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DESIGN PARAMETERS FOR OIL SHALE WASTE DISPOSAL SYSTEMS
by

R. A. Bloomfield ! and B. M. Stewart 2

ABSTRACT

This report summarizes Bureau of Mines contract research on the disposal
of retorted oil shale. A data base has been developed describing the physical-
chemical properties, geotechnical engineering properties, and natural cementa-
tion characteristics of spent shale. Results of field compaction tests and
seepage pond tests are presented, along with results of a partially sasurated
finite element seepage model used to predict infiltration and seepage rates.
Preliminary engineering analyses are presented for underground disposal sys=-
tems, which include material transport methods, and for a surface disposal
system, which includes stability analyses.

INTRODUCTION

A major problem area in considering commercial oil shale operations is
the efficient disposal of the spent shale in a structurally and environ-
mentally safe manner. In surface retorting operations, the spent shale occu-
ples about a 20 percent greater volume than in-place raw shale. Therefore,
whether the mining operation is open pit or underground, some surface disposal
will be required even if backfilling is employed. 1If modified in situ retort-
ing techniques are utilized, a surface disposal problem is still present,
since raw shale is excavated when developing the underground retorts.

In order to construct efficient waste management systems and comply with
environmental restrictions, a thorough knowledge of the physical-chemical and
engineering properties of shale waste is required. This report is intended
to summarize in-house Bureau of Mines research and Bureau-funded contract
research relating to spent shale disposal techniques. The following con=~
tracts were funded by the Bureau of Mines over the past 5 years.

1. "Disposal of Retorted 0il Shale From the Paraho 0il Shale Project"
(2)3--This project included both field and laboratory testing of the

1Program manager, Division of Minerals Environmental Technology, Bureau of
Mines, Washington, D.C.

®General engineer, Spokane Research Center, Bureau of Mines, Spokane, Wash.

®Underlined numbers in parentheses refer to items in the list of references
preceding the appendix.




engineering properties of spent shale. The Paraho process produces waste mate-
rial with a maximum particle size of about 3 inches in diameter and ranging
down to 10 to 30 percent passing a No. 200 sieve. If a high compactive effort
is used, the material can be compacted to over 100 pounds per cubic foot (pcf),
which results in good strength characteristics and is semipervious to imper-
vious. At low compactive efforts, the spent shale is very permeable, similar
to a silty gravel. Permeability tests were performed on field test ponds. 1In
a simulated rainfall test of 2 inches in 30 minutes, which required 4,600 gal-
lons of water, only 2 gallons permeated through the 3.5-foot-deep test area.

No water had been ponded on this test section for the previous 3-1/2 months,

so some of the water from the simulated rainfall test was absorbed and
adsorbed by the spent shale particles. Field tests also showed that the

spent shale did not exhibit autoignition tendencies when spread over test
fills.

2. '"Seepage Through Partially Saturated Shale Waste'" (2)--0il shale
waste disposal systems are likely to remain in a partially saturated condition,
because of the semiarid climate and lack of excess water. An existing finite-
element computer code was modified and tested to handle seepage problems
expected in partially saturated waste disposal systems. Hydraulic properties
of the shale waste were determined in the laboratory, and the program was veri-
fied by comparing analytical results to laboratory and field tests. Very good
correlation was found between computer results and measured seepage from the
field filtration ponds tested under the Development Engineering Inc. project
(5). This program should be used to predict and analyze seepage patterns when
designing a spent shale waste disposal system.

3. '"Geotechnical Properties of Qil Shale Retorted by the Paraho and
Tosco Processes'" (10)--The objective of this project was to obtain a complete
and detailed compilation of engineering properties for both Paraho and Tosco
shale waste. This comprises the largest set of data available, and results
from the other shale waste contracts will serve as supplemental and compara-
tive data. Properties determined included specific gravity, compaction, con-
solidation, unconfined and triaxial compressive strength, direct shear
strength, cyclic shear strength, resonant column, and permeability tests.
Results of this project provide a complete and detailed set of engineering
design parameters, which are necessary for the design of full-scale disposal
systems,

4, "Underground Disposal of Retorted 0il Shale for the Paraho Retorting
Process'" (3)--The objective of this contract was to determine the most desira-
ble systems for underground disposal of retorted oil shale from the Paraho
process, based on chamber-and-pillar and sublevel stoping mining methods. The
backfilling methods studied were hydraulic, pneumatic, and mechanical, both
alone and in combination. Conveyor transport was found to be most feasible.
Indications are that 70 to 85 pct of the retorted shale can be returned to the
mine. Underground backfilling can reduce the surface environmental impact of
retorted shale disposal by cutting back on the land needed for total disposal.
Industry can use study results in future planning of large-scale underground
oil=-shale mining.



5. "Natural Cementation of Retorted 0il Shale" (4)--This project
included an extensive laboratory program studying the relationship of retort
conditions on waste sample strength. The objectives were to (1) determine
optimum retort time and temperature required to develop maximum natural
cemented strength in samples; (2) determine the natural cementation constitu-
ents; (3) determine the effects on density, permeability, and leachate quality
for different retort conditions; and (4) determine the effect of reusing
retort water on strength and leachate quality. These results will be useful
in evaluating the long-term stability of shale waste systems.
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MATERTAL PROPERTIES

Spent shale used in determining the physical, chemical, and engineering
properties was retorted by the Paraho and Tosco processes as noted in this
report. The Paraho process produces a coarser waste with a maximum particle
size of about 3-inch (7.6-~cm) diameter, while the Tosco material has a maximum
size of about 1/2-inch (1.27-cm) diameter. Shale used in determining the
natural cementation characteristics was retorted in the laboratory where
closer control of retort temperature and residence time could be maintained.

Wherever possible, a range of values is presented when describing mate-
rial properties. These results are intended to be used as a guideline in
developing preliminary designs. Before any detailed design work is performed,
a small-scale laboratory testing program is necessary using material from the
appropriate retorting technique processed at the anticipated retorting condi-
tions. Changes in retort temperature and residence time will alter the prop-
erties to some extent, which is one reason why a range of values is presented
here. 1In addition, the tests were performed in five different engineering
laboratories utilizing procedures as outlined by the American Society for
Testing and Materials (1), U.S. Army Corps of Engineers (1l1), and the
U.S. Bureau of Reclamation (12).




PHYSICAL PROPERTIES

The physical property testing consisted of determining the gradation
curves, Atterberg limits, and specific gravity. The gradation curves for both
Paraho and Tosco spent shale used in these studies are shown in figure 1. The
range of values for the Tosco material is very close, showing little variabil-
ity in the samples tested. There is a wider range with the Paraho material,
especially in the finer gradations. A difference in mechanical and hand siev-
ing accounted for a part of this wide range, but most is attributed to experi-
mental crushing operations of the retort feed that were taking place during
the time when bulk samples of retorted material were obtained.

Results of Atterberg limits tests showed that the spent shale is non-
plastic. The plasticity index ranged from 3 to 5 pct for Paraho and from 5 to
6 pct for Tosco. Using the Unified Soil Classification System, Paraho classi=
fies as a poorly graded sandy gravel (GP), and Tosco classifies as a silty
sand (SM). The apparent specific gravity ranged from 2.52 to 2.59 for Paraho
and from 2.53 to 2.55 for Tosco.

Cob- Gravel Sand Fines
bles | Coarse Fine |Coarse| Medium Fine Silt (nonplastic) to clay (plastic)
U.S.Standard Sieves

6 3 % % % 4 1016 30 50 100 200
100 } } 0
30 > 10

D Tosco

80 < 20
70 - 30

60 t 40
Paraho Kk@

50 / 50
40 ‘ﬁ Q 60
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100 10 | 0.l 0.0l 0.001

GRAIN SIZE, mm
FIGURE 1. - Gradation ranges of Paraho and Tosco retorted oil shale.
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ENGINEERING PROPERTIES
The most comprehensive laboratory determination of engineering properties
for both Paraho and Tosco spent shale was performed at the Waterways Experi-

ment Station (10). Much of this section is taken from their report.

