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ABSTRACT

. This study has considered the possibility of using a spent oil shale
itself as a water barrier or '"liner" bemeath a spent oil shale! waste
embankment. Pertinent properties of unburned TOSCO II spent shale and
an average mixture of Lurgi spent shale have been measured. Materlals
consisting of 1, 20, and 30% burned spent Tosco shale admixed into un-
burned TOSCO II shale have also been considered. Two autoclave mellowed
materials admixed into their respective unmellowed spent shales have

- also been studied.

‘This work indicates the difficulty of having both easy self healing
and low permeability of the unmellowed Tosce materials and mixtures
thereof, as well as perhaps the unmellowed Lurgi spent shale, ' Autoclave
mellowing of the burned Tosco material, hewever, produced a hlgh plasticity
index material that may be blended with the silty unburned TOSCO II spent
shale to produce a liner having (at least in the short term) both low
permeability and good self healing possibilities, A similar attempt with
the Lurgi spent shale was not successful due to the high permeablllty
produced in the short term aglng experiment. :

.
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SYMBOLS AND ABBREVIATIONS

The following symbols have been used in this report. .
. I

TA Fluidized bed burned TOSCO II spent shale from TOSCOi

‘ Rocky Flats site (from drum number TA). ?
TOS100 ~ Unburned TOSCO scalped retorted spent shale from a p110t
100 size TOSCO 100%I1 retort at the TOSCO Rock Flats site.
TOSCO II
T0S90 A mixture of 90% unburned TOSCO II spent shale with
TOSCO 90 10% of burned spent shale from a pilot size

fluidized bed burner fed TOSCO II spent shale at the
TOSCO Rocky Flats s1te.

T0S80 A mixture of 80% unburned TOSCO II spent shale with |
TOSCO 80 20% of the burned spent shale.

TOS70 A mixture of 70% unburned TOSCO II spent shale with
TOSCO 70 30% of the burned spent shale.

MEL Signified autoc]ave mellowed material.

A Triangle data points on graphs are usually for standawd

proctor specimens.

(| Square data po1nts on graphs are usually for mod1f1ed
proctor spec1mens.

51 Number by data point on graph signifies oedometer
loading number of specimen tested.

24% Percentage figure by data point on graph signifies
percent water dry basis added to spent shale mix before
loading oedometer.

psi Pounds per square inch

Gm or g Grams mass

cc Cubic centimeters |
1b | Pounds |
EGA ‘ Evolved gas analysis |
e | Void ratio %

°F Degrees Fahrenheit [°C=5/9(°F-32)]

in. Inches (1 in.= 2.54 cm)




1bs/Ft3 Pounds per cubic Foot (1 1b/Ft3=16.02 Kg/m3)

in. 1bs Inch pounds (1 in. 1b = 1.15 cm Kg) .
micron 1 micron = 1 x 1076 meters -
Ca Secondary compression index = e ;

‘ log t ;

= slope of void ratio vs logarithm of time plot of '
secondary compression,

Normal stress = stress normal to shear plane

Vertical stress.‘

Gy
| g 7 Effective vertical stress = vertical stress less aﬁy
v pore water pressure. Important to the mechanics of the
soil skeleton. \
T Shear stress
o Peak or failure shear stress
R Residual shear stress
e, @’/ Angle of internal friction (or friction angle)
pm R at peak shear strength - particularly useful for |
noncohesive or silty soil. ®p = arctan 1/0, ]
0y O Same as above but for residual strength. |
BI . Brittleness index = TP - TR; .
‘ L 2 | !
PL Plastic limit, % water dry basis
LL Liquid Timit, % water dry basis
PI Plasticity index = LL - PL
CSH I One type of tobermorite, Ca0 Si02.nH20 using ]
cement chemists terminology '
Ko Earth pressure or confining pressure exerted on

a specimen buried at depth
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I. SUMMARY ;

This study has considered the possibility of using a spent oil shale
itself as a_water barrier or "liner" beneath a spent oil shale waste embank- ;
ment. Pertinent properties of unburned TOSCO II spent shale and an average
mixture of Lurgi spent shale have been measured. Materials consisting of
10, 20, and 30% burned spent Tosco shale admixed into unburned Tosco II
shale have also been considered. ' Two autoclave mellowed materials admixed
into their respective unmellowed spent shales have also been studiedm

This work indicates difflculty of having both easy self healing and low
permeability of the unmellowed Tosco materials and mixtures and perhaps also
of the unmellowed Lurgi spent shale. Autoclave mellowing of the burned
Tosco material, however produced a high plasticity index material, that may
be blended with the silty unburned TOSCO II spent shale to produce a liner
having (at least in the short term) both low permeability and good self
healing possibilities. A similar attempt with the Lurgi spent shale was not
successful due to the high permeability produced in the short term aging
experiments. '
‘ " The well mixed moistened spent shale batches were compacted by a
minigture proctor system to either standard or modified proctor and con-
solidated under a spring force equivalent to around 280 pounds per square
inch vertical pressure. Data for secondary consolidation curves were
obtained during curing of the specimens until they were tested (still under
the same 280 psi vertical soil skeleton pressure) for permeablllty under a
water pressure of usually 20 psi. Lower water pressures were found to
sometimes give unusually low permeation rates or erratic rates. This may
have been due to the "oily" hydrophobic nature of some specimens.. At 20 psi
hydraulic pressure permeabilities seemed internally consistent Wlth each
other. Some specimens were not subjected to water permeation for comparison
with permeated ones in later shear strength testing. :

All specimens were transferred from their individual spring oedometers
to a triaxial confining water pressure apparatus in a way to mlnimize
disturbance causing overconsolidation or breaking the bond between specimen
and porestones and vanes. After the transfer each one inch high 2% inch
diameter specimen was retained between drained pore stones and its
¢ylindrical surface was covered by a thick gum rubber membrane. Brass vanes
embedded in the pore stones aided torsioning the specimen for obtalnlng peak
shear strength "residual' shear strength, initial stiffness, and twist to
peak strength. Torsion testing was selected rather than the more msual com-
- pressive triaxial test as it allows a long slip displacement to develop
which is needed for measurement of residual strength. - This is not possible
in the triaxial test which is sometimes supplemented by the tedious ring
shear torsion test to obtain residual strength: Moreover ring shear would
be quite difficult as part of the 1n-situ.1ike testing program here
developed.

Availability of the peak and "residual strength'" of a specimen allowed
computation of a brittleness index. Since the normal or vertical pressure
on the ends of the specimen is known (in some tests this was made equal
during torsioning to the prior consolidation pressure) angles of internal
friction for peak and residual strengths corresponding to the high over-
burden load of around 280 psi were calculated. s
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The specimens from simple mixtures for the most part were of silty

nature and sometimes cemented as well. The high drainage rate ofithe silty
. specimens allowed use of the internal friction concept. Some more unusual

mixtures were more clayish and corresponded to boulder clay in having a low
brittleness index and high strength, as well as low permeability., Cemented
specimens often had low permeability but produced high peak shear strengths
and a high brittleness index. Very little cementation is believed to
prevent rapid self healing if a tension crack were to occur. Long term
creep closure of a crack has not been directly studied but>comparison of
secondary consolidation rates suggests creep is also inhibited by
cementation.

In general the strengths of the specimens were little affected by water
permeation during permeability measurements before torsion testing although
the brittleness index of some was. reduced. g

The course of generation of cementing hydrates in TOSCO spent shale
with various fractions of burned TOSCO spent shale showed 2 maximum in
hydrate water at around 30 days curing. i




. dry under say 300 psi overburden vertical pressure.

II. INTRODUCTION AND SCOPE

A. Object

This work was undertaken to survey the possibility of use of spent oil
shale itself in constructing a deeply buried liner below embankments of
spent oil shale. Some possible modification of these spent oil shales were
to be tried including the admixing of autoclave mellowed burned spent oil
gshale with the hope of reducing the cementation tendencies of otherwise
rather fine grained material, sometimes of low emplaced permeability, and of
reducing the permeability due to hydrothermal generation of clay like '
species. -In general a material was sought which had much .of the frictional
characteristics and volume stability of silt but the impermeability of clay
without a tendency for eventual cementation on the one hand or leachability
and partial soil skeleton loss on the other. . ’

One of the important needs of a spent oil shale based "clay" liner is
low permeability. Perhaps the next most important is self healing ability
if it risks being cracked through subsidence below or geclogic féulting. A
disadvantage of high strength soil such as can be achieved by cementationm,
dehydration or compaction is that, "once ruptured, the structure does not
readily, if at all, reform. Weak bonds possess a certain capacity for self
healing. : ." (Ingles 1968). A third requirement is volume stab%lity or

.resistance to swelling and shrinking.

The present study has mostly been concerned with 100% standard and 100%
modified proctor compacted specimens of spent oil shale although istatic
compaction of some TOSCO II and Lurgi material to some 280 psi was done
during torsion shear strength apparatus ''shake down.'" The specimens have
often seemed too brittle for good self healing due to high compaction and/or
cementation. Their volume stability to consolidation under 280 psi pressure
has been good, however. .

1

Any detrimental effect of drying on the spent 0il shale liner materials
is presently speculation. There seems to be little shrinkage, ih general,
but the effect on permeability and self healing capability when re-wetted is
unknown. The self healing capability while still dry is perhaps. nill for
some of the more cemented materials but lesser cemented materials such as
TOSCO IT material may show some ability to flow into temsion cracks while

Fortunately the'underground environment of the liner will pfobably be
moist on the country rock side of the liner and can be made moist on the
spent shale embankment side. : |

An important possible hazard to be considered 1is that of increased
pore water pressure in loosely compacted somewhat saturated liner due to
shearing, chemical defloculation due to permeate composition, or'earthquake
liquification. In a too impermeable liner, an increase in pore water pres-
sure may not dissipate rapidly enough so that shear strength would drop due

to reduced friction between soil skeleton particles as the effective normal

stress is lowered. The liner might then become more like a grease than a
liner allowing a spent shale embankment to slide. ‘ [

'
i
i
)
t




Some specimens of the present study have been proctor hammer: compacted
go well that they apparently begin on the dense side of the critical volume
line so they generally dilate at the beginning of shear. This sh@uld reduce
pore pressure rather than increase it as shear occurs. Standard proctor
TOSCO II spent shale cured for a short time shows no peak in the
stress/strain curve and must begin above the critical volﬁme'lineiand
although probably self healing to some degree might, in spite of its silty
nature and high permeability, develop pore pressure during rapid %hearing ox
other disturbance. These considerations have not been directly addressed in

this study. Mainly plasticity and self healing problems in the f?ce of

~

cementation have been addressed.

Compressibility coefficients at various normal pressures in conven—
tional oedometers have been determined on compacted specimens of zero age im
looking for any collapse of the soil skeleton at higher pressures' than even
the 280 psi vertical pressure of the torsion tests. Of course the vigorous
compaction used in preparing the specimens has reduced any tendency for
collapse and pore pressure increase but study of wetting or saturating is
also needed. Wetting has been tried for spring ocedometer specim#ns after
various aging times before determination of torsion shear strength and ‘
accompanied by specimen volume measurement before and after wetting during
permeability testing.

