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PREFACE

This study of the physical and engineering properties of retorted

oil shales is a 2—year investigation funded by the Bureau of Mines, U. S.

Department of the Interior, under Interagency Agreement HO262O6!4.

Mr. Roger A. Bloomfield, Spokane Mining Research Center, Bureau of Mines,

was the Technical Project Officer.

The investigation was initiated during October 1976 by the Soils

and Pavements Laboratory (S&PL) of the U. S. Army Engineer Waterways

Experiment Station (wE s) . Dr. Frank C. Townsend, Research Group, Soil

Mechanics Division (SMD), S&PL, was principal investigator during this
phase of the study. The work reported herein was performed by

Dr. Donald R. Snethen, Research Group, SND, and Mr. Warren J. Farrell,

Geology Branch, Engineering Geology and Rock Mechanics Division, S&PL.
The report was prepared by Dr. Snethen. The investigation was accom-

plished under the general supervision of Mr. Clifford L. MeAnear, Chief,

SMD and Mr. James P. Sale, Chief, S&PL.

Director of ~ ES during the conduct of this portion of the study and
preparation and publication of this report was COL J. L. Cannon, CE.

Technical Director was Mr. F. R. Brown
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be con-
verted to metric (SI) units as follows:

Multiply By To Obtain

inches 25.14 millimetres

feet 0.30148 metres

square miles 2.589988 square kilometres

acres 140146.856 square metres

pounds (mass) 0.145359214 kilograms

tons (short) 907.18147 kilograms

pounds (mass) per 16.018146 kilograms per cubic
cubic foot metre

pounds (force) per 6.89 14757 kilopascals
square inch

gallons per ton 0.00000141 cubic metres per
kilogram

foot—pounds per 147.88017 joules per cubic
cubic foot metre

degrees (angle) 0.017145329 radians

Fahrenheit 5/9 Celsius degrees or
degrees Kelvins*

r 4

~ 5~f &

* 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.

14
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A REVIEW OF THE PHYSICAL AND ENGINEERING PROPERTIES

OF RAW AND RETORTED OIL SI{ALES FROM THE

GREEN RIVER FORMATION

PART I: INTRODUCTION

1. Oil shale i~ 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 (ii 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

14o,ooo 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 14.

5
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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 , c ement 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 geotecimical properties.

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

Colorado, Utah and Wyoming.

14. 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.

6



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

l960’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-

erences~~
27 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 it 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 (AASHT0) system.

7



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. 14 sieve ; (b) the apparent specific gravity ; and (c) the

bulk or mass specific gravity. Both the apparent and mass specific gray—

itie.~ are applied to soils coarser than the No. 14 sieve with the appar—
eat 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,
26 

and ranged between 1.99 end 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 2.814 for mass specific gravity and 2.65 to 2.87 for apparent specific

gravity.

Gradation

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. itO fractions for the raw and retorted shales are 143 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

8
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Figure 1. Comparison of raw and retorted oil shale
gradations ( from Reference 10)

detailed description of several di f ferent  retorting processes. A funda-

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

cess (Parah o process ) and the Tosco process exists. Spec i f ically , 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 Study
2 

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 145 percent gravel—size , 148 percent sand-
size , and 7 percent silt— and clay—size particles. The variability of

the gradation for various retorted shales is evident in Table ~ 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

nun (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 14.7 and going up to as high as 1822. The higher

9
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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 shale~ . Generally, the retorted
materials are nonplastic. The two reported values of Atterberg limits
shoved 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, 4SM, 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
sha].es 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 ¶

10
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1~ 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
26 . . . .data on raw crushed shale. 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.

Compact ion

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) Standard
2B

D 698 or 6,200 ft—].b/ft3, 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 compact ion of granular or gravelly materials , the variation of dry
density through the range of moisture content tested was very small ; dry

U



density varied from 89 to 91 pcf for a 10 percent change (o to 10 per-
cent) in moisture conten~.

