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Abstract

Excavation, handling, and the environmentally safe disposal of spent oil shale and
overburden matstials require a knowledge of their geotechnical engineering properties. To
determine these properties, a laboratory investigation of the physical and geotechnical engi-

neering properties was made. The physical tests consisted of mechanical analyses, Atterberg
Limits, and specific gravity determinations. Geotechnical properties wers determined by
TBTtES sy Al tiiaxial sompression; permeabitity -tests; slake-durability, -one-
dimensional compression tests, and Los Angeles abrasion. A one-dimensional comgpression
test was devised to address the problem of placement, Joading, and saturation of the spent
shales and overburden materials. The compacted, unprocessed cil shales were more sus-
ceptible to inundation and compression than compacted specimens of reforted shales and
chars, Comparisons of the geotechnical praperties of the unprocessed oil shales and pro-

cessed shales are made.

INTRODUCTION

The curreat energy shortage and & diminishing supply of petroleum
have prompted cfforts to search for alternate sources of energy. Serious
attention has recently focused on the commercial development of oil shales
because of a large abundance of these materials and their proximity to
markets, Processsing of raw oil shale by heating to recover petroleum
products involves the.use of surface retorts and/for in situ retorting. Regard-
less of the technique used, sizeable volumes of rstorted, or spent shales will

“be produced and require disposal. Generally, the oil shales are cverlain by

materials which do not contain oil and must be removed to recover the ofl ’

materials consisted of the raw, or unprocessed cil shales, the retorted cil
shales, the charred oil shales and the combusted oil shaies. Brief descriptions
of the materials submitted for testing are as follows:

OVERBURDEN MATERIALS

QOverburden materials consisted of three shales and a silistone, Two
overburden shales were collected from the Borden and the Bedford forma-
tions of Lewis County, Kentucky. The siltstone sample was obtained from
the Farmers Member of the Borden Formation in Lewis County, Kentucky,

The_third overburden shale was obtained from the New Providence Member

shales. The excavation, handling and environmentally and structurally safe

disposal of the spent oil shales and overburden materials will require a
knowledge of their geotechnical properties. This paper is a condensed ver-
sion of a report (1) submitted in November 1981, For additional details,
especially the application of these findings to slope design and settlement,
the reader is referred to the report.

OBJECTIVES

The primary objective of this study was to characterize the various
geotechnical properties of overburden materials, raw oil shales and pro-
cessed, or spent shales. This information is needed in the commercial
development of oil shale for developing environmental regulations, and
providing for a means of safely dispesing of the overburden and spent
shales.

DESCRIPTION OF MATERIALS

Materials received for laboratory testing consisted of two basic
categories: overburden materials and oil shales. The second category of
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in Bullitt County, Kentucky. The shale samples obtained from the Borden
and Bedford formations consisted of flat light yellow, subangular particles.
The siltstone was light olive gray in color, hard, and fine-grained. The New
Providence Shale was gray to light yellow in color, very friable, platy and
angular,

UNPROCESSED OIE SHALES

Seven oil shale samples submitted for testing were collected from the
Sunbury, New Albany, Chattancogz, and the Ohio shale formations. The
stratigraphy and composition of these shales are similar, In Chio, and in
Kentucky from Lewis County southwest to the vicinity of Irvine, a wedge
of Bedford Shale and Berea Sandstone occurs between the underlying
(Ohio) and overlying (Sunbury) black shales. The Ohio Shale has been
subdivided into upper (Cleveland) and lower (Huron) members. Beyond
the pinchout of the wedge of Bedford sediment the entire black shale
interval (equivalent fo the Ohio and Sunbury) is referred to as the New
Albany Shale. This nomenclature is carried westward through Kentucky and
into Endiana and Ilinois, To the south, the black shale interval thins con-
siderably and is referred to as the Chatianooga Shale. This nomenclature is
used throughout southern Kentucky and Tennessee. Samples of the New
Albany Shale were collected from Nelsan, Powell, Lincoln, and Builitt



counties, Kentucky. The Sunbury and Ohio samples were obtained from
Lewis County, Kentucky, Samples of the Chattancoga Shale were obtained
from Russell County, Kentucky. Particle-shapes of the raw oil shales and the
overburden shales were similar. However, the raw ol shales were harder and
contained less fines than e overburden shales. The raw oil shales ranged in
color from dark yellow te gray and were darker than the overburden shales.

RETORTED SHALES

Six retorted samples were tested, Materials collected for the retort-
ing process were cbtzined {rom the Sunbury, New Albany, Cleveland, and
Chattanooga shale formations. The New Albany samples were collected
from Nelson, Bullitt, and Powell counties, Kentucky. Samples of the
Cleveland and Sunbury shales were obtained from Lewis County, Kentucky.
The Chattenooga shale samples were obtained from Linceln County, Ken-
tucky. The double auger steam retorting process was used. Maximum
particlesizes of the retorted shales were smaller and individual particles
were less angular than the raw oil shales or the cverburden shales. The
retorted shales contained little or no fines and were gray to black in color,

CHARRED SHALES

The next group of shaies tested were the charred shales produced by
the HYTORT process. Materials obtained for the charzing process were ob-
tained from the Sunbury, Cleveland, and New Albany Shale formations.
Samples of the Sunbury and Cleveland shales were collected from Lewis
County, Kentucky. The New Albany samples were obfained from Bullitt
County, Kentucky. This group consisted of three shales which appeared {o
be identical. These materials were composed of much smaller particle sizes

854-58, Particle-size analysis was determined according to ASTM D 422.63.
Particle-size distribution curves for the overburden shales and the raw il
shales are given in Figure 1. The retorted shales and the charred shales are
shown in Figure 2. The materials were classified according to both the
AASHTO and Unified Soil Classification systems. Specilic gravities, liquid
limits, plasticity indices, and classifications are summarized in Table 1,
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Figure 1. Particle Size Distribution Curves for Overburden Materials

and contained fewer fines than the retorted shales. The charred shales were
black in color and had an appearance similar to coal.