B. Approach

‘The routine testing approach has centered around study of r#ther highly
consolidated specimens of various mixtures of spent oil shale at two
moisture contents, one at optimum water content for maximum dry density, the
other at a somewhat wetter than optimum water content. Often wetter than
optimum material is used for small dam cores and around abutments for
increased flexibility and lower brittleness and sometimes lower permeability
also results. A vertical consolidation pressure of around 280 psi was
produced by spring loaded oedometers. '

To simulate a liner placement technique sometimes proposed, the speci-
mens were compacted in spring oedometer sheaths to 1007 of standard proctor
or 100% of modified proctor. These compactions allowed a small further
consolidation in the oedometers. The oedometer consolidation is'a sort of
model of burial under an embankment of moderate height and allows a standard
and somewhat realistic environment for subsequent aging/curing/and or
cementation processes in the specimen. There is some unreality in immediate
application of the full 280 psi consolidation pressure just after compaction
however, as some time is needed for comstruction of full embankmént height.

After permeability testing a specimen, it was transferred from the
spring oedometer to a rubber membrane in a triaxial chamber for torsion
testing under a confining water pressure generally corresponding; to an
assumed ¥ of 0,5 to 0.7. A K_ of 0.7 is higher than correspond$ to a
two dimengionally normally consolidated silty material but may be about
right for certain specimens. In this way the tendency for swelling in
diameter of a specimen as it in effect is extruded from the oedometer sheath
to- the rubber membrane in the triaxial chamber is mitigated. Such swelling
might break cementation of cemented specimens. Without the confining
pressure even some stiff somewhat cemented specimens were crushed when only
moderate vertical pressures were applied prior to torquing.




It is desirable to perform shear strength tests on undisturbed
specimens. Specimens may be disturbed by swelling which softens them, by
overconsolidation which during extrusion hardens them or by breaking
cementation which softems them or fractures them prematurely. After
obtaining the torsion stress/strain curve; the specimens were. removed from
the triaxial container and their enclosing gum rubber membranes eut away so
previously transferred longitudinal acrylic paint stripes on the i specimens
could be examined and the specimen photographed. :

Some physical and chemical properties of the specimens were ! next
determined on dried fragments left. from the torsion test. These include ECA
analysis for hydrate water of species formed during curing. Some of these
species are of a cementing or potentially leachable nature. ZX-ray
diffraction scans for confirmation or identification of these species were
also made. !

The Atterberg limits of beginning materials and blends of séent shale
materials are a parameter important in soil mechanics correlatlons. These
were obtained for some raw material spent shale and mellowed spent shale.
Atterberg limits on cemented speclmens were not made. |

Considerable time was needed to learn how to best operate the specially
built triaxial torsion machine. Some specimens from preliminary'series were
tested under various confining water pressures and with different variations
of specimen extrusion methods before the combination of conditions used for
‘most of the specimens prepared for the following experimental. plan was
standardized. At the beginning it was believed that cured specimens con-
taining much of the burned TOSCO spent shale would be too cemented to be
handled by the. triaxial torsion apparatus and this material was limited to
30% in mixtures with less cementing TOSCO II material. This fear was
validated as tests proceded. Some of the 30% mixtures were strong enough to
cause slipping of the piston rod in the torque transmitting collet gripping
it, Usually this could be remedied by further tightening of the!collet.
Also sometimes a little bending over of the brass vanes in the pbre stones
gripping a well cemented specimen occurred during twisting.

It was also feared that there might be poor contact and gripping of the
top of the specimen by the piston pore stone when standard proctor and
particularly when modified proctor compaction was used, especially since a
3/32 inch cross section rubber o-~ring was being used at the periphery of the
piston pore stone between the specimen and stone. Preliminary experiments
using a pneumatic loaded oedometer with proctored material seemed to par-
tially support this fear and many of the main seriles of specimens were
loaded in the spring oedometers using the o-rings but with some loose
material sprinkled on top of the compacted specimen within the o—ring before
ingertion of the piston and application of spring pressure. Previous static
compactions with the spring alone without proctor compaction had shown
attainment of rather high density although not as high as by some standard
proctorings and all modified proctorings. For this reason some hope was
_held that the thin loose layer would bond well enough to the plston pore
stone-vane structure. When torsion tests were made, however, it was found
that slippage often occurred between specimen top and the piston pore stone
without involvement of the interior of the specimen to much extent. More-
over disassembly of the specimen and poresténes after torsion testing




nrevealed that the material at the top of the specimen was much softer than .
that at the bottom. )

" Immediately a new procedure of torsion testing was devised wherein the
vertical pressure on the specimen was brought up to that orlginally existing -
during consolidation in the spring oedometer with the hope that this could
dig the vanes into the top of the specimen and secure a good enoqgh grip.
This was somewhat successful. The vertical pressure on the specimen during
torsion testing should probably be kept at that during consolidation anyway
for less likelyhood of disturbance of the specimen. With .fixed upper and
lower specimen porestones about 1/2 of the vertical pressure is 1ost during
extrusion of the specimen in the triaxial confining chamber and should be
replaced before torsion. As this fraction was apparently unaffected by
elimination of the loose layer and piston porestone o-rings in a jrevised
specimen loading procedure,some other reasons for the loss have heen sought.

Loss of vertical pressure on the soill skeleton during unsheathing is
presently believed to be due to (1) some back lash in the pedestal pins and
mating sheath holes and (2) some specimen overconsolidation caused by, excess
piston pressure on the specimen generated by friction drag between the
teflon coated sheath and the specimen. As the results of the effect are
apparently of little consequence at the present rough stage of development
of the method and useful correlations and comparisons between specimens were
being made, a further change in methodology was not instituted. One change
might be to- grease the inside of the oedometer sheath contacted by the
specimen but this would make temporary adherence of the acrylic palnt marker
stripes difficult. : : ,

i
i

C. Experimental Plan and Independent Variables Used ;
Table II 1 summarizes the experimental plan. Each box under columns Cl
and C2 represents one specimen, compacted in a spring oedometer aﬁd
consolidated at around 280 psi. Duplicate specimens compacted in a three
segnent ring mold were also prepared then coated with wax.for curing at
constant moisture prior to being subjected to the Brazil indirect tensile
test. These Brazil test specimens are denoted by "B" in the boxes under
- columns Cl and C2.

The boxes under the C3 columns which have entries represent specimens
prepared by standard proctor compaction and tests by pneumatic arm oedometer
at five consolidation pressures up to 310 psi. The water contents chosen
were those for optimum moisture for maximum dry density for: standard and
modified proctor and several water contents including some wetter than
optimum for standard proctor, four or five water contents total, for each of
the nine spent shale raw material types or mixtures tested -by the others
methods . The loading number for the spring oedometer experiments is given
in the lower left corner of each applicable box in Table II 1. This number
is followed by B if Brazil tests specimens were to also be prepared. The
water to be added, percent dry basis, in preparing the specimens ;is entered
in the upper area of each box. : :

Cl represents modified proctor compaction, C2 standard proctor com-
paction. T1, T2, and T3 represent curing times of nominally 2, 4, and 8
weeks respectively. "Yes" represents that later "saturation' was to be
carried out by means of permeability measurement- operatioms, "No? represents

6 !
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Table II_l., Experimental Design - TOSCO II, Lurgi,,and
Mixtures of mellowed TOSCO and Mellowed Lurgi With
Burned and Unburned TOSCO And Unmellowed Lurgi !

Spent Shale ;
. Spring Oedometer and Triaxlal :Torsion Tesi Pneumatic Arm Oedometer

Material ‘ Later | Cl1 = Modified Proc. 2 = Standard Proc ; = Standard Proc.
Satd.? . e cept with * which
Ti 12 13 T4 T1 12 is Modified Proc.
’ + ’ i
Unburned TOSCO I1 |Yes 22% 22% 22% 22% 27% 32% | 25% 25% * .
. 54 B 34 8 46 8 94B 958 968 | 71 B 32 8 22% 25% . 1 20% 30%
No 22% 22% 22% ! 25% 25% H,0 '
55%x- | 35 .47 : 91 | 33 _ ~
10% Burned T0SCO, |Yes® |23 | 23z 3% ) 23 ar e . .
90% Unburned 56 B} 39 B .48 B 978 ; -
T0SCO I1 No 23% 23% 27% 7% 23% 28% I 22% 27% 33%
57%* 49 90 30 . L
Ample [ 28% 28% H ‘
Moisture” |53 B 62 B 4 ;
t 7
. . i P
: 20% Burned Tosco Yes+ ;g% 8 gg% % 8 ‘ gg% 8 53%'8 ! N . Y
.- 80% Unburned - B ! .
TOSCO II No 24% 24% - 24% 24% | 24% 29 1 24% 29%  3a4%
b ‘ 67 | 63 : 81 38 : |
Ampie . | 29% 29% ‘ - :
Moisture 66 B 61 B
. | -
30% Burhed TOSCO  |Yes® 251 | 25 25 gg% s 12 . i
70% Unburned : Bl 58 8 g_8 :
TOSCO II NO 25% 25% . 28% 28% 25% 34% ! 28% 332 39% ‘
77 68 88 42 i
Ample | | 34% | 34% : i '
Moisture 74 53 :
H i
Ample loisture "
75% Mellowed Burned|Yes™ | 55% 554 .- * :
T0sCO, 25%_Burned 92 8| 8 8 55% |
50% Mellowed 8urned| Yes 40% 40% 40%.  35% A*
TOSCO, 50% TOSCO II 93 B| 87 B : 1038 1048 40% 45 |
Ample Moisture . . : et e e
Lurgi Yes" | 223 | 222 - | 224 225 |30% 30%
’ . 51 B} 72 B 43 B 1008 78 8 64 8 * * ;
No 2% 22% 22% j 30% 30% 22% 27% © 30% . 35% 40%
50 - 73 44 il 65 . ;
Ample + | 27% 27% 27% 27% 32% '
Moisture |62 B | 69 B 45 B 1018 1028 :
75% Mellowed Lurgi |Yes™ | 253 | 25% B * ;
25% Unme1llowed 82 B| 83 B . . i 25% 25 i 30 35
Ample Moisture . !
50% Mellowed Lurgi |Yes® |25% | 258 | - - : * X '
50% Unmellowed 84 B 8 8B ’ 25% 25 30 35

* Modified Proctor
+ Permeability determined also

**Permesbility determined out of order resulting in "yes" instead of "No" later saturation. ) ‘




‘given in Table III 1. Mineral Carbon analyses determined by evolution of

IIT. NATIURE OF SPENT SHALES USED AND MATERIALS PREPARATION .f

Spent -shales collected have been in nine 55 gal drums containing Lurgi
spent shale, five containing a burmed TOSCO spent shale, and four of regular
unburned TOSCO II process spent shale.

A. Lurgi Spent Shale

Material from the nine drums of Lurgi spent shale had been éeparately
examined. Equal portions from each drum was screened through 16 mesh to
scalp out particles of spent shale, poorly retorted shale, and cracked heat
transfer ball fragments. This material passing through the screen from all
drums was well mixed. This single average Lurgi material was used for
making all Lurgi specimens, blends of Lurgi material, and autoclave
mellowing runs starting with Lurgi spent shale. : ;

Sieve analyses of each of the collected drums of Lurgi spené shale are

CO, by dilute hydrochloric acid and its volumetric determination :using a
calcimeter are given in Table III 2, Mineral carbonates such as'calcite,
dolomite, nahcolite, dawsonite, kutnahorite, siderite, and.ankerite are
probably all decomposed by this treatment.