Compaction Characteristics

The results of fullescale (l2-inch-diameter) (30.5-cm) compaction tests
on Paraho and conventional (6-inch-diameter) (15.2-cm) tests on Tosco and
modeled (scalped and replaced) Paraho using three compactive efforts, 60 pct
of standard (60 pct std) Proctor, standard-Proctor, and modified Proctor com-
pactive efforts, are presented in table 1.

TABLE 1. -~ Summary of compaction characteristiecs for Paraho
and Tosco oil shale

Maximum Minimum Water Breakage
Compaction effort dry density, | dry density, | content, | factor,
d, pef d, pef W, pct B, pct
PARAHO (MINUS 2-INCH MATERTAL)
Vibratory............. .. 89.2 66.0 - -
60 pct std Proctor............ 94.6 - 23.3 11
3o 92.5 - 0 -
Standard Proctor.............. 97.5 - 22.2 16
DOttt i e 96.3 - 0 -
Modified Proctor.............. 104. 4 - 18.4 25
1 P 103.9 - 0 -
MODELED PARAHO (MINUS 3/4-INCH MATERIAL)
Vibratory........covivivenunn. 81.8 62.9 - -
60 pct std Proctor............ 91.9 - 27.2 20
3T 85.6 - 0 -
Standard Proctor.............. 95.7 - 25.3 24
3o 90.0 - 0 -
Modified Proctor........vvueus 103.1 - 17.7 34
Do...... e et 100.0 - 0 -
TOSCO (MINUS 1-INCH MATERIAL)
60 pct std Proctor........... . 97.0 - 21 -
Standard Proctor.............. 99.0 - 19 -
Modified Proctor.............. 104.0 - 18 -

In the case of both full-scale and modeled Paraho, to achieve the maximum
dry density, sufficient water to practically saturate the material is required.
However, for the full-scale material, water contents less than optimum pro-
duced bulking and the difference between maximum dry density at optimum and
the dry condition is small (as shown in table 1). This indicates that compac-
tion of Paraho in the retorted condition is feasible. An alternative to using
water to increase density is obviously to increase the compaction effort. It
is important to observe that this conclusion would not have been reached using
results of smaller compaction tests and modeled material. For the modeled
material, compaction in the dry condition produced densities considerably
lower than those at optimum water contents.




Table 1 also presents the breakage factor, B, which is the sum of the
differences in percent retained on each sieve before and after compaction,
with greater breakage occurring with increased compactive effort.

The results alsgso show that particles of the finer modeled gradation
experienced greater breakage than did those of the coarser full-scale grada-
tion, which is contrary to expectations; for example, coarser particles gen-
erally experienced a greater amount of particle breakage. One possible
explanation for this anomaly is that the impact energy per compaction foot-
area delivered by the hand-held rammer used with the 6-inch-diameter (15.2-cm)
mold is considerably (3 times) greater than that for ihe 12-inch-diameter
(30.4=cm) mold.

The compaction test results using three compactive efforts on Tosco are
also summarized in table 1. Quite unlike the fullwscale Paraho, the effect of
water content on Tosco was to produce increasing densities until optimum was
achieved. Thus, the economics of adding water for compaction or increasing
compactive effort to achieve a specified density is much more critical.

Results listed in table 1 show that the maximum dry density achieved by
vibration was considerably lower than the maximum achieved by only 60 pct std
effort. It might be concluded that Paraho does not respond favorably to
laboratory compaction using the vibratory method. Nevertheless, field com=
paction tests (3) showed that a vibrating drum roller provided the best com-
paction of Paraho.

Consolidation

Table 2 summarizes the results of 12-inch~diameter (30.5-cm) consolidation
tests on Paraho and Tosco to a maximum vertical stress of 800 psi (5.52 mpa)
for samples that were densified by three different compactive efforts. These
results show the expected trend of decreasing vertical strain, coefficient of
compressibility, and permeability with increased compactive effort. The
1077 cm/sec permeability values for both Paraho and Tosco indicate that these
materials will be relatively impervious when compacted and subjected to high
stresses. This low value of permeability for the Paraho material was unexe-
pected considering the small percentage of fines. The breakage factor, B,
values presented in table 2 are a composite of breakage suffered during speci=
men compaction and application of vertical stresses during consolidation.
Breakage values during compaction listed in table 1 for Paraho were 11 and
16 pct, respectively, for 60 pct std and standard compactive efforts.



TABLE 2. - Consolidation parameters for Paraho and Tosco retorted oil shale
at maximum applied stress (800 psi) (10)

Coefficient of Coefficient Permeability,
Material and Vertical® compressibility, | Compression index, | of consolidation, K = CvA, Yy Breakage®
compactive strain, Ay = pAe/AP, C. = Ae/log P,/P,, C. = 0.8480° T T+e factor,
effort pet e /kg en® /kg v tog cm/sec B, pct
cme /sec
Paraho:
60 pct std.. 10.0 0.0021 0.1495 0.293 4.2 x 1077 27
Standard.... 7.7 .0015 .1080 L442 4.7 x 1077 27
Modified.... 4.7 .0010 .0963 .433 3.1 x 1077
Tosco:
60 pct std.. 8.4 .0014 .0963 .358 3.2 x 1077 A
Standard. ... 6.7 .0014 .1262 .451 4.0 x 1077 29
Modified.... 4.7 .0011 .0996 .352 2.5 x 1077
g = Ae _ %o - ®©soo
1 + eq 1+ e4

®Combined compaction and consolidation.

NOTE. --Ft/yr = 0.97 X 10”° cm/sec.
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FIGURE 2. - Effect of curing time on the unconfined com-

pressive strengths of Paraho and Tosco re-
torted oil shale.

Unconfined Compression

To investigate self-
cementing characteristics of
oil shale waste, 6-inch-
diameter (15-cm) unconfined
compression (U/C) tests were
performed on a number of
specimens, which were com-
pacted using three different
compactive efforts and
allowed to cure at ambient
temperatures for periods
ranging from 0 to 28 days.
Figure 2 summarizes the
effects of curing time on
U/C strength, and shows that
the strength increases with
age, a characteristic indic-
ative of self-cementing.

The magnitude of cementation
is dependent upon time and
density, and increases pro-
portionally with these vari-
ables. The durability of
several specimens was exame
ined by soaking overnight,
and no strength loss was
observed.

A comparison between
Paraho and Tosco shows that
Paraho reacts more slowly
than Tosco and continues to
gain strength beyond 28 days.
Conversely, Tosco appears to
gain most of its strength
within 3 days after compac-
tion. Perhaps the finer

nature of the Tosco permits cementation reactions to be completed more rapidly
than the coarser Paraho material.

than Tosco.
tial strengths.
higher strengths after 28 days' curing.

The data presented in figure 2 also reveal that Paraho is more reactive

Tosco initial strengths are higher than corresponding Paraho ini-
The Paraho specimens, except at 60 pct std effort, exhibit
While it might be anticipated that

the finer nature of Tosco would be more reactive, the results did not confirm

the theory.

Perhaps the finewgrained nature of Tosco makes the self-cementing

components susceptible to deterioration upon prolonged exposure, while coarser
grained Paraho breaks down more during compaction and exposes fresh surfaces

for reaction.

If this is the case, then delay between retorting and fill

placement becomes an important construction variable.



Also included in figure 2 are the results of 0- and 28-day tests on
specimens using a 75-pct Paraho and 25-pct Tosco mixture.