COMBUSTED SHALES

The last group of shales submitted for testing was the combusted
shales and consisted of six materials. These materials were obtained from
the Sunbury, Cleveland, New Albany, and Chattancoga shale formations,
retarted, and then subsequently combusted. Samples of the Sunbury and
Cleveland shales were obtained from Lewis County, Kentucky. Samples of
the New Albany shale were obtained from Bullitt, Lincoln, and Powell
counties, Kentucky while samples of the Chatfanooga shale were collected
from Russelt County, Kentucky. These. were processed in & gasifier with a
5% - 10% excess of oxygen. The combusted group of shales was hard and
contained red, black and light gray, sub-angular particles.

TEST SPECIFICATIONS AND RESULTS

The testing program was divided into three categories: 1) material
preparation, 2) classification, or physical property tests, and 3) enginecring
tests. Physical property tests consisted of particle size analyses, liquid and
plastic limits, and specific gravity determinations. Engineering tests con-
. sisted of moisture content-density determinations, consolidation, perme-

and Raw Shale.
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Fipure 2. Particle Size Distribution Curves for Retorted Shales and

ubility, friaxial compression, Los Angeles abrasion, a specially devised,
one-dimensional compression test, and slake-durability. Test methods and
results are described below.

MATERIAL PREPARATION

Particle sizes of the materials as received for laboratory testing
ranged from cobbles, 3 inches in diameter, to fine-grained miaterial passing
the No. 200 sieve. The largest particle size that could be accommodated by
the 4-inch diameter mold of the triaxiai, permeabilily, and compaction iests
was 3/4-inch. For this reason, after removing sufficient material for classifi-
cation testing, the particle sizes of samples which had particles greater than
3/44inch were reduced by the scheme outlined in Drnevich, et, al, (2). This
procedure maintains the same percentages of gravel in the sample, as con-
tained in the criginal sample and as received for testing.

PHYSICAL PROPERTY TESTS AND CLASSIFICATIONS

Liquid and plastic limit tests were performed on the shales and
overburdens according to ASTM D 423-66 and ASTM D 424-59. The
specific gravitics of the soil solids were determined according to ASTM D
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Charred Shales.

ENGINEERING TESTS
Moisture - Density Relationships

Standard compaction tests were performed on the Borden and
Bedford overburden shales using two different gradations. One moisiure-
density curve was developed for the portion of the overburden shales
passing the No. 10 sieve. This compaction test was performed on this
portion of the sampie, instead of the portion passing the No. 4 sieve accord-
ing to ASTM D 698-70 method A, because particle sizes of the materials as
received for testing could not be accommodated in a 2.5-nch consclido-
meter ring and values of maximum dry density and optimum moisture
content were needed for compacting the consolidation specimens, The
second set of standard compaction tests were perfermed on the overburden
shales to ohtain values of maximum dry density and eptimum moisture
content which were needed for preparing triaxial specimens. These tests
were performed using material that passed the No. 3/4-inch sieve. Because
of the limited amount of material available, and because the cverburden
shales were so friable that cach compaction sample could only be used once,



Tahle 1. Results of Physical Properties tests and Engineering Classifications.
MATERIAL LIQUID  PLASTICITY  SPECIFIC CLASSIFICATION . "
LIMIT INDEX  GRAVITY  AASHTO  UNIFIED o, G
OVERBURDEN
Barden {Lewis) 43 17 275 AT6(8) cL
Bedford (Lewis) 37 is 268 A6LE) sC
RAW SHALES
New Albany (Powell) NP 2.3% Al b GM 15 0
New Albany (Bullite) NP 241 Al b GM e 2d
Sunbury {Lewis) 28 3 247 Al b GM 580 3.7
Dhin (Lewis) 35 9 237 Ald GM 00 13
Raw Blend 243
RETORTED SIIALES
Cleveland {Lewis) NP A-l-a P 3.9 12
Chatlanonga ( {incoin) NP Al-a oP 33 11
New Alhany {Nelsen) NE Ad-a or 3 LS
New Alhany {Bullit)) Ne Al-a oW 40 14
New Alnany (Powell) NE Ad-a [ [
Sunhery (Eewis) Ne Al GW 43 12
Rutoned Blend .54
CHARKRED SHALES
New Albany (Bulli) Ny Al-b Gr 3312
Sunbiry {Lewis) NP Ala ar 10 oY
Clzvotan {Lowes) NP A-i-a GP 218 [1X:]
Charred Blead 2.51
COMbi 5TRD SITALES
Saubary (Lewss) NP 2.36 Ada sW B4 12
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Figure 4. Moisture-Density Cuarves for Border Overburden Shale,

Table 2. Compaction Specifications for Compaction and Triaxial Molds

New Abany {Bultict) Compaction Compactive AASHTO/ASTM Triaxial
f;““ M‘:““-" }:;‘““"‘LI’;) Techniqus Effort Standard Mold Mold
yow Alany (o (ft. ibftt5) (4.0" diamcter x (4.0" diameter x
Chaltanoug. (Russell) 4.584" hieh) 0" high)
*C is the coeflicent uf unifommily
**(, is the coeliiciant of concavity Modified 56250
T S e
1.5 ft drop 25 blowsflift 27 blowsflift
a 4-inch diameter mold was uscfi. Standard 17730
Results of the compaction tests performed on the overburden shales
are shown in Figures 3 and 4. Values of maximum dry densities of the 5.5 1b hammer 3t 5 lifts
overburden shales were less for specimens prepared with material passing the 1.0 ftdrop 25 blows/lift 25 blowsflilt
No.‘ 10 sicve th‘dl.l valu:fs obtained for specimens prepared using materllal Low Enstgy 2500
passing the 3/4-inch sieve. The Borden shale, the overburden which
appeared to have the lowest shear sirength at standard compaction, was 1.84 Ib hamumer 3lifts -, Stifts
1.6 ft drop 15 blows lift 16 blows{lilt

selecterd for more extensive tfesting in the iriaxial testing phase of the
program.