Figure III 1 in which the mineral carbon found in a drum is plotted
against the percentage of material passing a 325 mesh sieve for the drum
shows a tendency for the more intensely burned material which contains less
mineral carbon (or mineral carbonates) because of greater calc1nation of
mineral carbonates to be less finely divided. Hasty conclusions regarding
the Lurgi process should not be made from this data, however. Drums L, C, G
and J material which is more finely divided may merely be drums of electro-
static precipitator captured material whereas the other drums may be from a
cyclone separator. It may be concluded, however, that if necessary some
adjustment of properties of Lurgl material for a liner may be poésible.

Figure III 2 shows a fair correlation between the dolomite found in the ,
various drums of Lurgi spent shale and the mineral carbon found.'@ The i
dolomite plotted is the ratio of one of its x-ray diffraction line peak
heights to an albite line peak height used as an internal standard.

Ettringite, a hydrated species, was found in the x-ray diffraction patterns
and also seen in EGA scans in material from several of the drums of Lurgi
spent shale. There was no good evidence that water for formation of
ettringite came from rain or snow water entering during their storage at
Tract CA before collection. Some of these drums contained mostly very large
lumps with casts of the drum interiors in mildly cemented material.
Possibly enough steam or moisture contacted these spent shales during
operation of the Lurgi pilot plant to partly hydrate the spent shale and
form ettringite there or perhaps the material had been dumped in!the weather
before being placed in the drums. This material, although blended into the
batch, was a minor fraction.

B. TOSCO 1II Spent Shale

i

TOSCO II spent shale is a finely divided material resultingéfrom
retorting in a small TOSCO II rotary retort at the TOSCO Rocky Flats site
north of Denver. It was supplied by Robert Hall of TOSCO. As afresnlt of
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by passing through the retort some relatively unretorted material was
present which had not disintegrated by attrition. This was larger particles
which were scalped out by screening through the 16 mesh screen. Equal.
portions of screened material from each of four drums of material were mixed
and used for subsequent tests. The sieve analysis of this material is
presented in Table III 1 above. i
Although the clay mineral illite is said to be in Piceance Ba51n oil
shale no evidence for it was found in the TOSCO II material analyzed by x~ray
diffraction. This may be because the 9504 retorting. temperature
disrupted the major interlayer structure enough to eliminate the important
low angle diffraction line. 1Illite may have been seen in . the poorly
retorted large fragments screened out of the material used.

C. Burned TOSCO Spent Shale }

Five 55 ‘gallon drums containing this material were also supplied by
Robert Hall of TOSCO. These were said to be of identical composition among
themselves. This material was said to have been optimized in regard to
cementing power and was produced in a TOSCO fluidized spent shale burner at
Rocky Flats, ‘

Table III 1 includes a sieve analysis for one of the drums (designated
TA) of burned TOSCO spent shale. This material appears to be not quite so
finely divided as the Lurgi material. Table III 2 includes several mineral
carbon assays by calcimeter of the burned TOSCO material. Less mineral

carbon (due to less uncalcined mineral carbonates) is found in the burned
"TOSCO spent shale than in the Lurgi spent shale signifying more vigorous
burning and/or calcination of the former. !

D. Autoclave Mellowed Burned TOSCO Spent Shale

Slurry autoclaving of burned TOSCO spent shale had been preﬁiously done
at various temperatures (and various resulting steam pressures) to "mellow"
or reduce its cementation potentalities before placement as a liner. There
is a simultaneous increase in the clayish nature of the material as
indicated by plasticity index although the amount of clay sized fractions
below 2 microns diameter and 5 microns diameter compared to those from
unmellowed burned TOSCO material determined by sedimentation jar did not
suggest much increase in clay sizes nor a clear conclusion. There is some
possibility that otherwise sharp angular particles of certain minerals have
been partially dissolved and rounded during autoclawving. This would -also
tend to reduce the angle of internal friction of the material in a Iiner and
presumably increase the plasticity index. . . ; .

eray diffraction scans of the autoclaved material have shown an
increase of a species which is probably gypsum and also of a mineral which
seems to be the clay stevensite and decrease of gehlenite up to 250 psi
autoclave pressure but decrease of gypsum above 250 psi. See Figure III 3,
Ettringite decreased above 200 psi. See Figure IITI 4 and Figure [III 3. It
was suspected that the sulfate of ettringite and gypsum was being incor-
porated into other species, perhaps an ellestadite type of apatlte (where
sulfate replaces phosphate) or sulfate bearing hydrogarnet. :

i
1
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Inoany case another autoclaving mellowing run M15 was made at 298 psig
and 382"F to produce material for various mixtures of mellowed burned
TOSCO spent shale with unburned TOSCO II spent shale for candldate liner
materials.

Figure III 5 shows the clay size particle assay by hydrometer jar
sedimentation for similar previous mellowing runs on burned TOSCO spent )
shale. Run M15 was made without calcium lignosulfonate thinner. ' The mass
in the autoclave became quite stiff towards the end of the run but when dug
out was not cemented hard. It was almost powdery in spite of the' large
amount of water retained in the mass. ‘ |

Figure III 6 shows the plasticity index of mellowing.run M15: material
along with this index for material from previous mellowing runs at other
dutoclave pressures.

E. Autoclave Mellowed Lﬁrgi Spent Shale

Autoclave mellowing at 400°F and 298 psi (Run M14) of the Lurgl Spent
Shale did not produce nearly as much change in the material as did that of
the burned TOSCO spent shale. Previous autoclavings of the Lurgi material
were runs M11l, M12 and M13 at 210, 292, and 292 psi pressure respectively. A
fair amount of gypsum was formed and no evidence of stevensite was found.

F. Compaction Curves of Mixtures for Spring Oedometers, Brazil
Tensile Tests, and Pneumatic Arm Oedometeérs ;

The specimen size used in'the pneumatic loaded conventional %edometers
as well as in the newly built spring oedométer - triaxial torsion test
system was one inch high by 2% inchee diameter. As these specimens were to
be made by "standard proctor" or "modified proctor compaction which
strictly interpreted requires compaction in four inch diameter molds a
modification of the method was made. This involved decrease of the diameter
of the proctor hammer to 1% inch diameter and a reduction of the 1ift height

_so three lifts for a standard proctor compaction and five for a modified
proctor compaction for a one inch high specimen were used. The weight of
the miniature standard proctor hammer and that of the miniature modified
proctor hammer was proportioned so with a certain reduced drop distance an
equivalent work input per sample volume was had as for the full sized four
inch diameter proctor compactions. As for full sized proctor compactlon 25

" hammer blows per lift of material was retained.

1. 100% Tosco II Spent Shale

Figure III 7 shows preliminary standard and modified minlature com—
paction curves for TOSCO II spent shale after the mixes with water had aged
about one day in the air tight ziplock freezer bags in which they had been
manually mixed. Repeated data points for mixes compacted only 30 to 70

minutes after mixing with water are also shown. j
I .

Apparently for the standard proctor compaction, aging the mlx for a
period of around one day causes some difficulty in densification which is
'~ overcome by the heavier hammer and thinner 1lifts of the modified proctor
procedure. There may be some roughening of the particles by some hydrate
species formation or needless of some hydrated species may have formed which
_cause increased particle to particle friction during compaction. i Yet

i
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another’p0351b111ty is that some clumping or floculation of particles to
form larger loose clusters (with or without some cementation) occurs after a
tima. ‘

A fairly good correspondence of the miniature compaction daﬁa with some
full sized 4 inch mold compaction data shown in Figure III 8 was ‘had. The
full sized compactions gave slightly greater densities but the same optimum
moisture added contents. 5

From the miniature compaction curves of Figure III 7 optimum moisture
added of 25% for standard proctor and 227 for modified proctor héve been
determined which have been used in preparing mixes for non—ample moisture
100% Tosco II specimens. :

In subsequent mixing and loading of oedometers and. preparlng Brazil
test specimens a time between mixing with water and compacting of 30 mlnutes
to an hour was instituted.

The compaction curves we have obtained for scalped TOSCO II materlal
are somewhat different from those reported by Townsend and Peterson (1979)

- (Their Fig. 17) for a whole TOSCO II material. Thedir optimum water contents

are about 4% lower than those of Figure III 8 and their optimum dry
densities are higher by about 9 pounds per cubic foot for standard proctor
and 6 for modified proctor. :

This may be due to several possible factors. Scalping (removing)
particles larger than 16 mesh may have removed denser lower Fischer assay
material which decrepitates less during retorting leaving lower density
material for our tests than for theirs. They report however, a solids
density of 2.61 whereas we found 2.72 for our dry scalped TOSCO II to as low
as 2.62 for material wetted and cured for about 30 days followed by a steady
state value of 2.71 for material aged 50 to 73 days or longer. There is
also the possibility that the material they used was from a différent strata
or had been retorted less completely. We have also found that with the
unburned TOSCO II spent shale a delay of a day between adding water and
proctoring produces a less dense specimen. Possibly further delay would
produce a more dense specimen as latent clays begin to become hydrated and
plasticity index increases. We do not know if a heap mellowing time was
allowed by Towsend and Peterson.
{

2. Mixtures of TOSCO II Spent Shale with 10%Z, 207%, and 307 Burned TOSCO
Spent Shale. '

Figure III 9 summarizes the optimum moisture added, found or estimated
for mixes with 0%, 10%, 20%, and 30% burned TOSCO spent shale in|the un-
burned TOSCO II spent shale. "Ample" moisture contents called for in
Section II C, the Experimental Plan, Table II 1 have been arrived at by
adding 5% water to that needed for optimum density plus that needed for
short term hydrate formation. Short term hydrate formation is mostly the
moisture disappearance by hydrate formation involving the burned' TOSCO
material. The moisture disappearance was derived from Figure TII 10 which
is based on a comparison of the water found by oven drying at 50°¢C with
the water added to the mix for mixes with 100% and 507 burned TOSCO spent
shale and several added water contents. Evidently the higher the water
content of the spent shale the more hydrates are formed, at least for the
limited times of observation for Figure III 10. Also their appears to be a
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synergistic capture of water by the otherwise rather inert to water TOSCO II
spent shale in the presence of burned TOSCO spent shale, perhaps through
pozolonic reactions activated by the high pH of the burned spent shale.
These have been considered in a way as the water disappearance for 10, 20
and 307% burned TOSCO II mixtures was prorated from the 507 curve of Figure
IIT 10. _

|

In Table II 1 showing the Experimental Plan the water contents needed
for. the various specimens tabulated is noted as determired by the above
methods. Admittedly for some of these specimens containing burned spent
shale the water may be underestimated for the long term. By use of EGA
scans showing hydrate water evolution to 500 C for specimens after curing
adjustments perhaps should be made in the water contents for any future
nixes.

3. Lurgi Spent Shale
Figure III 1l shows the miniature proctor compaction curves.for the

Lurgi spent shale. From these optimum moisture added of 227 for modified

and 307 for standard proctor may be read or estimated. The water dis-

appearance curve for very short times is shown in Figure III 12. ' For

"~ "ample' moisture specimens 27% and 30% moisture have been taken.