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 l5.5—31.C 78.6—103.2

19,700 D 1557 22.0 93.2_914.0
(35 percent)

33,750 D 1557 17.14 106.7
(60 percent)

56 ,250 D 1557 114.2—22.0 88.8—109.2

Other trends not obvious in this tabulation but apparent in Table it 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

ener~~r is somewhat less than would normally be anticipated for a GW

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

lit . Laboratory compaction dat a provide extensive insight into the

12
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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 , typer 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

2 3  
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 ( 14 passes each) and sheepsfoot plus rubber tire ( 14 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
‘‘b tractor (6 passes) and the remaining three compactors resulting in the

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

(1014 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

~ ~~~~~~ ‘1
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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.13’2° Permeability values for compacted raw shales,

reported in one reference,
26 

ranged from 10,500 to 114,500 ft per year

(uniaxial loading = 14 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 embankinents 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 14 can be converted by multi—
plyIng feet per year by 0.97 x ~

_6 
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
1.19—1016 96.7—77.0

300 0.3—1480 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 Project21 (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 14.214 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
26 , . 18,22—214shales with several references reporting on retorted shale.

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— 3.14 95.5—98.3
200 0.8—14.8 95.5—98.3

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

Paraho 70 0. 4—3. 14 88.8—102.5
145 0.7_14.8 85.0—97.14
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 comp~’red with that of the Tosco samples. Quantitatively, the

minimum percent settlements are well within tolerable limit s 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 material3 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 aggregat e 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 lit 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 140 per-

cent. The LA.A 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

17
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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 , soun d rocks that were

eventually tested. The more recent samples probably still include these

softer materials within the gradation normally tested in the L!IA 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.

Str~ngth has been quantified using several parameters and tests : modu-

lus values, unconfined compressive strength , and triaxial shear
strength ~ , C . Prior to the mid—l960’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 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 Parah o Oil

Shale Project , values were determined on core samples taken from

large mine—run blocks. Values of o~ varied from 7,5140 to 10,027 psi.

24. Leps3° classified rockfill on the basis of unconfined compres-

sive strength of rock cores in the following manner:

q
~ 

Strength
psi Classification

500—2,500 Weak rock particles

2,500—10,000 Average rock particles

10,000—30,000 Strong rock particles

18 1
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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
6 to 6.025 X 10

6 
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 rat io
v for raw shale are summarized in Tables 2 and 3. Modulus of’ elastic—

6 6 .ity values ranged from 0.56 x 10 to 0.82 x 10 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 41 values were 39 and

35 deg, respectively. Cohesion c values for the ASTM D 698 and one

half ASTM D 698 efforts were 19.14 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 quantif y the streng th char-

acteristics in the reported data were 41 , c , and

28. Retorted materials compacted at 10 percent ASTM D 698 compac-

tion energy were tested in uncons olidated , undrained (Q) triaxial and

unconfined compression tests by the University of Denver.1’5 The results

of the unconfined compressive testing progr am are shown in Figure 14 and

the triaxial testing program in Figure 5. The 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

19
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a.  MOLDING W = 5 PERCENT; 
~d = 66.4 — 69.5 PCF

b. MOLDING W = 10 PEkCENT; 7d = 61 .1 — 67.4 PCF

STORAGE (CURING) TIME , DAYS

C. MOLDING W r 20 PERCENT; 7d = 58.7 — 62.4 PCF

Figure 5. Influence of water content , storage time, and storage
pressur e on shear strength parameters ( from Reference 15)
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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-

dat e the q~ specimens 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
18for a stability analysis, 41 and c were measured on compacted sam-

ples from the Tosco process with varying moisture contents and dry den-

sities. The results showed that 41 = 35 deg for all tests and that C

varied between 6.3 and 19.14 psi , with c increasing with increasing

density . In a series of consolidated undrained (R) triaxial tests,

back—p ressure saturated , the results were 41 = 20 deg and c = 0

30. In Phase II of the Paraho Oil Shale Project,
22 

retorted shaJ.e

that had been stockpiled for several years was tested. B triaxial test

results on two different gradations compacted at optimum water content

and maximum dry density were 41 = 32.4 deg and c = 17.14 psi for the

3/16—in. maximum size and 41 = 314.2 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 125°F,