1 T P i I
Bedford Owverburden
8 Standard Compaction {-3/4) ) X
12t © Siendard Compaction { -MNa 10} Zero Air Voids |

19 - =] i

Sirce a limited amount of material from each location and geological- .
formation was available for testing and since the oil shales within each major
shale group had esseatially the same classification, portions of the oil shales
within each major shale group were combined to form a blended shale
sample. With the exception of the overburden materials, all engineering tests
were performed on a blended sample of each major shale group - the raw oil
shale group, retorted group of shales and the charred group of shales.

The results of the compaction tests on the raw, retorted, and charred

Dry Depsity LIk Feu fr)

1 | 1 1 i i 1
4 6 & [} 12 14 ig B

Maoisture Cantent (%)

Figure 3. Moisture-Density Curves for Bedford Overburden Shale.

Two other compaction tests were performed on the Borden shaie
(Figure 4) using compactive energies which were lower and higher than the
compactive energy of the standard compaction test. The high-energy com-
paction test was similar to ASTM 1557.78 method D (Modified Com-
paction) which uses a i0-pound hammer and an 18-4nch drop, except a
4-inch mold was used instead of a 6-4nch mold. The low-compactive encrgy
was 20 percent of the compactive energy used in the standard methoed. This
energy was obtained by using 1.84 pound aluminum hammez, {2 inch diop,
and a reduced number of blows in a compaction procedure developed for
use on mine spoils (2). Specifications of the different types of compaction
tests are shown in Table 2.
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oil shale-blends are shown in pignn2 5. Asshown jn this ﬁgure the retorting
process greatly influences the maximum dry density of the samples when
compared to the raw shales. The retorting process significantly decreases
the maximum dry density of the oil shales while only slightly lowering the
optimum moisture content. The process of charring the shales, on the other
hand, causes the optimum moisture content to rise considerably while the
maximum dry density is also greatly decreased, Maximum dry densities and
optimum moisture contents obtained from the various compaction tests for
the overburden materials, the raw oil shale blends, retorted blends and
charred hlended shales are compared in Table 3.

Consolidation Tests on the Two Overburden Shales

Consalidation lests were performed on the portion of the over-
burden shales ~ Borden and Bedford - passing the No. 10 sieve. This part of
the overburden materials was used because any particles larger than the No.
10 could not be accommodated by the testing apparatus, and a specimen
composed of only material passing a smailer sieve would not give an accu-
rate representation of the behavior of the material as found in the field.

ASTM standard D 2435.70 was used as the test procedure. The
specimens were 1 inch in height by 2 1/2 inches in diameter and were
compacted at optimum moisture to the standard maximum compaction
density,
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methods were used to obtain the time corresponding to ninety per cent
consolidation and to obtain the coefficient of consolidation, cy. The
average value of ¢, obtained from the two fitting methods is also plotted as
a function of the log of effective stress in Figure 6 for the two overburden
shales.

Permeability
Permeability tests were performed on the overburden shales and on
the oil shales, the raw oil shale blends, the retorted oil shale blends, and the
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80 -
charred oil shaje blends, A constant head test used by the Army Corp of
78 — Engineers and outlined in their laboratory soils testing manual (3) was used.
The procedure utilized a cylindrical specimen confined in a rubber mem-
76 — A 1 brane and subjected to an external hydrostatic pressure during the test. This
O Raw Shale was accomplished by placing the specimen in a triaxial cell where confining
74 [~ T REICTIESD NI — and back pressﬁres were applled
A Charred Shale ppried.
S SR — L oy | i | This method of performing the permeability test was selected
o 4 8 12 16 20 24 28 32 36 40 because of the Tollowing reasons. (1). The §pecimen can be casily Tormed in
the same manner as the triaxial specimens, using the same molds and mero-
Moisture Content (%) branes; (.2) the leakage along the sides, which oceurs especially in permes-
meters, is prevented by the cell pressure acting against the wall of the
) . . i membrane; (3) the specimen can be consolidated to a certain confining
Figure 3. bR’IDlSn:TZ‘DBfnSéLYd%MV‘?S] for thde é(haw Odﬂslhﬂlg glgnderil Sanples , stress representing field conditions; {4) back pressure can be applied to the
ctorted Blended sSampies, 4 arred Blended Samples. pore water to dissolve air entrapped in ihe compacted specimens; (5) and
the saturation of the specimen can be checked in the same manner as in the
triaxial tests.