Triaxial Compression Strength

Strength parameters for the three compactive efforts were determined by
performing a series of consolidated-drained (CD), or consolidated-undrained
(CU), triaxial compression tests with pore pressure measurements on 9-inch=-
diameter (22.9-cm) specimens of Paraho material. Supplementary CU tests were
performed on 6-inch-diameter (15.2-cm) and 1l.4-inch-diameter (3.6-cm) speci-
mens of modeled Paraho and Paraho fines, respectively, prepared at equivalent
standard effort density. A series of CU tests on 6-inch-diameter (15.2-cm)
specimens of Tosco compacted to three different densities were used to deter=
mine the strength of this material,.

Table 3 summarizes the total and effective strength parameters for
Paraho and Tosco. A comparison of these results for Paraho show that except
for a higher cohesion intercept (c), increased compactive effort from 60 pct
std to standard effort does not noticeably improve strength. Similarly for
Tosco, little strength improvement is observed by increasing the compactive
effort from 60 pct std to standard effort. Modified compactive effort is
required to significantly increase strength. The effects of modeling on the
strength of Paraho are also presented in table 3. A comparison of these
results indicated that modeling unconservatively overestimates the effective
angle of internal friction (¢') by 5.3° and the cohesion intercept by

0.3 kg/cm? for standard effort density specimens.

TABLE 3. - Summary of total and effective strength parameters
for Paraho and Tosco

Maximum
Material and compaction particle Total stress Effective stress
effort size, ¢, deg| c, kg/em® | 7, deg| c’, kg/cm?
inches
Full-scale Paraho,
9~inch-diam:
60 pct std......... ...t 1-1/2 33.0 0.9
Standard............u.n. 1-1/2 14.5 1.3 32.7 .8
Modified.............o.... 1-1/2 | *31.0 0 32.3 1.9
Modeled Paraho:
9-inch-diam, standard!.... 3/4 38.0 0
6-inch-diam, standard..... 3/4 17.1 1.7 37.9 1.1
Paraho fines, 1/4-inch-diam,
standard............i0nunn 1/4 23.2 1.7 33.6 2.3
Tosco, 6-inch-diam:
60 pct std..... e 3/4 20.2 .3 36.7 .1
Standard...........ov0uunn 3/4 18.4 .3 35.0 .1
Modified........oovuuvnns 3/4 24.5 1.4 43 0

lBased upon single test.
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Direct Shear Tests

The results of multistaged, consolidated-drained (CD) direct shear tests
on dry and inundated 2~ by 2~ by l-foot (0.6-m by 0.6-m by 0.3-m) specimens
of fullw-scale Paraho material statically compacted to equivalent standard
effort density are presented in figure 3. Comparison direct shear tests on
3~ by 3-~inch (7.6~cm by 7.6-cm) specimens of modeled Paraho material compacted
to equivalent standard effort density are also presented in figure 3., These
results show that the failure envelope is curved, and selection of the angle
of internal friction is quite dependent upon normal stress. The results also
show that inundation causes a reduction in strength for full-scale Paraho
material. Also presented in figure 3 is the shear envelope for 9-inch-
diameter (22.9-cm) triaxial compression tests on Paraho. A comparison of
these results with those for the inundated direct shear tests indicates a
reasonable agreement.

The angles of internal friction for CD direct shear tests on 3- by 3-inch
(7.6.cm by 7.6-cm) dry and inundated specimens of Tosco material compacted to
standard effort density and sheared under a maximum normal stress of 14 kg/cm®
were 36° and 34°, respectively. These results also indicate that inundation
causes a decrease in shear strength. For these tests, the failure envelopes
were linear, and no reduction in friction angle with increasing normal stress
was observed.

10
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FIGURE 3. - Failure envelopes for direct shear tests on Paraho retorted oil shale.
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Permeability

Figure 4 presents the results of permeability measurements preceding
shear of triaxial compression tests on Paraho and Tosco specimens compacted
to densities comparable to 60 pct std, standard, and modified compactive
efforts. For comparison, permeability values based upon calculations using
consolidation data presented in table 2 are also presented. Both sets of data
are consistent and show decreasing permeabilities with decreasing void ratios.
Generally, the permeabilities for Paraho decrease from 10~° cm/sec for 60 pct
std effort densities to 107* cm/sec for modified effort densities and to
5 X 1077 cm/sec under an 800-psi load (10). 1In the case of Tosco, the perme-
ability decreased from 10”° cm/sec to 10-7 cm/sec as the compactive effort
increased from 60 pct std to modified effort. The permeabilities determined
from consolidation tests reflect lower values because of the lower void ratios
achieved from higher consolidation stresses.

Generally, materials are classified as impervious if they exhibit permea-
bility values less than 107° cm/sec, and as pervious if they exhibit permeabil-
ity values greater than 107 cm/sec. Hence, depending upon compactive effort,
Paraho can be considered as semipervious to impervious, while in the case of
Tosco only modified effort compaction will produce an impervious material,

0.70 5 ©
(o]
Q
.65
%

80 Paraho
o
l_
<
o 55—
=
o]
= Triaxial Consolidation Compactive effort

50— @) L} 60 pct std

o a Standard
& 4 Modified
Data points connected by line
a5 |— represent single test specimen
40 | I ] |
107 10°® 108 10 103 1072

PERMEABILITY, cm/sec

FIGURE 4. - Permeability-void ratio relationships for compacted Paraho and Tosco retorted
oil shale.
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5 Cyclic Triaxial Tests
Paraho
6-inch-diam,
moist tamped specimens The results of cyclic
0
60 pot std triaxial tests to assess the
4 — resistance of compacted mod~

eled Paraho to seismic forces
o} are presented in figure 5.
The first test series was
3 performed on specimens com-
. 60 pot dr pacted to 60 pct std effort
) density, and these results
show that even at this low
=145 psi compactive effort, the mate-
rial is quite resistant to
cyclic loading. Hence, suc=-
ceeding tests were performed
A on moist, tamped specimens
compacted to 60 pct relative
density (dr). These results
show that at this abnormally

6,=29.0 psi

CYCLIC STRESS RATIO, =+ 0gg/a,,

0 { I low density for field condi-
1 10 100 tions, cyclic loading could
CYCLES 100 PCT PPR be a problem. For example,
FIGURE 5, - Cyclic triaxial response of compacted Paraho a stress ratio of 0.39
retorted oil shale. causes 100 pct pore pressure

response (PPR) in 10 loading-
unloading cycles for Monterey No. 0 sand moist tamped to 60 pct dr (9), while
a stress ratio of only 0.21 resulted in 100-pct PPR for modeled Paraho. The
results also show that the cyclic stress ratio (*o,,/203) required to cause
100-pct PPR decreases with increasing confining pressure, but the practical
effect is small.

For comparison, Wung (13) has shown that a cyclic stress ratio of 0.29
was required to cause 5-pct double amplitude strain in 30 cycles for various
soils with a mean grain size (D50) similar to modeled Paraho at 60 pct dr.
Figure 5 indicates that a cyclic stress ratio of only 0.16 would be required
for comparable conditions. From this standpoint, the modeled Paraho at
60 pct dr appears to be weaker than similarly graded materials. Nevertheless,
seismically induced ground failure of a waste embankment is deemed an unlikely
event, as 100-pct saturation will probably never occur, nor will the materials
be deposited in such a loose condition.

Hydraulic Properties

The computer code used by Bloomsburg (2) to determine unsteady, unsatu-
rated flow characteristics of water through retorted oil shale required the
determination of retorted oil shale hydraulic properties as input data. The
hydraulic properties include saturated hydraulic conductivity (coefficient of
permeability), porosity, and the relationship between capillary pressure
(Pc/pg), saturation (moisture content), and relative conductivity for each
material through which water will flow. The saturated hydraulic conductivity
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data used as input to the
computer program were
obtained from the seepage
ponds constructed by Holtz
(5). The capillary pressure,
saturation, and relative con-
ductivity data used were
obtained from undisturbed
cores taken from the seepage
ponds and from grab samples
packed in the laboratory.