5 percent hydrated calcium lime was added to the material and q~ val-

ues measured versus curing time. The results are shown in Figure 6. A

• small increase in was noted for the 28—day cure at 125°F for speci-

mens containing no lime. Addition of the lime resulted in extremely

large strength gains, which is most unusual because soils with

22
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* 
550 —

LEGEND

COM P A CT I V E E N E R GY = 12 , 375 
FT—LB

FT 3

500 - 0 0 P E R CE N T  H Y D R A T E D  C A L C I U M  L I M E

W 23.7 PERCENT; )~ = 93.2 PCF
o 5 PER C ENT H Y D R A TE D CA L C I U M  L I M E

W = 23.5 PERCENT; 7d ” 1 04.4 PCF
U)

450
SIZE NO. I (3/ 16—IN.  MAXIMUM SIZE)

150 -

100

0 1 I I I
0 5 10 15 20 25 30

CU R I N G T I M E , OAYS

Figure 6. Influence of curing time and lime treatment
on (from Reference 22)
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plasticity indexes less than 10 do not respond to lime treatment . The

strength gains obtained woul d 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 cur ing specimens at elevated temperatures for shorter time

periods (i.e., 30—90 hours ) to simulate multiple—day curing (i.e., 7,

114, 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 ir 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 di f-

ferent amounts of carbonate decomposition. Values of 4i 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, 41 and c ranged between 314.2 and 42.9 deg

and 9.7 and 13.2 psi , respectively. Comparable 41 and c values were

obtained for both materials with the low carbonate decomposition shale

showing slightly higher 41 values. Curing comparable specimens at

ASTM D 698 compaction energy resulted in a decrease in • and a consid-

erable increase in c , which supports the cementing reaction product

argument. The values likewise support this argument , as shown in

Figure 7. A significant increase in with time is evident for the

high carbonate decomposition shale, while the increase is much less

dramatic for the low carbonate decomposition shale.

32. In Phase iv
2
~ of the Paraho Oil Shale Project , S and K

triaxial and unconfined compression tests , where 1C
~ 

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

214

- - —~~~- --~~ -~~
S -~~~~



160

140

120 -

100 -

U)
80 -

n
0~

60 -

40 -

LEGEND

20 0 HIGH CARBONATE DECOMPOSITION RETORTED MATERIAL , SIZE NO. 2
(SAMPLE I, LIGHT—COLORED RETORTED SHALE ,W 19.8 PERCENT , )‘ = 78.6 PCF)

0 LOW CARBONATE DECOMPOSITION RETORTED MATERIAL , SIZE NO. 2
(~~AMPLE 2 , DARK— COLORED RETORTED SHALE , W = 24.2 PERCENT . Y d 95.2 PCF)

0 I I I I I
0 t o 20 30 40 50 60

CURING TIME , DAYS

Figure 7. Influence of curing time on for high and low carbon-
ate decomposition materials ( from Reference 23)
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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,

41 and c ranged between 314.2 and 314.6 deg and 19.14 and 36.1 psi , re-
spectively. For the indirect—heat retorted shale at ASTM D 698 optimum
water content and maximum dry density , 41 and c values were 29.2 deg

and 3.0 psi , respectively. The 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

220 —

200

180 -

— 
160 -

140 .

(20 -
U)
a
=

°~ 100 -

NOl ~ . : SAMPLE IV-1B2
I-HR SEASONING TIME

80 • 60- DAY CURING TIME
= 96.4 PCF

60-

4 0 -

2 0 -

0 I I I I I
0 5 10 IS 20 25 30

MOLDING W , PERCENT

Figure 8. Effect of molding water content on
( from Re fer ence 24)
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Figure 10. Influence of seasoning time and molding water
content on ( from Ref erence 214 )
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described trend for retorted shales of increasing 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—

* lug) 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 . ,  214 to

148 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 , 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.

K0 tests
214314. During the K triaxial testing program, duplicate speci-

mens were prepared and tested in unconfined compression . The major

variables nvestigated 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 , K , and ‘
~~ . The re-

sults of the K and a tests are summarized in Table 14 and shown
0

graphically versus the previously mentioned properties in Figures 11,
12, and 13. Although the 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 values. Addition of 1 percent hydrated lime re-

sulted in a distinct improvement in , 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 , wi thout lime . Ad-

dition of 3 percent lime actually resulted in a decrease in q~ 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 , i.e., 183.6

psi and 1514.3 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 q~
testing program on 1— 1/2—in , maximum size particles was limited compared
with the 3/4—in . maximum size previously described , the values were

higher for the larger particle sizes.