Table 3. Comparison of‘Maximum Dry Den.sities and Optimum Moisture Results af the permesbility tests are given in Table 4. Low perme-
Contents Obtained from Compaction Tests Performed on ubilities obtained for the overburden materials were due to the presence of
Overburden Shales and (il Shales, large percentages of fines, i.e. soil pariicles smaller than the No. 200 steve. It

has long been established that the percentages of fines of a soil have a large

Material Size E?rmpacliva ;plimum Jgaximm effect on its permeability. The results reported herein should be used with

2 L 1§ . . .
* c;;ie\:le(%) 1)?;.5,[,, caution since these values are ones that represent the soil compacted at the
b/eu 1) standard compaction density and tested in @ saturated condition. The

BORDEN matertals also contained particle sizes smaller than 3/4 of an inch. The

10 standard 132 110.1 permeability of the material at any other particle size distribution may be
374 low 232 298 different.
standurd 15.8 1138
modified 4.2 127.2
BEDFORD able 4. i ts.
5 — o s Table Summary of Permeability Results
-3{4 standatd 12.3 $18.7 Material As Compacted As Tested Permeability
. Dry Density M.C, Dry Density M.C. k
RAW BLEND (ibfen f1} () (Ibfzu f1) (%) (cmfsec)
/4 standard 126 100.3
8
RETORTED ELEND BORDEN 113.0 15.2 124.8 166 2.9x 10
-3/4 dard 13 X
/ sands ' Bes BEDFORD 118.6 108 1205 163 46x108
CHARRED BLEND
- 344 standard 29.1 79.1 RAW BLEND - L5x 107
. . . . . RETORTED BLEND 82 15.6 854 28 1.0x 109
Void ratio-log of effective stress curves are shown in Figure 6 for the ? + *
two overburden shales. The log-cf-time and the square-root-of-time fitting CHARRED BLEND 719 259 76.5 399 23x% 103

Field values of permeability may be different than values given in
Table 4 because of the degree of compaction and the percent of saturation.
It has been shown that the higher the density of a soil, the lower the perme-
ability; also, the permeability of saturated scil is greater than non-saturated
soil, In addition to density and saturation, the water content at which the
soil is compacted can also influence the value of the permeability of a soil.
The water content of the soil influences its microstructure when compacted.



As the water content at the time of compaction increases, orientation of the
particles become more parallel due to the compaction. This results in a
reduced permeability for the soil.

Triaxizl Compression Tests

Stability of a compacted shale embankment can be evaluated using
cither total stress parameters or effective stress parameters. Generally,
cffective stress parameters, ¢', and ¢' ~ the effective internal angle of fric-
tion and effective cohesion - have more validity than total stress para-
meters, ¢ and c. Effective stress parametfers can be obtained from drained
triaxial tests or from undrained triaxial tests if pore pressure measurements

are made. With the exception of twe consolidated-drained triaxial tests,

consolidated-undrained, triaxial compression tests with pore pressure
measurcments were used to obtain the effective stress parameters for the
overburden shales and the oil shale blends. These tests were performed at a
constant rate of axial deformation which was sufficiently small so that pore
pressure equalization criteria were satisfied (4). The specimens were com-
pressed at a constant rate of axial deformation of 0.001 inch per minute.
The two consolidated-drained triaxial compression tests were performed on
the retorted and charred blended samples using the same axial rate of
defermation as used in the consclidated-undrained triaxial tests.

The triaxial specimens were compacted to maximum dry density at
optimum moisture content determined from the compaction phase of the
testing program for the portion of the material passing the 3/4-inch sieve.
The specimens measured 4 inches in diameter and 8 inches in height. These
dimensions limited the largest particle size to 3/4-inch. Filter paper strips

Table 5. Summary of Triaxial Test Data.

Tast Material Compaction Effective 'B' Pore P’ ’ ¢

No. Conllning Pressure .
Pressure Coeff, {Degree) (psh)
os1)

51 Borden {Lawis) standacd 10 0.88

52 30 088 26.7 a.0

st 45 .30

55 Borden (Lewis) madified 70 0.90

56 S0 0.95 30.2 00

57 20 0.98

58 Borden (Lewis) law 70 097

59 50 058 26.6 9.0

510 : 20 0.54

51 Bedford (Lewls) standard 60 1.00

52 30 1.00 6.3 216

53 10 0.99

51 Raw Blend standard 20 100

52 56 093 422 37

53 0 057

51 Retorted Blead standard 70 0.87

52 50 0.65 + *

53 20 0.83

51 Chacred Biend standard 50 048

52 20 0.86 * *

55 30 1.05

* A curved failure envelope was obtsined for the retorted and charred shale blends. See Toble 6.

were-monrnted-ztong-the-tengthrof-cacihrspecimento-permit-fasterequitizes
tion of porc water pressure. To prevent air from entering the specimen
through the mbber membrane when the cell pressure was applied, water was
used in the chamber as the confining medium,

In performing consolidated-undrained triexial tests with pore
pressure measurements, it is essential that the specimens be saturated to
avoid pore pressure lag during the shearing stage. To facilitate saturation and
force air bubbles into solution, a back pressure technique similar to one
described by Lowe and Johnson {5) was used. After saturation, the speci-
men was consolidated to the desired effective stress. For the overburden
shales {clayey shales), the time for ninety percent of consolidation to oceur
was determined from the square-rcot-of-time fitting method and used te
determine when the axial loading of the test could be initiaied. When the
consalidation pressure was applied to the oil shale specimens, consolidation
cceurred so rapidly that the volume changes were difficult to obtain as a
function of time. Te have reasonable assurrances that the specimens were
saturated, all were allowed to consolidate for a minimum of 24 hours under
the desired back pressure and cell pressure.

Although several definitions of fajlure may be used te define the
Mohr-Coulomb faflure envelope, two criteria are. commeonly used in scils.
These criteria are the maximum principal stress difference, or (o'y - 0'3)
may, &nd the maximom principal stress ratio, or (6'1/6'3) max, Thelatter
definition is also knewn as maximum obliquity. In a drained triaxial test,

the two criteria yield the same results, since the minor effective principal
] 41 Tay

q(PSI)

square foot. These values were similar to values obtained for the Barden

speclmens compacted at low and standard compactive energies.

compaction had a ¢- value of 42.2 degrees and a ¢~ value 317 pounds per
square foot. '

Shear strengths of retorted and charred blended specimens remolded
at standard compaction were very similar as illustrated in Figure 7, The two
linear stress paths were obtained from the drained triaxial tests while the
remaining siress paths were obtained from the undrained tests. A curved K¢-
line was cbtained for these series of tests and ¢'- values ranged from 45
degrees to 22 degrees. (See next to last column in Table 6.)