The capillary pressure-
saturation relationship is
shown in figure 6. These
data are determined by apply-
ing a capillary pressure to
each sample and measuring
the change in weight by
obtaining the change in sat-
uration. Figure 7 presents
the relationship between
relative conductivity and
capillary pressure. This is
determined by applying a
capillary pressure and then
measuring the hydraulic con-
ductivity or permeability.
Results of the computer sim-
ulation seepage flow com-
pared with actual seepage
from ponds are found in the
Seepage Ponds section of
this report.

NATURAL CEMENTATION
PROPERTIES

Early in the investiga-
tion of material properties
of retorted oil shale (5, 7),
researchers found indica-
tions of an inherent cemen-
tation strength when the

Previous work indicated the natu-
ral strength developed is dependent on retorting conditions and that the pre-
dominant cementing mechanism is chemical and not mechanical (that is, due to
The specific goals of the Bureau of Mines' funded research proj-
ect on natural cementation (4) were to--
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1. Optimize natural cementation strength as a function of known and mea-
sured retorting variables. Correlate strength as a function of retorting con-
ditions and curing time.

2. Determine the cementing constituent(s) by use of mineralogical and
chemical examination.
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3. Measure permeabilities and leachate compositions as a function of
retort conditions.

4. Determine the effect of retort water on compressive strength and
leachate quality, compared with the effect of tapwater,

To meet these goals, the Colorado School of Mine Research Institute's (CSMRI)
differential oil shale retort was used. Temperatures and retort residence
times ranged between 900 and 1,800° F and O to 8 hours, respectively. Other
variables investigated were the shale grade, 18 to 33 gal/ton (75 to 138 1/t),
and mode of retorting. The mode of retorting refers to the mechanism of heat-
ing the shale bed. A direct mode implies the heating of the bed by combustion
of residual carbon on the retorted shale within the bed itself; flow of a gas
stream containing oxygen through the hot shale bed is necessary. Indirect
retorting implies external heating of an inert gas stream prior to its intro=-
duction into the retort, where it then heats the bed. Retorting conditions
and material were to match as closely as possible to commercial practices.
Table 4 shows a comparison of estimated commercial retorting and material
conditions to conditions using the CSMRI differential retort.

TABLE 4. - Simulation of commercial retorting conditions

Estimated commercial CSMRI differ-

practice ential retort

Shale size:

R ) (= - 3/8-3 0-1/2

Centimeters........covuvevuusons e 1-7.6 0-1.3
Heating rate:

C F per hoUT. ... o'ttt 340-513 1,000-1,300

S Cper hour. ... .ottty 189-.285 556-722
Shale grade:

Gallons per tom.......covvviemunnerennns 25-35 18-33

Liters per tOM. .. vvrue s erunnneenenens 81-113 55-109
Gas flow:

Cubic feet per square foot per minute.. 3-42 2

Cubic meters per square meter per minute 1-17 0.8
Residence time at temperature, hours..... 224 0-8
Gas composition:

o]0 P Y €5.25 0-10

O« N o °1-10 1-27
Maximum temperature:

P 900-2,000 900-1, 800

S ¢ et 482.1,093 482-982
Proctor compaction effort:

Foot-pounds per cubic foot............. 12,375 12,375

Kilogram-meters per cubic meter........ 60,430 60,430
Approach to Proctor density, pct......... 95-100 95-100
Curing temperature of compacted shale:

O F it et e s Ambient 100

° Ciinnn e e e e Ambient 38
Curing time for compacted shale, days.... 0=14, l4-indefinite 7-40

eEstimated.
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An increase in unconfined compressive strength due to natural cementation
was found as temperatures and retort residence time approached optimum. For
the direct mode of retorting a maximum of 270 psi (19 kg/cm?), compressive
strength was obtained at an optimum retorting temperature of 1,510° F (822° ()
and residence time of 2.0 hours. For the indirect mode of retorting, a maxi-
mum of 325 psi (22.8 kg/cm®) was obtained at optimum conditions of 1,530° F
(832° C) and 2.9 hours' retort residence time. The material at maximum
strength was cured for 28 days at 100° F, had a maximum particle size of
0.5 inch (0.127 cm) with 25 pct moisture content, and was compacted according
to ASTM D=-698. To maintain strengths above 250 psi, the range of permissible
retorting conditions were found to be--

Direct Indirect
Retorting temperature.....® F.. | 1,350-1,700| 1,475<1,750
Retorting temperature.....® C.. 732-927 803-954
Residence time,...... ...hours.. 0.5-3.5 0.5-6.5

In all tests, the strengths increased between 100 and 200 psi as the retorting
temperature approached optimum. Figures 8-11 are strength contours at 7, 15,
28, and 40 days' curing time.

For 14 retort runs, separate density, moisture content, and permeability
tests were conducted. The high-temperature retort runs resulted in higher
optimum moisture contents and lower maximum densities than previously reported
(5) for both retorting modes. Permeabilities were at the high end of the
range of 390 to 1,243 ft/yr. These higher permeabilities and lower densities
resulted from using a narrower size range of retorted shale, generally higher
retorting temperatures, zero applied loading pressure, and a lack of curing of
all permeability samples.

Leaching tests on crushed material from the highestrength test cylinders
were conducted to determine the changes in leachate quality related to retort
regidence time, retort temperature, and the use of retort water rather than
tapwater during compaction. Carbonates, hydroxides, and aluminum increased
at retorting temperature above 1,400° F. Silica slightly increased with
increased residence time. Alkalinity dropped with increased residence time,
Alkalinity dropped with increased residence time. The pH 1is directly related
to temperature, rising from 9.1 at 1,000° F to 11.3 at 1,400° F (indirect heat-
ing mode). Other inorganic constituents in the permeate such as bicarbonate,
sulfate, calcium, sodium chloride, and potassium showed no trend relating to
compressive strength or retorting conditions. The use of retort water instead
of tapwater to moisten the shale before compaction showed no negative impact
on the compressive strength. A lower leachate quality was observed; however,
it was a relatively small change considering the retort water contained
83 times the level of carbonate, 15 times the sulfate, and 2.5 times the total
dissolved solids than the tapwater used.

Samples for the mineralogical analysis were selected from retort runs as
typical as possible. High~strength (200-spi) and low-strength (1l0-psi) cyline
ders were selected. A raw shale sample was analyzed for a base case. Optical
scanning electron microscopy (SEM) and X-ray diffraction were the techniques
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FIGURE 12. - Retorted oil shale fragment with clumps of crystals (X 115).
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used for the mineralogical analysis. Using the SEM, typical high-strength
samples showed clumps of small interlocking crystals (fig. 12). ZX-ray fluo-
rescence spectra from these crystals showed peaks of calcium, aluminum, and
sulfate. The cementation mechanism appears to be the growth of these crystals
at the points of contact between shale fragments. Their span of interlocking
effect is up to 50 uym (10"6 m),. indicating that the presence of fine shale
debris available to form "bridges'" between the larger fragment is very
important.

FIELD TESTS AND MODELING

A field compaction test area and two seepage ponds were constructed of
Paraho spent shale and described by Holtz (5). The experiments were conducted
at what is now the U.S. Department of Energy, Anvil Points tests site being
operated by Development Engineering Inc. Finite-element modeling of the seep-
age ponds was conducted at the University of Idaho (2).

