GRADATION
9-INrDIAM TXL TESTS
60% STANDARD EFFORT

- NOTE: EFFECTIVE STRESS PATHS ON 60" PLANE.

#'~33.0 i
C'~0.9 KG/CM 2

% C'

-,~

2 4 6 8 10 12 14 16 18 20

NORMAL STRESS, KG/CM
2

Effective stress envelope for PARAHO compacted to 60 percent of
standard effort density

14r- TEST
NO.

S-P-9-L-20-1
S-P-9-L-40-1
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10
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TEST
NO.

R-P-9-S-20-1

R-P-9-S-40-1

R-P-9-S-160-1

S-P-9-S-80SR-1

10 I S-P-9-S-80-2

AFTER
CONSOLIDATION
Yd ,PCF e

95.9 0.640

96.6 0.629

98.1 0.604

98.0 0.618

97.0 0.622

COEFFICIENT OF
PERMEABILITY

K, CM/SEC

4.6 X 10-3

MATERIAL
GRADATION

ORIGINAL

1.9 x 10-3 ORIGINAL

5.2 x 10-4 ORIGINAL

6.8 X 10-4 SCALPED +
REPLACED

6.2 x 10- 4 ORIGINAL

REMARKS

UNDRAINED

UNDRAINED

UNDRAINED

DRAINED

DRAINED

PARAHO 0' = 32.7

ORIGINAL GRADATION C' = 0.8 KG/CM
- 9-IN.-DIAM TXL TESTS

STANDARD EFFORT

NOTE: EFFECTIVE STRESS PATHS S-P-9-S-80SR-1

ON 600*PLANE.
S-P-9-S-80-2

C = 1.3 KG/CM2

R- P-9- S-40-1
R- P-9-S-160-1

R- P-9- S-20-1

0 2 4 6 8 10 12 14 16 Is 20 22

NORMAL STRESS, KG/CM 2

Figure 28. Total and effective stress envelopes for PARAlO compacted to

standard effort density
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AFTER COEFFICIENT OF
TEST CONSOLIDATION PERMEABILITY
NO. 7d, PCF e K, CM/SEC REMARKS

S-P-9-M-20-1 99.5 0.594 5.9 X 104 DRAINED

14 S-P-9-M-40-1 101.2 0.567 7.6 K 104 DRAINED

R-P-9-M-80-1 101.8 0.558 4.6 x 104 UNDRAINED

S-P-9-M-160-1 101.7 0.559 5.7 x 104 DRAINED

12 PARAHO

ORIGINAL GRADUATION
9-IN.-DIAM TXL TESTS
MODIFIED EFFORT

10
N NOTE: EFFECTIVE STRESS PATHS ON 60 PLANE S-P-9-M-160-1

V ~32.3*
Y8- 

C' = 7.9 KG/CM2

En
W S- P-9-M-40-1 0 = 37.0*

C = 0 KG/CM2

6 -g

WMR-P-9-M-80-1
I S-P-9-M-20-1
En

4

2

0
0 2 4 a 8 10 12 14 16 18 20 22

NORMAL STRESS, KG/CM 2

Figure 29. Effective stress envelope for PARAHO compacted to
modified effort density



SCALPED AND REPLACED
6-IN.-DIAM TX
STANDARD EFFORT

12 NOTE: EFFECTIVE STRESS PATHS ON
600 PLANE. MOHR'S CIRCLES -
MAX. EFFECTIVE STRESS RATIO.

10-

= 37.90

C' = 1.1 KG/CM 2

Y 8-

df = 17.1*

W C = 7.7 KG/CM2U)

4

2-

0 2 4 6 8 10 12 14 16 18 20 22

NORMAL STRESS, KG/CM 2

Figure 30. Total and effective stress envelopes for modeled PARAHO compacted to standard
effort density
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PARAHO FINES

1.4-IN.-DIAM R TX
STANDARD EFFORT

NOTE: EFFECTIVE STRESS PATHS ON
600 PLANE. MOHR'S CIRCLES -
MAX EFFECTIVE STRESS RATIO

101

8E

BF

4

2

0
C

= 23.2*

% '=33.6* C = 1.7 KG/CM2

'C' = 2.3 KG/CM2

2 4 e 8 10 12 14 1I 18 20 22
NORMAL STRESS, KG/CM 2

Figure 31. Total and effective stress envelopes for PARAHO fines
effort density

compacted to standard
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14 TOSCO
6-IN-DI AM R TX
60 PERCENT STANDARD EFFORT

NOTE: EFFECTIVE STRESS PATHS ON
600 PLANE. MOHR'S CIRCLES -12 MAX. EFFECTIVE STRESS RATIO,

10
N -= 36.7, C' = 0.1 KG/CM 2

U

20.2*

& C = 0.3 KG/CM2

4-
'.0

w
h

4

2-

0
0 2 4 6 8 10 12 14 16 18 20 22

NORMAL STRESS, KG/CM2

Figure 32. Total and effective stress envelopes for TOSCO compacted to 60 percent of
standard effort density



14 TOSCO

6-IN.-DIAM R TX
STANDARD EFFORT

12 NOTE: EFFECTIVE STRESS PATHS ON
600 PLANE. MOHR'S CIRCLES -
MAX. EFFECTIVE STRESS RATIO.

10
= 35.0*

C' = 0.1 KG/CM 2

U

w
=78.4*

o 6- C = 0.3 KG/CM2

4

2

0
0 2 4 d 8 10 12 14 16 18 20 22

NORMAL STRESS, KG/CM 2

Figure 33. Total and effective stress envelopes for TOSCO compacted to standard
effort density
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NORMAL STRESS, KG/CM 2

Figure 34. Total and effective stress envelopes for TOSCO compacted to modified
effort density
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density conducted by WCC (1976) provided strength parameters of c' = 1.95 kg/

cm2 and $' = 34.2 deg. These values agree quite well with those obtained
in this investigation.

The TOSCO strength parameters summarized in the preceding tabulation
show that modified compaction effort is required to significantly increase the
strength, and little improvement will occur using only standard effort.
Nevertheless, these results show TOSCO is amenable to increased strength with
increased compaction effort, while PARAHO is not.

The strength parameters listed for TOSCO are quite reasonable when com-
pared with those for a dense sand, i.e., $' = 40 deg. The R triaxial
compression tests reported by Dames and Moore (1974) for specimens with dry
densities of 85 to 90 pcf gave total stress parameters of c = 0 and
$ = 20 deg. These values agree quite well with the total stress data ob-
tained in this investigation ($ = 18.4 to 24.5 deg).

Figure 35 presents the volumetric strain versus normal stress on 60-deg
plane for the 9-in.- (22.9-cm-) diam S triaxial compression tests on PARAHO
material. These results show that only at modified compaction equivalent
densities and low confining pressures is the material dilative (i.e., curves
2 and 4), and that the materials are contractive for all other conditions.
Hence, positive pore pressures could be anticipated for undrained conditions.

Permeability
Figures 36 and 37 presented the results of permeability measurements

preceding shear of triaxial compression tests on specimens of PARAHO and
TOSCO materials compacted to densities comparable to 60 percent of standard,
standard, and modified compaction efforts. For comparison, permeability
values based upon calculations using consolidation data presented previously
are also shown in these figures. Both sets of data are consistent and show
decreasing permeabilities with decreasing void ratios (higher densities).

Generally, the permeabilities for PARAHO decreased from 10-3 cm/sec for

60 percent of standard effort densities to 10-4 cm/sec for modified effort
densities. In the case of TOSCO material, the coefficient of permeability

decreased from 10-6 cm/sec to 10 cm/sec as the compaction effort increased
from 60 percent of standard to modified effort. The lower permeability
values for TOSCO as compared with PARAHO reflect its finer gradation.

The permeabilities determined from consolidation tests reflect lower
values due to lower void ratios achieved from higher consolidation stresses.
By comparison, permeability values determined by WCC (1975) on 8-in.- (20-cm-)
diam specimens of 1-1/2-in. (38-mm) PARAHO material are also presented in
Figure 36. These results also show decreasing permeabilities with increased
compaction effort. However, for comparable void ratios, they obtained con-
siderably lower permeabilities. This is due to the greater amount of fines
(approximately 30-35 percent after compaction) for the WCC material than the
WES material (approximately 8-15 percent fines after compaction).

Generally, materials are classified as impervious if they exhibit
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LEGEND

COMPACTION
MATERIAL EFFORT CONSOLIDATION

FULL SCALE 50% OR 60% STANDARD 0
STANDARD 0
MODIFIED

SCALPED AND STANDARD
REPLACED

TRIAXIAL

v
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Figure 36. Permeability-void ratio relationships for compacted PARAHO retorted oil shale
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O 0 60% STANDARD EFF
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A A MODIFIED EFFORT
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Figure 37. Permeability-void ratio relationships for compacted TOSCO retorted oil shale
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permeability values less than 10-6 cm/sec and as pervious if they exhibit

permeability values greater than 10-4 cm/sec. Hence, depending upon compac-
tion effort, PARAHO and modeled PARAHO can be considered as semipervious to
pervious, while in the case of TOSCO only modified compaction effort will
produce an impermeable material. For construction of impermeable barriers
using retorted oil shale, material selection would be more critical than
compaction effort. That is to say, materials with sufficient fines can be
just as impervious as modified effort compacted PARAHO. However, based upon
these tests, neither PARAHO or TOSCO materials would perform well as imper-
meable materials.

Direct shear tests
Figure 38 presents the results of multistaged S direct shear tests

on dry and inundated 2- by 2- by 1-ft (0.6- by 0.6- by 0.3-m) specimens
of full-sized PARAHO material statically compacted to equivalent standard
effort density. Comparison S direct shear tests were performed on 3-
by 3-in. (7.6- by 7.6-cm) specimens of modeled PARAHO compacted to equiv-
alent standard effort density with the results also shown in Figure 38.
Table 13 summarizes and compares these results.

The shear stress Eff envelope for the 2- by 2-ft (0.6- by 0.6-m)
full-scale PARAHO specimens is shown markedly curved in Figure 38, and
the selection of the cohesion intercept and angle of internal friction
is quite dependent upon normal stress an . In Figure 39, the friction

angle $' decreases from 57 to 32 deg and 45 to 28 deg as the normal stress
increases from 2.5 to 15 tsf (0.2 to 1.4 MPa) for dry and inundated specimens,
respectively. Both Figures 38 and 39 show that inundation causes a re-
duction in strength, which is most pronounced at the lower normal stresses.
Also presented in these figures are the results of 3- by 3-in. (7.6- by
7.6-cm) S direct shear tests on modeled PARAHO. For this material,
normal stress has very little effect on the friction angle. A comparison
of shear strengths shows that the strength of the modeled material is
considerably lower than that of the full-sized material except at the
highest normal stress (14 tsf).

Also presented in Figures 38 and 39 are the shear stress, Tff , and

friction angle $' , respectively, versus normal stress aff for triaxial

compression tests on PARAHO and modeled PARAHO. These results show that
for the coarse fraction reasonable agreement is obtained between the 9-in.-
(22.9-cm-) diam triaxial and 2- by 2-ft (0.6- by 0.6-m) inundated direct
shear results, which are the gradations most alike. Conversely, in the
case of the modeled PARAHO, considerable divergence in results was obtained.

The results of S direct shear tests on 3- by 3-in. (7.6- by 7.6-cm) dry
and inundated specimens of TOSCO material compacted to standard effort densi-

ties and tested under a maximum normal stress of 14 kg/cm2, as presented in
Figure 40, are summarized in the following table:
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SYMBOL TEST

O 2' X 2' DIRECT SHEAR-DRY
O 2' X 2' DIRECT SHEAR-WET

10 U 3" X 3" DIRECT SHEAR-WET-1
" 3" x 3" DIRECT SHEAR-WET-2

6 9" DIAM TRIAXIAL

NOTE: NUMBERS INDICATESEQUENCE OF LOADING

8 --

N5

U0

6 -

0 D4

U)

a 33

2

2-

0
0 2 4 8 10 12 14 16

NORMAL STRESS, On OR Of, KG/CM 2

Figure 38. Failure envelopes for direct shear tests on PARAHO retorted oil shale



Table 13

Summary of Direct Shear Tests on PARAHO at Standard Effort Density

Initial
Specimen Conditions

Water Dry
Content Density

W, Yd , pcf

Dry 96.2

Normal Stress
a
n

psi tsf

208 15

Apparent Cohesion
c'

psi tsf

0* 0*

Apparent Angle of
Internal Friction,

',deg

31.6*

Inundated 24 by 24

00
00

Modeled
inun-
dated

Dry 96.2 208

3 by 3 19.8-20.1 89.2-93.3 195

19.7-20.0 90.5-91.9 195

15 0*

14 1.4

14 1.4

* Failure envelope is markedly curved; values are for maximum normal stress.

Material

Dry

Specimen
Size
in.

24 by 24

0*

0.1

0.1

28.4*

34.6

34.6
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Initial Specimen

Water Content
w , %

20.1-20.2

20.2-20.7

20.0-20.1

Conditions
Dry Density

d , pcf

92.8-93.3

92.4-93.3

92.6-93.0

Apparent
Cohesion, c'

psi kg/cm2

14 1.0

0 0

3 0.2

Apparent Angle of
Internal Friction

$ ,deg

36

34

34

As in the case with PARAHO, these results show that inundation causes
a decrease in shear strength. For comparison, the failure envelope, pre-
sented in Figure 40, for 6-in.- (15.2-cm-) diam triaxial tests on TOSCO,
shows remarkable agreement with the direct shear results.

Interface shear tests. Figures 41 and 42, respectively, present the
results of 2- by 2-ft (0.6- by 0.6-m) interface direct shear tests on
raw shale and PARAHO against rubber belting, rusty steel, and smooth
stainless steel. The following tabulation summarizes these results. For
these tests, the material was placed in an "as-dumped" loose condition and
only small normal loads were applied, the intention being to duplicate field
material handling operations. For comparison, also listed below are simulated
interface shear tests by WCC (1976a) on raw shale using plates of inter-
face material inserted along assumed failure planes in 6-in.- (15.2-cm-)
diam triaxial specimens compacted to standard effort density.

Material

PARAHO

Shear Surface

Rubber Belting

(Air-Dried) Rusty Steel

Stainless Steel

Raw Shale Rubber Belting

(Air-Dried)

Raw Shale*

Rusty Steel

Stainless Steel

Raw Shale

Steel

Hard Rubber

Soft Rubber

Density

d , pcf

70.0

70.0

70.0

60.0

60.0

60.0

88.3

88.3

88.3

88.3

Maximum
Normal

Stress, an
psi tsf

28 2.00

Apparent
Cohesion, c'
psi tsf

0 0

28 2.00 0 0

28 2.00 0 0

28 2.00 0 0

28 2.00 0 0

28 2.00 0 0

Apparent
Internal
Friction

deg

39

32

24

31

30

14

80 5.75 23.0 1.65 35

80 5.75 6.2 0.45 19

80 5.75 9.0 0.65 35

80 5.75 5.6 0.45 27

* From WCC (1976a).

91

Condition

Dry

Inundated

Inundated



SYMBOL SHEAR SURFACE
1.6

0 RUBBER BELTING

RUSTY STEEL

STAINLESS STEEL

1.2
N

U

- 30*-31-

W 0.8

I-

I

0.4

=140

0 0.4 0.8 1.2 1.6 2.0 2.4

NORMAL STRESS, O. KG/CM
2

Figure 41. Friction envelopes for interface direct shear tests
on raw oil shale

1.6

('= 390

PARAHO SHEAR SURFACE

* RUBBER BELTING1,

1.2- " RUSTY STEEL

" STAINLESS STEEL
N

1
U

0.8

I-

0.4

0 0 0.4 0.8 1.2 1.6 2.0 2.4

NORMAL STRESS, 0n, KG/CM
2

Figure 42. Friction envelopes for interface direct shear tests on PARAHO

retorted oil shale

92



These results show the decreasing order of friction angles to be rubber
belting, rusty steel, and stainless steel for both the PARAHO and raw shale.
Despite testing differences, WCC (1976a) results also indicate that higher
friction angles exist with rubber than with steel and the values of friction
angles are somewhat similar.

Repeated direct shear tests
The results of 3- by 3-in. (7.6- by 7.6-cm) repeated direct shear tests

on modeled PARAHO and TOSCO compacted to equivalent standard effort densities

and sheared under a maximum normal stress of 14 kg/cm2 are presented in Figure
43 and summarized in the following tablulation:

Initial Conditions
.oApparent Apparent Angle of

Water Content Dry Density Cohesion, c' Internal Friction
Material w , % d , pcf psi tsf $' , deg

PARAHO 19.8 91.1-94.4 0 0 35.5

TOSCO 20.0 95.9-96.1 0 0 34.5

These values of residual strength are practically identical to those for
conventional direct shear tests: 35.5 versus 34.6 deg for modeled PARAHO and
34.5 versus 34.0 deg for TOSCO. Thus, these materials do not develop sig-
nificant losses in frictional strength with large displacements as overcon-
solidated clays do, because cohesionless granular materials lack platey parti-
cles that become oriented with displacement resulting in lower shear strengths.

K tests

Table 14 and Figures 44 through 55 present the results of K tests on

9-in.- (22.9-cm-) diam triaxial specimens of PARAHO and 6-in.- (15.2-cm-) diam
specimens of TOSCO compacted to equivalent standard effort densities and
allowed to cure 0 and 13, and 0, 11, and 19 months, respectively. Also in-
cluded are the results of two tests on 6-in.-diam specimens of modeled PARAHO
compacted to 60 percent of standard and modified equivalent densities. These
latter two tests were performed on specimens used for dynamic properties
tests.

For full-scale PARAHO, the normally consolidated values of K range

from 0.19 to 0.38, which correspond to Poisson's ratio values of 0.16 to 0.28,
for specimens with only 3-day curing. For comparable specimens cured 13 months,
the values of K0 (loading) range from 0.20 to 0.40, which correspond to

Poisson's ratio values of 0.17 to 0.29. The normally consolidated constrained

moduli ranged from 553 to 1358 kg/cm2 for specimens cured 3 days and from 318

to 1141 kg/cm2 for specimens cured 13 months. From these comparisons, no
improvement in stiffness was observed with increased curing times. Jaky
(1948) experimentally derived the relationship, K = 1-sin $' for estimat-

ing values of K . Utilizing $' = 32.7 deg (see Triaxial compression tests

section), the corresponding value of K would be 0.46, which overestimates
the experimentally obtained results.
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Table 14

Summary of K Tests on PARAHO and TOSCO Retorted Oil Shales

Test
Specimen No.*

K-P-9-S-0-l

K-P-9-S-0-2

In0

Radial
Stress

a3

kg/cm2

0
1.4
0.1
3.0
1.2
6.2
1.9

12.0
2.6

0
1.4
0.8
2.8
1.3
5.7
2.2

11.6
2.8

Axial
Stress

l
kg/cm2

0
6.4
0.6

11.5
2.2

18.7
2.8

31.1
3.5

0
7.2
1.9

11.1
2.3

17.4
3.1

29.9
3.7

Axial
Strain

Cl

0
1.03
0.91
1.95
1.78
3.13
2.90
4.98
4.68

0
1.30
1.21
2.05
1.91
3.30
3.11
5.42
5.07

OCR**

0
1.0

11.3
1.3
5.1
1.0
6.6
1.0
9.0

0
1.0
3.8
1.0
4.8
1.0
5.6
1.0
8.1

Stresst
Ratio

03/a1

0
0.22
0.19
0.25
0.54
0.33
0.66
0.38
0.75

0
0.20
0.42
0.25
0.56
0.33
0.71
0.38.
0.77

Poisson'stt
Ratio

V

0
0.18
0.16
0.20
0.35
0.25
0.40
0.28
0.43

0
0.16
0.30
0.20
0.36
0.25
0.41
0.28
0.43

Secant Values

K = Constrained
K Modulus, D=2

Aa3 /al Ko/(l + KO) ta0/AEc , kg/cm

0.22
0.23
0.26
0.19
0.30
0.27
0.36
0.34

0.20
0.12
0.22
0.17
0.29
0.24
0.35
0.33

0.18
0.19
0.20
0.16
0.23
0.21
0.26
0.25

0.16
0.10
0.18
0.15
0.22
0.20
0.26
0.25

620
4,772
1,050
5,400
1,220
6,824
1,358
9,106

553
5,817
1,096
6,134
1,082
7,640
1,164
7,667

(Continued)

* Specimen number: K = Ko test; P or T = PARAHO or TOSCO; 9 or 6 = diam of specimen, in.; S, M, or L = standard,
modified, or 60 percent of standard (low) compaction effort; 0, 9, or 18 = months of curing time; 1-4 = specimen number
of series. Example: K-P-9-S-0-1 = Ko test on 9-in.-diam PARAHO specimen compacted to standard effort density with no
curing time, specimen No. 1 of this condition.

** OCR based upon a , i.e., overburden pressure.

t Stress ratio, c3/a1 , may be considered as K
tt Based upon stress ratio Ko , where v = Ko/(l 0 + KO)
* Actual values of K0 , v , and D based upon secant points of load-unload relationships. (Sheet 1 of 4)



Table 14 (Continued)

Test
Specimen No.