Falf ) Y Attty

Y R T S A ¥ A hde i
simultancously during the shearing stage of the [ejst. Hf)wever, 0'3 cajnnot be
held constant during the undrained shearing stage when the specimen is
fully satorated. For saturated and highly overconsclidated materials, 0'3
changes during undrained shearing and the peak value of (¢'y/0'3) may
occur before the peak value of (o'| - o'y) is obtained. The choice of which
failure criterion to use for compacted materials has been discussed by
Drnevich, et al (2).

" LI by 1
3iress;—¢ 3y isconstAntant-int-peak-varies

For triaxial test resulls reported herein, the maximum obliquity
failure criterion was used io develope failure envelopes and sheaf strength
estimates of the overburden and cil shales. Triaxial test results are summa-
rized in Table 5. Values of ¢' obtained for the Borden overburden shale
remolded to three different compactive efforts ranged from 26.6 degrees to
30,2 degrees. Essentially the same values of ¢' -26.6 degrees — were ob-
tained for the Borden shale specimens compacted at standard and low
compactive encrgies. No cohesion was oblained for the Borden shale at any
of the compactive energies. Specimens compacted at a high compactive
energy had a ¢'wvalue thut was 3.6 degrees higher than ¢'-valucs of speci-
mens compacted at standard and low compactive energies.

Values of ¢' and ¢' obtained for the Bedford overburden shale
compacted at standard compaction were 26.3 degrees and 216 pounds per
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Figure 7. Triaxial p'«q Stress Paths Obtainced from Retorted and Charred
Blended Specimens Remolded at Standard Compaction.

Abrasion

The abrasion test on the Farmers Siltstone was performed in accor-
dance with ASTM C 131-76, grading B, This test commonly called the Los
Angeles Abrasion Test was only performed on the siltstone because the
other shales appeared to be of much less hardness. Preparation of the
material for testing consisted of breaking siltstone into roughly 3-inch pieces
and then reducing it to particle sizes smaller than 3/4-inch using a mech-
apical crusher. The siltstone was then washed and dried to remove any dust
adhering to the sides of the particles. The siltstone was sieved and combined
to the required grading.



Table 6. Recommended Design Values of ¢' for Various Pressures of
Embankmenis Constructed of Charred und Retorted Materials.

P PO R < R
10 92 071 35 4522 36.0
0 162 £.68 90 428 36.0
30 228 0.65 152 405 15.0
40 29.2 062 219 383 340
50 152 059 22 62 33,0
g0 410 0.56 311 34.0 320
70 464 053 454 2.0 310
50 516 050 54.2 20,0 00
90 56.4 047 615 280 290
100 610 044 732 26.1 8.0
1o 652 o4t 833 242 170
120 69.2 038 937 223 26.0

The sittstone was then placed in the L. A, Abrasion machine with
eleven steel balls. The number and weight of steel balls ussd depends on the
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Figure 8. Stress-Strain Curves Obtained from One-Dimensional
Compression Tests.

- vemoved:-Fire - siltstone-was- sieved -again using. the same sieve sizes.

gradiation of the material being tested, 1he maching was fotaicd at 32
revolutions per minute for 500 revolutions and then the material was

before and subtracting the amount retained on each sieve from the original
weight retained on each sieve to calculate the amount of wear, This amount
divided by the orginal weight of the material gives the percentage of wear.
The percentage of wear for the Farmers Siltstone was calculated to be 80.

One-Dimensional Compression Tests

One-dimensional compression tests were performed on blends of the
unprocessed and processed oil shales. These tests were performed instead of
consolidation tests because the ofl shales had high permeabilities and excess
pore water pressures would dissipate oo quickly to give meaningful results.

The fest consisted of two different phases. The first phase of testing was
designed to determine how the material in a dry state performed under
one-dimensional loading. The purpose of the second phase was tc evaluate
creep characteristics aof the oil shales when inundated with water.

The procedure for the first phase consisted of compacting the shales
to ninety percent of maximum dry density in a &-inch diameler mold to a
height of 2,625 inches. These dimensions were used to minimize the effects
of frictional forces acting on ihe sides of the mold during loading. To
simulaie field placement, the specimens were compacted in a dry state to
ninety percent of maximum dry density, The specimens were loaded and
deformations were recorded in a manner similar to the consolidation tests.
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Figurc 9. Sirain-Time Curves for Inundated One-Dimensional
Compression Specimens.

was remnoved and dried. The samples were observed to be wet throughout
when removed. A sieve analysis was performed before and after the test on
each material to determine if any appreciable amount of crushing had
oecurred. Based on particle size curves of the materials obtained before and
after testing, no noticeable crushing of the particles was observed. Any
slight differences that occurred wis attributed to normal variances associ-
ated with sampling. Two of the materials tested, siltstone and retoried
blend, had low creep on the same order as limestone. The charred blend
exhibited slightly greater creep. The raw oil shales exhibited significant
creep upon inundation.

Loads of 1, 2, 4, 8, and 16 tons per squaré foof were used. For gactrtosd,;
when the sample deformed less than 00725 inch in two minutes, the next
load was applied. After loading to 16 tons per square foot, the samples were
rebounded and the dial readings were recorded.

The strain for each load was calculated by dividing the deformation
occurring under each load by the original height of the specimen. The
stress-strain curves for the three oil shale blends and the Farmers Siltstone
are given in Figure 8. A crushed limestone, considered a good censtruction
material, was also tested for comparative purposes.