Compaction Tests

The purpose of the field compaction tests was to develop compaction cri-
teria of oil shale that had been retorted in the direct heat mode of the semi-
works plant at Anvil Points. The data that was collected included (1) the
density that could be achieved by different compaction equipment with differ-
ent numbers of equipment passes on layers of different thicknesses, (2) partiw
cle breakdown under various compaction conditions, (3) density effect of
adding water to the fill material, and (4) comparison of the full-scale field
compactions with compaction tests in the laboratory in which various degrees
of compactive efforts were used. Numerous tests were performed, including
in-place density, laboratory standard compaction (ASTM D-698), and laboratory
gradation tests on the materials secured from the field test fills before and
after compaction. Table 5 summarizes the test fill compaction data, including
the percentage of laboratory ASTM D-698 compaction obtained in the field com-
paction tests.

The test fill was approximately 400 feet (122 m) long by 180 feet (54.9 m)
wide, and the completed fill was about 9 feet (2.74 m) thick. Drainage pro-
visions for natural runoff and for seepage or runoff from the test fill were
made using culverts, ditches, and a lined evaporation pond. The test fill
consisted of two main sections~-one section for the placement of material
wetted to about optimum moisture prior to compaction, and the other section
for placement of material received from the plant in a dry condition with no
added moisture.



TABLE 5. - Summary of test fill compaction data

Density, pcf Pct of D-698 compaction
Compaction Wetted shale Nonwetted shale Wetted shale Nonwetted shale
8-inch 12-inch 8-inch 12-inch | 8-inch | 12-inch | 8-inch | 12-inch
layers layers layers layers layers layers layers layers
Sheep's-foot:
6 passes.......... 91.2 83.7 94.5 89.1 98 88 98 97
10 passes.......... 89.6 96.1 94.6 89.8 94 91 97 98
14 passes.......... 96.1 81.2 91.7 88.1 102 22 96 96
Pneumatic rubber
roller:
6 passeS.......... 95.7 89.6 96.7 84.1 29 95 98 92
10 passes.......... 91.5 87.6 98.1 92.4 97 94 99 98
14 passes.......... 92.8 87.9 101.6 94. 4 102 97 102 98
Sheep's-foot, 4 pas-

ses, and pneumatic

rubber roller,

6 passes............ 96.6 NAp NAp NAp 108 NAp NAp NAp
Vibratory pad*....... 97.8 (5) | 93.9 (12)| 292.2 (6) | ®91.7 (6) | 104 (5) | 104 (12) | 298 (6) | 295 (6)
Vibratory smooth®.... [ 99.7 (6) { 100.4 (12) | 101.4 (6) 90.7 (9) { 110 (6) | 110 (12) | 104 (6) 928 (9
Vibratory pad and

smooth, 4 passes

each................ 99.5 NAp NAp NAp 108 NAp NAp NAp
Tractor coverages (6) | 97.4 NAp 94.2 NAp 102 NAp 102 NAp
Tractor coverages (10) NAp NAp 92.3 93.3 NAp NAp 100 97

Average, all
panels......... 93.0 93.1 100 98

NAp Not applicable.

Numbers in parentheses indicate number of passes.
®Final layers not placed.

1¢
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The retorted shale
exited from the semiworks
plant retort at about 400° F
and was hauled to the compac~
tion test site by truck,
Approximately 14,000 cubic
yards (10,704 m®) of shale
fill were placed and com-
pacted. The maximum parti-
cle size of material placed
in the test fill varied from
1-1/2 inches (3.8 cm) to
2-1/2 inches (6.35 cm). The
range of gradations and ave=
rage gradation for material
hauled and spread on the fill
before (A) and after (B) com-
paction are shown in fig-
ure 13. Also shown (C) is
the gradation of material
taken directly from the plant
(sample 1B) and tested in
the laboratory. These fig-
ures show that there is about
6 pct less gravel-size mate=
rial before compaction, as a
result of handling, trucking,
dumping, and spreading the
material. There is an addi-
tional 10-pct average loss
of gravel-size material
resulting from the compac-
tion operations. This
results in increases in both
the sand and silt sizes,

The compaction equipment used for field tests were (1) a 49,700-pound
sheep's-foot roller meeting U.S. Bureau of Reclamation specifications, (2) a

51,700-pound rubber-tired roller, U.S. Engineering Department, Corps of Engi-

neers, (3) a 14,340-pound model 320-A Ray Go* vibratory pad type roller, (4) a
20,000-pound model 400-A Ray Go vibratory smooth-drum roller, (5) combinations
of 1 through 4, and (6) a D8 Caterpillar tractor.

The results, although not totally consistent, indicate that slightly bet=
ter compaction was obtained by the heavy rubber-tired roller than by the heavy
sheep's~foot roller. The vibratory pad-type roller produced slightly better
compaction than either the heavy sheep's-foot or heavy rubber-tired roller,
The heavy vibratory smooth-drum roller produced the highest degrees of

“Reference to specific equipment, trade names, or manufacturers does not imply
endorsement by the Bureau of Mines.
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compaction (8- and 12-inch layers), averaging about 105 pct of laboratory
D-698 compaction. The results of using the heavy D8 tractor were also good;
degree of compaction averaged about 100 pct of laboratory D-698 densities.

Two combinations of compaction equipment were also tested. The combina-
tion of the vibratory pad-drum roller and the vibratory smooth-drum roller pro-
duced a degree of compaction of 108 percent of laboratory D-698. This is only
slightly higher (3 pect) than the compaction produced by the vibratory smooth-
drum roller alone. The combination of the sheep's-foot roller and the rubbera-
tired roller also produced a degree of compaction of 100 pct of laboratory
D-698. This combination produced a higher degree (about 9 pct) of compaction
than what was achieved by compaction with either one individually.

For all the equipment used, the compaction obtained with comparable num-
ber of passes was considerably less for 12-inch (30.48-cm) loose layers than
for 8-inch (20.32-cm) loose layers. Six to seven additional passes with the
vibratory rollers were required to obtain the same compaction with 12-inch
layers as obtained with 8-inch layers. For construction purposes, when high
densities are required, 8-inch loose layers (6-inch compacted layers), or less,
should be used. The number of equipment passes is also important during com-
paction, as they can add considerably to the compaction costs. As can be seen
in table 5, some unexpected results were obtained. For instance, 10 passes of
the sheep's-foot roller produced a lower density than 6 passes (8-inch layer).
According to Holtz (5), these variations are caused by changes in the richmess,
structure, and density of the raw shale; changes in the feed as it passes
through the retort; and changes in the operation of the retort. The optimum
number of passes should be determined early in the construction phase once the
feed and retort operations are stabilized.

For the oil shale retorted in the semiworks plant at Anvil Points, only
small differences (an average of 2 pct) in the degree of compaction for wetted
and nonwetted material were seen. An average density of 93.0 pcf, or 100 pet
of laboratory D-698 compaction, was obtained on the material compacted at
optimum moisture. The average density of the shale compacted dry was 93.1 pcf,
or 98-pct compaction. This indicates that retorted shale can be compacted to
high densities at optimum moisture content or in a dry state. Holtz (5)
states, however, that when retorted shale is used for embankment construction
material, valley lining, or water-retaining structures, the optimum moisture
content of 20 to 22 pct in the material would be necessary to develop low
permeability and provide strength gains from cementing properties.

The gradation of materials received for the field compaction tests varied
considerably because of operational changes in the semiworks retort, different
handling procedures, and different raw shale feed. These conditions varied
the particle breakdown characteristics and, in turn, affected the compaction
characteristics. These changes made it difficult to obtain reproducible mate=-
rials for comparing test £ill compaction results and laboratory densities.
However, the field density data obtained are reasonable and within the range
of densities that would be expected in a commercial operation using similar
retorting methods.
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Seepage Ponds

Two seepage ponds were constructed of Paraho retorted shale to investi-
gate field permeability values. The two types of permeability data desired
were for cases of a moistened, highly compacted fill similar to an impervious
section of an earth dam, and for a loosely placed, lightly compacted fill
similar to what would be expected to be placed behind a compacted embankment
making up the bulk of a disposal site. The construction and measurement
details are presented by Holtz (5).