K-P-9-S-12-2

K-P-9-S-12-3

%.0
ON

PR-P-6-L-114.5-24

PR-P-6-M-114.5-14*

Radial
Stress

a3
kg/cm

0
1.4
0.3
2.8
0.8
5.6
1.4

11.4
2.2

0
1.5
0.4
2.9
0.8
5.8
1.6

11.4
2.5

0
3.0
2.0
5.9
2.8

Axial
Stress

1

kg/cm
2

0
6.7
1.2

10.3
1.9

16.6
2.4

28.3
3.1

0
7.3
1.5

11.2
1.9

17.8
2.6

29.5
3.4
0
6.6
3.0

13.0
4.0

Axial
Strain

C1

0
2.10
1.94
3.03
2.86
4.62
4.38
6.87
6.52

0
2.29
2.15
3.24
3.07
4.79
4.54
6.90
6.57
0
1.05
1.00
2.61
2.43

0 0 0
5.7 15.5 0.61
2.7 3.9 0.56

Stress
Ratio

OCR 03/01

0
1.0
5.5
1.0
5.5
1.0
7.0
1.0
9.1

0
1.0
4.9
1.0
5.8
1.0
6.9
1.0
8.6

0
1.0
2.2
1.0
3.2

0
0.21
0.24
0.27
0.42
0.34
0.57
0.40
0.70

0
0.20
0.25
0.26
0.44
0.32
0.61
0.39
0.75

0
0.45
0.67
0.45
0.70

0 0
1.0 0.37
2.6 0.69

Poisson's
Ratio

v

0
0.17
0.19
0.21
0.29
0.25
0.36
0.29
0.41

0
0.17
0.20
0.20
0.30
0.24
0.38
0.28
0.42

0
0.31
0.40
0.31
0.41

0
0.27
0.41

Secant Values

= Constrained
o Modulus, D = 2

Aa3 /A 1
0 Ko/(l + K)ol/e , kg/cm

0.21
0.21
0.27
0.214
0.33
0.30
0.39
0.36

0.20
0.19
0.26
0.22
0.31
0.27
0. 36
0.34

0.145
0.27
0.39
0.34

0.37
0.25

0.17
0.17
0.21
0.19
0.24
0.23
0.28
0.27

0.17
0.16
0.21
0.18
0.24
0.21
0.27
0.25

0.31
0.21
0.28
0.25

0.27
0.20

318
3,603

841
5,049

833
5,972
1,042
7,213

320
4,267

893
5,538

923
5,992
1,141
7,892

634
7,428

622

5,071

2,524

23,100

(Continued)

(Sheet 2 of 14)** Cyclic triaxial properties tests subjected to K0 test.



Table 14 (Continued)

Test
Specimen No.

K-T-6-S-0-3

K-T-6-S-0-4

K-T-6-S-9-1

%D

Radial
Stress

a3
kg/cm 2

Axial
Stress

a1

kg/cm2

0 0
5.8 13.6
3.3 5.2

0
1.9
1.0
3.7
1.9
7.4
2.4

15.2
4.4
0
2.1
0.3
4.0
0.7
7.2
1.3

14.9
3.6

16.2

0
5.0
2.4
9.6
3.3

18.0
3.5

35.4
5.9

0
6.7
1.3

11.8
1.8

19.8
2.6

37.3
5.0

40.7

Axial
Strain

Cl

Stress
Ratio

OCR 3 1
0 0 0
2.35 1.0 0.42
2.30 2.6 0.62

0
0.74
0.70
1.41
1.30
2.43
2.20
3.95
3.62

0
0.69
0.59
1.21
1.01
1.98
1.70
3.51
3.15
3.75

0
1.0
2.1
1.0
2.9
1.0
5.1
1.0
6.0

0
1.0
5.0
1.0
6.5
1.0
7.6
1.0
7.4
1.0

0
0.38
0.45
0.39
0.59
0.41
0.69
0.43
0.75

0
0.31
0.24
0.34
0.39
0.36
0.51
0.40
0.72
0.40

Poisson's
Ratio

V

0
0.30
0.38

0
0.27
0.31
0.28
0.37
0.29
0.41
0.30
0.43

0
0.24
0.19
0.25
0.28
0.27
0.33
0.28
0.42
0.28

Secant Values
K v= Constrained
K Modulus, D = 2

3 a1 Ko/(l + KO) Aa1 /AC , kg/cm

0.42
0.30

0.38
0.31
0.37
0.29
0.37
0.34
0.40
0.37

0.31
0.33
0.35
0.33
0.36
0.34
0.39
0.35
0.35

0.30
0.23

0.27
0.24
0.27
0.22
0.27
0.25
0.29
0.27

0.24
0.25
0.26
0.25
0.26
0.25
0.28
0.26
0.26

580
17,071

689
8,356
1,017
5,493
1,303
6,312
1,818
8,972

969
5,395
1,680
5,076
1,857
6,156
1,922
8,967
5,893

(Sheet 3 of 4)



Table 14 (Concluded)

Test

Specimen No.

K-T-6-S-9-2

K-T-6-S-18-1

00

K-T-6-S-18-2

Radial
Stress

a3

kg/cm2

0
2.0
0.8
4.1
1.7
8.6
4.1

16.4
3.8
5.6

0
1.4
0.3
2.8
0.8
6.6
1.4
9.6
2.0

0
1.4
0.6
2.9
1.2
5.6
1.8

11.4
3.1

Axial
Stress

a1

kg/cm
2

0
4.6
1.7
9.4
2.5

20.0
5.1

38.4
3.8
7.6

0
4.1
0.3
7.9
1.3
18.2
1.9

26.0
2.4

0
3.5
0.8
6.8
1.6

13.2
2.2

26.8
3.5

Axial
Strain

1

0
1.35
1.35
2.21
2.13
3.51
3.35
5.03
4.65
4.79

0
0.42
0.37
0.85
0.75
1.79
1.55
2.40
2.11

0
0.59
0.57
0.97
0.90
1.47
1.38
2.38
2.19

OCR

0
1.0
2.6
1.0
3.7
1.0
3.8
1.0

10.0
5.0

0
1.0

11.2
1.0
6.0
1.0
9.7
1.0

10.8

0
1.0
4.1
1.0
4.1
1.0
6.0
1.0
7.7

Stress
Ratio

3/01

0
0.43
0.47
0.44
0.69
0.43
0.80
0.42
0.98
0.74

0
0.35
0.92
0.35
0.64
0.36
0.76
0.37
0.82

0
0.39
0.74
0.43
0.74
0.42
0.81
0.42
0.90

Secant Values

Poisson's
Ratio

V

0
0.30
0.32
0.30
0.41
0.30
0.44
0.30
0.50
0.42

0
0.26
0.48
0.26
0.39
0.27
0.43
0.27
0.45

0
0.28
0.43
0.30
0.42
0.30
0.45
0.30
0.47

K
0

Ao /Ao

03

0.43
0.40
0.43
0.34
0.39
0.30
0.36
0.36
0.35

0.35
0.30
0.32
0.29
0.34
0.32
0.34
0.32

0.40
0.29
0.39
0.33
0.38
0.35
0.39
0.35

v = Constrained

Modulus, D = 2

Ko/(1 + KO) Ao1 /Ae1 , kg/cm

0.30
0.29
0.30
0.25
0.28
0.23
0.27
0.27
0.26

0.26
0.23
0.24
0.23
0.25
0.24
0.25
0.24

0.28
0.22
0.28
0.25
0.28
0.26
0.28
0.26

342
?

893
8,328
1,263
9,009
1,973
9,009

12,431

966
7,921
1,611
7,044
1,634
6,968
2,859
8,386

592
11,158
1,468
7,222
2,026

11,612
2,460

12,213

(Sheet 4 of 4)
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Figure 44. Stress-strain relationships for 9-in.- (22.9-cm-) diam K0 tests on PARAHO compacted

to standard effort density, 0-month cure, test specimen K-P-9-S-0-1
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Figure 45. Stress-strain relationships for 9-in.- (2 2.9-cm-) diam K tests on PARAHO compacted to

standard effort density, 0-month cure, test specimen K-P-9-S-0-2
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Figure 46. Stress-strain relationships for 9-in.- (22.9-cm-)

standard effort density, 13-month cure, test
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Figure 47. Stress-strain relationships for 9-in.- (22.9-cm-) diam K tests on PARAHO compacted to

standard effort density, 13-month cure, test specimen K-P-9-S-12-3
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Figure 48. Stress-strain relationships for 6-in.- (15.2-cm-) diam K tests on modeled PARAHO
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Figure 50. Stress-strain relationships for 6-in.- (15.2-cm-) diam K test on TOSCO compacted to

standard effort density, 0-month cure, test specimen K-T-6-S-0-3
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Figure 51. Stress-strain relationships for 6-in.- (15.2-cm-) diam K0 tests on TOSCO compacted to

standard effort density, 0-month cure, test specimen K-T-6-S-0-4
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Figure 52. Stress-strain relationships for 6-in.- (15.2-cm-) diam K0 tests on TOSCO compacted to

standard effort density, 11-month cure, test specimen K-T-6-S-9-1
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Figure 53. Stress-strain relationships for 6-in.- (15.2-cm-) diam K tests on TOSCO compacted to

standard effort density, 11-month cure, test specimen K-T-6-S-9-2
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Figure 55. Stress-strain relationships for 6-in.- (15.2-cm-) diam K tests on TOSCO compacted to

standard effort density, 19-month cure, test specimen K-T-6-S-18-2
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Normally consolidated K values on modeled PARAHO were 0.45 and 0.37

for 60 percent of standard and modified compaction efforts, respectively. The
corresponding normally consolidated constrained moduli D values were 634 kg/

cm2 and 2524 kg/cm2, respectively. Thus, increased compaction effort resulted
in stiffer specimens. For these specimens, an estimate of $' is 37.9 deg (see
tabulation in the Triaxial compression tests section), which using Jaky's (1948)
expression gives a K value of 0.39 and in turn closely approximates the ex-

0

perimentally observed values. By comparison, WCC (1976) reported average
normally consolidated K values of 0.41 to 0.43 and 0.43 to 0.45 for low

compaction effort density 6-in.- (15.2-cm-) diam specimens cured 28 and 60
days, respectively. For modified compaction effort densities, they reported
K values of 0.36 and 0.38 for 28 and 60 days curing, respectively. They also

02
reported Young's moduli values Ed under K conditions of 427 to 466 kg/cm

and 1651 to 1431 kg/cm for 28- and 60-day cured low and modified compaction
efforts, respectively. These Ed values correspond to D values of 575 to

2 2 2
627 kg/cm and 1788 to 2063 kg/cm , where D = (1 - v - 2v ) Ed for

Poisson's ratio V values of 0.30 and 0.27, respectively. These values of K

and D are in remarkably good agreement with results obtained in this investi-
gation. The WCC (1976) results also show that curing time has little effect
on K0 or D values, and compaction results in stiffer specimens.

For TOSCO, the normally consolidated K values range from 0.38 to

0.43, from 0.32 to 0.44, and from 0.35 to 0.43 for specimens cured 3 days, 11
months, and 19 months, respectively. These correspond to v values from 0.27
to 0.30, from 0.24 to 0.30, and from 0.26 to 0.30, respectively. The normally

consolidated D values ranged from 580 to 1818 kg/cm2, from 342 to 1973

kg/cm2, and from 592 to 2859 kg/cm2 for specimens cured 3 days, 11 months, and
19 months, respectively. Hence, although D values for 19 months are
slightly higher, for practical purposes, increased curing times had very
little effect on K or D values as was the case for PARAHO. Utilizing

Jaky's (1948) expression, K = 1 - sin $' , and a value of $' = 35 deg, the

corresponding K value would be 0.43, which is consistent with the experi-
mental values.

Figures 56 through 65 present the effects of a1 (overburden pressure)

and overconsolidation ratio (OCR) on K , which can be used to obtain esti-

mates of K for field situations. Table 14 lists these effects with normally
0

consolidated values. These results show that the value of K increases with
0

increasing axial stress level and overconsolidation ratio. Similar results
concerning effect of stress history on K have been reported by Al-Hussaini

and Townsend (1975 and 1975a). Although not indicated by all specimens tested,
the general trend is that K is independent of the loading cycle. Similarly,

the constrained modulus D increases with increasing stress level, with a
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Figure 56. Relationship between axial stress and overconsolidation ratio
on K0 values for PARAHO compacted to standard effort density, 0-month

cure test specimen K-P-9-S-0-1

112

30 [-

N

V

F-

20 1-

10

12r

0
I-

z
0
I-

0
-J
0
z

U

0

Ol .

Ow

401r-

8-

4 -

v 
0
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Figure 57. Relationship between axial stress and overconsolidation ratio
on K values for PARAHO compacted to standard effort density, 0-month0 cure, test specimen K-P-9-S-0-2
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TEST NO.: K-P-9-S-12-2
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Figure 58. Relationship between axial stress and overconsolidation ratio
on K0 values for PARAHO compacted to standard effort density, 13-month

cure, test specimen K-P-9-S-12-2
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Figure 59. Relationship
ratio on K values for0 density, 13

between axial stress and overconsolidation
PARAHO compacted to standard effort
test specimen K-P-9-S-12-3
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Figure 60, Relationship between axial stress and overconsolidation ratio
on K0 values for TOSCO compacted to standard effort density, 0-month

cure, test specimen K-T-6-S-0-3
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Figure 61. Relationship be tween axial stress and overconsolidation ratio

on K0 values for TOSCO compacted to standard effort density, 0-month
cure, test specimen K-T-6-S-0-4
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Figure 62. Relationship between axial stress and overconsolidation ratio
on K0 values for TOSCO compacted to standard effort density, 11-month

cure, test specimen K-T-6-S-9-1
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Figure 64. Relationship between axial stress and overconsolidation ratioon K0 values for TOSCO compacted to standard effort density, 19-month
cure, test specimen K-T-6-S-18-1
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tendency to become constant at higher stress levels. The D value is much
higher upon unloading, and exhibits an increase with increasing OCR.

Cyclic triaxial tests
Figure 66 and Table 15 show the results of cyclic triaxial tests to

assess the resistance of compacted modeled PARAHO to seismically induced
ground failure. The first test series, performed on specimens compacted to 60
percent of standard density, shows that even at this low compaction effort,
the material is quite resistant to cyclic loading as high stress ratios and
large numbers of cycles were required to produce 100 percent pore pressure
response (PPR). Hence, succeeding tests, performed on moist tamped specimens
compacted to 60 percent Dr to evaluate PARAHO with other materials, show

that at this abnormally low density for field conditions, cyclic loading
could be a problem. For example, a stress ratio of 0.39 causes 100 percent
PPR in 10 cycles for Monterey No. 0 sand moist tamped compacted to 60 per-
cent Dr (Silver et al., 1976), while only a stress ratio of 0.21 is re-

quired to cause 100 percent PPR for modeled PARAHO. These results also show
that the cyclic stress ratio required to cause 100 percent PPR decreases
with increasing confining pressure, but the practical effect is small. Simi-
lar results have been reported by Townsend (1977).

For comparison, Wong et al. (1975) has shown that a cyclic stress ratio
of 0.29 was required to cause 5.0 percent double amplitude strain in 30 cycles
for various soils with a mean grain size D50 similar to modeled PARAHO at 60

percent Dr . The results in Figure 66 indicate that a cyclic stress ratio of

0.16 would be required for comparable conditions. From this standpoint, the
modeled PARAHO at 60 percent Dr appears to be weaker than similarly graded

materials. Nevertheless, seismically induced ground failure of a waste embank-
ment is deemed an unlikely event as 100 percent saturation will probably never
occur, nor will the materials be deposited in such a loose condition.

Dynamic properties tests
Since the dynamic properties, E , G , and A , of soils are strongly

dependent upon shear strain amplitude y , characterization requires testing

at various strain amplitudes, i.e., 104 to 1 percent strains. Since, cur-
rently no single apparatus is capable of applying strains over this range,
typically resonant column methods are used for applying small strain ampli-
tudes and cyclic triaxial tests for applying larger strain amplitudes. This
approach implies that the small strain theory is applicable and the materials
are linearly elastic. Hence, shear moduli G and torsional strain, y =
2r0/3L , values based upon resonant column excitation are presumed compatible
and are combined with longitudinal triaxial tests via the relationship G =
E/2(1 + v) , and y = cl(1 + v) with Poisson's ratio either determined or as-

sumed. For these tests, Poisson's ratio was dynamically determined from lat-
eral and axial strain measurements using LVDT clamps on triaxial specimens.

Both resonant column and cyclic triaxial tests were performed on modeled
PARAHO specimens compacted to densities equivalent to 60 percent of standard
and modified efforts. Confining pressures of 14.5, 43.5, and 72.5 psi (100,
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Figure 66. Cyclic triaxial response of compacted PARAHO
retorted oil shale
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Table 15

Suimary of Cyclic Triaxial Tests on 6-in.-diam Specimens of Modeled PARAHO

Test
Specimen*

P-6-L-14.5-1
P-6-L-14.5-3
P-6-L-14.5-4

P-6-60-14.5-1
P-6-60-14.5-2
P-6-60-14.5-3

P-6-6o-29.0-1
P-6-6o-29.0-2
P-6-60-29.0-3

N

Dry
Density**

Yd ,pcf

92.5t
97.9

100.3t

74.4
73.7
74.0

77.4
77.2
76.8

Effective
Confining
Stress

a' , psi
3

14.5
14.5
14.5

14. 5
14.5
14.5

29.0
29.0
29.0

Cyclic
Deviator
Stress

+0
- dc

B psi

0.96
0.9)4
0.93

0.94
0.98
0.98

0.98
0.97
0.97

12.72
10.71
10.14

5.41
7.16
6.17

11.83
11.0 
9.12

Cyclic
Stress
Ratio

+0 /2o'
-dc/ 3

0.44
0.36
0.35

0.19
0.25
0.21

0.20
0.19
0.16

No. of Cycles

100% Pore 10% Double Am-
Pressure plitude Strain
Response N + 5%

Ni -N_ _5%

29
40

101

31
5

10

5
11

49

53
123

155

tt
6
9

5
11

51

* P = PARAHO; 6 = 6-in.-diam specimen;
= confining pressure, psi; number 1,

L = low compaction effort or 60 = 60% Dr; 14.5 or 29.0
2, 3, or 4 = number of test in series.

** Dry density after consolidation.
t Estimated.

tt Load fell off before achievement of double amplitude strain.

v v -i



300, and 500 kPa) were used. In the case of resonant column tests, both
longitudinal and torsional excitation modes were possible; therefore, both
E and G values were determined on single specimens subjected to multistage
confining pressures and multistage strain levels. In the case of cyclic
triaxial specimens, only multistage strain levels were varied for a given
confining pressure.

Table 16 summarizes the resonant column test data for the maximum and
minimum dynamic strain conditions. Also listed for comparison are estimated
values of G calculated from the equation for sands (Hardin and Black,

max2
1969) G = 1230(2.973-e)2 U3/(1 + e) , where a' and G are in pounds

max 33 max
per square inch. An examination of these estimations reveals that experi-
mental G values for tests RC-P-4-L-2 and RC-P-4-M-1 are as much as threemax
times greater than predicted values. Thus, it appears that this equation is

not appropriate for this gradation of material.

Table 17 summarizes the cyclic triaxial test data. The values of Pois-
son's ratio listed range from 0.1 to 0.3, which are slightly lower than the
average value of 0.25 obtained from static K tests. However, the strain

levels for the cyclic tests are substantially lower than those for K tests.

Figures 67 and 68 present the Young's moduli values, while Figures 69
and 70 present the shear moduli values for the respective two densities. One
testing difficulty is readily apparent: the specimen stiffness exceeded
tolerable limits of the resonant column apparatus for both the longitudinal
and torsional modes, which is especially evident for modified compaction effort
density and high confining pressures for both densities. As a result, the
resonant column derived moduli values are too low and damping ratios too high.

For the low compaction effort, reasonable compatibility was obtained
between the resonant column and cyclic triaxial tests (Figures 67 and 69).
The strong dependence of modulus on confining pressure, strain amplitude, and
density is readily evident in these figures. This dependence is more clearly
summarized in Figure 71, in which values from cyclic triaxial tests for k

from the expression, G = 1000 k(a 3)1/
2 , where a3 is in pounds per square

foot, are presented versus single amplitude shear strain y . For compari-

son, values for k reported by Seed and Idriss (1970) are also shown. These
comparisons suggest that well-compacted modeled PARAHO exhibits properties
similar to those for dense sand and gravel.

Figure 72 presents damping ratio X values versus single amplitude
shear strain. A somewhat reasonable data band is apparent if the resonant
column data for modified compaction efforts are disregarded because of exceed-
ing the apparatus capabilities and thereby experiencing damping contributed by
the device. This band suggests that X increases with strain amplitude, but
is independent of density and confining pressure. For comparison, the range of
damping ratio values for sands summarized by Seed and Idress (1970), are also
shown in Figure 72.
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Table 16

Summary of Resonant Column Tests on PARAHO

Test
Identification*

RC-P-4-L-2-S1

RC-P-4-L-2-S2

RC-P-4-L-2-S3

RC-P-4-L-2-S4

RC-P-4-M-1-Sl

Ha RC-P-4-M-1-S2

I RC-P-4-M-1-S3

RC-P-4-M-1-S4

03

psi

14.5

43.5

72.5

14.5

14.5

43.5

72.5

14.5

Void
Ratio

e

0.801

0.772

0.742

0.751

0.544

0.533

0.524

0.529

Excitation
Mode

Torsional
Longitudinal
Torsional
Longitudinal
Torsional
Longitudinal
Torsional
Longitudinal

Torsional
Longitudinal
Torsional
Longitudinal
Torsional
Longitudinal
Torsional
Longitudinal

Minimum**
Dynamic
Strain

x 10-4

0.001
0.001
0.001

<0.001
0.002

<0.001
0.002

<0.001

0.003
<0.001
0.002

<0.001
0.002

<0.001
0.002

<0.001

Maximumt
Dynamic
Modulus

psf x 105

42.0
111.4
51.2

193.7
55.1

227.3
46.5

114.8

72.3
209.0
62.7

246.2
65.7

272.4
59.3

207.8

Damping
Ratio at
Minimum

Strain

5.80
6.32
6.14
4.77
5.31
2.35

31.28
9.83

3.35
2.95
8.99
2.91

15.40
2.35
6.18
4.06

Maximum** Minimumt RDainat
Dynamic Dynamic Maxiouat
Strain Modulus Maximum

_ Strain
x 10 psf x 105 %
0.153 40.2 8.10
0.031 105.4 6.35
0.118 48.8 9.90
0.015 197.0 4.09
0.126 51.0 5.98
0.017 224.5 3.32
0.110 42.8 37.34
0.035 96.2 10.85

0.247 59.4 2.95
0.022 196.4 3.39
0.080 59.6 16.89
0.021 233.3 2.74
0.092 60.7 28.38
0.012 241.7 2.74
0.087 65.6 5.13
0.015 190.5 5.05

Calculatedtt
G

max

psf x 105

17.7

31.9

43.1

19.0

25.8

45.4

59.6

26.3

* RC = resonant column, P = PARAHO; 4 = 4-in.-diam specimen; L or M = low or modified compaction effort; 1 or 2 = specimen No. 1 or 2;

Si-S4 = stage sequence.
** Maximum dynamic strain will be y for torsional mode or c max for longitudinal mode, similarily for minimum dynamic strain.

t Maximum dynamic modulus will be G for torsional mode or E for longitudinal mode, similarily for minimum dynamic modulus.

max max

tt From Hardin and Black (1969), Gmax =1230 (2.973 - e)
2

yF, x 1414 where a' is in psi.