Creep characteristics of the oil shales were studied by reloading the
previously loaded specimen to 4 tons per square foot., The specimen was
allowed to compress for approximately fifleen minutes or until all deforma-
tion had stopped. The mold and specimen were inundated in water while
the stress level remained constant at 4 tons per square foot. The time
required to submerge the specinen was less than five secconds. Upon inunda-
tion, a tirer was immediately started and deformations and elapsed times
were recorded. Strains were calculated by dividing deformations associated
with time after inundation by the original specimen height before loading,
The strains after inundation were plotted as a function of the log of time as
shown in Figure 9. After sufficient time had elapsed to show the creep
characteristics of the material, {approximately 1,000 minuties) the sample
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Slake-Durability

To evaluate the weathering resistance of the shales, slake-durability
tests were performed. The procedure used was 2 method originally proposed
by Franklin and Chandra (8) and modificd by Gamble {7). In this method,
approximately ten representative pieces of oven-dried shale are sclected to
be as nearly equidimensional as practical. Each piece weighs approximately
40-60 grams. The material is placed in a rotating test drum which is partially
submerged in water. The drum is rotated at 20 revolutions per minute for
10 minutes. The drum is comprised of a 2.00 millimeter standard wire mesh
which allows abraded and slaked matesial to fall into a trough. After the
first cycie has been completed, the material retained on the wire mesh of
the drum is removed and oven-dried, A first-cyele slake-durability index is
computed as the ratio of the oven-dried material remaining in the drum to
the {otal oven-dried material originally placed in the drum. The remaining
oven-drict material is placed in the drum and a second, 10 minute cycle is
performed. Material retzined in the drum is removed and oven-dried. A
second and final slake-index is obtained as the ratio of the oven-dried wieght
of materizl retained after the second cycle to the total oven-dried weight
originally placed in the drum. Normally the slake-durability index {ex-
pressed as & percentage) is reported.



Slake-durability indices obtained from tests performed on the raw
oil shales and retorted oil shales are summarized in Table 7. Results ob-
tained for both cycles are shown. Slake-durability tests were not performed
on the charred oil shales because the particle sizes of this material were too
small. Slake-durability indices of the Borden and Bedford overburden shales
were 43.2 and 42.5 percent, respectively. Those shales can be characterized
as having very low slake-durability properties. The raw oil shales (New
Albany, Ohio, and Sunbury) had slake-durability values in excess of 95
percent, Hence, these shales have very high slake-durability properties.
Slake-durabilities of the retorted shales (New Albany, Sunbury, and Cleve-
land) were also very high, greater than 94 percent. Apparently, slake-
durability of the oil shales is not lowered after processing or retorting.

Table 7. Values of Slake-Durability Obtained for the Overburden Shales, the
raw (il Shales, and Retorted Gil Shales.

moisture content and the higher the maximum dry density. The Bedford
shale which as classified as a sandy clay has a maximum dry density higher
than, and an optimum moisture content lower than the Borden shale which
was classified as a clay of low plasticity.

The standard optimum moisture content of the raw oil shale which
was classified as a silty gravel was less than the standard optimum moisture
contents obtfained for the clay overburden shales. However, the standard
maximunmn dry densities obtained for the overburden shales. Such a result is
caused by such factors as different speciftc gravities, particle-size distribu-
tions, and particle shapes,

The retorted shales, which are either poorly- or well-graded gravels,
also have & lower standard optimum moisture content and maximum dry
density than values obtained for the overburden shales, The charred shales
have a greater standard optimum moisture content than any of the materials
tested while the maximum dry density was the lowest,

Compactive energy has a significant effect on the compaction results
obtained for a given soil. Greater energy supplied in the compacting process
causes the optimum moisture content to decrease while the maximum dry
density increases. This can be seen in Figure 4 for compaction tests per-
formed with three different levels of energy.

PERMEABILITY

Scils can be classified by their coefficients of permeability, k. One
set of classifications have been recommended by Terzaghi and Peck (9).
Using this methed of classifying soils the overburden shales, which are clays,
should have permeabilities fess than 10°7 ¢m/sec. This is consistent with the

MATERIAL CYCLE 1 CYCLE 2

Initisl Final SDI* Initial Final Sp1*

dry dry dry diy
wt wt wi wi
(gms} (gms) (%) {gms) {gms) (%)
OVERBURDEN
Borden (Lewis) 507.74 35741 7044 33741 21915 432
Redford {Lewis) 508.00 372.14 7325 il 21597 42.5
RAW SHALES
Mew Albany (Builiti) 19734 196.27 9945 196.27 195,51 99.1
New Atbuny (Powell) 36440 362.32 90472 36232 361.01 99.1
O tiewiY ¥ Nt 64T R HoSA? 16883 G0t
Sunbury (Lewis) 197.90 193,69 97.87 193.69 189.81 93.9
Surbury (Lewis) T0.93 70.50 99.39 T70.50 70,28 99.1
New Albany (Powelt) 16942 168.20 99.28 168.20 167.45 98.8
Cleveland (Lewis) 9768 97.09 99.40 97.0% 896.72 9.0
Chattanooga 204.03) 202.91 99.45 20291 202,11 99.1
{Lincola)

New Albany (Nelson} 122,10 121.08 99.16 121.08 120.71 98.9
New Albany (Bultitt) 22041 21215 96.25 21215 209.01 94.8

*Slake Durability Index

ANALYSIS AND DISCUSSION OF RESULTS

PHYSICAL PROPERTIES

Physiczl properties test data obtained for the oil shales and over-
burden materials can be used to give a general indication of thelr desirability
for use as an engineering materal. Properties such as compressibility,
permeability, and shear strength are related to the physical characteristics of
the material, such as its particle-size distribution. For this reason, classifi-
cations of the materials were made to place a material within a group of
materials which have similar engineering properties. The classifications of
the overburden materials and oil shales can be used with the engineering use
chart devised by Wapner (cf8) to give gencral physical properties of the

values of permeabilities obtained and reported in Table 4. The overburden
shaies classify as practically impermeable, Tt is importaat to note that in per-

-forming the permesbility - tests on the overburden shales,a well graded shais -

with a large percentage of the sample passing the No. 200 sieve was used.
This is representative of a shale which has been weathered or broken down
by abrasive action. If the permeability tests wers performed on the over-
burden shales at a different particle size distribution, then the results would
not, necessarily, be the same.