In constructing each pond, a drain pipe was laid in the subgrade with a
riser pipe brought up through a 20-mil-thick Hypalon type liner and sealed
around the liner. An 8-inch (20-cm) layer of washed gravel was placed over
the liner, which allowed any seepage from the shale to drain to the riser
pipe and subsequently collect at the outlet.

For pond 1, which would receive the compacted shale lining, an extra
layer of loose retorted shale approximately 6 inches (15 cm) thick was placed
over the gravel filter layer to further protect the membrane against puncture
when the first layer of retorted shale was compacted. It was required that
the compacted lining be built up in seven horizontal layers approximately
6 inches (15 cm) thick after compaction to a depth of 3.5 feet (1.1 m). After
the bottom lining was completed, the side lining was also constructed in
6-inch (15-cm) compacted horizontal layers in the form of horizontal berms
approximately 10 feet (3.1 m) wide. The partially compacted fluff on the
southside slope of the lining was then removed for a horizontal distance of
about 2.2 feet (0.67 m) to form a compacted lining of 3.5-foot (l.l-m) normal
thickness.

The bottom area of pond 1 was 3,010 £t® (279 m®). The average density
based on 18 in-place density tests was 100.6 pcf. This was achieved by seven
passes of a Ray Go smooth-drum vibratory roller over each layer of shale. The
pond was filled with water to a depth of 3.5 feet (1.1 m), and the computed
permeability over a 12.week period was 4.24 X 107° cm/sec.

For pond 2, the layers of retorted shale were placed directly on the
gravel filter. This pond was built up to a depth of 4 feet in 8-inch (20-cm)
loose layers compacted only by the best routing of the truck, front-end loader,
and grader during comstruction. The bottom area was 2,017 ft® (187 n®). The
average dry density of this area was 93.0 pcf.

Two types of permeability tests were run on pond 2. The first was to
determine the steady-state seepage rate, which averaged about 2 X 1072 cm/sec.
Several months later the pond was sprinkled with 4,600 gallons (17,400 1) of
water to represent a rainfall of 2 inches (5.1 cm) in 30 minutes. Since the
pond had partially dried, most of this water was absorbed by the shale and
only 1.85 gallons (7.0 1) seeped through the material.

A partially saturated finite-element seepage program developed by Neuman
(6) was used to model the seepage from these ponds. The model simulations are
described in detail by Bloomsburg (2).
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A wide range of time~dependent boundary conditions can be treated: pre-
scribed pressure head, prescribed flux normal to the boundary, seepage faces,
and evaporation and infiltration boundaries where the maximum rate of flux is
prescribed by atmospheric or other external conditions; whereas the actual
rate is initially unknown. A RESTART feature is included in the program,
which allows boundary conditions to be changed at any stage of the computation.

The boundary conditions encountered in modeling pond 2 are shown in
table 6. Figure 14 shows the comparison of field-measured and simulated flows
into the pond. The agreement between simulation and field data is excellent,
except after 265 hours when the measured flow was less than predicted. Thus,
during the periods between 30 and 150 hours and between 180 and 270 hours when
the outlet valve was closed, there is still water moving into the shale
increasing the degree of saturation. This particular flow situation cannot be
simulated with a conventional saturated flow analysis.

0.5
e 4 \ QN\“‘~~_ -
l_-‘;: 3 \ T~
o .2 B ___oHoltz (5, table 10-3)
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FIGURE 14. - Comparison of actual and simulated flow of water through pond 2 constructed of
sJloose-packed Paraho retorted oil shale.
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TABLE 6. - Boundary conditions and values of parameters
for simulation of pond 2

AT, Top boundary Bottom boundary Conductivity
Date hours condition condition used, m/yr Porosity
(height), m
BEGINNING DATE, DEC. 10
Dec. 11.. 30 0.277 Seepage surface..... 37.9 0.412
Dec. 16.. 120 .357 No flow............. 44,8 .453
Dec. 17.. 21 .282 Seepage surface..... 52.9 .453
Dec. 18.. 50 .183 No flow............. 60.6 453
Dec. 20.. 50 S N do............. 60.6 453
Dec. 21.. 21 366 | ..., do............. 60.6 .453
Dec. 22,. 24 .259 Seepage surface..... 68.0 .453
BEGINNING DATE, MAY 11
May 19... 196 0.817 No flow............. 200 0.453
May 19... 7 . 817 Seepage surface..... 200 .453
May 20... 7 488 | ..., do............. 200 .453
May 20... 6 L2230 ] L., do............. 200 .453
BEGINNING DATE, JUNE 8
June 15.. 170 0.924 No flow............. 200 0.453
June 15.. 6 .677 Seepage surface..... 200 .453
June 16.. 16 .283 ] ..., do............ 200 453
June 16.. 8.5 030 | ..., do...vveinnn. 200 .453
June 26.. 961 @ dOu v 200 .453
Nov. 4... | 2,424 *) No flow......... 200 . 453
Nov. 6... 95 &) Seepage surface..... 200 . 453
INo flow.
zEvaporation.
SInfiltration.

In general, the agreement between simulation and field data was very good.
The last test run on this pond was seepage under rainfall conditions. The
pond was sprinkled with 4,600 gallons (17,400 1) over a 30-minute period. The
pond had not contained water for about 4 months, so the moisture content of
the shale was very low. This evaporation period was simulated to estimate the
moisture content at the start of the rainfall test. Table 7 shows the values
for the cumulative seepage measured in the field and calculated by the simula=
tion. The simulation showed about 10 times less cumulative leach than was
measured in the field. Bloomsburg (2) feels the correlation is very close,
considering over 4,600 gallons (17,400 1) of water were applied and that the
simulation (over a 4-month period) included evaporation, sprinkling, and an
estimated initial moisture content. Because of changes in the physical proper-
ties of retorted oil shale, additional research in flow through retorted oil
shale is warranted to further validate simulated results versus actual field
data.
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TABLE 7. - Cumulative leaching after sprinkling

Time after rainfall, hours | Cumulative leach, gallons
Field data | Simulation
0.0, i 0.00 0.0
LB .01 .0
1.9..... e .02 .0
A .02 .18
6.0 .. .04 .18
22,7 e . 1.45 .18
3002, e 1.64 .18
G6.7. . 0 i e 1.82 .18
7 1.82 .18
9. 7. e . 1.82 .18

PRELIMINARY DISPOSAL SYSTEMS

Underground Disposal

Commercial shale oil production, under the most optimistic estimate,
could begin about 1986 at a rate of about 18 million barrels per year
(50,000 b/d). When raw shale is crushed prior to gas combustion retorting,
the volume per unit mass is doubled. About 40 pct of this volume is then lost
in retorting, leaving a spent shale that occupies a 20-percent greater volume
than the raw shale in place. Assuming an average grade of raw shale to be
28 gal/ton (116.7 1/t) with an in-place density of 129 pcf, the volume per day
of spent shale (50,000 b/d production total surface retorting) would be
1,395,348 £t® (39,512 m®). This is enough retorted shale to cover 3.2 acres
of land 10 feet high each day, if disposed on the surface. Underground back-
filling can reduce the surface environmental impact of retorted shale disposal
by reducing the land area required to 15 to 30 percent of that required for
total surface disposal. From 70 to 85 pct of the retorted shale can be placed
back in the mine.