35. The basic parameters obtained from the K testing were E
d

v , and K . The Ed values are indicators of strength and compres-

sion property variations. Values of E
d , 

v , and IC
~ 

from the test-

ing program are summari zed in Table 14 and shown graphically as a func-

tion of one another and of in Figures 11, 12, and 13. Modulus

values , as expect ed , increased with increasing compaction effort ; how-
ever , ~ distinct differences w~re noted between the 28— and 60—day cure

specimens. Adding lime increased the modulus values, but consistent

with the q~ test results , the higher percentage of lime resulted in a
lower strength as compare d with the lower lime percentage . Adding Ce-

ment significantly increased the modulus values, following the same
trends set by the tests. Higher modulus values were obtained for

specimens molded from 1—1/2—in , maximum size particles. Average K

33



values varied from 0.35 to 0.145 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 K and two , were “atu—

rated prior to testing . In both tests the strengths were higher
for the saturated specimens compared wi th  those of specimens molded at

the same conditions and not saturated. Higher modulus and lower K
values were obtained for the saturated specimens versus their unsatu—

rated counterparts.



PART III: CONCLUSIONS

37. Whether disposal of retorted oil shales involves filling the

surface canyons in the oil shale mine area , backfilli ng 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—i 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

opt imum 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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140. 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.

141. 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.

142. As with permeability, the settlement or consolidation prop-

erties are variable. The material follows the accepted trends of lower

densities resulting in larger settlem€nts. 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.

143. 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.
1414. Reported compressive strength of undisturbed raw shales ranged

between 9,000 and 25, 000 ps i , 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 ~o
6 
and 6.025 x ~~~ psi and exhibited

trends similar to those for compressive strength, kerogen content,

and sample orientation.

145. 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 source
2 

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 14—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. K 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 values ranged between 0.35 and 0.145

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

Su~~ ary of’ Material and Sample Description and Location Information

Reference
No. Date Material Location Sample Description/Designation Remarks

1 1950 Green River Rifle Oil Shale Mine , Raw shale , Designated Group Tests run on cores frc~~ ver —
Formation Rifle , Cole. No , 29 in Reference t ical and horizontal core

holes for high— and low—
kerogen material,

2 1951 Green River USBM Oil Shale Demon— Raw shale , 16 samples desig— Tests run on core samples
Formation , stration Plant , mated in two groups — “Six ( 3 / 4 - i n . )
Mahogan y Rif le , Cob . Celected Colorado Oil Shale, ”
Ledge (6) and “Mineable Bed

Samples ” (10)

3 1952 Green River USD14 Oil Shale Demon— Raw shale , retort feed Gradation of crushed raw shale
Formation , stration Plant , only data presented
Mahogany Rifle , Cob .
Ledge

4 1952 Green River 118DM 011 Shale Demon— Raw shale , retort feed Gradation of crushed raw shale
Formation stration Plant , only data presented

Rifle , Cob .

5 1953 Green River USBM Oil Shale Demon— Raw shale , retort feed Gradation of crushed raw shale
Formation stration Plant , only data presented

Rifle , Cob .

6 1954 Green River USEM Oil Shale Demon— Raw shale , retort feed Gradations of raw shale f or
Formation , stration Plant , different crushers and mine
Mahogany Rifle , Cob , run
Ledge

7 1954 Green River USBM Oil Shale Demon— Raw shale Teats run on core parallel and
Formation , stration Plant , perpendicular to bedding on
Mahogany Rifle , Cole. roof and pillars by 3 d li -
Ledge ferent laboratories

8 1955 Green River USEM Oil Shale Mine , Raw shale , Desi gnated Group Tests run on cores from ver—
Formati on , Rifle , Cob . No. 41 in Reference tical and horizontal core
Mahogany (near Book Clifta) holes for high— and low-
Ledge kerogen materials

9 1956 Green River USBM Oil Shale Demon— Raw shale , retort feed Gradation of mine run shale
Formation , stration Plant , only data presented
Mahogany Rifle , Cob .
Ledge