The relative permeability classification for the raw oil shale blend Is
"low", and this corresponds to coefficients of permeabilities between 10-3
and 103 cm/sec, The classification for the retorted is also low. This classifi-
cation is often used to describe sand or in this case silty gravels. The perme-
ability of the charred shales is 2.3 x 103 cmn/sec which would be classified
as a "medium" relative permeability. Such a permeability is associated with
a soil composed of sand and gravel.

TRIAXIAL TESTS

Overburden materials - The triaxial tests on both the Borden and the
Bedford overburdens compacted to 100 percent of standard compactien,
yielded similar shear sirength parameters (¢’ approximately 26.5 degrees
and ¢’ equal to zero}. Two additional series of triaxial tests on the Borden
overburden shales at high cnergy compaction and low energy compaction
gave sufficient data to assess the effects of density, as well as confining
stress, on shear strength. A normalizing parameter, Cyp, was used for den-
sity. This parameter was used hy Drnevich et al (2) in a study of Eastern

shales and their desirability for use as a homogenecus embankment material.
This system of rating the desirability of a material for various purposes uses
a seale ranging between 1 and 10, where [ represents the best material and
10 the worst for engineering purposes. Using this system, the Bedferd shale
is rated as & 3 for vse as a homogeneous embankment material, while the
Borden shale is rated as a 5. The raw shales have negligible compressibility
and a value of 2 as a rating for use as an embankment material. The re-
torted shale has a rating of 2. The charred and combusted shales has a rating
of 3 as an embankment material.

Based on the engingering classifications and the ratings as an em-
bankment construction material, it is obvious that a disposal embankment
constructed of the retorted, charred, or combusted materials, should be
strong but very pervious. If a disposal embankment is constructed of the
overburden material, then it would be weaker, have a medium shear
strength, and be impervious. This assumes that the actual materials are iden-
tical to the ones tested herein.

MOISTURE-DENSITY RELATIONSHIPS -

The results of the compaction tests are shown in Figures 3 thru §
and summarized in Fable 3. Ef the specific gravities of several materials are
the same, in general, the more granular a soil is the lower the optimum
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Kentucky minc spoil materials. [t is the ratfo of the dry density of the test
specimen after compaction and consclidation to standard compaction dry
densities. Therefere, Cp, or density ratio, includes the effects of volume
change associated with the testing process.

The Borden and Bedford data were then combined and analyzed
together. Muitiple, linear regression analyses were used to establish equa-
ticns for the abscissae and ordinates of the stress points corresponding to
failure. The independent paramelers were confining stress, o'y, and demsity
ratio, Cp.

Using equations from the above analysis shear strength parameters
were determined for standard compaction conditions. The angle of shearing
resistance, ¢', was 26.5 degrees and the cohesion was approximately 100
pounds per square foot, The angle of shearing resistance compares well with
values for various mine spoils as shown by the data point labeled "over-
burdens" in Figure 10,

Values of ¢' and ¢ were determined for density ratios, Cy, of 0.95
and 1.05 and werc normalized by dividing by their respective vajues from
tests at standard compaction. These compared well with curves from Drne-
vich, et al (2) on mine speils. It is obvious that the coheston is significantly
affected by the density ratio whereas the angle of shearing resistance is not
affected.



Based on this analysis, 2 ¢'-value of 26.5 degrees is recommended for
the overburden shales independent of the compaction density. The value of
cohesion, on the otherhand, is quite dependent on the amcunt of com-
puction. A cohesion of 100 pounds per square foot is recommended for
compaction dry densities equal to standard compaction dry densities and a
cohesion of zero s recommended for compaction dry densities less than or
cqual to 90 percent of standard compaction dry densities. For dry densities
between 90 percent and 100 percent, linear interpolation may be used to
establish the cohesion.

Raw Oil Shales - These materials classified as coarse-grained materials
and high shearing, strength was to be expected. Results of the triaxial tests
gave an angle of shearing resistance, ¢', of 42.2 degrees and a cohesion of
316 pounds per square foot. These are similar to values reported by Allen
(10) for dense graded apgregate, This angle of shearing resistance plots
slightly higher than data from Drnevich, et al (2) as shown in Figure 10. For
this reason, and because of weathering and variability of the material in the
field, it is recommended that the angle of shearing resistance for design, ¢'

design® be limited to 40 degrees.
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should be reduced to zero at dry densities corresponding ta 90 percent of
those for standard compaction, For intermediate values of dry density a
linear interpolation may be used, 1t is also recommended that values of
angles of shearing resistance be dependent on the confining stress within the
embankment and that the values of ¢' for design range from 36 degrees for
low stresses to 26 degrees for very high stresses. Specific values of ¢' design
for various pressures are given in the fast column of Table 6,

CONCILUSIONS AND RECOMMENDATIONS

The materials tested in this program represent overburdens from
several formations, several types of raw oil shales, and spent shales with
three different process histories which were termed retorted, charred, and
combusled. Conventional index tests used in geotechnical enginesring can
be performed on all of these materials. The resuits can be used to classify
these materials according to schemes used in soil mechanics. The measured
engineering properties of these materials from physical {as opposed to
index) tests are in good agreement with the expected properties based on
the classifications and geotechnical enginecring experience. Hence, the
classification systems can be applied to these materials as an aid in deter-
mining their physical characteristics and approximate engineering behavior.
It is recommended that index tests be used to classify materials from new
sites or different processes as a means of establishing estimates of their
engineering characteristics.