Table 17

Summary of Cylic Triaxial Properties Tests on PARAHO

Single Single*
Amp. Amp.Cyclic

Axia Shear Poisson's Deviator Young's Shear
Test3 Strain Strain Ratio Stress Modulus Modulus

Identification psi a' +y, % v dc, Psi E psf x 105 G, psf x 105 K __

L-14.5-1 14.5 0.02 0.02 0.14 3.9 27.6 12.1 26.5
0.05 0.06 0.12 5.9 16.3 7.2 15.9
0.08 0.09 0.13 7.5 13.7 6.1 13.3
0.10 0.12 0.14 9.1 12.4 5.5 12.0
0.23 0.26 0.14 12.8 8.1 3.5 7.8
0.50 0.56 0.14 18.3 5.3 2.3 5.1

L-14.5-2 14.5 0.004 0.004 0.11 1.7 65.2 29.3 64.2 23.8
0.01 0.01 0.09 3.5 37.0 16.9 37.1 15.0
0.02 0.03 0.14 5.3 29.0 12.7 27.9 13.3
0.04 0.05 0.15 7.3 23.2 10.1 22.1 12.2
0.07 0.08 0.17 9.1 18.9 8.1 17.8 11.6
0.10 0.12 0.17 10.8 15.2 6.5 14.2 11.7
0.15 0.18 0.17 12.8 12.1 5.1 11.3 9.9
0.18 0.21 0.17 13.5 10.5 4.5 9.9 10.1

L-43.5-1 43.5 0.006 0.007 0.07 3.6 82.2 38.5 48.7 11.4
0.01 0.02 0.10 7.3 65.5 29.7 37.5 8.8
0.04 0.05 0.15 14.4 47.3 20.5 25.9 10.1
0.09 0.10 0.17 21.4 34.5 14.8 18.7 11.4
0.20 0.23 0.12 28.6 20.0 8.9 11.3 11.3
0.25 0.31 0.22 35.4 20.0 8.2 10.4 11.8

L-72.5-1 72.5 0.003 0.003 0.16 3.5 197.0 84.7 83.0 19.1
0.01 0.01 0.10 10.5 106.0 48.0 47.0 14.0
0.03 0.03 0.15 17.7 80.1 34.8 34.1 12.5
0.06 0.07 0.16 27.0 59.0 25.4 24.8 11.6

0.10 0.12 0.21 35.5 50.8 21.0 20.6 13.3
0.19 0.22 0.19 46.6 35.7 14.9 14.6 12.9

M-14.5-1 14.5 0.005 0.006 0.17 3.5 100.9 43.3 94.8 13.1
0.01 0.01 0.08 5.3 75.7 34.9 76.5 11.1
0.02 0.02 0.10 9.0 51.5 23.4 51.2 11.4
0.05 0.05 0.12 12.3 35.7 16.0 35.0 10.8
0.05 0.06 0.12 13.4 35.7 15.9 34.8 10.0
0.05 0.06 0.15 14.9 41.2 17.9 39.2 11.5
0.08 0.09 0.17 17.6 31.5 13.5 29.6 11.0
0.13 0.16 0.21 25.5 27.1 11.2 24.5 11.3
0.18 0.23 0.26 32.5 25.2 10.0 21.9 11.3

0.22 0.29 0.29 41.7 26.6 10.2 22.5 10.9

M-43.5-1 43.5 0.002 0.003 0.35 5.2 315.7 117.0 147.9 27.4
0.002 0.003 0.35 5.2 316.1 117.2 148.1 31.2
0.009 0.01 0.09 10.8 171.6 78.6 99.3 19.5
0.03 0.03 0.13 21.1 96.4 42.6 53.8 15.8
0.07 0.08 0.15 32.0 62.5 27.2 34.4 14.6
0.11 0.13 0.15 39.0 48.7 21.1 26.7 13.0

M-72.5-1 72.5 0.001 0.002 0.33 3.5 403.8 151.7 148.5 21.6
0.003 0.004 0.13 7.1 326.9 144.3 141.3 17.4
0.009 0.01 0.07 14.5 229.6 107.0 104.7 12.6
0.02 0.03 0.13 28.9 150.5 66.4 65.0 12.0
0.06 0.07 0.13 43.3 101.2 44.5 43.6 11.2
0.11 0.13 0.15 57.8 72.6 31.5 30.8 11.4
0.20 0.22 0.15 69.9 50.5 22.0 21.5 10.7

* y = Ea(l + v).
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Figure 67. Dynamic Young's moduli values for PARAHO compacted to 60 percent of
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Drop height tests
The objective of these tests was to determine densities achieved when

processed oil shale is dropped from various conveyor heights. Figure 73 and

Table 18 present the results of these tests. For PARAHO, major increase in

density occurs within the initial 5 ft of drop, where a relative density of 67

percent was achieved. Increasing the drop height to 16.5 ft produced only a
small amount of densification, i.e., Dr increased to 79 percent. In the

case of TOSCO, the drop height has only a slight effect on the density; the
reason for the gradual increase with drop height shown is probably due to

segregation of the fines.

Los Angeles Abrasion tests
The results of Los Angles Abrasion tests (LAA) on various gradations of

PARAHO retorted oil shale and raw shale summarized in Table 19 show that
retorting greatly decreases the abrasion resistance of oil shale. The PARAHO
retorted shale is quite susceptible to abrasion with LAA values of 79.7, 80.1,
and 66.7 percent for various gradations listed in Table 19, all of which exceed
the maximum acceptable value of 50 percent for base course materials. Con-
versely, the unprocessed shale is quite resistant to abrasion with LAA values
of only 13.2, 12.2, and 18.4 percent for the various gradations shown.

Composition and Durability Properties

Petrographic analyses
The tests performed on specimens of raw shale and PARAHO retorted shale

for petrographic analyses are described in the following paragraphs. These
analyses consisted of stereoscopic petrography, X-ray diffraction, differential
thermal analyses (DTA), and scanning electron microscopy.

Raw shale. Six pieces of randomly selected samples of raw shale were ex-
amined. Each piece was ground to pass a 45-pm (No. 325) sieve, and the powders
were examined by X-ray diffraction separately to determine if composition was
constant from piece to piece. In an attempt to recreate and follow the changes
that led to the cementation phenomenon observed by the unconfined compression
tests, portions of several of the six pieces were heated in a furnace at 540*C
(1000 F) for 45 min. This temperature was selected as it approximates the
PARAHO retort temperature. These samples were observed to burn and produce
flames during this period. Portions of these burned samples were then placed
in storage at 100 percent relative humidity and 73.4 + 3F for 3 days or were
placed in distilled water and evaporated to dryness; different portions of
some samples were wetted each way. The samples were examined by X-ray dif-
fraction after each of the burning and wetting treatments.

The presence of hydrocarbons in the raw shale prevented the prepara-

tion of sedimented clay slides. Therefore, portions of some of the burned
powders were slurried with water onto glass slides to enhance clay mineral
orientation and then examined by X-ray diffraction when dry.

Portions of several pieces of raw shale were ground to pass the 300-pm
(No. 50) and be retained on the 75-pm (No. 200) sieves. These powders were
subjected to DTA in an inert nitrogen atmosphere at a heating rate of 10*C
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Table 18

Summary of Drop Height Tests on PARAHO

and TOSCO Oil Shales

Material

PARAHO
(-2 in. fraction)

TOSCO

Height of Drop
ft

0.7
1.5
4.5

10.5
16.5

0.7
1.5
4.5

10.5
16.5

136

Density*
pcf

73.8
74.1
79.8
82.0
83.0

77.0
77.1
78.0
82.4
86.3

* Air-dry material. (The water contents of the PARAHO and TOSCO
fractions are about 0.1 and 1.2 percent, respectively.)



Table 19

Summary of Los Angeles Abrasion Test Results

on PARAHO and Raw Oil Shales

ASTM
Designation

C131-76

C131-76

C535-69

C131-76

C131-76

C535-69

Grading

A

C

2

A

C

1

Material

PARAHO

Percentage
Percentage

Wear

79.7

Sieve Size, in.

- 1-1/2 to + 1

- 1 to + 3/4

- 3/h to + 1/2

- 1/2 to + 3/8

- 3/8 to + No. 3

- No. 3 to + No. 4

- 2 to + 1-1/2

- 1-1/2 to + 1

- 1-1/2 to + 1

- 1 to + 3/h

- 3/4 to + 1/2

- 1/2 to + 3/8

- 3/4 to + No. 3

- No. 3 to + No. 4
- 3 to + 2-1/2

- 2-1/2 to + 2

- 2 to + 1-1/2
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80.1

66.7

13.2

12.2

18.4

PARAHO

PARAHO

Raw shale

Raw shale

Raw shale



per minute; one burned portion that had been in moist storage for 3 days was
also ground and examined by DTA. A thin section of one raw shale fragment was
made and examined with a polarizing microscope.

PARAHO retorted shale. Samples of 1-1/2-in. (38-mm) and 3/4-in. (19-mm)
fragments were selected for analyses and examined with a stereoscopic microscope.
A piece from each sample was ground to pass the 45-pm (No. 325) sieve and sub-
sequently examined by X-ray diffracton. A 1-1/2-in. (38-mm) fragment of shale
was used to make a thin section and then examined with a polarizing microscope.
A freshly cut interior of this piece was also examined by X-ray diffraction as
a slab in an inert atmosphere containing hot barium hydroxide to prevent
carbonation. This slab was again X-rayed after soaking in water for several
days to determine if any detectable changes had occurred.

The dense and the vesicular 3/4-in (19-mm) fragments were examined by a
scanning electron microscope (SEM) after coating with a layer of carbon and a
layer of gold palladium. Crystals from a dense 3/4-in. (19-mm) fragment were
concentrated by gently crushing and grinding of the pieces, coated as above,
and examined by SEM.

Unconfined compressive strength samples of PARAHO retorted shale.
Portions of samples UC-L-28-13C (oven-dried), UC-S-28-8, and UC-M-28-18B
(Table 8), all of which had been cured 28 days prior to shearing, were allowed
to dry in air, ground, and examined by X-ray diffraction. It was observed
that small white crystals formed on the surface of sample UC-M-28-18B, after
the wax coating was removed. A sample of these white crystals was obtained by
hand picking and examined by X-ray diffration, A piece of UC-M-28-18B was
coated, as described earlier, and examined by SEM.

Disaggregated PARAHO retorted shale from Franklin slake test. A portion
of 1-1/2-in (38-mm) fragment from UC-M-28-18B that had been subjected to the
Franklin slake test was ground and examined by X-ray diffraction in the manner
described earlier. Some of the fine material also from this sample and not
oven-dried was sedimented on a glass slide and examined by X-ray diffrac-
tion when dried.

Chemical analyses
Portions of the six pieces of raw shale examined by X-ray diffraction

were composited to provide a sample for chemical analysis. A portion of the
PARAHO retorted fragment from UC-S-28-8, which had been examined by X-ray
diffraction, was also selected for chemical analysis. Each sample was anal-
yzed after drying to 105 C. Companion portions were burned until a constant
weight was achieved at 5001 and 900*C. The original analysis was recalculated
to take account of the weight loss at 900*C.

Tests results of petro-
graphic and chemical analyses

Raw shale. The raw shale consists of fragments tabular to blocky in
shape. It has a yellowish-gray (color 5Y 7/2 based upon National Research
Council, 1963) dusty surface. Fresh surfaces are alternating thin layers of
black (Ni) to brownish-black (color 5YR 2/1) material. When a fresh surface
is scratched, the scratch is light colored like older surfaces; the same is
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true when the rock is ground to a powder. The X-ray examination showed that
the light-colored surface coating had the same composition as the bulk of the
rock and that the six pieces were not uniform in composition. While all six
pieces examined contained dolomite, quartz, plagioclase feldspar, and clay
mica, only four of the six pieces were found to contain calcite. Four of the
six pieces were found to contain analcime (NaAlSi206.H20), which is usually

described with zeolite minerals because it behaves as such, but strictly
speaking it is not actually a zeolite (Hay, 1966). Obviously, the noncrystal-
line hydrocarbons were not detected by X-ray diffraction. Clay-mica, a minor
constituent, was the only clay mineral that was detected by the X-ray exami-
nations. In this content, a rock having this composition is not properly
described as a shale. Heady (1952), during a study of Colorado oil shale by
DTA and X-ray diffraction, found the same minerals observed in this study,
namely, analcime, quartz, feldspar, clay-mica, dolomite, calcite, and iron
sulfide. Petrographic analyses performed by the Department of Interior's
Bureau of Reclamation and presented by WCC (1976) list dolomite, calcite,
feldspar, and quartz as the major constituents of raw shale, with trace
amounts of siderite (iron carbonate), analcite, and clay-mica.

The thin section of raw shale showed that the carbonates (dolomite and
calcite) were present as fine-grained matrix material. Quartz, feldspar,
and analcime were all present as larger grains scattered through the matrix.
These grains were generally anhedral in shape with the analcime containing
cracks. Rare grains of clay-mica or mica were recognizable. Considerable
amounts of opaque material were also evident; these grains appeared to be an
iron sulfide when examined in reflected light. Examination of the thin sec-
tion from the 1-1/2-in. (38-mm) fragment of dense PARAHO rock showed a sig-
nificant difference from the thin section of raw shale. For the retorted oil
shale, the carbonite grains are larger and many of the rhombs contain over-
growths of carbonate. However, the X-ray diffraction examination of a fresh
surface of this same retorted fragment before and after storage in water did
not show any detectable changes.

The experiments to simulate the retorting process by heating unprocessed
shale at 540*C and then hydrating it by moist storage showed the development
of anhydrous calcium sulfate, which hydrated to gypsum (CaSO .2H20) in the

presence of water. It is not clear whether gypsum was already present but
widely scattered in the shale; thus it was not present in the pieces of raw
shale examined by X-ray diffraction, but possibly was present in the pieces
heated at 540*C, where it would have been dehydrated to anhydrite and then
rehydrated in water. This seems to be the most likely hypothesis. It is also
possible that during the heating and burning, pyrite (iron sulfide, FeS2) re-

leased SO2 which combined with CaO from calcite that had lost CO2 and with

oxygen to make CaSO that hydrated to gypsum in water. Since gypsum was not

found in the retorted and the compressive strength samples, the laboratory
simulation was regarded as unsuccessful, and so no further description of it
will be given.

The DTA patterns of four of the raw shale fragments showed endothermic
peaks at 460*C and one to two endothermic peaks in regions from 7000 to 760C

139



and from 8000 to 8100C. The lack of a 460C peak in material from a piece
that had been burned 45 min at 5400C and then placed in moist storage showed

that the 4600C peak was due to distillation of the hydrocarbons in the inert
atmosphere in this temperature range. The wide range of magnitude of the

4600C peak between four of the pieces indicated a similar range in hydrocarbon
content. The peak or peaks in the 700* to 8100C range were due to breakdown

of the carbonate mineral or minerals. The fine-grain size probably accounts
for the lower than usual temperature of these reactions. Since X-ray dif-
fraction showed that there was dolomite in each of these four pieces, there
should have been two peaks for the decomposition of dolomite. The lack of two
peaks in some cases may have been due to lack of sensitivity of the DTA unit
at the settings used.

PARAHO retorted shale. Examination of the PARAHO retorted fragments
showed that most were dense rock while a few pieces had become vesicular during
the retorting. All of the pieces were black and dirtied the hands during
handling. The changes that were apparent were: (a) all surfaces were now
blackish, (b) some of the rock had been heated enough to become vesicular,
and (c) the dense particles showed slight development of parting planes. The
mineralogical composition was similar to what it had been before the rock was
retorted. The dense pieces sometimes contained more calcite than dolomite.
This reversal did not occur in the six pieces of unprocessed shale that were
examined by X-ray diffraction to represent unprocessed rock. The 1-1/2-in.
(38-mm) fragments contained detectable analcime, while the samples of 3/4-in.
(19-mm) fragments usually did not contain detectable analcime. The complex
mineral assemblage of quartz, feldspar, dolomite, clay-mica, and usually anal-
cime and calcite tended to mask peaks of possible reaction products, such as
CaO, MgO, Ca(OH)2 , or Mg(OH)2 , that would be possible constituents if re-

torting had broken down the carbonate phase or phases. MgO and calcium sul-
fate were probably present in some X-ray diffraction patterns of the dense
retorted material. X-ray diffraction examination of a vesicular piece of re-
torted shale from the 3/4-in. (19-mm) fragments showed no detectable dolomite,
probably MgO, and considerable calcite in addition to quartz, feldspar, and
probably siderite (FeCO3). A piece of vesicular shale from the 3/4-in. (19-mm)

fragments showed no detectable dolomite. X-ray diffraction analyses of PARAHO

retorted shale by the Bureau of Reclamation (WCC, 1976) lists dolomite, cal-
cite, feldspar, and quartz as the major constituents with siderite, analcite,
iron oxide, and mica-illite (clay-mica) as minor constituents. These analyses
also identified the presence of analcime, a type of zeolite, which was also
detected in this present investigation.

Figures 74 through 77 illustrate the use of scanning electron micro-
graphs in petrographic analyses. In Figure 74, the micrographs show three
views of a piece of dense retorted rock from a sample of 3/4-in. (19-mm) re-
torted shale. In Figure 75, the micrographs present three views of a piece
of vesicular retorted rock from the same sample. In Figure 76, the micro-
graphs present four views of two portions of the compressive strength speci-
men UC-M-28-18B. In Figure 77, the micrograph shows some crystals concen-
trated from a dense retorted particle of the 3/4-in. (19-mm) sample.

When the waxed sample of the compressive strength specimen UC-M-28-18B
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a. Micrograph at 18X

b. Portion of micrograph a at 1800X

Figure 74. Scanning electron micrographs of a dense
particle of PARAHO retorted oil shale from a sample

of 3/4-in. (19-mm) fragments (Sheet 1 of 2)
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c. Central portion of micrograph c at 9000X. (Note

sharp edges and lack of vermicular material)

Figure 74. (Sheet 2 of 2)
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c. Central portion of micrograph b at lO,600X. (Note
bridging between grains in left central area and smaller

grains on surface in left part of picture)

Figure 75. (Sheet 2 of 2)
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a. Micrograph at 19X

iA

b. Portion of micrograph a at 1920X

Figure 76. Scanning electron micrographs of unconfined com-
pression test specimen UC-M-28-18B of PARAHO retorted oil

shale (Sheet 1 of 2)
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c. Central portion of micrograph b at 9600X. (Note

abundance of vermicular material)

d. A different area in a piece of UC-M-18B at 9600X. (Note
abundance of vermicular material)

Figure 76. (Sheet 2 of 2)
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Note: The crystals in the center are morphologically like
analcime. There is some feldspar at the lower right and

next to the upper left and quartz grains may be present.
The grains at the left edge, the center, and the bottom
next to the grain at the lower right all appear to be

similar in crystal habit and like analcime.

Figure 77. Scanning electron micrograph of analcime
crystals from a dense particle of PARAHO retorted
shale from a sample of 3/4-in. (19-mm) fragments

at 770X
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was opened, tiny white crystals of thenardite (Na2S04) formed on the exposed

surface overnight. X-ray diffraction examination of the three compressive

strength samples (UC-L-28-13C (OD), UC-M-28-18B, and UC-S-28-8) showed pat-
terns that were generally similar to those of unprocessed and of retorted
shale. However, the general difference was that calcite was much more abun-
dant than had been in the unprocessed shale. There were weak peaks in the
X-ray diffraction pattern of the UC-L-28-13C (OD) sample at 7.9 and 7.6 A
units (0.79 and 0.76 nanometres), respectively, that were not present in the
raw shale. The 7.9 A peak was not identified; the 7.6 A peak was possibly
gypsum.

The X-ray diffraction patterns of PARAHO retorted shale from the
Franklin slake tests were not appreciably different from the other X-ray
diffraction patterns of this material.

The chemical compositions of a sample of unprocessed shale and of a
retorted compressive strength specimen are shown in Table 20. The losses in
weight at 900*C for unprocessed and retorted shale, 34.45 and 17.20 percent,
respectively, should include both hydrocarbons and carbon dioxide from the
carbonate minerals, since 900*C is about 810*C above the decomposition tempera-
tures, as shown by DTA, due to hydrocarbons and carbonates. Ignition at an
intermediate temperature of 500*C for two hours gave losses of 17.23 and

3.35 percent by weight for the unprocessed and retorted samples, respectively.
These values should essentially represent the amounts of oil or hydrocarbons
that were present in each sample.