Under contract to Cleveland-Cliffs Iron Co., the Bureau of Mines initi-
ated a research project to determine the most desirable system for underground
disposal of oil shale retorted by the Paraho process. Two mining methods, sub=
level stoping and chamber-pillar, were specified for backfilling. These methw
ods were considered the most likely conventional mining methods to be employed
in the deeper oil shale deposits. A deep underground mine in the central part
of Piceance Creek Basin of northwestern Colorado with total surface retorting
was assumed. Mechanical, hydraulic, and pneumatic methods of transporting and
stowing retorted shale underground were studied individually and in combina-
tions of two or three. Operational considerations included cooling, ventila-
tion, hydrology energy requirements, and monitoring. Cost comparisons of
total surface disposal and total underground/surface disposal were made. The
physical and chemical characteristics of Paraho direct-heated retorted shale
that affect underground backfilling were analyzed.
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Seventeen combinations of transport and stowing methods were evaluated
and ranked in order to select the most promising method for underground dis-
posal of retorted oil shale.

sublevel stoping was made.

(1) subjective technical evaluation, (2) objective technical evaluation,

(3) capital costs, and (4) operating costs,
17 combinations of transport and stowing is shown in table 8 for chamber-
and-pillar mining and in table 9 for sublevel stoping.

details on ranking method.)

The final ranking for the

A separate analysis for chamber/pillar and for
The analysis and final ranking were based on

(See Earnest (3) for

TABLE 8. =~ Ranking analysis final selection for chamber-and-pillar mining
(RI = relative importance factor)
Subjective|Objective|Capital | Operating Final
Stowing technical |technical|costs, costs, |Total| Final|posi-
analysis, |analysis,|RI = 3 RI =1 rank |tion
RI = 6 RI = 3
CONVEYOR TRANSPORT
Conveyor........... 6.00 3.00 3.00 1.00 13.00| 1.00 1
Pneumatic.......... 8.66 4.08 5.21 3.11 21.06| 1.62 5
Conveyor and pneu-,
matic topfill..... 7.29 3.33 3.51 1.36 15.49) 1.19 2
Hydraulic.......... 9.12 11.67 15.27 3.48 39.54} 3.04 11
Hydraulic and pneu-
matic topfill..... 9.54 9.75 14.01 3.23 36.53} 2.81 9
TRUCK TRANSPORT
Truck.............. 6.08 3.75 6.69 1.75 18.27] 1.41 3
Pneumatic.......... 8.36 5.04 8.61 3.89 25.90( 1.99 7
Truck and pneumatic
topfill........... 7.27 4.05 7.36 2.11 20.79] 1.60 4
Hydraulic.......... 8.74 12,27 17.51 3.85 42.37| 3.26 13
Hydraulic and pneu-
matic topfill..... 9.18 10.32 16. 82 3.79 40.111 3.09 12
PNEUMATIC TRANSPORT
Vertical pipe...... 10.72 4. 44 9.29 3.82 28.27 ] 2.17 8
Borehole........... 9.95 4,26 6. 60 3.26 24,07 | 1.85 6
HYDRAULIC TRANSPORT
Hydraulic.,......... 10.51 11.07 13.10 2.46 37.141 2.86 10
Hydraulic and pneu-
matic topfill..... 11.17 10. 14 20.10 3.29 44.701 3.44 | 14
Conveyor. ...oouu ... 10.54 10.56 20.12 3.79 45.01 | 3.46 15
Conveyor and pneu~
matic topfill..... 11.09 10.71 20.64 4,15 46.09 | 3.58 16
PneumaticC.......... 11.38 11.49 21.69 5.83 50.39( 3.88 | 17




29

TABLE 9. - Ranking analysis final selection for sublevel stoping

(RI = relative importance factor)

Subjective|Objective| Capital | Operating Final
Stowing technical |technicallcosts, costs, Total|Final|posi-
analysis, |analysis,|RI = 3 RI =1 rank |tion
RI = 6 RI = 3
CONVEYOR TRANSPORT
Conveyor. .......... 6.00 3.00 3.00 1.00 13.00{1.00 1
Pneumatic.......... 8.14 3.60 4.59 3.05 19.4711.50 5
Conveyor and pneuw-
matic topfill..... 7.16 3.33 3.43 1.35 15.27)1.17 2
Hydraulic.......... 8.61 11.19 13.45 3.41 36.66{2.82 11
Hydraulic and pneu-
matic topfill..... 8.95 9.24 12.35 3.17 33.7112.59 9
TRUCK TRANSPORT
Truck.......ovuuenn 6.20 3.75 6.14 1.69 17.7811.37 3
Pneumatic.......... 7.92 4,71 7.58 3.81 24,02]11.85 7
Truck and pneumatic
topfill........... 7.11 4.02 5.99 2.03 19.15{1.47 4
Hydraulic.......... 8.23 11.79 15.42 3.77 39.21(3.02 13
Hydraulic and pneu-
matic topfill..... 8.65 9.84 14.82 3.71 37.0212.85 | 12
PNEUMATIC TRANSPORT
Vertical pipe...... 10.16 4.08 8.18 3.75 26.17(2.01 8
§ Borehole,.......... 9.34 3.90 5.82 3.20 22.26(1,71 6
| HYDRAULTIC TRANSPORT
| Hydraulic.......... 9.79 10.56 11.54 2.42 34,3112.64 | 10
| Hydraulic and pneu-
matic topfill..... 10.39 10,11 17.71 3.23 41.4413.19 14
Conveyor........... 9.79 10.56 17.73 3.72 41.80|3.22 15
Conveyor and pneu-
matic topfill..... 10.24 10.71 18.18 4,07 43.20(3.32 16
Pneumatic.......... 10.61 11.40 19.11 5.72 46.84{3.60 | 17

The conveyor transport and stowing methods ranked highest of the 17 meth-
ods studied. This method has (1) lowest personnel and energy requirements,
(2) lowest capital and operating costs, (3) highest pillar support potential
and greatest potential for increased resource recovery, (4) most retorted
shale placement underground and highest £fill density, (5) least surface dis-
ruption, ground-water contamination, and environmental degradation, and
(6) safest overall method.

Both hydraulic and pneumatic transport and stowing systems were found to
be less favorable. The Paraho retorted shale material degraded excessively
when slurried and pumped, reducing the dewatering capability of the fill., The
safety factor was less and costs higher for a hydraulic system because of the
need for large, reliable bulkheads, high energy, and high water requirements.
The pneumatic system had excessive capital and operating costs, with high
energy requirements (horsepower per ton). Increased ventilation requirements
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would be needed to handle the dust problem. Several blower-feeder units and
pipeline networks would be required to attain the necessary transport and
stowage.

Total underground and surface retorted shale disposal costs (fourth
quarter, 1977 dollars), using conveyor transport and stowing, will be approx-
imately $0.80 per ton of retorted shale or $1.10 per barrel of shale oil pro-
duced. This is about twice as high as total surface disposal without
backfilling. However, backfilling will greatly reduce surface environmental
impacts and subsidence, and increased resource recovery of about 15 pct is
possible since the stabilizing effect of backfilling permits the use of
relatively thin pillars.

Several methods to change the physical properties of retorted oil shale
for backfill enhancement were investigated, Compaction of stowed material
improves 1ts strength and resistance to saturation by ground water. Also,
more material can be stowed if compacted. A mechanical compactor with a blade
attachment for spreading is required for adequate compaction. Because of
degradation when hydraulically pumped, flocculents and cementing agents did
not improve the strength characteristics of the fill material, However, a
5-to=1 retorted shale-cement mixture at 15 pct moisture content produced a
large increase in compressive strength after 8 days of curing. Drainage
characteristics were tested in the laboratory using vertical perforated pipe
and perforated bottom drains. For a slurry containing 34 to 38 wt-pct solids,
71 pct of the water drained using vertical pipe drains and 67 pct of the water
drained using perforated bottom drains.