4. Mellowed Lurgi Spent Shale - Lurgi Spent Shale Mixtures. % .

' Figure III 13 shows miniature modified proctor compaction curves for

mixtures of mellowed and unmellowed Lurgi spent shale that were used. From

these curves optimum moisture added of 24% for modified proctor may be read

for the 50-50 mixture and 15% for the 75-25 mixture. Twenty five percent

was used for both cases to produce ample moisture cases but without producing

a too plastic ‘beginning material. o i

5. Mellowed Burned TOSCO Spent Shale - TOSCO I1 Mixtures

Figure III 14 shows miniature modified proctor compaction curves for
mixtures of mellowed burned TOSCO spent shale with TOSCO II spent shale.
Optimum moisture added contents of 37% and 497 respectively, were found for
a 50-50 mixture and a 75-25 mixture. Percentage moisture added of 40% and
55% have been used to make ample moisture cases..

G. Atterberg Limits of Mixtures

Altheugh the Atterberg limits were not used in compounding the mixtures
used in this work they may be of interest as some indication of the nature
of mixes for full scale handling and compaction.

1. TOSCO II and Burned TOSCO - TOSCO II Spent Shale Mixtures |
Figure III 15 shows the liquid limit and plasticity limit for 0%, 107,
20% and 30% burned TOSCO spent shale in TOSCO II spent shale along with the
plasticity index.

2. 50% Mellowed Burmed TOSCO — 50% TOSCO IT Mixture '

The liquid limit, plastic limit and plasticity index for 50/ mellowed
burned TOSCO in TOSCO II spent shale is 64.4%, 52.7%, and 11.7% ;
respectively. Those of 1007 mellowed burned TOSCO spent shale are 121.0%,
83.5%, and 37.5 respectively (mellowing autoclave run M15).

3. 75% Mellowed Burned TOSCO —.25% Burned TOSCO (TA) Mixture

19
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" The liquid limit, plastic limit, and plasticity index of this mixture

vireshly prepared is 90.7%, 64.9%, and 25.8% respectively.

i
'

4; 75% Mellowed Lurgi - 25% Lurgi Mixture
Liquid ‘limit 43. 5/, plastic limit 34 5%, plasticity 1ndex‘8 0%Z. -

J. 30% Mellowed Lurgi - 50% Lurgi Mixture :
- Liquid 1limit 43.1%, plastic limit 36.1%, plasticity index 7.0%.

i

'
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IV. APPARATUS AND PROCEDURES

A. Compactlon of Spec1mens in Sprlng Oedometers and Measurement of
Apparent Dry Density ;

Materials to be tested in all phases of this program weregcompacted

~ with either a modified proctor or a standard proctor level of effort. These

tests include samples for the spring oedometer/torsion tester, pneumatic arm
cedometers, Brazil tests, permeability tests, and the optimum water

'content/maximum density tests. All compacted test specimens were 6.35 cn

(2.5 in.) in diameter and, with the exception of the Brazil test specimens
discussed later, were either 2.54 cm (] in.) in height or in the specific
case of the spring oedometers at or near that height. :

Due to the somewhat "non standard" diameter of the test sﬁecimens a
miniature proctor hammer was constructed for sample compactionl The hammer
consisted of a standard sleeve type drop weight with a fixed drop height of
12.80 cm (5.04 in.). The diameter of the brass cylindrical head was 3,18 cm
(1.25 in) or the radius of the specimens. Two removable weights served as. a
handle. One weight was attached for standard proctor compaction and the
other for modified proctor. compaction. Compacglon efforts for, 320/ or 5 mm
over height sample (for trimming) was3656 kv/m~ (13676 gt-lbs/ft ) for the
standard proctor effort and 2929 kV/m~ (548]] ft-1bs/ft”) for the modified
proctor effort. This provided a 4 to ] difference in energy/unlt volume
between the two methods. During standard proctoring, the sample was added

" to the test mold in three layers, each layer receiving 25 hammer blows. Fot

the modified proctor samples 5 layers each with 25 hammer blows were used.

Apparent Dry Den51ty was obtalned for specimens compacted in the spring
cedometer by weighing all the damp mixed material added in 1ifts for
proctoring. Care was taken to avoid evaporation of the moisture in this
operation as much as possible. :

The volume of the specimen resulting was calculated knowihg the
oedometer sheaths internal diameter and specimen height obtained from
neasurement of the piston rod protrusion above a selected flat area of the
brass lead screw nut flange of the oedometer sheath before andlafter making
the specimen in the sheath. An eight slotted brass spacer of known
thickness was inserted when measuring the protrusion of the piston rod with
the empty oedometer and its thickness properly subtracted. This was neces-
sary because of the brass vanes protruding from the otherwise flat piston
pore stone and pedestal pore stone surfaces which therefore can not be made
to meet per se for the empty oedometer measurement. Since each set of
oedometer sheaths, pedestals, and pistons and piston rods gives slightly.
different piston rod protrusions when assembled, empty separate blank
protrusion measurements are needed for each set. Moreover, since a variable
amount of looseness or slop results from clearance between the pedestal pins
and their mating holes in the sheath the blank protrusion of the piston rod
must be measured while supporting the sheath with the weight of the piston,
piston rod, slotted spacer, and pedestal weights forcing the plns downward.

B. Curing and Consolidation in Spring Oedometers and Consolldatlon
Curves

24




The. specimens were sealed by O-rings to prevent evaporation of water
during curing and consolidation. The load was applied by the spring
(essentially constant fér the small changes in the specimen length as a
function of time) and the displacements were measured by the linear variable
differential transformer (LVDT). Displacements were recorded by com—
puterized data collections at various times during the curing cycle. These
data were used to produce the consolidation curves.

c. Permeability Measurement

The permeabllity ‘of the spring oedometer specimens was generally
determined at a constant head of 20 psi. The water used in the permeability
experiments was deaired. -The air from the top pore stone and duct and
perhaps some from the sample was evacuated by a roughing pump to facilitate
the saturation of the specimen. The permeability is calculated from the ’
measurement of the total discharge volume, Q, accumulated in time, t; the
gpecimen dimensions; and the head.

D._Torsioanriaxial Machine and Shear Strength Measurement

The triaxial torsion machine was designed to produce strains under
triaxial loads that simulate conditions expected for liners of spent shale
piles. Hence the strains are generally beyond that possible 1n many
compressive triaxial machines.

At first it was not known how silty the spent shale materials would
generally be. Silty samples in the torsional triaxial machine are
advantageous in that rapid draining of any pore pressure occurs and the
material can be considered as a "noncohesive" or granular type soil in which
the peak shear strength and residual shear strength are proportional to the
niormal pressure on the failure plane, n the present specimens nearly equal
to the vertical pressure on the specimen.)

L |
With such silty samples where strength 1s proportional to normal
pressure the use of angles of internal friction, ¢_ and @, forl peak and
residual strengths is useful and represents a kindPof normalization:

|
_ TP
¢p = arctan oy ;
L

¢R = arctan oN‘

where ¢,' and. TR' are effective shear strengths uninfluenced By water
pressure (zero, pore pressure) at the failure planes and o, ' is the
effective normal pressure on the failure plane. With zero pore pressure or
completely drained conditions these stresses are soil skeleton stressges
where mineral grain to grain contact frictiom and disengagement of grain
interlocking forces are very important.

With nongranular or "cohesive' material such as clay the.permeability
is so low that very long times are needed for drainage to zero pore pressure
(or pore pressure equal to ambient hydrostatic pressure). Then the mineral
grains can float in a cushioning fluid of pore water (particularly when the

soil is saturated or has no air in the voids). This causes lower shear

!
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strengths than with granular material when drainage of pore pressure is
inadequate as it is with all but very slow shear testing speeds. In
addition the clay mineral grains are usually platy and slippery, especially
under defloculated conditions (spent oil shales having high pH and calcium
and magnesium ions in solution should tend to be floculated, those having
lower pH and sodium ions may tend to be defloculated) which will further
lower the shear strength and friction angles if they are compared with
drained conditions. ;

Since cohesive soil or clays have a different -character, ?re more
slippery, due to great degree to thelr very low permeability, and since
liners made from spent oil shale should probably have as low a permeability
as possible the nature of clays should be considered. Clays are susceptible
to "sample disturbance" by rough handling due to overconsolidation. Silty
material, which the great majority of specimens tested in this program have
been, are not as susceptible to overconsolidation and sample disturbance.
This is fortunate in that the torsional triaxial apparatus was still being
shaken down and proven as some of the more silty specimens Were being tested
on it.

i
!

1. Neutralizing Sample Disturbance by Testing Sample of Known

Overconsolidation Ratioc and Use of SHANSEP

Ladd and Foott (1974) in a paper on a new design procedure for stabi-~
1lity of soft clays have pointed out that major variations in strength can be
caused by sample "disturbance'", strength anisotropy, and strain rate effects
and that-"none of these effects is explicitly included in present design
practice". These writers remark that the use of field vane data (from an
in-situ technique) avoids some of the difficulties of the use ;of the un-
confined (u) or unconsolidated undrained (UU) shear tests but good
correlations for this highly empirlcal method are limited to 3 few well
known earth failure cases.

t

They described the 'SHANSEP" method of stability design evolved at MIT.
for soft clays. 1In this method the problem of sample disturbance is solved
by evaluating shear strengths at known overconsolidation ratios (of unitz or
above). Plottimg normalized (by dividing by o_) shear strength vs OCR is
then done to secure useful shear strength data. .

Even in the simple case of soft uncemented clay, however, the securing
of a known overconsolidation ratio is not simple if the sample has been
allowed to swell when removed from its in-situ vertical compression ef-
fective stressed state. Merely compressing it back to the in-situ vertical
effective stress ¢ is not adequate to secure an overconsolidation ratio
of unity again. Die to strains in other than the vertical direction which
are irreversible a more dense compression is actually required so the virgin
compression line on a void ratio vs vertical effective stress plot is
achieved. One should consult Figure 6 in Ladd and Foott's paper for
clarlflcatlon, if needed, but in brief the specimen is consolidated to a

greater than found in situ to nullify disturbance. '

In order to minimize disturbance of the specimen we have designed a
special "torsion triaxial test follow in laboratory spring oédometer K
consolidation of a specimen. In our present procedure the latter follows
proctor compaction. As a goal, during careful transfer of the sample from
the oedometer cell to the torsion shear tester, neither swelling nor further
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densification -of a "soft clay" should occur and the shear strength will
still correspond to that of an over consolidation ratio of unity and can be

'normallzed by dividing by <7' for use in the SHANSEP method.

Figure IV 1 is a sketch of the apparatus for transference of
consolidated specimens to the triaxial torsion shear machine.: The system is
described in Section IX of the Fifth Progress Report to E.R. Bates of EPA,
Cincinnati (Culbertson, Habenicht et al., 1983). One modification has been
use of thicker rubber membranes and discarding of the O—rings around the
membrane and the O-ring snapper. ;

2. Handling of Cemented Clay (or Spent 0il Shale) in the Same
Torsion Triaxial Apparatus As Designed for Soft Clay (or Spent
0il Shale)

A second reason, other than that of a clayish specimen, for use of the
special torsion triaxial test is that the specimen may be somewhat cemented.
0f course careful transfer of such a specimen from its consolidated and aged
state in the spring ocedoemter to the confining pressure of the triaxial bomb
is first required as for a soft clay specimen. The same normal pressure on
the specimen and same. confining pressure as existed in its stay in the
spring oedometer cell is desired during removal of the ocedometer's confining
sheath in the confining pressure can. Otherwise a tendency for longitudinal
strain or lateral strain will exist which may cause premature?disruption of
cementation, an-intolerable irreversible process for our purposes.
Subsequent torsion testing may then not show full peak strength which is
also needed to calculate an accurate brittleness index.