10 1959 Green River 08DM Anvil Points Raw and retorted shale Gradation of shale feeS and
Formation , Mine , R ifle , Cob , retorted shale only data
Mahagony presented
Ledge

11 1960 Green River USDM Oil Shale Mine , Raw shale Tests run on cores from ver—
Formation , Rifle , Cob . tical and horicontal core
Mahogany holes. Most information on
Ledge crushers and corresponding

gra dations
12 1963 Green River USD14 Oil Shale Mine , Raw shale Tests run on shales follow ing

Formation , Rifle , Cole. removal of organic constit—
Mahogany uents . Data include par—
Ledge tid e size distribution ,

specific surface area and ,
pore si zes

13 1964 Data same as presented in Reference 7 with some additional discussion

14 1967 Green River Not specif ied in Retorted shale Tests run on reheated retorted
Formation , Reference shale , using 1—in .—d iam .
Mahogany 2—in. —high remolded speci —
Ledge mens . Data not included in

,wmnal’y table because too
many variable, and too few
samples were used.

15 1969 Green River Rot specified in Retorted shale Tests run on reheated retorted
Formation , Reference shale, using l—in .—diaz..
Mahogany 2— in .—high reiuolded specimens
Ledge

(Continued )
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Table 1 (Concluded)

No. Date Material Location Sample Description/Designation R emarks

16 19TO Green River Below Mahogany Markerk Retorted shale Majority of data i. taken from
Formation , Colony Mine J Designated B14 References 14 and 15. Re—
Mahogany Above Mahogany Marker l Raw and retorted shale nam ing data include numer—
Led ge USBM Mine ç Designated AM ous variables. Data not

included in s,iemary tables

17 1971 Green River IJSBM Experimental Raw shale Tests run on 3/4—in .— diam .
Formation , Mine , Rifle , Cob .  1—1/2—in —hi gh cores of hi gh
Mahogany pressures and temperatures
Ledge to simulate insitu retorting.

Data not included in summary
tables

18 1974 Green River Parachute Creek Oil Retorted shale Test data on parts 2, 4, and 5
Formation Shale Plant , Colony

Development
Operation

19 1974 Green River USBM Anvil Points Raw shale Tests run on low— , moderate— ,
Formation Mine , Rifle , and high—Kerogen shales

Cob .

20 1974 Green River Various locations Raw shale Tests run at high temperatures
Formation and pressures to simulat e

insitu retorting. Data not
included in suiemary tables

21 1975 Green Rivei 118DM Laramie Energy Retorted shale Test run to evaluate use of
Formation Research Center , retort shale as highway con—

Lar anie , Wyo. struction material

22 1975 Green River USD14 Demonstration Retorted shale Tests run on remolded specimens
(Feb ) Formation Plan t Stockpile , (Phase II of Paraho Oil Shale blended to reproduce the orig—

Anvil Point , Cob . Study). Designated : inal gradation of stockpiled
Size 1. No. I. material
Size 2. < 3/4 in.
Size 3. 1—112 in.

23 1975 Green River 18DM Experimental Retorted shale from pilot Tests run on remolded specimens
(Apr ) Formation , and Demonstration plant. Designated: for high and low degrees of

Mahogany Facility, Paraho Size 1. < 1—1/2 in. carbonate decomposition
Member Oil Shale Project Size 2. < 3/4 in,

(Phase III), Anvil Size 3. No. I.
Points , Cob . Samples taken from exit

conveyor belt
24 1975 Green River , 08DM ExperImental Retorted shale from semi—works Tests run on remolded specimens

(Oct) Formation , and Demonstration plant. Designated: representi ng direct and i n —
Mahogany Facility, Paraho IV— 1A direct heating modes of the
Member Oil Shale proSect IV—1B Discharge Conveyor retort p lant

(Phase IV) IV—1B2 cc

P1—Si Stockpile (Direct)
IV—SC1 Stocking Conveyor

(Direc t )
IV—lIR Discharge Conveyor

(Indirect)

Raw shale Tests run on cores cut from
block samples

25 1976 Green River USBM Experimental Compacted test fill using Percent compaction determined
(Feb) Formation and Demonstration retorted shale from Semi— for various e4uipment and