The current trend in oil-shale mining methods is modified in situ retort-
ing. Underground depleted retorts will probably require backfilling to £ill
the voids of the rubblized material for envirommental and support purposes.
Conveyor stowage will not be feasible for this method. A current Bureau of
Mines contract with Rio Blanco 0il Shale Co. will attempt to develop a slurry
filling system for modified in situ retorts, which will minimize surface and
underground environmental disturbance. The 20 to 25 pct of shale retorted on
the surface will be injected into the in situ shale rubble in a coherent mass
sufficiently strong to resist subsidence. The filled, depleted retort will be
vertically impermeable and, therefore, minimize contamination of the ground
water and its aquifers. Control of retorted shale slurry properties will be
a major problem.

Surface Disposal

When investigating a hypothetical surface disposal system, both seepage
and stability analysis were performed. The overall dimensions of the surface
fill, analyzed in figure 15, are 1,880 feet (573 m) horizontally and 300 feet
(91 m) vertically. The initial moisture conditions (on dry-weight basis) were
25 pet for the embankment and 20 pct for the fill. The densities were 95 and
85 pcf, respectively. The fill was studied under three seepage boundary
conditions:
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Saturated zone after 1 year of ponding —7
VAN

Embankment

X X X

Scale, feet

FIGURE 15. - Typical cross-valley fill and simulated saturation zone after 1 year of ponding.

1. A 100-year, l-hour storm (intensity of 0.95 inch per hour).
2. A 100-year, 6~hour storm (intensity of 0.25 inch per hour).

3. A ponded condition of 5 feet (1.5 m) of water on the surface for a
period of 1 year, and no infiltration or evaporation on the remainder of the
pile. The 100-year storm data are applicable for northwestern Colorado.

The two storm intensities were selected to determine whether rainfall
would infiltrate the waste pile or run off the surface. Results of the two
storm simulations were similar. There was no runoff at any time during either
storm for the 85-pcf shale. The moisture content in the upper layer increased
by about 0.5 pct. This water would be held in the upper layer until evapo=-
rated, since it did not seep down into the pile. 1In both cases there was sub-
stantial runoff from the 95-pcf shale (infiltration rate was less than the
rainfall rate), and therefore only a slight increase in moisture content was
detected. This result indicates a need for berms on the downslope side of the
embankment for erosion control, and diversion channels for runoff control,
Contamination of surface or ground water from leachate would not appear to be
a problem.

In the analysis of the ponded boundary condition, the ponded area
extended over the entire surface of the 85-pcf shale. This problem was stud-
ied by simulation for a period of 1 year. The regions that became saturated
are indicated in figure 15. The saturated zone had moved into the shale as
much as 40 feet (12.2 m) from the surface and moved considerably deeper than
that at the left end of the 95-pcf shale. With this type of situation, the
simulation suggests that the impoundment would become saturated, and protec-
tion of surface and ground water would have to be considered.

Stability Analysis

Using the Bishop technique, stability analysis was performed on both a
dry and worst-case saturated valley fill retorted oil shale waste bank.
Densities, cohesion (c), and angle of internal friction (¢) found in the
laboratory tests were used in the analysis. For the dry condition, densities
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were 85 pcf in the £ill and 95 pcf in the embankment. Cohesion and ¢ were
3.25 psi and 33°, respectively. For the worst-case saturated condition,
densities were 90 pcf in the fill and 100 pcf in the embankment. '~ Cohesion
and ¢ were the same as in the dry state. The calculated centers of rotation
(dry and wet) and the circular arc failure planes can be seen in figure 16.
Factor of safety is 1.673 for the dry state and 0.849 for the wet state. The
unstable condition in the wet state indicates that either an impervious core
or adequate drainage facilities mneed to be installed to prevent saturation of
the fill with high-phreatic surface conditions.

Holtz (5) found that densities between 95 and 107 pcf were obtained dur-
ing construction of filtration pond 1. Permeability rates for this pond were
4,24 ft/yr (4.2 X 10" ®cm/sec). Evaporation rates were not measured, indicat-
ing that even a lower permeability or a near impervious condition was obtained.
With this in mind, the next step in the stability analysis was to improve the
safety factor of a proposed saturated cross-valley spent shale fill. A spent
shale core, compacted at 105 pcf, was placed inside the spent shale of the
simulated embankment. The embankment material was placed at ‘95 pcf around the
core, and the saturated fill upstream of the embankment was assumed to be

KEY
Y, pcf
Soil Dry/Wet c, psi ¢, degrees
1 95/100 3.25 33
2 95/100 3.25 33
3 85/90 3.25 33
4 85 3.25 33 Fact f safet t = 0.849
5 05 3.95 33 actor of safety, wet = 0.
Factor of safety, dry = 1.673
¥ = Phreatic surface
—— Control grid
Dry center
of rotation
Wet center 0 250
of rotation I |
Wet Scale, feet
Dry
Soil 4
N J '/ e |
Wet Soil 5 ) Fill
/ 5 Embankment Soil 3
) Soil 2
/ Wet
Dry
Soil 1

FIGURE 16. - Circular arc failure planes and safety factors for a saturated and dry retorted oil

shale fill.
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KEY
Soil ¥, pcf c, psi 4, degrees
1 105 3.25 33
2 95 3.25 33
3 85 3.25 33

Center of rotation

Factor of safety, wet = 1.613

V = Phreatic surface
0 250

L1 |

Scale, feet

FIGURE 17. - Circular arc failure plane and safety factor for a saturated retorted oil shale fill
with a core. Phreatic surface is assumed.

85 pcf. Cohension and ¢ were the same as in the previous saturated case

(3.25 psi and 33°, respectively). Figures 17 shows the center of rotation and
circular arc failure plane as determined by the Bishop technique. The factor
of safety was calculated to be 1.613 using the assumed phreatic surface shown
in the figure. This analysis indicates that under saturated fill conditions,
a highly compacted core will improve the safety factor. However, one should
never completely assume a phreatic level in analyzing safety factors of
planned structures. Graphical solutions (flow nets) derived by hand for sim-
ple cases, or by digital computer methods for more complicated cases, should
be used. For the anisotropic homogeneous case shown in figure 17, it is quite
likely that an inclined (chimney) drain would be required to achieve the
phreatic line as was assumed.

CONCLUSIONS

The data and results presented in this report are intended to summarize
a vast amount of information governing several aspects of disposal of spent
0oil shale. This information will be useful in developing preliminary designs
for either research or commercial disposal systems.

Design engineers must keep in mind that the spent shale used in determin-
ing the information presented in this report was retorted under changing,
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experimental retort conditions. A commercial operation will most likely pro-
duce a waste product having somewhat different properties. Changes in retort
conditions also produce a slight change in the waste properties.

Therefore, before detailed, large-scale designs are developed, a small
series of tests should be run on spent shale retorted under the expect operat-
ing conditions. These results should be compared with available data., TIf
discrepencies are apparent, some detailed laboratory testing should be per-
formed to obtain valid engineering properties.
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APPENDIX. - ~-NOMENCLATURE

Coefficient of compressibility
Breakage factor

Cohesion

Effective cohesion
Compression index
Coefficient of consolidation
Consolidated-drained
Consolidated-undrained

Dry density

Relative density

Void ratio

Initial void ratio

Change in void ratio
Vertical strain
Acceleration due to gravity
Vertical height
Permeability

Pore pressure response
Capillary pressure

Initial stress

P, + change in stress

Change in pressure

Relative importance factor
Time

Time interval

Unconfined compression

Water content

37
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Symbols
Y, = Unit weight of water
p = Fluid mass density
Y = Density
¢® = Angle of total stress
¢’ = Angle of effective stress
o, = Major principal stress

O4e = Cyclic deviator stress
o5 = Minor principal stress

v = Phreatic surface
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