. R I N

Clearly if the specimen is cemented the exact SHANSEP methodology
described above can not be applied well, for during the procedure of greatly
compressing the already possibly swelled and disturbed specimen (taken from .
its compressed in-situ environment) breaking of cementation will tend to
occur, even if breaking had not occurred during swelling itself. Even if
means of transferring the specimen from the consolidated or in-situ
environment to the test machine without disturbance is used (such as we have
developed for the present spring oedometer - torsion triaxialitest system)
the SHANSEP approach may fail, if the specimen is cemented, because the plot
of normalized shear strength vs overconsolidation ratio may fail. The
latter because the peak strength due to cementation may not be well
distinquishable from strength due to normal or over comsolidation,
particularly if shear strength is obtained from compressive triaxial tests
where brlttleness index is not obtainable.

The torsiomn triaxial test at slow enough strain rate for drainage is
seemingly applicable for either a soft clay or a cemented clay. We have
here used it for silty clays which are generally more or less cemented and
applied friction angle calculations. An attempt at determination of K for a
specimen before torsion testing it to destruction might show the first
indication of whether it is actually much cemented by its rigidity when
normal stress and/or confining stress is changed. If K can not be
determined due to too stiff a specimen, the subsequent torsion test should
verify cementation by giving a high brittleness index (peak i
strength/critical or residual strength) derived from the torsion stress vs
strain curve and a steep initial stress strain curve accompanied by low pore -
pressure change until brittle failure. We have not tried to determine K
with the present. silty specimens but have generally assumed a;value of 0.5
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to 0.7.. The use of proctor compaction rather than static coméaction makes K
hard to estimate. ,

To transfer a laboratory consolldated spec1men from the sprlng oedo-
meter to the pressure chamber of a "triaxial" test machine by !removing its
confining sheath, as herein done, involves some friction between the

‘specimen and sheath. This, in a tall specimen such as needed!in the

compressive triaxial shear strength test, will create more specimen
disturbance (especially at the top end of the specimen) than in a short
specimen such as suitable for a torsion shear strength test. '1f wall
frietion is high and the specimen relatively soft and tall enéugh
shortening of the specimen can occur during sheath removal to: dens1fy the
material enmough that, with fixed upper and lower pore stone spac1ng, the
specimen will separate from the lower pore stone. A cemented specimen might
not show such an effect but a weakly cemented one may have its cementation
irreversibly destroyed. We use a teflon coated sheath and short specimens
to reduce such frlction. Short specimens are not suitable for compressive
triaxial tests. :

3. Advantages of Torsion Shear Strength over Compressive Triaxial
Shear Strength for Study of Cemented and Uncemented Clay-like
Spent 0il Shale |
a. The tall specimen in the usual compressive triaxial test is not

well suited to stress-strain curve determinations where large strains are

needed before final "failure" such as in relatively plastic speclmens or
specimens showing a measure of plasticity after initial cementatlon or
brittle peak strength. Much strain as the specimen is longltudinally
compressed results either in a squashed specimen of increased cross section
(which must be at least dccounted for in load per unit area calculatlon) if
the specimen is relatively plastic or in a diagonally, conlcally, or other-

wise more brittle fractured specimen which is unsuitable for extended

testing to residual strength. Calculation of brittleness index from a too
incompletely developed residual strength is not desirable. f
f

b. The accurate measurement or drainage of specimen pore pressure
through top and bottom pore stones is greatly speeded for a relatlvely short
spec1men. |
4. Data from Torsion Stress Strain Curve

In the torsion operation a peak strength followed by a crltlcal"
residual strength is often observable in the torsion stress-strain plot.
(See the curve for loading 42 in Figure V 2). The difference between peak
and residual strengths may sometimes include cementation strength. If
cementation strength is involved a steep initial stress-strai@ plot occurs.
Also a sharp peak strength pip is observed. These indications of -
cementation are qualitative only, but they are obtained at the high vertical

- stress representative of a deeply buried liner and under test procedures

designed to minimize the risk of premature fracturing of the specimen.

Data obtained from the stress-strain curve: are peak shear strength and
"residual" shear strength calculated from the torsion moments at the peak
and later flat part of the curve, initial stiffness from the initial slope,
and strain to peak strength as measured by angle of piston twist to peak
strength. Other pertinent data for the specimen are initial ?ertical force
on it from the oedometer spring and the sag of this force (due to
overconsolidation and/or too low an arbitrarily established lateral

i
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-eonfining pressure) after the sheath has been pulled from the:specimen. The

wertical pressure was reestablished before torsion (for later runs) and held
fixed during torsion by platen movement of the Instron test machine. This in
the future could be automated by feed back from the load cell measurlng the
wertical force. :
5. Handling Vertical Pressure in Torsion Test

As mentioned above - during unsheathing of the specimen before torsion
there is a sagging of vertical force exerted on the specimen even though the
piston and pedestal are in fixed positions during this operation. This may
amount to a loss of ]/3 to 1/2 of the original comsolidation pressure
exerted by the spring in the oedometer phase.

Later torsion tests, those performed further out on the iearning curve

" and more refined, the sagged vertical pressure was increased to reestablish

the consolidation pressure before torsioning the specimen and the vertical
pressure was then held as fixed as possible to this value during torsioning
by manually controlled movement of the platen of the Instron test amchine.
The platen movement could in the future be profitably automated using an
error signal from the difference between load cell output andia fixed
reference voltage. The adjusted vertical pressure (column ]3), equals the

consolidation pressure (column 8) in Table V 2 for these more refined tests.

'In earlier tests, vertical pressure after sheath pulllng was not
restored after sagging and, moreover, the vertical pressure varied
throughout torsioning of the specimen. As generally these early specimens
were silty and therefore well drained during torsioning, the simple
proportionality between shear strengths and vertical pressure of Coloumbs
law and a constancy of peak friction angle O_ and residual friction angle
0, was assumed. For some early tests, then,Pdouble data rows 'are :
presented in Table V 2 corresponding to different vertical pressures (column
13) occurring at the peak strength and at the residual strengﬁh. Moreover,
generally for these tests the vertical pressure (column ]3) was not adjusted
to match the consolidation pressure (column 8) as it was in later tests.

. For earlier tests vertical pressure on the specimen was not controlled
during torsion but generally rose slightly until peak strength was reached
then fell as residual strength was approached. For such tests, a different
vertical pressure at residual shear strength than at peak shear strength was
had, and accounted for, in calculating the brittleness index or friction
angles O, and O For the brittleness index the 0R was normallzed up to
that expected for the higher vertical pressure assuming non cohe51ve
material and zero cohesive intercept, as is usual for non cemented permeable
material. By the time residual strength is developed any former cementation
at the slip plane is irrelevant and this calculation seems good even for

cemented specimens.

- I
¢

In summary, for later more refined tests, vertical pressdre on the
specimen before pulling off its confining sheath was not only iinitially made
equal to original spring consolidation pressure but was reestablished after
unsheathing the specimen by upward test machine platen. movement. Vertical
pressure was then held approximately fixed during torsion in these runs by
continual adjustment of the position of the platen. Cemented or stiff
specimens at the early stage of twisting needed lowering of the platen but
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after peak strength developed the platen needed to be raised slowly in order
to hold the vertical pressure on the specimen approximately constant.

" The following data reporting form was used during performance of more
refined tests. A calculation is required part way through the, test to
establish the load cell recorder pen position to be maintained during .
torsioning so vertical pressure on the specimen equals consolidation. The
symbols in colummns 8, 9, 10, 11, 12 and 13 in Table V 1 have the same
meaning as those in this form.

6. Advantages of Membrane Walled Specimen for Torsion Shear Test .

A number of advantages derive from enclosure of the torsion test
specimen in a gum rubber membrane instead of a rigid metallic container.
The rubber membrane is applied to the specimen under the selected confining
pressure as the spring oedometer sheath is pulled from the specimen through
use of the apparatus sketched in Figure IV 1. Some of the advantages are as
follows: ' ’

a. There is no wall friction to impede rotation of the specimen. This
allows a lower and more true shear strength result. Also the lack of stress
gradient at the wall may allow a sharper peak strength pip.

b. There is no wall friction to impede vertical expansion or con-
traction of the specimen hence the vertical stress is true specimen stress.
This seems to allow the possibility of measurement of K in the relatively
undisturbed specimen from K_ consolidation as it rests in the confining
pressure container before tﬁe specimen is destroyed in the torsion shear test.
. This is accompllshed in concert with the expandable or contractable specilmen
diameter also enabled by the membrane wall. The ratio of change in con-
fining stress with normal stress at low strains is taken to be!K. This has
not been tried in the present work as the specimens have been so silty and
not generally cohesive. :

¢. A thicker specimen is useable in the torsion shear strength test
due to nil wall friction. This should allow an easier performance of K
measurement as above but it has also, with application of paint stripes to
the specimen, allowed easy viewing of the mode of failure. -

d.. The mode of shear can be observed through final shapej of initially
vertical paint stripes on the specimen. Simple diffuse shear vs slip plane
shear can be distinquished. = . !

e. As K varies with extent of shear strain, for example as critical
state is approached and volume of specimen expands or contracts, the con-
fining pressure can be increased or reduced respectively to maintain a fixed
vertical pressure throughout the shear operatiom. Other control methods
also come to mind. For example, a constant diameter specimen might be
maintained after caliper sensing of diameter during shear through movement
of the piston on specimen. We have used in the present work two other
methods handling vertical pressure discussed in 5 above. j

 £. The low wall friction should allow trial of dynamic shear'stress

relaxation examination of the specimen for cementation. This was not done
in this work.
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E. Drying Oven _
. : 3

Drying of test specimens as well as all drying of materials for this
project was performed in a forced draft oven with continuous pﬁrging of
fresh:air from the outside. Samples were spread out or broken: up as in the
case of torsion test specimens, into 9 by 9 cm. disposable plastic petri
dishes with sample designations clearly written on their sides prior to
being placed into the oven. The drying temperature of this oven is care-
fully controlled at 48°¢ (118°F) by a proportional controller.! This

moderate temperature was carefully chosen in order to prevent the de-
struction of hydrates and carbonates. Higher temperatures were proven by

DSC/ECGA analysis to reduce or even eliminate low temperature (80—150°C)
hydrated species. Likewise some carbonate materials showed low temperature
thermal deterioration with time. Typical sample drying times for achieving
a constant weight were on the order of 18 to 24 hours. Even if samples
were left in the oven for extended periods, we fee confident that no
deterioration would occur. Drying was sufficient, on the other hand, to
provide for stable constant weight over time and very low DSC/EGA evolved
water in the 30 to 500C ranges. This test proved that all water in the
samples was chemically associated with the sample.