Discussion of cementation. The strength gain observed in compacted
specimens of retorted shale is attributed to recementation by carbonates that

were at least partially decomposed during the retorting process to remove hydro-
carbons. This breakdown of the carbonates occurred from 7000 to 810*C in the
present DTA work. The lower than usual temperatures are probably due to the
fine-grain size of these minerals in this rock. Decomposition of calcite and
dolomite by removal of carbon dioxide results in the formation of calcium oxide
from calcite and calcium and magnesium oxide from dolomite. These oxides can
then alter to hydroxides or to calcite and magnesite (MgC03) or dolomite in

the presence of moisture and carbon dioxide. Calcium oxide is much more active
than magnesium oxide of the same crystallite size. Efforts to identify these
oxides or their hydroxides in the present retorted samples were generally un-
successful although MgO was tentatively identified. This failure could be due
to the general masking effect of the original constituents on the reaction
products in X-ray diffraction patterns or to the fact that the retorted mate-
rial had had adequate time for the oxides to carbonate before this study was
made, or to a combination of these factors.

The evidence to support the hypothesis that destruction and reformation
of the carbonates has occurred includes the following:

a. Examination of thin sections of unprocessed and PARAHO retorted
shale showed a larger grain size for the carbonate minerals in
the retorted rock.
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Table 20

Chemical Composition of Unprocessed and PARAHO Oil Shale

Dried to Constant Weight at 105 C Before Analysis

Chemical
Components

Silica as Si02

Calcium as CaO

Magnesium as MgO

Aluminium as Al2 0

Iron as Fe203

Titanium as TiO2

Sodium as Na20

Potassium as K20

Ignition loss (9000C)

Total

Raw Shale -
Composite of

Pieces 1-6, %

31.48

12.05

7.73

6.83

2.84

0.54

2.83

1.56

34.45

100.31

148.02*

18.38

11.79

10.42

4.33

0.82

4.31

2.38

100.45

PARAHO Oil Shales from
Compressive Strength

Specimen UC-S-28-8, %
142.44

13.50

6.85

9.146

3.98

0.66

3.18

2.90

17.20

100.17

51. 26*

16.30

8.27

11.42

4.81

0.80

3.84

3.50

100.20
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b. Calcite was often more abundant than dolomite in the retorted
rock, whereas it was missing or less abundant than dolomite in
the six pieces of unprocessed rock that were examined by X-ray
diffraction.

c. Study of the scanning electron micrographs of dense and vesicular
PARAHO retorted rock and of the retorted rock after compaction sug-
gests a fusing and rounding of grains in the vesicular rock and
a secondary growth of vermicular material in the compacted rock.

The DTA patterns indicated that the hydrocarbons present in the rock
can be removed at a temperature of about 460*C.

Franklin slake durability tests (Franklin and Chandra, 1972). Table 21
summarizes the results of Franklin slake durability tests on raw and PARAHO
retorted oil shale. These results show that the raw shale is extremely resis-
tant to slaking with practically no weight loss observed. The 1-1/2-in.
(38-mm) and 3/4-in. (19-mm) fragments of PARAHO retorted shale are also quite
durable and resistant to slaking in water, but the smaller fragments are
slightly less durable. However, the unconfined compression specimen ex-
hibited a marked decrease in slaking durability. This dramatic reduction in
durability suggests that the cementitious products formed by curing are weak
cements when exposed to wetting and drying.
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Table 21

Summary of Franklin Slake Durability Tests on

Raw and PARAHO Oil Shales

Material/Description

Raw shale

PARAHO 1-1/2 in.

PARAHO 3/)4 in.

Unconfined compression
UC-M-28-18B (PARAHO)

Sample
No.

1
2

1
2
3
14

1
2

3
14

1
2

Slake
Durability
Index, %*

99.0
99.5

92.5
91.5
82.5
90.0

94.0
94.0
93.5
94.0

57.0
55.5

Classification

Extremely high
Extremely high

Very high
Very high
High
Very high

Medium
Medium

* Average of two tests.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

Conclusions

Based upon the materials tested, the laboratory equipment and test pro-
cedures used, and other results reported in the literature, the following
conclusions are made:

Physical properties
a. The raw shale from which the PARAHO material was retorted is very

hard and durable. After 18 months of soaking it still remained
nonplastic. The durability of this material is further attested
to by LAA and Franklin slake durability tests, which provided LAA
values of 12-18 percent and a slake durability index value of 99.

b. The retorted shale from the PARAHO retort is classified as a
nonplastic poorly graded sandy gravel, GP, with a trace of
fines, by the Unified Soil Classification System. Retorting
causes a loss in abrasion resistance as evidenced by LAA values
of 67-80 percent and increased fines due to mechanical agita-
tion by the sieve shakers. However, the material is resistant
to water as the PI only increased from 0 to 5 after 18 months
of soaking, and slake durability index values were 90-95 percent.

c. The retorted shale from the TOSCO retort is classified by the
Unified Soil Classification System as silty sand (SM). Like
PARAHO, TOSCO is resistant to water with the PI only increasing
from 0 to 5 after 18 months of soaking.

Engineering properties
a. PARAHO can be compacted in the laboratory to dry densities of 95,

98, and 104 pcf under low, standard, and modified compaction efforts.
Whether compacted in an air-dried or wetted condition, dry densities
are essentially equal, hence water is not essential to achieving a
desired density. The maximum density achieved by the laboratory
vibratory table method was significantly less, only 89 pcf; however,
WCC (1976) reports that field vibratory compaction is the best
method of compaction, and vibratory densities ranging from 98 to
110 percent of standard were achieved depending upon lift thickness,
number of passes, etc. Particle breakage increases with compacted
effort and breakage values of 11, 16, and 25 percent resulted under
low, standard, and modified compaction efforts, respectively. Model-
ing the full-scale gradations by scalping and replacement, parallel,
or scalping techniques underestimates laboratory compacted densities
of full-scale material.

b. TOSCO can be compacted in the laboratory to dry densities of 97,
99, and 104 pcf under low, standard, and modified compaction
efforts, respectively. In the case of this material, optimum
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water contents range from 22 to 17 percent, and water is required
to achieve maximum dry density.

c. The compressibility of compacted PARAHO and TOSCO is comparable
to that for dense rockfill or sands. The percent compression
for a vertical stress of 800 psi (5.5 MPa) was 5-10 percent for
PARAHO and 5-8 percent for TOSCO with lower compression observed
for higher densities. Compression index values Cc ranged from

0.10 to 0.15 and 0.10 to 0.12 for PARAHO and TOSCO, respectively.
Both PARAHO and TOSCO suffer particle breakage during consolida-
tion, with both experiencing breakage values of approximately
28 percent for standard effort densities.

d. Both PARAHO and TOSCO possess self-cementing characteristics
producing additional strength with time. However, PARAHO sat-
isfies recommended criteria (Thompson, 1970) for assessing sta-
bilization reactivity, while TOSCO does not. Increasing density
produces higher strength gains, hence in critical areas requiring
increased strength, additional compaction may be warranted. PARAHO
is more reactive than TOSCO, exhibiting 3- to 8-fold strength gains
over 28-day curing, while TOSCO only exhibits a 1.5- to 3-fold
strength increase for comparable conditions. Cementing reactions
under normal conditions are slow for PARAHO, with strength gains
still indicated after 28 days, while TOSCO gains most of its
strength within 3 days following compaction.

e. The shear strengths of both PARAHO and TOSCO are comparable to
those for gravelly sands with respective effective internal
friction angles of 33 and 37-43 deg. Corresponding cohesion

values are less than 2.0 kg/cm2 for both materials. Attempts
to model gradations of PARAHO by scalping and replacement
techniques resulted in unconservative overestimates of internal
friction angles. Despite high densities, both materials gen-
erally exhibit positive pore pressure generation when sheared.

f. Compacted PARAHO can be considered as semipervious with perme-

ability values of 10-3 and 10-4 cm/sec depending upon compac-
tion effort. On the other hand, the finer grained TOSCO can be
considered as semipervious to impervious with permeability

values of 10- 6 to 10- cm/sec depending upon compaction effort.

g. Despite significant strength gains with curing time for compacted
PARAHO and TOSCO, K test results on specimens cured 13 and 19

months, respectively, showed no appreciable increase in stiffness.
Poisson's ratio values for PARAHO ranged from 0.16 to 0.29, while
those for TOSCO ranged from 0.24 to 0.30. The results also
showed that K values increased with axial stress level (over-

burden pressure) and overconsolidation ratio.
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k. Special interface shear tests investigating the angle of internal
friction of raw shale and PARAHO against different surfaces
showed the order of decreasing friction was rubber belting, rusty
steel, and stainless steel. For unprocessed shale these values
ranged from 31 to 14 deg, while for PARAHO the values ranged from
39 to 24 deg.

i. The dynamic characteristics of compacted PARAHO are good and com-
parable to those for dense sand and gravel.

j. Based upon the tests mentioned previously, these materials ex-
hibited geotechnical properties characteristic of a GP and SM.
They behaved as a moderately dense gravel or sand depending upon
the applied compaction effort and exhibited adequate strength.
In addition, their self-cementing characteristic enhances strength.
The materials are pervious to semipervious and as such will not
perform as an impermeable barrier. In this context, properly
engineered waste embankments of these materials should perform
satisfactorily.

Compositional properties
a. The unprocessed rock is yellowish-gray colored and composed of

quartz, feldspar, clay-mica, dolomite, iron sulfide, calcite,
analcime, and hydrocarbons. The only clay mineral, clay-mica, is a
very minor constituent, hence the rock is not properly described as
shale, but rather a carbonate rock.

b. Retorting by the PARAHO process to remove the hydrocarbons also
causes decomposition of the carbonate minerals. Subsequent re-
formation of carbonates involves cementation which is responsible
for the time-dependent strength gain observed in unconfined com-
pression tests.

Recommendations

Although the unprocessed shale may vary from deposit to deposit and
the method of operation may vary daily for the PARAHO or TOSCO processes,
both of which will cause a variety of properties for spent shale, this re-
port and that of WCC (1976) provide considerable information concerning the
geotechnical properties of spent shale. In this context, unless a different
retort process is used, additional laboratory research to identify typical
geotechnical properties is unwarranted. This does not mean, however, for
site-specific cases, that laboratory characterization is not necessary.

It is recommended that analytical studies of various disposal schemes
be initiated. Specifically, typical embankment geometries for disposing of
spent shale should be designed and analyzed using the properties of both
PARAHO and TOSCO. Effects of internal drainage on seepage forces and seismic
assessment should be included. Performance and design predictions could
subsequently be verified by geotechnical centrifuge models.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. S. customary units of measurement used in this

verted to metric (SI) units as follows:

Multiply

inches

feet

square miles

acres

pounds (mass)

tons (short)

pounds (mass) per
cubic foot

pounds (force) per
square inch

gallons per ton

foot-pounds per
cubic foot

degrees (angle)

Fahrenheit
degrees

BY

25.4

0.3048

2.589988

4046.856

0.4535924

907.1847

16.01846

6.894757

o.00000141

47.88017

0.01745329

5/9

report can be con-

To Obtain

millimetres

metres

square kilometres

square metres

kilograms

kilograms

kilograms per cubic
metre

kilopascals

cubic metres per
kilogram

joules per cubic
metre

radians

Celsius degrees or
Kelvins*
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* To obtain Celsius (C) temperature readings from Fahrenheit (F) read-

ings, use the following formula: C = (5/9)(F - 32). To obtain Kelvin
(K) readings, use: K = (5/9)(F - 32) + 273.15.



A REVIEW OF THE PHYSICAL AND ENGINEERING PROPERTIES

OF RAW AND RETORTED OIL SHALES FROM THE

GREEN RIVER FORMATION

PART I: INTRODUCTION

1. Oil shale is a fine-grained, usually dark-colored (brown, gray,

or black) sedimentary rock containing kerogen, a complex organic matter

that decomposes on heating to yield oil. In the United States, the prin-

cipal concentration of oil shale is in the Green River Formation in the

three-state region of Colorado, Utah, and Wyoming. The Green River

Formation shows the greatest promise for commercial shale oil production

in the immediate future. The oil shale of the Green River Formation

occurs beneath 25,000 square miles* (16 million acres) of land in the

tristate area. Of the total amount, some 17,000 square miles (11 mil-

lion acres) are estimated to contain oil shale suitable for commercial

development (i.e., deposits at least 10 ft thick and averaging yields of

25 or more gallons of oil per ton). To be commercially feasible and

operate economically an oil shale retort plant should process an esti-

mated 25,000 to 50,000 tons of raw shale per day. Most of the currently

used surface retort processes and materials produce retorted shale

(spent shale, ash, etc.) at about 80 to 85 percent of total raw weight.

In other words, for each ton of raw shale entering the retort plant,

approximately 1600-1700 lb of retorted shale exists.

2. A major problem arises involving the efficient and safe dis-

posal of extremely large amounts of the retorted or spent shale (over

40,000 tons per day for 50,000-ton plant). Several options are avail-

able for the disposal of retorted oil shales: (a) filling the deep,

narrow canyons of the oil shale mine area with the spent shale; (b) back-

filling the mine with spent shale as the raw shale is removed; and

* A table of factors for converting U. S. customary units to metric

(SI) units of measurement is presented on page 4.
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(c) using the spent shale for such productive uses as aggregate in as-

phalt or concrete mixtures, roadway base and subbase material, drilling

mud, cement production, building bricks, and mineral filler. All of

these options involve a determination and working knowledge of the geo-

technical properties of the retorted oil shale.

3. The purpose of this report is to summarize the published geo-

technical properties of raw and retorted oil shales from the Green River

Formation. The data summary provides a basis for comparison with adddi-

tional laboratory and field determination of geotechnical properties.

The data are limited to that published on the Green River Formation of

Colorado, Utah and Wyoming.

4. Possible sources of published geotechnical data were obtained

through personal contacts with Federal and state agencies involved in

oil shale development and through two computer based information re-

trieval systems: the National Technical Information Service, McLean,

Virginia, and the Smithsonian Science Information Exchange, Washington,

D. C.
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PART II: PHYSICAL AND ENGINEERING
PROPERTIES OF OIL SHALES

5. Serious interest in the production of shale oil dates back to

1920, with the interest fluctuating with the economy of the time and

variations in and concern over the estimates of the domestic petroleum

resources. During this period, several pilot studies and semiworks

plants produced varying amounts of retorted shale; however, concern

over the disposal of retorted shales and the corresponding need for

quantifying the geotechnical properties did not arise until the middle

1960's. This roughly corresponds to the time frame for the major en-

vironmental protection legislation. Prior to about 1967, few, if any,

geotechnical properties were determined for the retorted shale and only

limited data were measured on the raw shales. Since the published data

prior to this date was for raw shales only, the summary tables presented

in this report were divided between raw and retorted shales with the

data presented in chronological order. A survey of the information from

personal contacts and computer information services resulted in 27 ref-

erencesl-2T containing data pertinent to geotechnical properties of raw

and retorted shales. Table 1 summarizes general information pertinent

to the entries in the tables of properties for specific references.

Tables 2 and 3 summarize the physical and engineering properties of raw

oil shales. Table 4 summarizes physical and engineering properties of

retorted oil shales. In subsequent paragraphs, data for both raw and

retorted shales will be discussed in detail with emphasis on retorted

shale properties.

Physical Properties

6. The physical properties of interest to geotechnical engineers

are specific gravity, gradation, and Atterberg limits. Of equal impor-

tance but not considered to be a physical property is the classification

of the material using either the Unified Soil Classification System

(USCS) or the American Association of State Highway and Transportation

Officials (AASHTO) system.
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Specific gravity

7. The specific gravity may be expressed in three forms: (a) the

specific gravity of solids, which is applied to soils finer than those

passing a No. 4 sieve; (b) the apparent specific gravity; and (c) the

bulk or mass specific gravity. Both the apparent and mass specific grav-

ities are applied to soils coarser than the No. 4 sieve with the appar-

ent specific gravity routinely used when dealing with coarser materials.

The average value of the apparent specific gravity of raw oil shale

(Tables 2 and 3) varied from 2.02 to 2.36. The apparent specific grav-

ity was generally greater for the low-kerogen content shales and de-

creased with increasing kerogen content. No significant difference was

noted between the samples taken parallel and perpendicular to the shale

bedding planes. Mass specific gravity, available from only one refer-

ence, and ranged between 1.99 and 2.20. For the retorted shales, the

apparent specific gravity ranged between 2.11 and 2.59 with the majority

of the values between 2.52 and 2.59. Mass specific gravity available

from two references ranged between 1.80 and 1.85. These specific grav-

ity values are quite low in comparison with sandstone, limestone, basalt

and granite rockfill materials with values reported ranging from 2.29

to 2.84 for mass specific gravity and 2.65 to 2.87 for apparent specific

gravity.

Gradatiorn

8. The gradation of raw shale provides very little useful informa-

tion since the gradation is dependent on mining operations and the type

of crusher and amount of crushing the material undergoes prior to re-

torting. Of greater significance is the gradation of retorted shales,

since it is helpful in classifying the material and thus qualitatively

indicating the suitability of the material for engineering purposes.

The influence of the retorting process on gradation is evident in Fig-

ure 1, which shows the gradation of a raw and retorted shale. As would

be expected, the retorting process breaks down the raw shale. For ex-

ample, the < No. 40 fractions for the raw and retorted shales are 43 and

62 percent, respectively. The'< No. 200 fractions for the raw and re-

torted shales are 11 and 37 percent, respectively. Appendix A gives a
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Figure 1. Comparison of raw and retorted oil shale
gradations (from Reference 10)

detailed description of several different retorting processes. A funda-

mental difference in the raw shale gradations of the gas-combustion pro-

cess (Paraho process) and the Tosco process exists. Specifically, the

Paraho process uses the material between the 3- and 3/8-in. particle

sizes while the Tosco process operates on <3/8-in. particle sizes. In

the Paraho Study26 the raw shale retort feed, raw shale reject, and

three combinations of the two raw shale gradations were tested to obtain

geotechnical properties of the raw materials. Figure 2 shows the two

basic gradations (A and C) and the combinations (gradations B, D, and E).

The raw shale feed, as screened, was 100 percent gravel-size particles.

The raw shale reject contained 45 percent gravel-size, 48 percent sand-

size, and 7 percent silt- and clay-size particles. The variability of

the gradation for various retorted shales is evident in Table 4. The

gravel-size particles ranged from zero to 79 percent and the silt and

clay size from zero to 63 percent. Samples in which the percent <0.005

mm (clay) was determined ranged from zero to 12 percent. The uniformity

coefficients for nearly all of the retorted samples were high with val-

ues beginning at 4.7 and going up to as high as 1822. The higher
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Figure 2. Gradations of raw shale samples used on Phase VII of

Paraho Oil Shale Project (from Reference 26)

uniformity coefficients indicate a well-graded (or nonuniform for the
geologist) sample, which is generally more desirable when compaction and
strength properties are important.

Atterberg limits

9. Atterberg limits represent the end points and range of water
contents over which the consistency of the material varies. No Atter-
berg limit data are available on the raw shales, and only a very limited
amount is available for the retorted shales. Generally, the retorted
materials are nonplastic-. The two reported values of Atterberg limits
showed liquid limits of 30 and 33 and plasticity indexes of 6 and 3,
respectively.

Soil classification

10. Under the USCS, the retorted shales would be classified as GM,
SM, or ML depending on the amount of gravel present in a specific sample
and the plasticity of the fines. Under the AASHTO system, the retorted
shales would be classified as A-l_ or A-3 materials. In general, the
classifications indicate good compaction characteristics, slight to me-
dium compressibility, good to excellent strength values, and overall, a
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good foundation material. Classification of the raw shale is of little

consequence since it is considered to be rock in its in situ state, and

classification based on gradation is meaningless because of the man-made

variability of the gradation (i.e., different crushers and amount of

crushing).

Engineering Properties

11. The major engineering properties pertinent to geotechnical

engineers are compaction, permeability, consolidation or settlement,

durability, and strength. As previously noted, engineering properties

were not determined for retorted materials prior to the middle 1960's.

In addition, the engineering tests that were conducted were run primar-

ily on undisturbed cores with the data being used to determine mine roof

and pillar strength and stability. Only one reference reported test

data on raw crushed shale.26 Beginning in the middle 1960's, disposal

of retorted oil shale became a major concern. Disposal and/or alterna-

tive uses of spent shale necessitated the characterization of the mate-

rial from an engineering viewpoint. The following discussions of engi-

neering properties will be presented in the same chronological order:

undisturbed raw shale, crushed raw shale, and retorted shale.

Compaction

12. Only one reference reported laboratory compaction characteris-

tics for crushed raw shale.26 Two of the gradations shown in Figure 2

(curves D and E) were tested at two different compaction energies (one

half the American Society for Testing and Materials (ASTM) Standard28

D 698 or 6,200 ft-lb/ft , and ASTM D 698, or 12,375 ft-lb/ft3. The re-

sulting optimum moisture contents and maximum dry densities were 6.0

percent and 88.3 pcf for the low compaction and 8.3 percent and 90.3 pcf

for the standard compaction for gradation curve D. Corresponding values

for curve E were 1.0 percent and 77.5 pcf for the low compaction and 1.0

percent and 80.1 pcf for the standard compaction. As would be expected

for compaction of granular or gravelly materials, the variation of dry

density through the range of moisture content tested was very small; dry
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density varied from 89 to 91 pcf for a 10 percent change (0 to 10 per-

cent) in moisture content.