Mahogany Facility, Paraho Works Plant coverage combinations
Member Oil Shale Project See sample IV— lB for lab

(Phase ¶1) properties

~~ 1976 Green River (18514 Experimental Raw shale Tests run on different grada—
(Jul) Formation and Demonstration Sample designations tions blended to meet desired

Mahogany Facility, Paraho VI l—l. Raw shale feed conditions. Test, run on
Member Oil Shale Project V II—2 . Block samples cores cut from block samples

(Phase V II) (Feb 75)
1111—3. Block samples

(D ec 75)

27 1976 Green River USD14 Experimental Retorted shale. Infiltra— Infiltration tests run to deter—
Formation and Demonstration ties ponds constructed of mine permeabilitie .
Mahogany Facility , Paraho discharge conveyor material
Member Oil Shale Project

(Phase VI)

(Note: Separate report not prepared . Data appear in Chapter 10 of Reference 27.
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24 Green River Formation ,
Paraho Oil Shale Project

Block 1 (Specimen 1—6)
Block 2 (Specitmo n 2—2)
Block 3 (Specimen 3—li)

26 Green River Formation ,
Paraho Oil Shale Project

Sample Vu -i
1—1/2 — 3 in. (Shale 2.11 1.99 3 100 0 0 0 —— ——feed)
3/8 — 3 in. (shale 3 100 0 0 0 55 22 2 . 5

feed) , Curve A
3/li — 1— 1/2 in. (Shale 2.20 1—1/2 100 0 0 0 —— —— ——feed)
— 3 / l i  in. (shale feed 3/14 50 143 7 —— —— —— ——

÷10% 01 —3/8 i n . )
—3 / 8 in. (shale feed 2.12 3/8 145 148 7 2 5 . 2  0 .2

reject) ,  Curve C
—1—1/2 in. (shale 1— 1/2 814 iii 2 0 23 .0  1 .5  15 6 ,200 6 .0  88.3

feed +10% of —3 / 8 12 ,375 8.3 90 . 3
in. ) ,  Curve 0

3/8 — 1—1/2 in. (shale 2.15 1...1/2 100 0 0 0 28 114 2 6 ,200 1.0 77 .5
f eed ) ,  Curve E 12 , 375 1.0 80.1

Sample VII — 3
Raw shale cores from

block sample ( Avg .
of 9 samples )

Note: 060 
a Grain—size diameter at 60 percent passing.
a Gra in-size diameter at 10 perc ent passing.

C • Coefficient of un i formity, D60/D10 .u
* 5d 79 pcI ; Loading = 4 psi.

•~~ • 80.7 pcI ; Loading = 14 psi.

__________  - -~~- - .



Table 3

Summary of Phy sical and ~ngineering Properties of Raw Paraho Study Oil Shale
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traho Study Oil ~~~ j~e

yr Settlemen t, % (Consolidation ) Tri~~ ial Shear Unconfined Compression

C
Si At Loading, Psi Friction Coh:sion ~~ +4

0

________ — 

Mo dulus of
Elasticity

- 106 psi v
10 ,027 0, 58  0.32

7,563 0.82 0.36
10,027 o.~ 6 0.28

(25% of failure load )

lii Angle at repose = IiO°

8 . 3  90.3  9.7 Average of 3 specimens

35 0.70 22.9 15.3
39 0.81 19,14 13.9
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.0 6 .0 17.5
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APPENDIX A : OIL SHALE RETORTING PROCESSES

1. Three retorting processes are used to extract oil from oil

shale:

a. Solid to solid heat transfer (Tosco process).

‘b. U. S. Bureau of Mines gas combustion method.

c. 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 th 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

~~~~~~~~~~~~~~~~~~~~~~ 1’—i/” 
BALL HEATER

~~~~~ SHA L E  B I N

TROMMEL GAS

L HORIZONTAL
I ~ I ROTATING

RETORT
FURNACE 

CONDENSER

SHALE COKE BALLS 
‘ -I

Figure Al. Tosco process
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Gas Combustion Process (Par aho)

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 t emperature. 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 .

A2



OIL SHALE OIL AND GAS
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Figure A2. Gas combustion process
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