Open air drying of the samples at room temperatures did nbt produce a
constant weight for several days and the weights of many materials were
found to vary with changes in humidity. For this reason, oven: dried samples
that were intended for further analysis, were stored in a constant 30%
humidity cabinet maintained by a supersaturated calcium chloride solution
rior to analysis or sealed in glass bottles. The capacity of. the oven was
on the order of 60 samples at a time while the constant humidity chamber
could hold 27 samples. Drying is of particular interest to a program of
this sort both to obtain water content data and as a means of quenching
chemical activity in mellowing or aging materials thus fixing their chemical
composition at some given time for later analysis by DSC/EGA or ‘X-ray
diffraction. ;

F. EGA Apparatus. for Hydrate Water Determination

|

Small ground samples, 20-50 milligrams, of cured spent shale specimens
retrieved after torsion testing and oven drying at 48°¢ are encapsulated
in the standard Perkin Elmer aluminum foil sample cups. The aluminum lids
are fastened by crimping of the top edge of the cup over them in the stan-
dard die. One sample at a time is run in the Perkin Elmer DSCI differential
‘gcanning calorimeter from 50°c to 500°C. The temperature rate of rise
1s 10% per minute. Water vapor and CO, evolved into a nitrogen carrier
gas are monitored by the gas thermal cofiductivity cell shppliéd'with the
DSCI and by a non dispersive infrared CO, analyzer. Under conditioms of
operation the conductivity cell responds“to water vapor and practically not
at all to CO,. The signals are collected by a Hewlett Packard 9825T
computer con%rolling a H.P. 3495 A scanner, 3455 A digital voltmeter and
H.P. 9885 M flexible disk drive. Data so collected can be pldtted later by
a H.P. 9872 A plotter to varied format. The Perkin Elmer DCI igas thermal
conductivity cell is of the semi diffusion type. Its ability .to ‘
discriminate against CO2 may be due to the 180°¢ operating temperature -
used. : o :
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Figure IV 2 is an example of the water indication recorded from a
series of specimens containing burned TOSCO spent shale and unburned TOSCO
spent shale. An advantage of EGA determination of species is that the peak
areas may be integrated and are proportional to various species present.
X-ray diffraction peaks generally can not be used in this way although X-ray
diffraction often gives more positive identification.

G. X-ray Diffractometer - o ' W

Many x-ray diffraction powder patterns previously were obtained with a
Phillips diffractometer scanned with a synchronous motor with peaks plotted
on a synchronous motor driven strip chart recorder. These specimens were
often of 100% burmed TOSCO spent shale with various water contents and
uring times and sometimes spiked with gypsum, Ba(NO Y4s OT BaCl .
Autoclave mellowed spent shales were also studied by tﬁis equipment. Some
of these pertinant previous results are presented later in the present
report. ‘ |

An interesting species formed during autoclaving of the burned TOSCO
spent shale appeared to have powder diffraction lines corresponding to the
magnesium bearing clay mineral stevensite. The basal spacing .and some other

lines seemed. to confirm this. There was faint evidence of the basal
superlattice line also but the low angle scatter and/or 1nterference by the
direct beam made this uncertain. !

‘Resumption of x-ray studies on specimens prepared for implementation of
the present experimental design was attempted with a revised x-ray
diffraction system. This system uses different sensor and amplifier and has
been aligned differently. Goniometer scan is by stepper motor and peaks are
stored on the hard disk of a Nicolet computer system. The background noise
of this system as then aligned was more than with the former uncomputerized
system. Also the spectra are obtained on many short segments ‘of ink jet
printer paper which must be scotch taped together to give a Whole spectrum,
moreover with neither 26 nor intensity rullings on the final chart. ' )

Autoclave mellowed Lurgi (M 14) and burned TOSCO (M 15) samples were
run on the Philips diffractometer in standard powder holders at 35 kilovolts
and 25 milliamps using the Nicolet computer stepped system at'2 seconds for
each .04 20 step. .

Also a series of patterns were made in which a lead knlfe edge shield
was used to cut off various amounts of the grazing direct beam at low angles
for 26. The specimen was autoclave mellowed burned TOSCO, run M15, which
was expected to show a stevensite pattern. So much background was had
and/or so little stevensite was present that none could be identified.

These negative results and other negative results on concentrated clay sized
material on glass slides lead to trial of a Guinier transmission technique
with different system hardware. ,

A raw nearly unretorted TOSCO shale sample obtained by extractlng Jarge
fragments which had quickly by-passed through the TOSCO II1 rotary retort was
then ground and soaked overnight in distilled water and gsonically treated
four minutes to further separate the clays. The slurry was filtered through
a 62 m mesh to isolate the silt and clay sized particles from the larger
aggregates. The clay~-silt mixture was centrifuged at 600 RPM: for 5 minutes.
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The supernatant liquid was decanted off into a flask and the large volume of
water was filteted through a millipore with vacuum. The filter cake

~ contained the clay sized material and was transferred to a glass slide for
x~ray diffraction. For each sample 3 patterns were generated: 1) whole
untreated sample, 2) clay size, 3) silt size. The expected illite pattern
was not seen. ;

Because the superlattice structure of stevensite was under the
threshold 20 of the Philips diffractometer, the Guinier transmission
technique was employed. Here, a sample of autoclave mellowed (M 15) burned
- TOSCO was packed untreated.for the first run, and glycolated for the second
run.

The sought superlattice lines of stevensite were still not seen and
moreover even more background energy was had at low angles of 20 than when
M15 was examined with the Philips powder diffractometer system. It might be
tentatively concluded that the transmission Guinier technique indicates very
finely divided particulates are present in the autoclaved mellowed burned
TOSCO sample M 15. Perhaps it might also be concluded that mellowing run
M15 was too vigorous for optimum formation of stevensite. Perhaps it formed
initially only to be attacked and transformed to some other species of very
fine particle size as yet unidientifed. The temperature .and pressure of run
M15 were sllghtly hlgher than for any other autoclaving (see Flgure B IIT
6).

H. Brazil Tensile Strength Test

The behavior of liner material candidates under tension forces may he
of some importance in determining their ultimate usefulness. Tensile
.strength studies are sometimes performed on embankment and dam core mate-
rials but no single method has yet been standardized for their direct
measurement. Direct uniaxial tension testing and flexure beam approacher
were ruled out and the Brazilian method was chosen as having had
considerable backing in the literature. Sample preparation was almost
identical to the oedometer sample loadings. In addition, aging and sample
handling are easier and less subJect to detrimental handling.

In this test, cylindrlcal test specimens are placed under unlaxial
compression normal to their diameter. This force creates a diametral
tension stress at right angles to the applied force. Failure occurs along
the line of compression. Applied load and tensile strain is recorded until
failure occurs. The tensile strength of the specimen is then calculated
using the formula

P
oxc = mrl

where 0 = the tensile strength at the specimens center, P = 'total
appliedxgompre551ve load at fallure and r and 1 the radius and length of the
cylinder.

1. Aggaratus ‘

A Soil Test U-160 unconfined compression/deformatlon apparatus was
fitted with a motor drive system to provide a constant O. 071 mm/mln (0.0028
in/min) rate of crosshead motion. The proving ring assembly was connected
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to a linear variable differential transformer (LVDT) which in turn was
connected via its power supply and amplifier to one channel of ;a dual pen
strip chart recorder. This channel provided a direct record of the applied
load. A second channel was connected via another LVDT to a scissors type
caliper assembly that monitored th& deformation of the specimeﬁ at right
angles to the applied compressive load, i.e.; temsile strain. |The sample
end of the calipers were outfitted with pivoting anvils that rested against
the sides of the specimen. These anvils allowed an averaging of tensile
strain along the entire length of the specimen. Contact with the specimen
sides was maintained with a light rubber band located at the LVDT end of the
calipers. This provided sufficient springiness to maintain adequate contact
- between the anvils and specimen while not restricting the strain of the
specimen by more than a few ounces of pressure.
In order to insure proper load distribution between the compressive
loading plates and the sample under test, narrow rubber strips!16 mm (0.629
in) wide by 3 mm (0.118 in) thick running the length of the test specimen
were used. Several different rubber composition were tried, in order to
find a reasonable compromise between harder materials which did not conform
sufficiently with sample irregularities and softer materials which allowed
sample irregularities to come against the loading plates. Many of the
samples tested in this project were harder than typically encoﬁntered in
soil tension testing resulting in a choice of slightly harder than optimum
material. The narrow width of the rubber strips prevents the c¢ontact area
from becoming excessive thus reducing tensile stress through the application
of excessive nontangential forces. f
2. Calibration ‘ f
The compression axis of the test apparatus i.e. the proving ring/LVDT
assembly was calibrated against an Instron compressive strength machine.
The Instron load cell was in turn calibrated with test weights. The proving
ring/LVDT assembly proved linear throughout a 300 pound range well in excess
of expected tensile test loads. Above 300 pounds, the LVDT was out of range
and became nonlinear. This limit was alsc the upper recommended limit of
the proving ring assembly itself. ' ' ;
The tensile strain indicator channel was calibrated by loading the
Brazil test apparatus with a 63.5 mm (2.5 in) diameter copper ﬁest cylinder..
After seating the caliper anvils against the cylinder and zeroing the
recorder, the distance between the anvils was widened in successive stages
by placing shims between anvil and test cylinder. This action simulated an
actual test condition. The increase in width was correlated with the strip
chart recorder output for final calibration in Volts/em (Volts/inch) of
gtrain. Minimum recordable strain is on the order of 0.02%. '

3. Sample Preparation ‘ . , i i

The samples to be tested in accordance to the test plan of Table II 1
were those for which spring oedometer/torsion shear samples were made.
Fewer samples were required however since permeation was not a possible
variable for the Brazil tensile test. Samples were mixed as for oedometer
tests with appropriate water contents, mixed for the recommended 30 minutes
and proctor compacted into a 3 piece split brass mold measuring 3.81 cm (1.5
inches) in length and 6.35 cm (2.5 inches) in inside diameter. The polished
interior of the mold was greased with a silicone grease as a mold release
compound, even so, the removal of the brass sides from several 'samples proved
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disasterous resulting in the removal of large chunks of specimen. Some
specimens required the molding of 5 or more samples before a structurally
perfect product was produced. Duplicate and triplicate samples were
provided for all tests.

Proctoring was done in accordance to Table II 1 with roughly 2/3 of the
gsamples receiving a modified proctor compaction and 1/3 a standard proctor
compaction. The number of layers was increased from 5 to 7 for the mod~-
ified proctoring and from 3 to 5 for the standard proctoring in order to
adjust for the 50% increase in compacted thickness. The number of proctor
hammer blows per layer was changed to 27 for modified and 23 for standard
proctor in order to maintain a consistent energy/volume ratio.| Dry den-

sities of test specimen were checked against the dry density of similar
samples compacted in the oedometer rings verifying that compaction efforts
were indeed about the same in both cases. :

Immediately after compaction, the sample retaining ring was stripped
away and the sample was briefly dipped into a mixture of 50% parafin, 50%
petrolatum in order to provide an impermeable layer inside of which the
sample would be aged. These were then placed inside a ziploc bag for
further protection and stored until tested. The wax mixture has a very low
melting point (=50 C) and results in minimal heating and sample water
loss. The higher water content Lurgi samples were so mushy at the omset
that they were especially difficult to dip and a special spoon had to be
used to gently lower them into the wax melt.