13. Considerable effort has been expended in developing the labor-

atory compaction characteristics of retorted oil shales since the im-

portance of compaction on the evaluation of disposal alternatives has

been determined. In addition, compaction of the retorted shales influ-

ences the other engineering properties. The major variable in estab-

lishing the compaction characteristics was compaction energy, with five

levels of compaction energy reported. The five levels and their cor-

responding ranges of optimum moisture content and maximum dry density

are presented in the following tabulation:

Compaction Energy ASTM Optimum Moisture Maximum Dry
ft-lb/ft3  Standard Content, percent Density,pcf

6,200 D 698 18.5-27.2 77.0-99.2
(50 percent)

12,375 D 698 15.5-31.0 78.6-103.2

19,700 D 1557 22.0 93.2-94.0
(35 percent)

33,750 D 1557 17.4 106.7
(60 percent)

56,250 D 1557 14.2-22.0 88.8-109.2

Other trends not obvious in this tabulation but apparent in Table 4 in-

clude (a) the obvious trend of lower optimum moisture content and higher

maximum dry density with increasing compaction energy and (b) the ac-

cepted trend of higher optimum moisture contents and lower maximum dry

densities with decreasing maximum particle size (i.e., more sands, silts,

and clays). The characteristic of small dry density changes over the

molding moisture content range exhibited by the crushed raw shale is

also predominant for the retorted materials. The range of maximum dry

densities of the compacted retorted shales under standard compaction

energy is somewhat less than would normally be anticipated for a GW

soil, which would normally range from 120 to 135 pcf.

14. Laboratory compaction data provide extensive insight into the
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behaviorial characteristics of compacted soils. However, because of

the limited knowledge of the engineering properties of retorted oil

shales, the effectiveness of field compaction equipment in achieving the

desired density conditions is a question of considerable concern. To

determine this effectiveness, the Paraho Oil Shale Project undertook the

construction of an extensive compacted test fill.25 The major variables

in the test fill study were moisture added, loose lift thickness, type

of compaction equipment, and number of passes. Table 5 summarizes the

test fill study. The results tabulated in Table 5 are shown graphically

in Figure 3. For the 8-in. loose lift thickness with moisture added at

the test fill, the highest percent compaction was achieved with the

vibrating drum compactor (6 passes) followed by the vibrating pad

(5 passes), tractor (6 passes), rubber tire (6 passes), and sheepsfoot

(6 passes) compactors. Combinations of the compaction equipment pro-

vided significant percent compactions, i.e., vibrating pad plus vibrating

drum (4 passes each) and sheepsfoot plus rubber tire (4 and 6 passes,

respectively). For the 12-in. loose lift thickness, the vibrating com-

pactors were significantly better than the conventional compactors. The

same percent compaction was achieved as was obtained using the vibrating

compactors on the 8-in. lift; however, twice as many passes had to be

made on the 12-in. thickness. For the test fill with no moisture added

and an 8-in. loose lift thickness, the highest percent compaction was

achieved with the vibrating drum compactor (6 passes) followed by the

tractor (6 passes) and the remaining three compactors resulting in the

same percent compaction (98 percent). Other than the one high point

(104 percent) and one low point (92 percent) at 6 passes, the remainder

of the compaction data (without moisture) fall within a fairly narrow

band of percent compaction between 95 and 102 percent. This indicates

that without adding water, the density of retorted shale cannot be sig-

nificantly increased by varying the type of compactor or increasing the

number of passes for a particular compactor. Based on these field data,

the.most economical compaction would be obtained using a vibrating drum

compactor with either 8- or 12-in. lifts with increasing lift thickness

requiring additional passes. Slightly higher densities can be obtained
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by adding water; however, the cost of hauling and distributing water may

be prohibitive.

15. Table 5 shows the breakdown of the retorted shale by the vari-

ous compactors. Based on an average of all tests conducted, 10 percent

of the gravel-sized particles were broken down into the sand-, silt-,

and clay-size fractions. Particle breakdown was less for the wet fill

than for the dry fill construction.

16. Based on results of the test fill study, the filtration test

pond lining (Pond No. 1) was compacted using a vibrating drum compactor.

An average percent compaction of 98 percent was achieved. A discussion

of the filtration test ponds will be presented in subsequent sections.

Permeability

17. The permeability of raw oil shale is an important property

when considering in situ retorting of the shale. Permeability during

in situ retorting is dependent on the temperature and pressure applied

during the process.13,20 Permeability values for compacted raw shales,

reported in one reference,26 ranged from 10,500 to 14,500 ft per year

(uniaxial loading = 4 psi) for 3/8- and 1-1/2-in. maximum particle sizes,

respectively. For retorted shales, the permeability is important when

considering the stability of embankments constructed of the material and

the pollution potential of rainwater leaching chemicals out of the dis-

posed shale. Under various loadings, the permeability varied as indi-

cated in the following tabulation. No definite trends were obvious from

these data, which show that considerable variation exists in permeabil-

ity values. However, accepted trends such as decreasing permeability

with increasing density and increased percent of fines were verified.

The amount of carbonate decomposition during retorting appeared to have

a significant influence on permeability: the higher the decomposition,

the greater the permeability. Since engineers are more familiar with

permeability presented in units of centimetres per second, the values in

the following tabulation and Tables 3 and 4 can be converted by multi-

plying feet per year by 0.97 x 10 to obtain centimetres per second.
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Load (uniaxial) Permeability Dry Density
psi ft per year pcf

50 0.3-71 98.9-93.9
100 0.25-52 98.9-93.9
200 0.08-30 98.7-93.9

70 1.5-2088 96.7-77.0
145 1.19-1016 96.7-77.0
300 0.3-480 96.7-77.0

1000 4.72-14.5 96.6-80.2

18. Field studies of the permeability of retorted oil shales were

conducted during the Paraho Oil Shale Project27 (Phase VII). In two

filtration ponds, one with a compacted lining and the other with an un-

compacted lining, the seepage and evaporation were monitored. The un-

compacted lining was found to have an average permeability of 2039 ft

per year while the compacted lining was found to have an average permea-

bility of only 4.24 ft per year. For comparison, laboratory permeabil-

ities on 6-in.-diam cores from the compacted lining ranged from 0.16

to 1.18 ft per year.

Settlement (consolidation)

19. Settlement (consolidation) properties are of minor consequence

for raw oil shales, but are very important in assessing the stability

of an embankment constructed of retorted shales since excessive settle-

ment could cause such an embankment to become unstable. In addition,

consolidation of retorted shale influences its permeability and strength

characteristics as well as the total volume required in a disposal site.

20. One reference reported settlement properties on compacted raw

shales26 with several references reporting on retorted shale.18,22-24

The percent settlement for the various applied loads (ASTM D 698 energy)

is summarized in the following tabulation:

Applied Load Settlement Dry Density
Material psi percent pcf

Paraho 50 0.7-2.8 95.5-88.0
100 0.8-3.4 95.5-98.3
200 o.8-4.8 95.5-98.3

(Continued)
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Applied Load Settlement Dry Density
Material psi percent pcf

Paraho 70 0.4-3.4 88.8-102.5
145 0.7-4.8 85.0-97.4
300 0.8-5.6 85.0-97.4

1000 5.3-10.7 80.2-96.6

Tosco 100 0-15.5 86.6-56.5
200 0.5-18.0 86.6-56.5

1000 1.0-23.0 86.6-56.5

The common trend of decreasing settlement with increasing density was

not apparent for the ranges of settlements obtained for the Paraho ma-

terial; however, the trend was obvious for the Tosco material. This is

probably a result of the limited range of densities tested for Paraho

samples compared with that of the Tosco samples. Quantitatively, the

minimum percent settlements are well within tolerable limits for nearly

any application. In general, the maximum percent settlements up to

about 5 percent are tolerable if an adequate design is prepared to ac-

commodate the settlements. In other words, for both materials, settle-

ment can be effectively minimized by adequate compaction. No detectable

difference was noted between the materials retorted by the direct or in-

direct heating modes. In the Paraho Oil Shale Study, the low carbonate

decomposition retorted shales settled roughly 1-1/2 to 2 times as much

as the high carbonate decomposition shales.23 Adding raw shale reject

material (<3/8 in.) to different carbonate decomposition samples re-

duced overall magnitude of settlement; however, the same trend of in-

creasing settlement with decreasing carbonate decomposition was evident.

Soundness

21. The soundness of an aggregate material is a measure of its

ability to resist degradation from an applied force. Generally, sound-

ness is quantified using the Los Angeles Abrasion (LAA) test. For the

raw shale feed, the LAA value was 14 percent (material loss), which in-

dicates a high degree of soundness. Many State Highway Agencies require

maximum loss values for concrete and base course aggregate of 40 per-

cent. The LAA values for retorted shales varied from 21.5 to 70 per-

cent loss. The sample with the 21.5 percent loss was taken from the
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U. S. Bureau of Mines (USBM) Demonstration Plant Stockpile and had been

exposed to the climate for several years. The suggested reason for the

low LAA value was that the softer particles deposited in the stockpile

had probably broken down, leaving only the hard, sound rocks that were

eventually tested. The more recent samples probably still include these

softer materials within the gradation normally tested in the LAA device;

hence, the high values of degradation.

Strength

22. The strength characteristics are most important in determining

the stability or load-carrying capacity of the raw or retorted oil shale.

Strength has been quantified using several parameters and tests: modu-

lus values, unconfined compressive strength q , and triaxial shear

strength $ , C . Prior to the mid-1960's, no strength tests were con-

ducted on retorted shale. The only strength determinations made were on

undisturbed cores of raw shale to determine the size and stability of

underground mine openings.

23. Intact raw shale. The average q of undisturbed raw shale

cores varied between 9,660 and 25,700 psi. The major variables investi-

gated in the strength determinations were kerogen content and core sam-

ple orientation (parallel or perpendicular to bedding). Compressive

strength was greater for the low-kerogen-content shales, with the ratio

of low- to high-kerogen-content compressive strengths in excess of two.

Differentiation on the basis of core sample orientation was not as evi-

dent; however, in most cases the horizontally oriented (parallel to

bedding) cores yielded slightly higher strengths. During the Paraho Oil

Shale Project, q values were determined on core samples taken from

large mine-run blocks. Values of q varied from 7,540 to 10,027 psi.

30
24. Leps classified rockfill on the basis of unconfined compres-

sive strength of rock cores in the following manner:

Strength
psi Classification

500-2,500 Weak rock particles

2,500-10,000 Average rock particles

10,000-30,000 Strong rock particles
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Based on this classification, most of the raw shale would be considered

strong rock particles. The raw Paraho material exhibits the strength of

average rock particles.

25. Modulus values were determined for use in the roof and pillar

designs; however, the modulus of elasticity was the one most used and

most easily identifiable. The average modulus of elasticity for undis-

turbed core samples varied from 0.83 x 10 to 6.025 x 10 psi. As ex-

pected, trends identical to those set for the compressive strength were

obtained for the modulus of elasticity, namely, increasing modulus val-

ues with lower kerogen contents and horizontally oriented samples. The

other modulus values, rupture and rigidity, along with Poisson's ratio

v for raw shale are summarized in Tables 2 and 3. Modulus of elastic-

ity values ranged from 0.56 x 106 to 0.82 x 106 psi, and v varied from

0.28 to 0.36 (values determined using shear wave tests).

26. Compacted raw shale. For crushed raw shale, in particular the

<1-1/2-in. shale feed reject compacted at ASTM D 698 and one half ASTM

D 698 compactive efforts, the friction angle $ values were 39 and

35 deg, respectively. Cohesion c values for the ASTM D 698 and one

half ASTM D 698 efforts were 19.4 psi (13.9 psi for saturated specimens)

and 22.9 psi (15.3 psi for saturated specimens), respectively.

27. Compacted retorted shale. Strength characteristics are most

significant from an engineering viewpoint when considering the disposal

of retorted shales. The parameters used to quantify the strength char-

acteristics in the reported data were $ , c , and qu .

28. Retorted materials compacted at 10 percent ASTM D 698 compac-

tion energy were tested in unconsolidated, undrained (Q) triaxial and

unconfined compression tests by the University of Denver.15 The results

of the unconfined compressive testing program are shown in Figure 4 and

the triaxial testing program in Figure 5. The qu increased with stor-

age or curing time, increasing storage or preconsolidation pressure for

constant curing time, and increasing molding water content. This latter

trend is contrary to accepted trends for this general type of material

(i.e., GW, ML); however, it may be explained on the basis of one of two

arguments. The first argument involves the more extensive development
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of cementitious reaction products as a result of the extra water made

available to the material. The second argument involves apparent cohe-

sion resulting from the surface tension effects of the increased water

content. A simple way to determine which argument is valid is to inun-

date the quspecimens prior to testing. If the soaked specimens main-

tain their strength, then the cementing reaction products argument is

valid; if the specimens crumble during soaking, then the apparent cohe-

sion argument is valid. During the laboratory testing program, none of

the specimens were soaked prior to testing; however, some of the addi-

tional chemical tests indicated that cementing reaction products did

develop in a somewhat similar process to lime stabilization. A second

and less obvious possible indication of the cementing reaction product

is shown in Figure 5. With increasing curing time, particularly at the

higher molding water contents, the role of cohesion in determining the

shear strength increases (i.e., the curves cross).

29. In a series of Q triaxial tests to develop strength parameters

for a stability analysis, 1 and c were measured on compacted sam-

ples from the Tosco process with varying moisture contents and dry den-

sities. The results showed that c = 35 deg for all tests and that c

varied between 6.3 and 19.4 psi, with c increasing with increasing

density. In a series of consolidated undrained (R) triaxial tests,

back-pressure saturated, the results were 4 = 20 deg and c = 0 .

30. In Phase II of the Paraho Oil Shale Project,22 retorted shale

that had been stockpiled for several years was tested. R triaxial test

results on two different gradations compacted at optimum water content

and maximum dry density were # = 32.4 deg and c = 17.4 psi for the

3/1 6-in. maximum size and = 34.2 deg and c = 2.2 psi for the

1-1/2-in. maximum size. In an attempt to determine the stabilization

potential of retorted shales and the influence of rapid curing at 125F,

5 percent hydrated calcium lime was added to the material and qu val-

ues measured versus curing time. The results are shown in Figure 6. A

small increase in qu was noted for the 28-day cure at 125F for speci-

mens containing no lime. Addition of the lime resulted in extremely

large strength gains, which is most unusual because soils with
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plasticity indexes less than 10 do not respond to lime treatment. The

strength gains obtained would far exceed any of the generally accepted

criteria for quantifying stabilization potential; however, the results

should be viewed with some reservation. Rapid-cure procedures generally

consist of curing specimens at elevated temperatures for shorter time

periods (i.e., 30-90 hours) to simulate multiple-day curing (i.e., 7,

14, 21 days). It would appear that the procedure was incorrectly ap-

plied in this reference since apparently the samples were cured at 125*F

for periods up to 28 days; therefore, it is not actually a true rapid-

cure procedure. In addition, the 125 F temperature is generally consid-

ered to be too high since the type and amount of reaction products are

dependent on the curing temperature. A more realistic temperature would

be in the range of 100-105 F.

31. In Phase III of the Paraho Oil Shale Project,23 consolidated,

drained (S) triaxial and unconfined compression tests were run on three

gradations at different compaction energies for shales having two dif-

ferent amounts of carbonate decomposition. Values of 4 and c ranged

between 35.0 and 37.6 deg and 12.5 and 13.9 psi, respectively, for the

high carbonate decomposition without curing. For the low carbonate de-

composition without curing, 4 and c ranged between 34.2 and 42.9 deg

and 9.7 and 13.2 psi, respectively. Comparable 4 and c values were

obtained for both materials with the low carbonate decomposition shale

showing slightly higher 4 values. Curing comparable specimens at

ASTM D 698 compaction energy resulted in a decrease in 4 and a consid-

erable increase in c , which supports the cementing reaction product

argument. The qu values likewise support this argument, as shown in

Figure 7. A significant increase in qu with time is evident for the

high carbonate decomposition shale, while the qu increase is much less

dramatic for the low carbonate decomposition shale.

24
32. In Phase IV of the Paraho Oil Shale Project, S and K

0

triaxial and unconfined compression tests, where K0 is the ratio of

lateral stress developed to vertical stress applied, were run on re-

torted shales produced by direct and indirect heating modes of the re-

tort plant. The variables studied during the testing program were
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molding water content, curing time, compaction energy, and seasoning

(mellowing) time. For the direct-heat retorted shale at optimum water

content and maximum dry density for each of three compaction energies,

4 and c ranged between 34.2 and 34.6 deg and 19.4 and 36.1 psi, re-

spectively. For the indirect-heat retorted shale at ASTM D 698 optimum

water content and maximum dry density, c and c values were 29.2 deg

and 3.0 psi, respectively. The q results corresponding to the pre-

viously described variables of water content, curing time, and seasoning

time are shown in Figures 8, 9, and 10, respectively. The previously
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(from Reference 24)
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described trend for retorted shales of increasing qu with increasing

water content was again evident up to a molding water content of 15 per-

cent. Above 15 percent, the strength began to decrease, probably due

to the fact that excess water was available in the specimen. The ce-

menting reaction product effect is again evident in Figure 9 as the

strength increased with time.

Influence of mellowing time

33. In lime stabilization, the development of pozzolanic (cement-

ing) reaction products occurs at the contact points between particles

when the lime reacts with surfaces of the individual particles and forms

the cementing agent. This reaction and the corresponding cementing ac-

tion occurs relatively fast, requiring that the particles be in close

proximity (i.e., compacted) within a reasonably short time (i.e., 24 to

48 hours) after the lime is introduced into the soil. The influence of

seasoning or mellowing time for retorted oil shales is comparable to that

of lime-stabilized soils (Figure 10). At the lower molding water con-

tents, the strength drops off rapidly after approximately 24 hours if

the specimens are not compacted by that time. With increasing molding

water content, gu increases and the seasoning time before strength

begins to decrease is extended. This is the result of the additional

water being available to enhance the amount of the reaction and extend

the reaction time. In other words, at the lower water contents the

amount of development of reaction products and length of time for de-

velopment is less because sufficient water is not available.

KO tests
2)4

34. During the K triaxial testing program, duplicate speci-
0

mens were prepared and tested in unconfined compression. The major

variables investigated in the testing program were gradation, compaction

energy, and addition of additives (1 and 3 percent lime and cement).

The purpose of the testing program was to compare modulus of deforma-

tion Ed values with such properties as qu , K , and v . The re-

sults of the K0 and qu tests are summarized in Table 4 and shown

graphically versus the previously mentioned properties in Figures 11,

12, and 13. Although the qu values for the 60-day cure specimens did
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show some slight increase over the 28-day cure specimens, on the whole

there was very little discernible difference. This would indicate that

the cementing action that develops with time is essentially developed

prior to the 28-day cure limit. This finding is consistent with all of

the previous testing results. As expected, increased compaction energy

resulted in higher qu values. Addition of 1 percent hydrated lime re-

sulted in a distinct improvement in qu , i.e., 159.2 psi and 136.2 psi

for 28- and 60-day cures, respectively, as compared with 88.2 psi and

103.1 psi for the 30- and 60-day cures, respectively, without lime. Ad-

dition of 3 percent lime actually resulted in a decrease in qu values,

i.e., 117.9 psi and 122.3 psi for 28- and 60-day cures, respectively.

The probable explanation for this decrease is the hydration of the ex-

cess lime, which reduces the water available to the retorted material

for its own cementing reaction and reaction with the usable lime. Ad-

dition of 1 percent cement significantly increased qu , i.e., 183.6

psi and 154.3 psi at 28- and 60-day cures, respectively. Further in-

creases were obtained by adding 3 percent cement, i.e., 203.0 psi and

234.8 psi for 28- and 60-day cures, respectively. Although the qu

testing program on 1-1/2-in. maximum size particles was limited compared

with the 3/4-in. maximum size previously described, the qu values were

higher for the larger particle sizes.

35. The basic parameters obtained from the K testing were Ed
0d

v , and K0 . The Ed values are indicators of strength and compres-

sion property variations. Values of Ed , v , and K from the test-

ing program are summarized in Table 4 and shown graphically as a func-

tion of one another and of qu in Figures 11, 12, and 13. Modulus

values, as expected, increased with increasing compaction effort; how-

ever, no distinct differences were noted between the 28- and 60-day cure

specimens. Adding lime increased the modulus values, but consistent

with the qu test results, the higher percentage of lime resulted in a

lower strength as compared with the lower lime percentage. Adding ce-

ment significantly increased the modulus values, following the same

trends set by the qu tests. Higher modulus values were obtained for

specimens molded from 1-1/2-in. maximum size particles. Average K
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values varied from 0.35 to 0.45 over the range of modulus values ob-

tained. Average v values ranged between 0.25 and 0.31 over the range

of modulus values obtained.

36. A total of four specimens, two K0 and two qu , were satu-

rated prior to testing. In both qu tests the strengths were higher

for the saturated specimens compared with those of specimens molded at

the same conditions and not saturated. Higher modulus and lower K
0

values were obtained for the saturated specimens versus their unsatu-

rated counterparts.
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PART III: CONCLUSIONS

37. Whether disposal of retorted oil shales involves filling the

surface canyons in the oil shale mine area, backfilling oil shale mines,

or a productive use such as aggregates, the geotechnical properties of

the shales will determine the performance of the disposal structure

(i.e., embankment) or product (i.e., aggregates). During previous dis-

cussions, the important physical and engineering properties of raw and

retorted oil shales from available sources have been defined and briefly

discussed via available published information. Although the properties

exhibited considerable variability, the data did provide insight into

the behaviorial characteristics from a geotechnical point of view. Per-

tinent conclusions regarding the geotechnical properties are discussed

in the following paragraphs with emphasis on the properties of retorted

oil shale.

38. Published physical property data show that the apparent spe-

cific gravity of retorted oil shales generally range between 2.5 and 2.6.

Retorted oil shales are generally well-graded materials regardless of

the particle size (i.e., gravel, sand, silt, and clay) predominant in

the gradation. Retorted oil shales are classified as GM, SM, or ML mate-

rials by the USCS depending on the amount of. gravel present and plastic-

ity of the fines. In the AASHTO System, retorted shales are classified

as A-1 or A-3 materials. Retorted oil shales are generally nonplastic;

however, measured plasticity indexes are less than 10 percent.