The overburden materials tested were shown to have low perme-
ability and shear strength and to have medium compressibility, They also
have low durability and as a result will break down with weathering from
rock-Jike materials to soil-like materials. In actval mining operations, the
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Figute 10, Variation of Angle of Shearing Resistance with Plasticity Index
. for Materials Compacted to Maximum Dry Density af Optimum
Moisture Content by Standard Compaction (After Drnevich

ctal {1)).

Retorted and Charred Shales - These twe materials are handled
together because very little difference between the two was noted in the test
results, Great difficulty was encountered in performing these tests. Multiple
check tests had to be performed and an alternate type of triaxial test was
performed. The problems stemmed from the natuse of the material, First of
all, there were little or no fines and the particles were relatively incom-
pressible which gave a fairly stiff specimen even though the dry densities
were quite low. Next, a chemical reaction was observed when water was
added to the material. The reaction provided a gas (probably hydrogen
sulfide) which also hampered the saturation process. The specimen was
considered to be saturated when negligible additional water entcred the pore
space for an incremental increase in back pressure.
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processing, they will exhibit medium to high shear strength and high perme-

.abflity for some time but will eventually breakdown into soil-tike materials,

Associated with this will be reduced shear strength and permeability, both
of which can contribute to slope instability problems. It is recommended
that overburden samples at each site be obtained during the actual mining
process by use of the equipment actually doing the mass excavation, This
material will most likely have a significantly different appearance from the
materizl tested in this program because the nieans of obtaining the samples
are different. The nature of the samples obtained will dictate what process-
ing and what placement procedures will be needed in order that the con-
structed fills of this material be impermeable and stable over the long term.
Most likely, different placement procedures will be needed for mountain
top fills than for head-of-the-hotlow fills.

The raw oil shales tested have significantly different engineering
characteristics from the overburdens. These materials are more durable, less
compressible, more permeable, and have much higher shear strengths. It is
expected that they would be more difficult to mine but easier to handle.
Stockpiles of these shales should not degrade appreciably, Fractions not
used in processing could be deposed in fills that could be easily constructed
by ordinary techniques. In the longterm, such fills, if properly
designed and constructed, should not suffer from excessive settlement or
slope failures. However, the geotechnical engineering properties of the
materigls actually chtained at a given site may vary from those reported
herein due to local variations in the natural deposits, particle size distri-

En order to circumvent the back pressuring and saturation problem,
two additional triaxial tests were performed on specimens compacted at
standard optimum moisture contents and maximum dry densities, These
specimens were not saturated but simply tested in the drained condition.
Since these materials are very free draining and because proposed regu-
lations (11) require protection of these materials from ground water, it is
recommended that drained triaxial tests be used in the future to establish
shear strength parameters in terms of effective stress,

Effective stress paths for all triaxial test performed on the charred
and retorted blends are shown in Figure 7. Rather than fit a straight line
through the data (this would under estimate the shear strength for low fills),
a sccond order Ieast squares curve was fitted through the data. The curved
Keline gave a cohesion of 280 pounds per square foot and an angle of shear-
ing resistance which ranged from slightly over 45 degrees at low confining
pressures to about 22 degrees at very large confining pressures.

For the design of embankments containing these rnaterials, a co-
hesion of 200 pounds per square foot is recommended when the material is
placed at dry densities equal to those of standard compaction. This value
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bution, and type of mining processing (transport, crushing, sieving, etc.).
Consequently, it is recommended that geotechnical tests be performed
on these materials at each site for a given pracess.

Three spent shales were studied and they were termed: retorted
shale, charred shale, and combusted shale, Extensive tests were performed
on the first two, but the combusted shale was received toc late in the
program for any testing bul index testing, Visnally, the threc spent shales
appeared significantly different. However, all were quite duzable, and they
had low compressibilities, high permeabilities, and substantially high shear
strengths. The retorted and charred shales had significantly lower dry
densities than the raw shales. The optimum meistute contents of these two
materials differed significantly (factor of 2.5) which shows that the process
used has a major influence on the resultant product. Both possessed an un-
pleasant odor and appeared to react with the water used in specimen prepa-
ration, The reaction produced a gas which hampered the saturation process
that was needed for both the permeability tests and the triaxial tests.
Nonetheless, good test data were obtained.

Both the retorted and the charred shales exhibited nearly the same
shear strength characteristics when the two materials were compacted to



standard, maximum dry densities and optimum moisture contents, The
failute envelope for these tests was curved downward, giving high angles of
shearing resistance at low confinement and low angles at high confining
stresses. Some small cohesion was oblained. Fiiction angles ranging from 36
degrees to 26 degrees, depending on confining stress, were recommended
and a cohesion of 200 pounds per square foot was recommended. More
shear strength testing is highly recommended on these materials. The tests
should be of the drained type since excess pore pressures will rarely be
generated in these materials after disposal in fills. The additional testing
shouid include the effects of the degree of compaction since if is quite likely
that densities in disposal fifls could differ significantly from standard
compaction values. Additional study is also needed on the cffects of the
chemical reaction on shear strength, compressibility, and permeability. Over
the long-term, the physicel behavior of the spent shale fill could be sub-
stantially altered by ongoing reactions.
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