. 4. Testing
‘ The sample to be tested was removed from its ziplock bag and the wax

was removed from two diametral sides of the cylinder. The rubber pads were
placed on these bare areas and the specimen was inserted into the testing
apparatus. ‘The crosshead was manually positioned so as to Just contact the
test specimen between the proving ring and the crosshead plates as indicated
by a slight movement of the recorder pen. The strain anvils were then
brought into contact with the sides of the specimen and the strain recording
pen was zeroed. The motor drive was then activated and the recorder was
turned on. Typical testing times were on the order of ome hour/test but
ranged from 30 minutes to 3 hours. -

All samples failed with a visible vertical tension crack ‘on both faces
at the time of failure with the exception of the T0SCO 70/30 mixtures which
did not fail below the maximum permissible compression force and the drier
samples of a 75/25 mellowed TOSCO series which were weaker along their
compaction planes and produced failure in a mode similar to aistack of poker
chips. Compressive force at failure ranged from typical soil—clay values of
25 pounds to more cement like 300 pounds. They equate to tensile strengths
of from 4 to greater than 50 pounds per square inch. Results 'of these tests
are presented in Table V 3. As seen in this table, tensile strain for the
majority of tested specimens was zero just prior to tensile fallure
indicating a cementatious non plastic behavior.

1. Paeumatic'Loaded Arm Oedometers i

The spring loaded oedometer cells used in this program are capable of
obtaining compressability (consolidation) data only at one loading pressure,
‘i.e. that of the spring force. In addition, due to the fact that




considerable time elapses (2-3 min) between the initdial loading of the
gpecimen and the first consolidation data point collection, much and often

-all of the primary compressibility has already taken place. In order to
- obtain information regarding the behavior of the test speczmens both

immediately upon the application of a load (primary consolidatlon) and under
the influences of different loads, a set of pneumatically loaded arm
cedometers were employed. Four of these oedometers are available and can be
operated simultaneously. A computer controlled interface automatically
adjusts load pressures at the required time intervals as well as collecting
the consolidation data..

The consolidometers (oedometers) themselves consist of a pivoted lever.
arm, the long end of which is attached to a pneumatic cylinder. The arm

- pivot consists of a double row of ball bearings. The short end of the lever:

arm presses downwards against the top of the sample cell upon appllcatlou of
air pressure to the pneumatic cylinder.

The sample cell consists of a spherical bearing pivot whiéh transfers
the force from the arm to the sample loading plate while allowing for
pivotal alignment between the arm and loading plate. The sample is confined
within a circumferential brass ring and between two porous dises. The
loading plate presses downward against the top porous stone whose diameter
is less than the confining ring and is therefore free to move in reference
to the confining ring. The sample and ring sit upon the lower; pore stone

- which in turn rest on the base of the consolidometer. This arrangement is

known as a fixed ring cell in that the ring and lower pore stone are con-
nected with each other and all consolidation occurs with the movement of the
upper pore stone, In order to reduce frictionmal effects between the sample
and confining ring, the inner surface of the brass confining ring is highly
polished and is lightly greased before use. The pore stones allow for
drainage of water pressure from the sample on both faces. TFor: this series
of tests, the samples were consolidated at thelr compacted water content and
were not inundated with water as is done in more traditional soil comsoli-
dation testing. Ziplock plastic bags maintain a saturated atmosphere around
the samples and porestones in order to prevent any drying out of the speci-
mens under test. : .

Gas pressure is applied to the pneumatic cylinders through a manifold
connected to electric solenoid valves which in turn are connected to gas
pressure regulators. Gas pressure is supplied to the regulators from high
pressure nitrogen bottles with primary pressure regulation at the bottles.
The computer then activates the solenoid valves in a timed sequence to
provide a series of five different consolidation pressures. The following
table lists the pneumatic cylinder pressures and their correspondlng con~
solidation effects as seen by the specimen under test.

t
P

Cylinder Gas Normal Pressure Applied to Test Specimen
Pressure ‘ 9 9
(PSI) o PSI Kpa #/ft tons/ft

10 19.4 - 133.6 2791 1.40 i
20 38.8 267.3 5581 2.79 I
40 ‘ 77.5 534,5 11163 5.58

g0 155.0 - 1069.0 22326 11.16

160 . oo 3i0.1 2138.0 44652 22.33
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The vertical consolidation of the specimen measured by a llnear variable
differential transformer (LVDT) which monitors the movement of the oedometer
are directly over the sagple. Resolution of this measuring device is better
than 0.002 mm (7.9 x 10 ~ in). The output from the four LVDTs is recorded
by a digital printer. Data is recorded under computer control on a loga-
rithmic time base beginning at one second after a load is applied to the
specimens. under test. After primary consolidation data is collected at one
pressure, the next higher pressure is applied to the sample and the log data
acquisition timing curve is restarted. A typical consolidatlon test for all
five pressure ranges requires from between 8 and 12 hours. Although secon-—
dary consolidation over a long time base could be measured with this appa-
ratus, thermal drift of the pressure regulating system causing long term
pressure variations make these measurements. impractical. Spring loaded and.
dead weight oedometers are more suited to these measurements.‘

1. Sample’ Preparatlon ;

The sample to be tested is first mixed in accordance to the prescribed
water content for 30 minutes in a ziplock bag. The sample material is then
loaded into a greased retaining ring and compacted to the desired level.
Both standard and modified proctor levels of compaction were used on this
program in accordance with the mast sample matrix although typically only
standard proctor would be considered for consolidation testing purposes.
The sample was proctored in the prescribed number of levels anﬁ proctor
hammer blows. After compaction, the sample is carefully trimmpd even with
the ends of the sample ring and weighed for initial density determlnation;
The sample is then sandwiched between upper and lower pore stones and the
entire assembly is sealed in a ziplock bag. The sample is thep placed bag
and all in the arm oedometer for testing. After testing, the weight of the
sample is again recorded in order to determine any water loss through
consolidation and final density. Specimen diameter was 6.35 cm (2.5 in.)

- with an inltial height of 2.54 cm (1.0 in.).

2

2. Data Reduction . ‘

‘The consolidation reading may be plotted against time on either semilog
or square root scales for each incrimental stress applied to a given sample.
Higher accuracy is obtained from log time/settlement curves for more clay
like materials like the mellowed TOSCO mix materials, while square-root
time/settlement curves lend themselves to better analysis of higher per-
meability more sandy materials such as the Lurgi specimens. !

i

Void ratio,.coefficient of consolidation c__,«, coefficient of
. v !
secondary compression c«= , compression index cc may then be calculated.

. ! ¥
: . ‘ i




V. RESULTS

Data resulting from the main series of experiments previously outlined
in the experimental plan, Section II C, are presented in Section V A, Table
'V 1 and Table V 2. 1In addition Section V B here presents results of
"tensile" strength determination by the Brazil indirect method in a series
of experiments paralleling the main experiments except that spring
consolidation during curing was omitted. Section V C here contains results
from another series of side experiments on the same sort of materials used
in compacting specimens for Sections V A, and V B. For Section V C
compressiblity of standard proctor and modified proctor compacted materials
was determined in 2% inch diameter by one inch high pneumatic 'loaded
consolidation cells which are here called pneumatic oedometers to
distinguish them from the spring oedometers involved in the mdin series of

experiments.. These compressibility, coefficients allow further insight on the
nature of. the materials and changes as curing and. consglidation at around 280
psi vertical pressure proceedes. ; ‘

A. Reésults from’ Compacted Cured, Permeated and Tor51on‘Sheared

3
1. Initial Apparent Dry Density ‘
Precautions and procedure for determination of the apparent dry density
of a spring oedometer specimen are in Section IV A. When spent oil shale,
particularly burned spent o0il shale, is mixed with water hydrates such as
brucite, tobermorites, ettringite, gypsum, and possibly some Ca(OH), form
which cause the true dry density of a specimen to be greater than tﬁe
apparent dry density determined simply by dividing the weight :0f dry ingre-
dients forming the specimen by the specimens volume. TFor the 'purposes of
the present investigation the apparent dry demsity seems adequate for use in
monitoring compaction of the specimens. In determining compaction curves of
starting mixes, Section III C, the ASTM method of oven drying a part of the
specimen after compacting material to & given volume was not used. Rather,
water added was used instead of water found by oven drying. ’

However, in the oven drying procedure used here on crumbs agter the
torsion test the oven temperature was set at a relatively low 48 C to
preserve as many hydrates as possible. Representative crumbs from each
spring oedometer specimen after curing, permeability measurement, (if done),
torsion testing, and oven drying at 48 C were then analyzed by a water
detecting gas thermal conductivity cell EGA attachment for the Perkin Elmer
DSCI differential scanning calorimeter. A temperature ramp limit of 500 C
was used for the EGA.. By 500°C most of the hydrate water is presumed to
be evolved at 10°C per minute rate of temperature rise used..

Table V 1. dncludes the initial apparent dry densities ofithe specimens
compacted in the spring oedometers after any initial consolidation. These
figures should be nearly directly comparable with dry densities presented
with compaction curves in Section III F calculated from water added.

2. Mineral Grain Density of Cured Specimens

The mineral grain density of cured material after oven drylng at 48°%¢
has been determined by a Beckman air pycnometer for the spring oedometer
specimens and entered in Table V 1. Mineral grain density is needed for
calculation of void ratio. It also seems to be of value as an indication of
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extent of hydrate formation. Also included in the initial mineral grain
density. ;
3. Cured Specimen Void Ratio '

The void ratio for natural soils is often used for correlating with
permeability for a given type of soil. A cured specimen void ratio computed
from the apparent initial dry density of a loaded oedometer specimen and its
mineral grain demsity after curing is presented in Table V 1. | The angle of
internal friction at peak strength has also been correlated with void ratio
~ for some materials later. ;

4. Secondary Compression Index ;

The secondary compression coefficient C, is determined from the semilog
slope of the secondary compression part of the consolidation curves of the
~spring oedometer specimens. In general the secondary compression rate is
lower for cemented specimens. Many specimens showed increasing slopes at
longer times on the semilog plot. Some secondary compression curves are
shown in Figure V 1. Final Ca values are tabulated in Table V 1.