39. Compaction characteristics of crushed raw shale indicated op-

timum moisture contents between 1 and 8 percent and maximum dry den-

sities between 77 and 90, pcf depending on the gradation and compaction

energy. For retorted shales over the same compaction energy range, the

optimum moisture content ranged between 18 and 31 percent and maximum

dry density ranged between 77 and 103 pcf. The crushed raw shale and

most of the retorted shales tested exhibited a generally flat S-shaped

compaction curve in which the density decreased in the lower end of the

moisture content range and then increased to the maximum value and be-

gan decreasing again.
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40. Field compaction can be effectively achieved using routine

compaction procedures and equipment. Vibrating compactors, either pad

or drum, obtain maximum percent compaction with fewer passes than do

conventional compaction equipment. Water added at the compaction site

increases the efficiency of most compaction equipment. Adding water

also reduces particle breakdown compared with compaction of dry material.

41. Permeability of retorted oil shales is variable and, like most

material, is dependent on gradation, amount of compaction, and applied

load. Field studies show that compaction significantly reduces the per-

meability when leaching of chemicals by rainwater is considered a poten-

tial environmental hazard.

42. As with permeability, the settlement or consolidation prop-

erties are variable. The material follows the accepted trends of lower

densities resulting in larger settlements. Settlement properties were

distinctly affected by the amount of carbonate decomposition of the

retorted shales with low-carbonate decomposition shales settling 1-1/2

to 2 times as much as high-carbonate decomposition shales.

43. Retorted oil shales are not relatively hard materials since

their resistance to degradation by external force, i.e., soundness, is

generally less than minimum accepted values for concrete or base course

aggregates.

44. Reported compressive strength of undisturbed raw shales ranged

between 9,000 and 25,000 psi, with the lower strengths corresponding to

low-kerogen content shales and increasing as the kerogen content in-

creased. Sample orientation (i.e., parallel or perpendicular to bedding)

had a slight effect on strength with the parallel to bedding samples

yielding slightly higher strength. Reported modulus of elasticity

values ranged between 0.83 x 10 and 6.025 X 10 psi and exhibited

trends similar to those for compressive strength, kerogen content,

and sample orientation.

45. Reported data on strength of compacted retorted shales showed

that strength increases with (a) increasing molding water content, (b)

increasing storage or curing time, and (c) decreasing seasoning or mel-

lowing time. The combination of these factors and their variations
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indicates that the strength of retorted shales is analogous to that de-

veloped in lime-stabilized soils: the strength is dependent on the

development of pozzolanic reaction products or cementing agents between

individual particles. Increasing strength with increasing water content

indicates that the water is being used by the material to form the ce-

menting agents; however, one data source24 did show that strength

decreases after reaching a molding water content (Figure 8) of approxi-

mately 15 percent. The rapid increase in strength with time is typical

of strength that is dependent on cementing agents. In nearly all re-

ported cases, the major portion of the strength was developed by or

prior to the 1 4-day curing time.

46. Additives such as lime and cement showed distinct effects on

strength characteristics. One percent hydrated lime increased the

strength compared with that of the -untreated material, but addition of

3 percent lime resulted in a decrease compared with the 1 percent

strengths. This would indicate an excess of lime, which would have a

tendency to reduce the water available to the shale to develop its own

cementing agent or to react with the usable lime. Addition of cement

at the 1 and 3 percent level resulted in continued strength gain with

increasing percent cement.

47. K0 testing of retorted oil shales indicated that Ed values

varied between 5,000 and 24,000 psi, depending on the gradation and

compaction energy. Average K0 values ranged between 0.35 and 0.45

over the range of modulus values obtained. Average V values ranged

between 0.25 and 0.31 over the same range.
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Table 1

Summary of Material and Sample Description and Location Information

ReferenceReference
No. Date

1 1950

Material

Green River
Formation

2 1951 Green River
Formation,
Mahogany
Ledge

3 1952 Green River
Formation,
Mahogany
Ledge

4 1952 Green River
Formation

Location

Rifle Oil Shale Mine,
Rifle, Colo.

USBM Oil Shale Demon-
stration Plant,
Rifle, Colo.

USBM Oil Shale Demon-
stration Plant,
Rifle, Colo.

USBM Oil Shale Demon-
stration Plant,
Rifle, Colo.

5 1953 Green River USBM Oil Shale Demon-
Formation stration Plant,

Rifle, Colo.

6 1954 Green River
Formation,
Mahogany
Ledge

7 1954 Green River
Formation,
Mahogany
Ledge

8 1955 Green River
Formation,
Mahogany
Ledge

9 1956 Green River
Formation,
Mahogany
Ledge

10 1959 Green River
Formation,
Mahagony
Ledge

11 1960 Green River
Formation,
Mahogany
Ledge

12 1963 Green River
Formation,
Mahogany
Ledge

USBM Oil Shale Demon-
stration Plant,
Rifle, Colo.

USBM Oil Shale Demon-
stration Plant,
Rifle, Colo.

USBM Oil Shale Mine,
Rifle, Colo.
(near Book Cliffs)

USBM Oil Shale Demon-
stration Plant,
Rifle, Colo.

USBM Anvil Points
Mine, Rifle, Colo.

USBM Oil Shale Mine,
Rifle, Colo.

USBM Oil Shale Mine,
Rifle, Colo.

Sample Description/Designation

Raw shale, Designated Group
No. 29 in Reference

Raw shale, 16 samples desig-
nated in two groups - "Six
Elected Colorado Oil Shales"
(6) and "Mineable Bed
Samples" (10)

Raw shale, retort feed

Raw shale, retort feed

Raw shale, retort feed

Raw shale, retort feed

Raw shale

Raw shale, Designated Group
No. 41 in Reference

Raw shale, retort feed

Raw and retorted shale

Raw shale

Raw shale

Remarks

Tests run on cores from ver-
tical and horizontal core
holes for high- and low-
kerogen materials

Tests run on core samples
(3/4-in.)

Gradation of crushed raw shale
only data presented

Gradation of crushed raw shale
only data presented

Gradation of crushed raw shale
only data presented

Gradations of raw shale for
different crushers and mine
run

Tests'run on core parallel and
.perpendicular to bedding on
roof and pillars by 3 dif-
ferent laboratories

Tests run on cores from ver-
tical and horizontal core
holes for high- and low-
kerogen materials

Gradation of mine run shale
only data presented

Gradation of shale feed and
retorted shale only data
presented

Tests run on cores from ver-
tical and horizontal core
holes. Most information on
crushers and corresponding
gradations

Tests run on shales following
removal of organic constit-
uents. Data include par-
ticle size distribution,
specific surface area and,
pore sizes

13 1964

14 1967

Data same as presented in Reference 7 with some additional discussion

Green River
Formation,
Mahogany
Ledge

15 1969 Green River
Formation,
Mahogany
Ledge

Not specified in
Reference

Not.specified in
Reference

Retorted shale

Retorted shale

Tests run on reheated retorted
shales using 1-in.-diam. x
2-in.-high remolded speci-
mens. Data not included in
summary table because too
many variables and too few
samples were used.

Tests run on reheated retorted
shales using 1-in.-diam. x
2-in.-high remolded specimens

(Continued)
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Table 1 (Concluded)

No. Date Material

16 1970 Green River
Formation,
Mahogany
Ledge

17 1971 Green River
Formation,
Mahogany
Ledge

Location

Below Mahogany Marker
Colony Mine

Above Mahogany Markeri
USBM Mine

USBM Experimental
Mine, Rifle, Colo.

18 1974 Green River Parachute Creek Oil
Formation Shale Plant, Colony

Development
Operation

19 1974 Green River USBM Anvil Points
Formation Mine, Rifle,

Colo.

20 1974 Green River
Formation

Various locations

21 1975 Green River USBM Laramie Energy
Formation Research Center,

Laramie, Wyo.

22 1975 Green River USBM Demonstration
(Feb) Formation Plant Stockpile,

Anvil Point, Colo.

23 1975 Green River
(Apr) Formation,

Mahogany
Member

24 1975 Green River
(Oct) Formation,

Mahogany
Member

25 1976 Green River
(Feb) Formation

Mahogany
Member

26 1976 Green River
(Jul) Formation

Mahogany
Member

27 1976 Green River
(Dec) Formation

Mahogany
Member

USBM Experimental
and Demonstration
Facility, Paraho
Oil Shale Project
(Phase III), Anvil
Points, Colo.

USBM Experimental
and Demonstration
Facility, Paraho
Oil Shale Protect
(Phase IV)

USBM Experimental
and Demonstration
Facility, Paraho
Oil Shale Project
(Phase V)

USBM Experimental
and Demonstration
Facility, Paraho
Oil Shale Project
(Phase VII)

USBM Experimental
and Demonstration
Facility, Paraho
Oil Shale Project
(Phase VI)

Sample Description/Designation

Retorted shale
Designated BM
Raw and retorted shale
Designated AM

Raw shale

Retorted shale

Raw shale

Raw shale

Retorted shale

Retorted shale
(Phase II of Paraho Oil Shale

Study). Designated:
Size 1. < No. 4
Size 2. < 3/4 in.
Size 3. < 1-1/2 in.

Retorted shale from pilot
plant. Designated:
Size 1. < 1-1/2 in.
Size 2. < 3/4 in.
Size 3. < No. 4
Samples taken from exit
conveyor belt

Retorted shale from semi-works
plant. Designated:
IV-lA Discharge Conveyor
IV-lB (Direct)
IV-1B2
IV-Sl Stockpile (Direct)
IV-SCl Stocking Conveyor

(Direct)
IV-lIH Discharge Conveyor

(Indirect)

Raw shale

Compacted test fill using
retorted shale from Semi-
Works Plant

Raw shale
Sample designations

VII-l. Raw shale feed
VII-2. Block samples

(Feb 75)
VII-3. Block samples

(Dec 75)

Retorted shale. Infiltra-
tion ponds constructed of
discharge conveyor material

Remarks

Majority of data is taken from
References 14 and 15. Re-
maining data include numer-
ous variables. Data not
included in summary tables

Tests run on 3/4-in.-diam. x
1-1/2-in.-high cores of high
pressures and temperatures
to simulate insitu retorting.
Data not included in summary
tables

Test data on parts 2, 4, and 5

Tests run on low-, moderate-,
and high-Kerogen shales

Tests run at high temperatures
and pressures to simulate
insitu retorting. Data not
included in summary tables

Test run to evaluate use of
retort shale as highway con-
struction material

Tests run on remolded specimens
blended to reproduce the orig-
inal gradation of stockpiled
material

Tests run on remolded specimens
for high and low degrees of
carbonate decomposition

Tests run on remolded specimens
representing direct and in-
direct heating modes of the
retort plant

Tests run on cores cut from
block samples

Percent compaction determined
for various equipment and
coverage combinations
See sample IV-1B for lab
properties

Tests run on different grada-
tions blended to meet desired
conditions. Tests run on
cores cut from block samples

Infiltration tests run to deter-
mine permeabilities

(Note: Separate report not prepared. Data appear in Chapter 10 of Reference 27.)
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Table 2
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Reference Material/Sample
Number Description or Designation

1 Green River Formation

Vertical core hole
Lov kerogen (2 observations)

High kerogen (2 observations)

Horizontal core hole
Lov kerogen (2 observations)

High kerogen (2 observations)

2 Six selected Colorado oil shales

7 Green River Formation,
Mahogany Ledge

Lab 1, College Park, Md.
Roof cored parallel to

bedding
Roof cored perpendicular

to bedding
Pillar cored perpendicular

to bedding
Lab 2, Columbia University

Roof and pillar cored
perpendicular to bedding

Lab 3, Pittsburgh, Pa.
Roof and pillar cored

perpendicular to bedding
Roof and pillar cored

parallel to bedding

8 Green River Formation,
Mahogany Ledge

Vertical core hole
High kerogen
Lov kerogen

Horizontal core hole
Low kerogen

ll Green River Formation,
Mahogany Ledge

Vertical core
Horizontal core

19 Green River Formation

Low kerogen
Moderate kerogen
High kerogen

Apparent Moisture
specific Content
Gravity Percent

2.31
(2.31-2.31)

2.13
(2.02-2.24)

2.355
(2.26-2.45)

2.17
(2.08-2.25)

2.02
(1.673-2.504)

Unconfined
Apparent Modulus of Poisson's Modulus of Modulus of Compressive
Porosity Elasticity Ratio Rupture Rigidity Strength,

Density pcf Percent 109 psi v 103 psi 10 psi 103opsi

3.2
(1.5-l+.9)

1.35
(0.51-2.2)

8.6
(5.2-12.0)

1.35
(0.21-2.1)

(Bulk)

1.18 74.65
(0.38-2.93) (60.4-98.8)

2.18

2.25

3.77
(3.61-3.93)

2.295
(1.89-2.7)

6.025
(5.0-7.05)

3.723
(2.87-4.47)

3.1

1.8

0.16
(0.11-0.21)

0.10
(0.02-0.18)

0.265
(0.25-0.28)

0.657
(0.45-0.94)

0.58

-0.10

1.869
(0.51-3.56)

1.35

2.025
2.25

2.36

2.25
2.36

139.6
140.0
124.6

1.0
1.1

0.83
3.575

5.95

3.66
5.95

3.80
1.47
1.02

0.18
0.145

0.33

0.12
0.30

1.9
(1.8-2.0)

0.985
(0.87-1.1)

4.45
(4.1-4.8)

3.40
(2.0-4.6)

3.0

0.36

4.38
(3.35-6.59)

1.43

4.0
1.13

1.645
(1.61-1.68)

0.985
(0.84-1.13)

2.375
(1.94-2.81)

1.14
(1.0-2.42)

21.75
(21.6-21.9)

12.75
(12.5-13.0)

25.7
(23.2-28.2)

11.13
(9.6-13.4)

0.98 --

1.0 16.6

-- 22.7

12.78
(7.35-19.0)

11.7

9.66

o.465
1.535

2.22

1.59
2.22

10.0
15.3

25.0

15.1
25.0

24.9
10.9
10.6

0
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Table 3

Summary of Physical and Engineering Properties of Raw Paraho Study Oil Shale

Gradation____ Compaction Permeability, ft/yr Settlement, % (Consolidatic

ti a C ~ ~ At Loading, psi At Loading, psi

H*o H a )0 a4 0) o a , ,_ar jw_

p' 000 N+ri a d v0O0 0q P
zC m C 0 C 04mH a) ~

-
a ..v "4 p aa )1 r 0 A HI 0 0 0O 00M

NaO C -A O , .i I 16 v0
v& ) M0 I0 0 4 m-1 u v u 0 0 00

a)a

24 Green River Formation,
Paraho Oil Shale Project

Block 1 (Specimen 1-6)
Block 2 (Specimen 2-2)
Block 3 (Specimen 3-4)

10,027
7,563
10,027

Elasticity

106 psi

0.58
0.82
0.56

v

0.32
0.36
0.28

(25% of failure load)

26 Green River Formation,
Paraho Oil Shale Project

Sample VII-1
1-1/2 - 3 in. (shale

feed)
3/8 - 3 in. (shale

feed), Curve A
3/4 - 1-1/2 in. (shale

feed)
-3/4 in. (shale feed

+10% of -3/8 in.)
-3/8 in. (shale feed

reject), Curve C
-1-1/2 in. (shale

feed +10% of -3/8
in.), Curve D

3/8 - 1-1/2 in. (shale
feed), Curve E

Sample VII-3
Raw shale cores from

block sample (Avg.
of 9 samples)

2.11

2.12

1.99 3 100 0 0 0

3 100 0 0 0 55 22 2.5

2.20 1-1/2 100 0 0 0 -- -- --

3/4 50 43 7 -- -- - --

3/8 45 48 7 2 5.2 0.2 26

1-1/2 84 14 2 0 23.0

1-1/2 100 0 0 0 282.15

1.5 15

14 2

6,200 6.0 88.3
12,375 8.3 90.3

6,200 1.0 77.5
12,375 1.0 80.1

14 Angle at repose = 400

8.3 90.3 9.7

10,500*

84.8 72.6 14,500**

80.5 62.4

Average of 3 specimens

35 0.70 22.9 15.3
39 0.81 19.4 13.9

1.0
2.0

2.0 4.5 20.0
3.0 6.0 17.5

Note: D6 = Grain-size diameter at 60 percent passing.

D10

C
u

= Grain-size diameter at 10 percent passing.

= Coefficient of uniformity, D60/D10.
* 6d = 79 pcf; Loading = 4 psi.

** 
6
d = 80.7 pcf; Loading = 4 psi.
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Metz Reference Room
University of Illingo;

B106 NCEL
208 N. Romine Street

Urbana~ .I ISno a 61801

on) Triaxial Shear Unconfined Compression

0

Friction Cohesion

Mds0
0 U b0 b)
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orC) Cc~. 40

Modulus of

1.3
(0.8-
2.5)

126.2
(109.1-

1385)
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Table 14
Summary of Physical and Engineering Properties of Retorted Oil Shales

Gradation Copction Permability, /y Settlement, S (Consolidation) Triaxial Sher lUnconfined Compression

K.-_ ti x w5 0 At Loading, psi At oding, psi Friction Cohesion

44,>.a. 080 .psi

E Cr. 0 a 2 ,*- ' .4-v a.4 00

C0.l 4; ^ N4.UCo Fx 1.F; 40. 4.04 S 0Y U 
0 Eo C O.

F0 -4 .4 5-4 5. .e V U m040v04 ucr]N04 -

15 Green River Formation
Reheated retorted shale

18 Green River Formation
(Part 2) Colony Development

Operation Semi-works
Plant (Avg of 14
observations unless
otherwise noted)

18 Green River Formation
(Part 4) Colony Development

Operation Semi-works
Plant

18 Green River Formation
(Part 5) Colony Development

Operation Semi-works
Plant

21 Green River Formation
Laramie Energy Research
Center

22 Green River Formation,
USBM Experimental and

Demonstration Facil-
ity, Paraho Oil Shale
Project
As received
Size 1

Size 2

Size 3

23 Green River Foration,
USBM Experimental and

Demonstration Facil-
ity, Paraho Oil Shale
Project

High Garbonate Decompo-
sition
As received

Low Carbonate pecompo-
sition
As received

High Carbonate Decompo-
sition

Size 1

Low Carbonate Decompo-
sition

Size 1

High-Carbonate Decompo-
sition

Size 2

3/8 8.2 59.9 31.1
(1/4- (1.5- (42.2- (17.1-

1/2) 19.0) 76.2) 47.0)

-- 0.71 0.032 29
(0.2- (.014- (4.7-

2.11) 0.05) 111)

21.4

27.3
26.8

0.39 24
0.52 18
0.51 18

5 69.5 o
10 67.4
20 62.1 v

N J12,375 19.4 95.6
(15.7- (88.2-

21.8) 100.4)

33,750 17.4 106.7
(16.6- (106.5-
18.1) 106.8)

56,250 15.7 108.5
(14.2- (107.8-

17.2) 109.2)

2.525 3/16 0 47 53 -- 0.095 0.0065 15 30 6 56,250 17.0 100.0

1.85 3/4 53 47

32.0
52.5
86.5
63

-- 15.5 18.0 23.0
-- 10.5 13.0 19.0
-- 0 .5 1.0
-- 0.5 1.0 2.0

Final specimen tested at Wi -
no inundation molding

350

350

35*
200

6.3
12.5
19.4
0

Q-test

R-test (Back-pressure
saturated)

12 observations for std
compaction, 2 observa-
tions for 60 percent
modified and modified
compaction

Consolidation specimens
6 = 56.5 pcf
dr = 65.0 pcf

= 86.6 pcf
= 71.0 pcf

w = 5-20%, 
6  

= 85 pcf
w - 5-20%, 

6
d = 90 pcf

w = 10%. d 95p

6= 85-90 pci'

0 7 0.074 95 -- NP

3 48 20 32 12 8.2 0.0045 1822 33 3

2.53 3/16 0 37 63 -- 0.060 0.0024 25

2.13 3/4 26 30 44 -- 0.50 .0034 147

2.11 1-1/2 42 22

3 76 17

3 73 20

2.56 1-1/2 79
1-1/2 54
1-1/2 50
1-1/2 48
1-1/2 52

2.58 1-1/2 72
1-1/2 49
1-1/2 45
1-1/2 35
1-1/2 52

-- -- 6,200 23.7
12,375 23.7
56,250 19.9

91.3 84.9 85.9
93.2 90.5 91.1
99.5 96.1 95.0

-- 6,200 20.0 95.8 92.5 92.8

12,375 20.2 98.3 95.8 94.2

56,250 15.3 104.6 102.5 99.2

36 -- 5.8 .0034 1705 -- -- 6,200 18.5 99.2 94.4 93.8
12,375 15.5 103.2 95.8 95.8

56,250 14.4 08.4 104.0 104.2

1.57 1.04 0.72

0.56 0.53 0.61

1.32 1.07 0.87

-- 1.3 1.8 2.2 12.8 32.4 0.635 17.4
(Q-test)

-- 2.8 3.4 4.8 --

-- 1.8 2.2 3.7 -- 34.2 0.68 2.2
(Q-test

12.5 -- -- 26.7

21.5 LAA Run on 1/2 -
1-1/2-in. material

2 13 0.21 62 -- NP

3 12

7
18
19
20
12

12
26
36
38
24

3/4 70 20 10 --

0.033 364

0
6,200

12,375

56,250
12,375

0

6,200
12,375
56,250
12.375

-- NP

22.0
19.8
22.0
21.8

22.0
22.0
22.0
24.0

12,375 19.8

77.0
80.2
88.8
80.2

93.0
96.6
102.5
96.6

78.6

76.5
80.0
87.0

87.7
94.6
96.9

73.6
79.8
88.1

91.1
96.1
102.4

82.3 59.2

85.3 76.3

(70 psi)* (145 psi)* (300 psi)*

2088 1016 480
157 713 40.6
51.0 40.1 16.1

828 307 146

199.0 118.3 75.8
167.6 140.4 80.6
2.10 1.76 1.07
2.30 1.52 1.36

(70 psi)* (145 psi)* (300 psi)*

1.6
14.5 1.1

0.4
0.5

4.72
2.8

3.0
3.4
0.4

2.4
1.3
1.2
0.8

3.4
4.1

3.6
1.2

2.8
1.4
1.3
1.1

4.4
5.5
3.9
1.5

35.8
5.3 35.0

37.6
30.1

37.2
10.7 34.2

42.9
29.7

0.72 13.2
0.70 12.5
0.77 13.9
0.58 48.6
(S-tests)

0.76 13.2
0.68 9.7
0.93 13.2
0.57 22.9
(S-tests)

9.0
3.5 --

18.7
38.2 --

5.6
9~.7

13.2
13.9

-- 22.6

-- 64.8

-- 10.4

-- 22.6

Shear and permeability
placement w - 0%

14-day cure

Shear and permeability
placement w = 0%

1k-day cure

(Continued)

Note: D60 = Grain-size diameter at 60 percent passing.

D10 Grain-size diameter at 10 percent passing.

Cu = Coefficient of uniformity, D60 /10'
" Loading conditions for Reference 23 only.

2.56

2.58

14
28
31
32
36

16
25
19
27
24
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Table I(Continued)

Gradation Compaction Permeability, ft/yr Settlement, % (Consolidation) Triaial Shear Unconfined Compression

. F, i aM u « At Loading, psi At Loading, psi Friction Cohesion~~ a' ~psi , .

bo 3 e Cm n 'Ea0 & " "nv ,
z v N y y e g .' 0

q 0 0 v'0 EO.-0a' O .0. E 0 G Q O0 U0 0 00p

L 2W. . o V 5 E 9 .E a' W HCOQ0'5Oam N .
a ez m n m~ c c S1N U

23 (Continued)

Low Carbonate Decompo--
sition

Size 2
High Carbonate Decompo-

sition
Size 3

Low Carbonate Decompo-
sition

Size 3

High Carbonate Decompo-
sition

Size 1 crushed

80 percent size 1 +
20 percent size 1
crushed

Raw shale

80 percent size 1 +
20 percent raw shale

Low Carbonate Decompo-
sition

Size 1 crushed

80 percent size 1 +
20 percent size 1
crushed

Raw shale

80 percent size 1 +
20 percent raw shale

24 Green River Formation
Paraho Semi-works
Plant-Direct Heating
Mode

Sample IV-lA

Sample IV-lB

Sample IV-1B
Initial
After permeability

Initial

After compaction

Initial
After permeability

Initial
After compaction

Initial
After compaction

Initial
After compaction

Initial

Sample IV-1B2

(70 psi) (145 psi) (300 psi)

3/4 64 22 14 --

3/16 0 67 33 --

3/16 0 48 52 --

12,375 24.2 95.2 -- --

12,375 31.0 80.0 -- --

12,375 24.0 90.5 -- --

(70 psi) (145 psi) (300 psi)

-- -- 10.4

12.5 30.1 0.58 131.9 52.1
S-test)

1.8 2.5 3.7 12.1 32.2 0.63 45.1 20.8
'S-test)

3/16 0 76 24

1-1/2 55 33

3/8 43 50

1-1/2 73 20 7 --

12,375 19.5 85.0 -- --

12,375 17.5 82.7 -- --

6.5 2.6 1.8

130.0 56.0 49.2

-- 0.7 0.7 0.8 --

As received reject

-- 0.8 1.0 1.2 --

3/16 0 34 46

1-1/2 56 27

3/8 42 51

1-1/2 68 22 10 --

12,375 24.2 96.7 -- --

12,375 19.0 97.4 -- --

-- NP

12.375
-- NP

1.5 1.19 0.30 -- 1.5

147.3 29.0 17.4 -- 2.4

20.7 91.2

12,375 25.5 89.0

6,200 23.7 88.0 85.8 85.8
12,375 22.0 92.5 89.5 89.9
56,250 22.0 98.7 96.4 96.4

15.0
7.0
1.1

12,375 22.0 95.5

12,375 22.0 92.5

12,375 22.0 95.5

12,375 22.0 91.0

12,375 22.0 88.6

12,375 22.0 90.5

12,375 25.5 89.5

0
6,200

12,375
20,000

56,250

0
6,200

12,375
20,000

56,250

22.0
22.0
22.0
22.0

27.2
25.2
22.0
22.0

5.5
1.4
0.6

1.7 -- 2.8
0.8 -- 1.4
0.08 -- 0.9

1.8 2.2 --

4.8 5.6 --

22.0 -- 17

22.0 -- 24

3.0 3.2 -- 34.6 0.69 19.4 15.3
1.6 1.7 -- 34.2 0.68 27.8 24.3 22.0 89.0
1.0 1.1 -- 34.6 0.69 36.1 29.2

(S-tests)

68.0

As received reject

Shear and permeability
placement w = 0%

28-day cure on q

0.8 0.4 0.3 -- 0.8 0.8 0.8 --

7.0 1.4 0.8 -- 1.4 1.6 1.7 --

1.6 0.6 0.4 -- 0.7 0.8 0.9 --

22.0 91.0 161.8

22.0 88.6 168.1

22.0 90.5 163.5

22.0 -- 297.2

87.5 86.2 86.5
94.8 91.2 92.2
94.0 92.8 93.8
98.9 96.1 97.6 0.3 0.25 0.15 -- 0.8

0.75 0.75 1.7 -- 0.15
0.9 1.0 --

0.25 0.5 --

85.5
90.2
93.2
96.4

22.0 -- 142.4
24.0 -- 206.9
24.0 -- 218.8

2
8

-day cure

2
8

-day cure

28-day cure

28-day cure

0-day cure
28-day cure

7-day cure
2

8
-day cure6

0-day cure

(Continued)
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209-210

12

7

17

7

2

2

2

13
33
22
36

31
29
29
36

2
3/4

2.59 2
3/4

1-1/2
1-1/2
1-1/2
1-1/2

1-1/2

1-1/2

1-1/2

3/-

3/4

3/4

3/16

2.59 1.83 2
1-1/2

24 3
32 5

24 2
29 --

16 2
25 4
25 3
28 4
20 3
23 4

16 3
28 --

44 6
47 7

4
3

3

13
12
15
16
16
17

16
16
15
15
14

3/4 38
28
22
21
18





24 (Continued)

Paraho Semi-works Plant-
Indirect Mode

Sample IV-I-1H

Paraho Semi-works Plant-
Direct Heating Mode

IV-S1

IV-SC1

IV-1B2
+3 percent cement
+3 percent lime

IV-1B2
(K tests)

2.55 1.80 2 70
1-1/2 68

-- 47
42
38

3/4 55
49

18
21
40
44
43

29
36

12
11
13
14
19

16
15

-- NP3
2
2
2

3

3/4
3/4
3/4
3/4
3/4

3/4
3/4
3/4

3/4
3/4

3/4 32 53 15 4 2.74 0.043 64

3/4

3/4

3/4

3/4

3/4

3/4

3/4

1-1/2

1-1/2

1-1/2

1-1/2

(plus 1 percent lime)

(plus 3 percent lime)

(plus 1 percent cement)

(plus 3 percent cement)

46 42 12 3 6.66 0.055 121

0
6,200 22.0 93.9 90.5 89.0

12,375 18.0 98.8 94.9 94.4

56,250 18.0 105.8 101.6 102.1

0
12,375 22.0 99.2

71 52 30 -- 2.1
3.8 3.7 2.9 -- 1.2
2.0 2.5 2.4 -- 1.0

2.7 4.2 --
2.0 3.8 -- 29.2
1.6 2.2 --

0.56 3.0
(S-test)

24.0
24.0
24.0

12,375
12,375
56,250
56,250
56,250

56,250
56,250
56,250

56,250
56,250

2.9

-- 11.8
-- 15.3

-- 10.8

22.0 91.0
24.0 92.5
24.0 95.0
24.0 95.0
24.0 95.0

24.0 95.0
24.0 95.0
24.0 95.0

23.0 96.4
23.0 96.4

0

6,200 27.2 85.5

12,375 25.2 90.2

56,250 22.0 96.4

12,375 26.2 90.2

12,375 28.2 90.2

12,375 26.2 90.2

12,375 28.2 90.2

0
6,200

0

o a

6,370 0.296 0.420 2
5,894 0.306 0.442 2

11,185 0.268 0.374 1

9,680 0.289 0.406 2
9,867 0.293 0.416 1

23,996 0.273 0.381

22,122 0.267 0.364 2
20,348 0.259 0.349 1

12,037 0.300 0.429 2
10,092 0.292 0.415 2
11,760 0.282 0.395 2
11,357 0.283 0.398 1
13,166 0.289 0.406 2
10,379 0.293 0.417 1
16,953 0.261 0.356 2
16,048 0.275 0.383 2

4,765 0.311 0.453 1
8,478 0.293 0.417 1

20,084 0.279 0.389 1
16,358 0.240 0.317 1
51,427 0.203 0.256 1

22.0 87.5

12,375 22.0 94.8

56,250 22.0 98.9

68.7
56.6
84.3

88.2
103.1
165.5

195.0
205.0

159.2
136.2
117.9
122.3
183.6
154.3
203.0
234.8

61.7
91.9

169.4
119.0
209.5

26.6
26.8
27.8
28.5
65.3

42.0
45.9
66.7

314.9
280.6

28
60
36

30
60
40

28
60

28
60
28
60
28
60

28
60

28
60
30

100

37

28-day cure
60-day cure
120-day cure

1-hour seasoning time
70% 28-day cure

28-day cure2 8
-day cure6

0-day cure
120-day cure

2
8

-day cure6
0-day cure

120-day cure

1-hour seasoning time
28-day cure
2

8
-day cure

Column headings pertain-
-4 ing to K test

series

Specimens molded at
Wopt and 

6
max

Saturated prior to
testing

Saturated prior to
testing

(Sheet 3 0
f 3)
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Table 5

Summary of Field Compaction Test Results Paraho Semi-Works Plant Retorted Shale Research, Phase V

Direct Heat Retorting (from Reference 25)

w0 Laboratory Gradation

p0 tn action No. 200 Sieve No. 200 to No. 4 Sieve % >No. 4 Sieve

Identification eS P - E & ' .-' e 0 3. e 0.- .d 0) Remarks

Co 0
V 4a 0b 0 0-. 0 000G0000 O )0

asma0 zo A aZ Ka0a 0a < 0 oaa
H a x0 0a) a 0 0C

Laboratory Tests

Pilot Plant Drop D-698 0 96.1 12 .36 +24 16 19 +3 72 45 -27
Phase III Hammer D-698 22.0 96.6
(Sample 2, (ASTM D-1557 22.0 102.5 12 38 +26 16 27 +11 72 35 -37

Dark) Stand-
ard)

Semi-Works D-698 0 89.9 24 29 +5 22 29 +7 54 42 -12
Plant D-698 22.0 92.5

Phase IV D-1557 22.0 98.7 24 36 +12 22 31 +9 54 33 -21
(Sample 1-B)

Field Tests

Semi-Works A 1-4 Speeps- 6 20.0 93.5 17.3 91.2 98 11 24 +13 42 34 -8 47 42 -5

Plant B foot 10 20.0 95.2 15.4 89.6 94 -- 26 -- -- 37 -- -- 37 --

Phase V C 14 20.0 93.6 17.5 96.1 102 19 15 -- 31 39 -- 50 46 --

Moisture added D 1-4 Rubber 6 20.0 96.7 15.6 95.7 99 20 12 -- 35 29 -- 45 59 --
at fill E tire 10 20.0 94.7 16.0 91.5 97 15 24 -- 30 36 -- 55 40 --

F 14 20.0 90.9 19.3 92.8 102 24 21 -- 17 40 -- 59 39 --

8-in. loose 0-1 1-4 Vibrator 5 18.0 94.3 18.0 97.8 104 16 23 +7 41 44 +3 43 33 -10
layer pad
thickness P-1 1-4 Vibrator 6 20.0 90.9 20.0 99.7 110 14 19 +5 41 42 +1 45 39 -6

smooth
M-1 1-4 Vibrator

pad 18.7 91.9 18.7 99.5 108 15 17 +2 38 49 +11 47 34 -13
Vibrator 4

smooth
N-1 1-4 Sheeps-

foot 19.8 89.4 19.8 96.6 108 16 23 +7 40 45 +5 44 32 -12Rubber 6

tire
(Continued)

Notes: Laboratory compaction and field percent compaction based on standard test compactive effort of 12.375 ft-lb/ft.
Field densities and "after compaction" gradations taken in layers 2 and 3 for 8-in. layer compaction and layer 6 for 12-in. layer compaction, unless
otherwise noted.
Layer 2 'before compaction" gradations not representative and not included in averages. Others are layers 2 and 3 or layer 6, unless otherwise

noted.
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Table 5 (Continued)

a Laboratory Gradation
o N _ action Field Compaction No. 200 Sieve_ No._ 200 to No. __Sieve [ >No. 4 Sieve

Identification v z)0+> O 0 0 0a , 0 a0 0 ! Remarks
u] ) P , ?030$% o+3 N 34'4 34t++ 40 f+ 4' +

_____w i i 0u I u_____

0aaA WU IIU 0UO O

12-in. loose
layer
thickness

No moisture
1-' added to

fill
8-in, loose
layer
thickness

R-1 1-4 Tractor
POND 1-15 Vibrator
1 smooth
A 5-7 Sheeps-
B foot
C
D 5-7 Rubber
E tire
F

0-3 1-3 Vibrator
pad

P-3 1-3 Vibrator
smooth

G 1-4 Sheeps-

H foot
I
J 1-4 Rubber

tire

0-2 1-2 Vibrator
pad

P-2 1-4 Vibrator
smooth

R-2 1-4 Tractor

S-1 1-2 Tractor
POND 1-16 Haul-

spread

G 5-7 Sheeps-
H foot
I

Field Tests (Continued)

6 21.7 95.5 21.7 97.4 102 12 23 +11 34 44 +10 54 33 -21
7 -- -- 22.1 100.6 -- -- 25 -- -- 42 -- -- 33 --

6
10

14
6

10

14
12

20.0 94.4
20.0 95.0
20.0 88.5
20.0 94.2
20.0 93.2
20.0 90.9
20.0 90.1

13.3 83.7
11.8 86.5
14.1 81.2
13.0 89.6
15.2 87.6
15.8 87.9
20.0 93.9

88
91
92
95
94
97

104

23
24
18
18
19
20
17

19 --
24 0
22 +4
23 +5
23 +4
22 +2
18 +1

44
42
33
36
34
37
42

39
40
48
41
45
45
48

12 17.6 91.3 17.6 100.4 110 17 23 +6 45 43

-2
+15
+5
+11
+8
+6

33
34
49
46
47
43
41

43 --
36 +2
30 -19
36 -10
32 -15
33 -10
34 -7

-2 38 34 -4

6 6.2 96.6 6.2 94.5 98 31 24 -- 21 44 -- 48 32 --
10 3.7 97.2 3.7 94.6 97 30 25 -- 13 41 -- 57 34 --
14 6.8 95.1 6.8 91.7 96 36 27 -- 15 40 -- 49 33 --

6 1.7 98.6 1.7 96.7 98 40 16 -- 14 41 -- 46 43 --
10 1.9 98.9 1.9 98.1 99 38 19 -- 19 40 -- 43 41 --
14 1.0 99.4 1.0 101.6 102 23 14 -9 21 36 +15 56 50 -6
6 6.5 93.9 6.5 92.2 98 17 18 +1 42 41 -1 31 31 0 Only 2 of 4

layers com-
pleted.

6 0 97.5 0 101.4 104 18 18 0 33 36 +3 49 46 -3 Layers 1 and
2 tested

6 4.6 92.7 4.6 94.2 102 10 22 +12 23 43 +20 67 35 -32 Very coarse
material

10 5.2 92.4 5.2 92.3 100 13 24 +11 35 46 -11 52 30 -22
-- 3.7 93.5 3.7 91.5 98 15 21 +6 30 40 +10 55 39 -16 4 truck passes

and 2 loader
passes on
bottom lin-
ing. 2
loader pas-
ses on side
lining plus
travel

6
10

14

0.7 92.2 0.7 89.1 97 19 17 -2
0.4 91.6 0.4 89.8 98 13 16 +3
0.5 92.0 0.5 88.1 96 18 16 -2

(Continued)

44
35
32

42
42
41

-2
+7
+9

37
52
50

41 +4
42 -10

43 -7
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Table 5 (Concluded)

Laboratory Gradation
vC44 orato Field Compaction % No. 200 Sieve % No. 200 to No. 4 Sieves % >No. 4 Sieve

u v s. -)a0a,0- 0 0 0 0 0 0
Identification -Pz t- - - -+ ." v ,a-rHa, - - H a Remarks

a 4-'44 a am FieldD Tet ( Ctinued)

0)a, 0

______n____ __ 0)0 00. 0 0 0 _ _ _

Field Tests (Continued)

J 5-7 Rubber 6
K tire 10
L 14

0-4 1-2 Vibrator 6

pad

P-4 1-3 Vibrator 9
smooth

S-2 1-3 Tractor 10

0.5 91.5 0.5 84.1 92
0.7 94.5 0.7 92.4 98
1.9 96.7 1.9 94.4 98
2.1 96.2 2.1 91.7 95

3.5 92.3 3.5 90.7 98

3.8 96.7 3.8 93.3 97

-- 93.9 -- 93.0 99

Summary of all field tests 19.8 92.8 17.1 93.0 100

2.8 95.0 2.8 93.1 98

13 16 +3
14 18 +4
12 20 +8
17 16 -1

15 20 +5

12 22 +10

16 20 +4

16 21 +5

15 19 +4

31
31
30
38

27

33

46
42
41
36

+15 56 38 -18
+11 55 40 -15
+11 58 39 -19
-2 45 48 +3 Only 2 of 4 lay-

ers completed.
Layers 1 and
2 tested for
gradation.
Only 1 density
test made in
layer 2

36 +9 58 44 -14

41 +8 55 37 -18

36 42 +6 48 38 -10 Average of all
tests

38 42 +4 46 37 -9 Average for all
tests in wet-
ted area

34 41 +7 51 40 -11 Average for all
tests in non-
wetted area
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APPENDIX A: OIL SHALE RETORTING PROCESSES

1. Three retorting processes are used to extract oil from oil

shale:

a.

b.

c.

Solid to solid heat transfer (Tosco process).

U. S. Bureau of Mines gas combustion method.

Gas to solid heat transfer (Petrosix process).

Tosco Process

2. Figure Al shows a flow diagram of the Tosco process. In this

process the shale is mixed with preheated balls in a horizontal rotating

kiln. The gas produced is of high quality and can be refined for its

valuable components. The process can take a large amount of finely

crushed shale particles. The process efficiency is further increased

by the reduction of particle size by the crushing action of the balls..

One disadvantage of this process is that it produces a large amount of

fine waste material which may increase disposal problems.

FLUE GAS FLUE GAS

CYCLONE 
BALL HEATER

SHALE BIN

TROMMEL

E HORIZONTAL

ROTATING

FURNACE -- RETORT

SHALE COKE BALLS

Figure Al. Tosco process
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Gas Combustion Process (Paraho)

3. Figure A2 shows a flow diagram of the U. S. Bureau of Mines gas

combustion process. A stream of crushed shale enters at the top and is

preheated by the combustion gases. Air and recycling gas are injected

at the midpoint and are burned, bringing the oil shale above this point

to retorting temperature. Some of the spent shale is consumed as fuel

in the burning process. The gas entering at the bottom is heated by the

burnt shale before it is ignited.

4. Major disadvantages of this process are that it produces a low

Btu gas product and it is not able to process the fines that result from

crushing the shale. It has the advantage of producing a waste material

in the form of a soft friable rock containing approximately 2 to 3 per-

cent carbon.

Petrosix Process

5. Figure A3 shows a flow diagram of the gas to solid heat trans-

fer system for extraction of oil from oil shale. This process has many

of the same features as the gas combustion process except that no actual

burning takes place inside the kiln. The oil shale is fed in at the top

and cold gas at the bottom. The temperature increases toward the middle

of the kiln where a preheated gas is injected. This process produces a

gas that is not contaminated with combustion products. It is possible

to recover sulfur, ammonia, and other valuable components from the high-

Btu gas product.

6. A major disadvantage of this process is that the facility can-

not process the fines that result from crushing the shale because the

gas pressure drop across the kiln would increase excessively. The waste

products contain enough carbon so that they can be burned and used for

heating of the recycling gas.
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OIL SHALE

9
PREHEATING

ZONE

RETORTING
ZONE

COOLING
ZONE

OIL AND GAS
OIL AND GAS

PRODUCT

U)

AIR z
HEATED

RECYCLING
GAS

u
LI

BURNING OF I
RETORTED

SHALE AND

HEATING OF O
RECYCLING Z

GAS 3(
u<

RETORTED OIL SHALE ASH
SHALE

Figure A2. Gas combustion process

OIL SHALE
OIL. AND GAS

Y I. ~

op f .PREHEATING ZONE
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SHALE ASH

Figure A3. Petrosix process

OIL AND GAS
PRODUCTS

219

Z

-J

U

I-

Z

-J

I -
Ix

m 9 so=





APPENDIX B: RESULTS OF BIN AND HOPPER TESTS AND RECOMMENDATIONS
FOR RAW OIL SHALE STORAGE BINS

(Prepared Under WES Purchase Order No. DACW 39-77-M-2633 (4/5/77))

by

Jenike and Johanson, Inc.,
No. Billerica, Mass.
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SELECTION OF BIN TYPE AND FEEDER SIZE

Types of bins

In the process of selection of a bin [1,2], the first step is

to decide on the type of bin. From the standpoint of flow, there are

three types of bins: mass-flow, funnel-flow and expanded-flow.

Mass-flow bins are particularly suitable for powders, cohesive

solids, solids which degrade with time, and when segregation needs to

be minimized. Mass-flow bins give a uniform feed density often per-

mitting the use of volumetric feed control in place of gravimetric

control. Low level indicators work reliably in mass-flow bins.

Examples of mass-flow bins are shown in Figures la and lb. In

mass-flow bins, the hopper, i.e. the converging part of a bin, is

sufficiently steep and smooth to cause flow of all the solid without

stagnant regions whenever any solid is withdrawn. This produces

uniform flow and a feed density which is practically independent of

the head of solid in the bin. Segregation is minimized because,

while a solid may segregate at the point of charge into the bin, con-

tinuity of flow enforces remixing of the fractions within the hopper

[1,3]. Mass-flow bins have a first-in first-out flow sequence. This

is useful in the storage of solids which degrade with time and of

powders which thus deaerate with a minimum of residence time. Powders

do not flush as long as a sufficient head of solid is maintained and

the gravity flow rate is not exceeded; air locks are not needed [4,5,6].

Fig. la defines the outlet width for oval outlets and the hopper

slope angles for transition hoppers.

Fig. lb defines the outlet diameter and th. hopper slope angle

for circular, conical hoppers.

The minimum outlet dimensions are given in "Results of Flow Tests,"

Sections I-A and I-B. The length of an oval outlet should be at least

* Numbers in brackets designate references listed on page 5.
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three times its width. The maximum slope angles (measured from the

vertical) are given in Section III for the specified wall materials

and conditions of storage. For some solids and wall materials, the

slope angles vary with the size of the outlet.

Valleys are not permitted. Ledges and protrusions into a mass-

f low channel are not allowed. If a hopper is equipped with a shut-off

gate, the gate must be fully open for mass flow to be possible.

Mass-flow bins of special design can be used for in-bin blending

by circulation of solid [7].

Funnel-flow bins are suitable for coarse, free-flowing or slightly

cohesive, non-degrading solids when segregation is unimportant.

Examples of funnel-flow bins are shown in Figures 2a, 2b and 2c.

Funnel flow occurs when the hopper is not sufficiently steep and smooth

to allow material to slide along the walls or when the outlet of a mass-

flow bin is not fully effective (see "Feeders" below). In these bins,

solid flows toward the outlet through a channel that forms within stag-

nant solid. The diameter of that channel approximates the largest

dimension of the effective outlet. When the outlet is fully effective,

this dimension is the diameter of a circular outlet, or the diagonal

of a square or rectangular outlet. As the solid within the channel

flows out, layers slough off the top of the stagnant mass into the

channel. This spasmodic behavior is particularly pronounced with

cohesive solids and with powders. A powder, sloughing off the top,

aerates as it falls into the channel and may flush out if the level of

solid in the bin is low. With a cohesive solid, a channel may empty

out completely (rathole) and powder charged into the bin then flushes

through. A rotary valve is often used under these conditions to

contain the material, but a uniform flow rate cannot be ensured with

this arrangement because flow into the valve is erratic. These bins

are more prone to cause arching of cohesive solids than are mass-flow

bins and, hence, frequently require larger outlets for dependable flow.
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Such a large outlet may preclude the use of a rotary valve. These bins

also cause segregation of solids [1,3] and are unsuitable for solids

which degrade with time because of the stagnant regions.

Figures 2a and 2b define the outlet dimensions for rectangular

outlets. Fig. 2c defines the outlet dimension for circular outlets.

The minimum dimensions are listed in Sections I-A and I-B. The

length of a slot should be either not less than D, Fig. 2a, or equal

to the full diameter of the bin, Fig. 2b. Usually Df is much larger

than B and a long rectangular (slot) outlet is more advantageous than

a circular or square one.

Clean out of a funnel-flow bin is often uncertain because solid

in the stagnant regions may pack hard and cake. Mass-flow bins should

be specified when clean out is mandatory.

Expanded-flow bins are recommended for the storage of large

quantities of non-degrading solids. This design is also useful as a

modification of existing funnel-flow bins to correct erratic flow

caused by arching, rat-holing or flushing. The concept can be used

with single or multiple outlets.

Examples of expanded-flow bins are shown in Figures 3a and 3b.

The lower part of such a bin is designed for mass-flow. The mass-flow

outlet usually requires a smaller feeder than would be the case for a

funnel-flow bin. The mass-flow hopper expands the flow channel to a

diagonal or diameter equal to or greater than Df, thus eliminating the

likelihood of rat-holing. In the case of powders, the volume of the

mass-flow hopper should ensure sufficient residence time for deaeration.

Feeders

The specified outlet must be fully effective. If flow from the

bin is controlled by means of a feeder, the feeder must be so designed

as to draw uniformly through the entire cross-section of the outlet [1,2].

Vibrating equipment

Vibration has two effects: on the one hand it tends to break up

the arches that obstruct flow, on the other it packs so stagnant solid
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gains greater strength. In order to allow for this packing, the outlet

dimensions for flow with vibration are often larger than those for

gravity flow without vibration.

Many fine and wet materials tend to pack severely when vibrated,

and vibrating equipment is not recommended for them. The applicability

of vibrating equipment can be judged from Section I-B of the "Results

of Flow Tests" which lists the minimum outlet dimensions required for

flow with vibrating equipment. These dimensions refer to the outlet

dimensions of a static bin that discharges into vibrating equipment.

External vibrators are particularly suitable for materials which

are free-flowing under conditions of continuous flow, but set up and

gain strength when stored at rest for hours or days. Hoppers for

these materials should always be equipped with pads for the mounting of

external vibrators.

Flow rate of powders

The rate at which a coarse solid discharges through an outlet [8]

is usually sufficient to satisfy the requirements of the process. The

situation is different with powders. Density changes which occur with-

in a flowing mass, combined with the low permeability of a powder,

cause air pressure gradients within the mass and these gradients

critically affect the rate of powder discharge from a bin. Depending

on the fineness of the powder, its volumetric rate of gravity discharge

may be one hundredth or one thousandth that of a coarse solid.

If the flow rate tests have been run, conservative estimates of

the maximum rate for mass-flow hoppers are shown in Section IV of the

"Results of Flow Tests." They are based on material discharging onto a

belt feeder.

These flow rates can be increased significantly using an air

permeation technique (patent pending). Examples of the application

of air permeation are given in references [4,5,6].
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Calculation of effective consolidating head he

The critical rathole diameter D (Section I), bulk density (Section

II), wall friction angle cp' (Section III), and fine powder flow rate

(Section IV) are functions of the consolidation pressure of the solid in

the pertinent regions of the bin. To calculate the critical rathole

diameter and fine powder flow rate, this pressure is specified by the

effective head of solid in the bin h as follows:
e

he = [1 - e Rj(1)

or h = 2 R whichever is larger

where

R = hydraulic radius of the cylinder (cross-sectional

area/circumference)

R = D/4 for a circular cylinder of diameter D

R = W/2 for a long rectangular cylinder of width W

= coefficient of friction on the cylinder walls

p = tan '

K = ratio of horizontal to vertical pressures = 0.4

h = height of vertical bin section

To calculate the bulk density and wall friction angle at the outlet

of a mass flow bin,

h = B for transition hopper
e p

= B /2 for conical hopper
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Glossary of terms and symbols

Arching

Bin

Cylinder

Expanded flow

Feeder

Flow channel

Funnel flow

Hopper

Mass flow

Piping

Ratholing

B
c

Bf

B
p

Df

F

H

h

h
e

L

- a no-flow condition in which material forms a stable

dome (or arch) across the bin

- container for bulk solids with outlets for withdrawal

of solids either by gravity alone or by gravity assisted

by flow-promoting devices

- vertical part of a bin

- flow pattern which is a combination of mass flow and

funnel flow

- device for controlling the rate of withdrawal of bulk

solid from a bin

- space in bin through which a bulk solid is actually

flowing during withdrawal

- flow pattern in which solid flows in a channel formed

within stagnant material

- converging part of a bin

- flow pattern in which all solid in a bin is in motion

whenever any of it is withdrawn

- a no-flow condition in which material forms a stable

vertical hole within the bin

- same as piping

- minimum diameter of a circular outlet in a mass-flow

bin to prevent arching, ft

- minimum width of a rectangular outlet in a funnel-flow

bin to prevent arching, ft

- minimum width of an oval outlet in a mass-flow bin

to prevent arching, ft

- critical piping or ratholing dimension, ft

- unconfined compressive force, lb; equal to 1/13 times

the unconfined compressive strength, psf

- total height of bin, ft

- height of cylinder, ft

- effective consolidating head, ft

- length of hopper outlet, ft
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Glossary (cont.)

S - shearing force applied to a shear cell, lb

V1 - major consolidating force, lb; equal to 1/13 times

the major consolidating pressure, psf

V - normal force applied to a shear cell, lb

b - effective angle of internal friction of a solid during

flow, degree

e c - maximum recommended angle (from vertical) of conical

hoppers and end walls of transition hoppers for mass

flow, degree

e - maximum recommended angle (from vertical) of side walls

of transition hoppers for mass flow, degree

- kinematic angle of friction between a solid and a wall,

degree

$ ~- angle of internal friction of a solid for incipient

flow, degree

230



- 9 -

ih

H

i '

11~

e
C

L

(a)

H

1%

LB

(b)

MASS-FLOW BINS

FIG. 1

231

I

1



;H

f

(a)

H

D
-4--- f

(c)

FUNNEL-FLOW BINS

FIG. 2

232

- 10 -

I

I

I

i

i

I

H

i

Aq

(b)

. ...........

- I I



11 -

(a)

Sc 
9P

L

D f (b)

EXPANDED -FLOW BINS

FIG. 3

233



- 12 -

RESULTS OF FLOW TESTS

Material(s) tested: Oil shale

For each material, results are presented in the following order:

Section I

Section

Section

Sect ion

II

III

IV

Minimum outlet dimensions for dependable flow

A. Gravity flow

B. With vibrating equipment

Bulk density as a function of head of solid

Maximum allowable hopper slope angles

Maximum solids flow rate (if tested)
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Material Oil shale

Section I. Minimum outlet dimensions for dependable flow

A. Gravity flow

Ma s s-flow F unnel1-f low

Storage Water Temper- Circular Oval Rectangular Critical
time content, ature, outlet outlet outlet rathole Ref.

at rest % wet * diameter width width diameter Fig.

weight B, ft Bft B ft h D
c' p' f e f

Continuous
flow

3 Days

Continuous
flow

3 Days

Continuous
flow

3 Days

*

As
Received

(1.0)

5.9

10.7

Amb.

*

*

1.3

1.3

1.6

1.6

*

*

0.7

0.7

0.8

0.8

*

*

0.8

0.8

0.9

0.9

5'
10
20
40

5
10
20
40

5
10
20

5
10
20

5
10
20

5
10
20

4
7

15
29

4
7

15
29

7
10
17

7
10
17

7
12
22

7
12
22

4 - 6

8 - 10

12 - 14

No minimum dimensions given from tests. Minimum outlet size set by
consideration of particle interlocking, flow rate, etc.
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Material Oil shale

B. With vibrating equipment

Material not suited to vibration

Mass-flow Funnel-flow

Water Temperature, Circular Oval Rectangular Critical
content, outlet outlet outlet rathole Ref.
. wet * diameter width width diameter Fig.

weight Bc, ft B , ft Bf, ft h D

As Received Amb. * * * 5' 5 4 - 6

(1.0) 10 11
20 22
40 44

5.9 1.7 0.8 -1.1 5 7 8 - 10
10 10
20 17

10.7 2.2 1.1 1.9 5 7 12 - 14
10 12
20 22

*
No minimum dimensions gi en from te ts. Minmum outlet siz set by

considera ion of particle interlock ng, flow rate, etc.

Section II. Bulk density as a function of effective consolidating head of solid
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Material Oil shale as received (1.0%)moisture

Section III Friction test results for various wall materials and maximum recommended
hopper angles (measured from the vertical) for mass flow

Effective consolidating head, ft 0.25 0.5 1.0 2.0 4.0 5.0

Width B of oval outlet, ft 0.25 0.5 1.0 2.0 4.0 5.0

Dia. BC of Circular outlet, ft 0.5 1.0 2.0 4.0 8.0 10.0

Wall material Angle
deg.

*
36 27 20 17 15 15

304 - 2B finish stainless ec 2 14 23 27 29 29
steel

6 13 24 34 38 41 41

* *
36 36 30 21 17 17

304 - 2B finish stainless 6c 2 2 9 21 26 27
steel

3 day time test e 13 13 20 32 38 39
p

* * *
36 36 35 32 31 31

304 #1 finish stainless 0c 2 2 2 6 8 9
steel

e 13 13 13 17 19 19

* * *
36 36 35 32 31 31

304 #1 finish stainless ec 2 2 2 6 8 9
steel

3 day time test 0 13 13 13 17 19 19

32 32 32 32 32 32

Carbon steel 8 6 6 6 6 6 6
C

0 17 17 17 17 17 17
P

*
Material may build up on hopper walls.
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Material Oil shale 5.9% moisture

Section III Friction test results for various wall materials and maximum recommended
hopper angles (measured from the vertical) for mass flow

Effective consolidating head, ft 0.25 0.5 1.0 2.0 4.0 5.0

Width B of oval outlet, ft 0.25 0.5 1.0 2.0 4.0 5.0

Dia. Bc of Circular outlet, ft 0.5 1.0 2.0 4.0 8.0 10.0

Wall material Angle
deg.

21 21 21 21 21 21

304 - 2B finish stainless ec 21 21 21 21 21 21

steel

9 32 32 32 32 32 32

24 24 24 24 24 24

304 - 2B finish stainless ec 18 18 18 18 18 18
steel

3 day time test e 29 29 29 29 29 29

36 34 32 31 31 31

304 #1 finish stainless ec 2 4 7 8 8 8
steel

8 13 15 17 18 19 19
P

36 34 32 31 31 31

304 41 finish stainless 6c 2 4 7 8 8 8
steel

3 day time test 0 13 15 17 18 19 19
p

' 33 33 33 33 33 33

Carbon steel e 5 5 5 5 5 5
c

a8 16 16 16 16 16 16

*
Material may build up on hopper walls.
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Material Oil shale 10.7% moisture

Section III Friction test results for various wall materials and maximum recommended
hopper angles (measured from the vertical) for mass flow

Effective consolidating head, ft 0.25 0.5 1.0 2.0 4.0 5.0

Width B of oval outlet, ft 0.25 0.5 1.0 2.0 4.0 5.0

Dia. Bc of Circular outlet, ft 0.5 1.0 2.0 4.0 8.0 10.0

Wall material Angle
deg.

28 24 22 22 21 21

304 - 2B finish stainless c 13 17 19 20 21 21
steel

Sp 26 30 31 31 32 32

28 24 23 23 23 23

304 - 2B finish stainless 0c 13 17 19 19 19 19
steel

3 day time test 8 26 30 30 30 30 30
p

y,* *
38 38 35 32 31 30

304 #1 finish stainless 8c 1 1 4 8 9 10
steel

0 12 12 16 18 19 20

* *
38 38 35 32 31 30

304 #1 finish stainless 8c 1 1 4 8 9 10
steel

3 day time test 0 12 12 16 18 19 20

33 33 33 33 33 33

Carbon steel 8 5 5 5 5 5 5
c

0 16 16 16 16 16 16

*
Material may build up on hopper walls.
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-rOil shale as received (1.0%) moisture

Section IV. Maximum solids flow rate onto a belt feeder without air permeation

A. From a conical mass-flow hopper with an effective consolidating head h =
5 ft
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12 August 1977

RECOMMENDATIONS FOR
RAW OIL SHALE STORAGE BINS

U. S. ARMY

Introduction

The U. S. Army Waterways Experimen Station has been working with the Bureau

of Mines in developing design data for an oil shale processing facility. One

aspect of the problem is to design bins and feeders to store up to 25,000 tons of

raw shale and feed it reliably to a retort at a rate up to 700 tons/hr.

Jenike & Johanson, Inc. has been asked to test a sample of raw shale at

several moisture contents and to recommend bins and feeders for reliable flow.

Material properties

A sample of - 8 mesh shale was tested at ambient temperature for continuous

flow and for flow after three days storage at rest at three moisture contents:

"as received" (1%), 5.9%, and 10.77.. In addition, compressibility, wall friction,

and flow rate tests were also run. Results are shown in Jenike & Johanson, Inc.

Standard Test Report #77 - 32.

Up to 10.77. moisture, the material has a maximum critical outlet width in a

mass flow bin of 0.8'. Funnel flow bins are not recommended because of the large

stable ratholes which shale is capable of forming. Stainless steel is recommended

for hopper walls in order to be assured of developing mass flow and to have a

surface which will not deteriorate with time.

Recommendations

Bin and feeder design

Because of the volume of material which is to be stored, two bin designs

are considered. One, shown in Fig. 1, has a capacity of approximately 26,000 cu.ft.

Three such units are required for the storage of the total required volume. The

other, shown in Fig. 2, is capable of storing the entire 25,000 tons in one bin.
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Whichever bin is used, the design of the belt feeder and interface between the

feeder and the bin will be the same. Details of these items are shown in Fig. 3.

Feeder loads

The force on that portion of the belt feeder which is under the bin can be

resolved into a normal (vertical) and shear (horizontal) component:

normal load 650 F + 800 lb

shear load 500 F lb

where F is a dimensionless multiplier depending on flow conditions in the hopper.

When the feeder is running, F = 1.0. These loads will not change significantly

if the feeder is restarted after it has been running or if the bin is refilled

provided at least a 5 ft head of material is left in the bin before refilling.

Considerably larger loads may occur when the feeder is started after the bin

has been filled from empty with the feeder stopped. These larger loads are due to

the difference in deflection between the feeder and hopper outlet, the initial

stress field in the solid, and the expansion of material which accompanies the

initiation of a shear plane.

There are several ways to minimize these overloads. Running the feeder -

even at a slow rate - while the bin is being filled is the most effective. For this

condition we recommend F = 1.3 for initial starting loads. If the feeder is

suspended from the lower portion of the hopper so that the two deflect in unison

and the feeder is stopped during filling, use F = 2.5 for initial starting loads.

And, finally, providing elastic supports under the feeder will reduce F to

approximately 1.5 for initial starting loads, provided these supports maintain the

feeder in its proper position when running (F = 1) but deflect 14" when an

additional load of 900 lb is applied. This can also be accomplished by mounting

the feeder on hydraulic or pneumatic cylinders which are designed to hold the

feeder in its normal vertical position. If starting problems occur, the pressure

in the cylinders is reduced and the feeder is lowered 1/". As soon as the feeder

is running, the feeder is raised to its usual normal position.
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Fig. 2 Bin Design for 78,000 cu.ft capacity
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APPENDIX C: SETTLEMENT-LOG TIME CONSOLIDATION-REBOUND CURVES
FOR

PARAHO AND TOSCO
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Figure C-1. Time-settlement relationships for consolidation tests onPARAHO compacted to 60 percent of standard effort
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Figure C-2. Time-settlement relationships for consolidated tests
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Figure C-3. Time-settlement relationships for consolidated tests
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262



TIME, MIN

10- 100 101 102 103 104

,' = 12.5 PSI

25 PSI

50 PSI

600 PS I 400 PS I10PS
-100PPS

200 PSI
TOSCO

- 60% STANDARD EFFORT

NOTE: DEFORMATIONS
ARE NOT
CUMULATIVE. 0 PSI

12.5 PSI

50 PSI

200 PSI

600 PSI

10-1 100 101 102 103 104

TIME, MIN

Figure C-4. Time-settlement relationships for consolidation tests on
TOSCO compacted to 60 percent of standard effort
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Figure C-5. Time-settlement relationships for consolidated tests

on TOSCO compacted to standard effort
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APPENDIX D: CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC
(SI) UNITS OF MEASUREMENT



U. S. customary units of measurement used in
to metric (SI) units as follows:

Multiply

cubic feet

cubic yards

Fahrenheit degrees

feet

foot-pounds (force)

gallons (U. S. liquid)

inches

pounds (force) per square
foot

pounds (force) per square
inch

pounds (mass)

pounds (mass) per cubic
foot

square feet

tons (2000 lb, mass)

tons (force) per square
foot

By

0.02831685

0.7645549

5/9

0.3048

1.355818

3.785412

25.4

47.88026

6894.757

0.4535924

16.01846

0.09290304

907.1847

95.76052

this report can be converted

To Obtain

cubic metres

cubic metres

Celsius degrees

metres

joules

or Kelvins*

cubic decimetres

millimetres

pascals

pascals

kilograms

kilograms per cubic metre

square metres

kilograms

kilopascals
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* To obtain Celsius (C) temperature readings from Fahrenheit (F) readings,
use the following formula: C = (5/9)(F - 32). To obtain Kelvin (K)
readings, use: K = (5/9)(F - 32) + 273.15.



APPENDIX E: NOTATION



a Coefficient of compressibility
V

B Breakage factor; pore pressure parameter, Au/Aa3

c, c' Cohesion and effective cohesion, respectively

Cc Compression index

C Uniformity coefficient
U

C Coefficient of consolidationv
D Constrained modulus

D Relative density
r
e Void ratio

E Young's modulus

Ed Young's modulus under K conditions

G Shear modulus

Ga Apparent specific gravity plus No. 4 fraction

Gs Specific gravity of solids

k Coefficient of permeability

K Coefficient of earth pressure at rest, under
0 conditions of lateral restraint, a3/a 1

NP Nonplastic

P Pressure

PI Plasticity index

R Consolidated-undrained tests with pore pressure measurements

S Consolidated-drained tests

u-uo Induced pore pressure

w Water content

wopt Optimum water content

y Shear strain

yd Dry density

c Axial straina
s1 , 3 Axial and radial strain, respectively

X Damping ratio

V Poisson's ratio

adc Cyclic deviator stress

af Normal stress on failure plane

a Normal stress
n
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a1 , a3  Major (overburden pressure) and minor principal stress,
respectively

t Shear stress

tff Shear stress on failure plane

$, $' Angle of internal friction and effective angle of internal
friction, respectively
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