5. Permeability Coefficient i

The permeability of the spring oedometer specimens has generally been
determined at a hydraulic differential of 20 psi across the nominal one inch
thick specimen. Too low a pressure sometimes allowed no flow at all,
perhaps due to hydrophobicity of some specimens. Some specimens at inter- )
mediate pressure would balk sometimes and flow again at other times. This -
also is believed due to hydrophobicity. Obviously an emplaced: liner can not
rely on hydrophobicity which can reject only, say, 5 psi water head, or
whose hydrophobicity is perhaps fleeting. The permeability coefficients are
presented in Table V 2, column 5. i

6. Shear Modulus During Torsion ‘

Initial stiffness is measured by the initial stress/strain slope during
torsion. Cemented, highly compacted, or over consolidated specimens show
steeper slopes than soft, normally consolidated, or low brittleness index
specimens. The initial slope of the torsioned spring oedometer specimens is
given in Table V 2 may be an auxillary measure of specimen softness. The
shear modulus G (column 23) has been calculated from this data}

7. Peak Shear Strength

Beyond the initial steep part of the torsion stress/strain curve the
curve droops and often a maximum stress develops from which the peak shear
strength used here is calculated by the empirical formula having the same
form as the derived formula for Y discussed later:

- 3 (moment) = _moment *

P 27 r3 2 'rr(l.25)3
3

inch 1lbs moment
4,091

Prin 1b/in2 ‘ i

(52.17) (LVDT volts),

The volts EMF output of the LVDT system of the torsion provingiring is read
from the stress/strain curves recorded by an X~Y recorder, The X axis of
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the pen is synchronized to the extent of rotation of the worm driving the
worm gear and a potentiometer while the Y axis of the pen is driven by ‘the
LVDT amplifier output. : ! ‘

The peak shear strengths are tabulated in Table V 2. ,
8. Residual Shear Strength i

After 'a certain amount of shear occurs in the torsion specimen :
following peak shear strength development the stress subsides and generally
asymptotes to a lower value than the peak stress. This is called for these
tests the residual shear strength, » Which is usually characteristic of
a certain degree of slipperyness of ghear "planes" developed in the specimen
as shear‘procedes although sometimes simple shear with no planes develops
instead. The "planes" can have a higher pore pressure than the specimen as
a whole due to compaction and squeezing out of water from material in the
planes or dryer than the whole because of expansion of the material there
dyring shear. 1In any case, however, any platy clay - like minerals will
generally become oriented parallel to the shear plane and eventually
increased slipperyness results. Much of the fabric structure causing pegk
shear strength is worked out during the shearing process producing the
residual shear planes. Residual shear strengths are more predictible and
characteristic of mineral grain composition of the specimen than are peak
strengths which are dependent on distribution of cement, void ratio, water
content, soil fabric structure, and age, Table V2 presents residual
strengths of the spring oedometer specimens after torsion. Another concept
might call these strengths the "critical" strengths and say these specimens
had not yet reached the true residual strength stage of strain which

requires a ring shear apparatus which can produce even greater ‘displacement
att the shear plane. . .

A formula for computing residual'st:ength from the torque lat that time
is ' o ;

- 3(moment) _ moment

RO g3 2 7 (1.25)3 |
: 3 v |
= inch 1bs moment . .
4.001 o | - .

(52.17) (LVDT Volts) for the present apparatus, rin 1b/in2

f calculated this way assumes resistance constant with radius' due to
plasticity of the specimen when residual shear strength has been attained
(wvhere residual strength equals critical strength) or comstant With radius
when sliding friction operates in the slip plane form of residual strength.

9. Brittleness Index s ;
The brittleness index is usunally given by !

_'P -®R
Tp _
Non cemented, non overconsolidated, loose structured silty or boulder clay

like material may have nil brittleness index. This seems desirable in a
liner in that in such material shear planes are less likely to develop.and a

BI
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TRIAXIAL TORSION SHEAR TEST WORKSHEET

Date of torsion test‘

Sept. 25, 1985

Loading No.

36

Sheath No. ~

21

i
t

Shale ﬁix and water, %

Tosco. 80/20 24!

Compaction, std. or mod. proctor?

C, T., Mod. Proc
E) .

Was‘Specimen permeated? Yeé E
Spring loading hydraulic pressure, a a 1150
Consolidation pressufe from spring 0.2579 a=A A 296.6 PSI
' Containing can pressﬁre =0.7A=bD b 207.6 ;PSI
Instron pen above balance baseline after ;
pulling sheath observed, c c ~85 LB
Initial mismatch in soil skeleton pressure after ‘ é
pull;ng sheath D= C - 0.11393a D -148.3 PSI
Increase instron pen reading before torsioning ‘ g
by 4.909 D = X by raising lower platen on ;
slow speed with manual knob X 728.2 LB
This results in pen position above balance ‘
baseline of X + C to hold during ‘
torsioning by manual platen position L
knob adjustment ‘ X+C 643.2 Lb
{
i
|
52
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33 O0.5VOLT/INCH
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Figure V 2. Some Torsion Stress-Strain Curves, Loadings 32,

42, 64, 92
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simple shear or zone shear action may occur. Even low amounts of cement~
ation seem to prevent simple shear but promote shear planes and development
0of a counter system of jointing during strain in these materials. Table V

© 2, (column 20) presents the brittleness indices determined..

Figure V 2 shows some torsion. stress-strain curves for some oedometer
specimens in the triaxial torsion apparatus. Several types of curve are
presented. Curve A is for a soft uncemented silty specimen, B for a mildly
cemented specimen, C for a more strongly cemented specimen, and D for the

special mix of mellowed burned TOSCO with some burned TOSCO. iThe
brittleness index of curve A is zero, of curve B is low, of curve C is high,

~and of curve D is negative. The negative brittleness index occurs with low

permeability clayish specimens which drain more slowly than the usual silty.
specimen. This is believed. to cause some pore pressure development during *
deformatlon at- the rapid twisting rates of around:Q degrees per minute
standardized. here When contractlon.of the spec1men 3011 skeleton durlng o
shear. occurs., : !

10. Photographs of Sheared Specimen

Before "loading" or compacting the material into the sprlng oedometer
sheath four yellow acrylic paint stripes were brushed longitudinally on the
inside of the sheath at a position including the future location of the
specimen in the sheath. These stripes easily transferred from the Teflon-
coated inner sheath surface to the specimen when it was extruded from the
sheath by sheath raising before torsioning. The greased gum rubber membrane
did not attract the paint stripe either after the rubber was laid on the
specimen during the sheath raising operation nor during torsioning itself.

- As a result, if the yellow stripes were not.disturbed during compacting by

the proctor hammer, the yellow stripes served as a marker of movement of the
qpecimen s outer surface during torsion shear. Shear planes are often
clearly distinguished that would be indistinct without the marker lines.
Simple shear or zone shear of soft specimens of low brlttleness index is
indicated by development of diagonal marker stripes without discontinuities.
By this means it became apparent that only a little cementation or brittle--
ness index served to inhibit simple shear and produced a few shallow angle

. ¢hear planes in spiral configuration oriented such that the lowered normal

stress on the planes due to rotation of principal stresses was contributing
to the development of the spiral fracture. !

Flgures v 3, 4 5, 6, and 7 are photographs of marker strlpes of the
typical torsioned specimens corresponding to the stress-strain'curves of ,
Figure V 2.. When the piston was removed by pulling as nearlylvertically as
possible some tension developed in the specimen which sometimes caused
cracking along the weakened slip planes and their easier observation.

Joints also were opened up which may not have Been very obvious otherwis
These tend to cut across the slip planes at 45 .

11. EGA Determined Hydrate Water

Hydrate species water evolution and carbon dioxide evolution curves of
some of the spring oedometer specimens after torsion testing are presented
in Figures V 8-32. By integrating the area under peaks along the curves .the
hydrate water in a particular species formed during mixing with water and
curing may sometimes be approximated. Figures V 33-36 show the raw
materials autoclave mellowed Lurgi M 14, autoclave mellowed burned TOSCO M
15,. unwetted Lurgi, and unwetted burned TOSCO, respectively.

!
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Thus the peaks of water evolution contained in an EGA curve are an aid
in identification of hydrate species such as ettringite, gypsum, brucite,
etc. and their assay. This work has been done in conjunction with X-ray
diffraction as often EGA peaks of two species will overlap. To further aid
in identification of species evolved CO, has also been recorded with the
evolved water on the same chart. Table V 1 summarizes the hyd&ate water
determined by EGA up to 500°C. One entry is for total evolved water,
another is for water to 255°C, and another for 255 to 500°¢.

B. Bra211 Test Results

Table V 3 is a summary of Brazil tensile test results with sample
de51gnatlon numbers paralleling the loading number of Tables B-V I and B~V
2. Suffix B indicates Brazil test, small letters distingulsh duplicate
_ ‘specimens.

C. 'Pneumatic Oedometér Compressibility Coefficients

Table V 4 summarizes results of pneumatic arm oedometer .study of
standard proctor and modified proctor specimens of freshly mixed material.
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Figufe V 3. Torsioned Spécimen of Oedometer Loading 33, A

Figure V 4,

Material

Torsioned Specimen of Loading

63

64, A Mildly Cemented

Sp

ecimen,




b

Figure V 5.

Eigure V 6.

Torsioned Specimen .of Loading 42, A More Strongly
Cemented Specimen

Torsioned Specimen of Loading 92, A Rather Impermeable
Little Cemented Specimen ;
64 '




Figure V 7.

Torsioned Specimen of Loading 32, A Low
Brittleness Material Showing Shear Plane.
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VI. DISCUSSION OF RESULTS

A. Permeability

: |
Permeability coefficients were more reproducible and self consistent

than expected. Perhaps the high pores ( 280 psi) consolidation pressure

contributed to minimum channeling along the wall of the oedometer sheath as

-well as to minimizing flow between peds of soil fabric which may produce

’

wvariable permeabilities at lower vertical pressures. Also bimodal
permeation channel development may be minimized by the compactlon at optimum
water content often used in producing these specimens.

During mixing of materisl wetter than optimum, granulatidn occurred in
which pellets of material formed which seemed to be wetter on their surface
than inside. This seeming tendency toward synergesis probably disappears as
mineral hydrates form during curing but during compaction and initial
consolidation the wet surface of the granules may allow smearing of their
surfaces with development of parallel alignment of any clay—like mineral
platelets present during compaction by proctor hammer. This may account for
some of the observed lower permeability at wetter than optimum moisture -
content compared to a dryer moisture content. ‘
Reduced permeability for compacted specimens of most spent shales at
wetter than optimum moisture content was observed. Figure VI 'l shows this v .
effect for both standard and modified proctored specimens made from mixtures -

- of burned TOSCO and unburned TOSCO II spent shale. However, the effect is

weak or nil for 100%Z unburned TOSCO II material, at four weeks curing time.
Of course some other factor may be influential with these cementing mate-

‘rials such as increased hydrate formation at higher water contents.

Figures VI 2, 3, 4, 5, 6, and 7 show a general but not universal mild-
downward trend of permeability at increasing curing times, especially beyond
30 days with the exception of the more cementaceous 70% TOSCO II with 30%
burned TOSCO blend and the Lurgi spent shale which showed increased per-
meabilities beyond 30 days even though the latter had shown a decrease up to
30 days. The lower permeability at wetter than optimum water ‘content is
evident again with the Lurgi material in Figure VI 6 when the 22% water
added is compared with the 277 water added curves within the modified
proctor constraint (square data points).

It is difficult to make sense of the sketchy permeability vs curing
time curves of Figures VI 2, 3, 4, 5 and 6. This is perhaps caused by the
irregular course of mineral hydrate formation and disappearance as curing
time increases. Reduction of the mineral grain density (determined by the
Beckman air pycnometer) of pulverized 48%¢ oven dried material from the
torsion test is assumed to be an indication of the extent of hydrate water
incorporated in cementaceous and/or bulk producing species in !the specimen.
Figures VI 8, 9, 10, 11, and 12 plot the remarkable course of the extent of
hydrate water present in the specimens after torsion testing as indicated by
nineral grain density. If a lower mineral grain density indicates more
mineral hydrate water then there is an appreciable maximum in mlneral hydrate
water at around 20-30 days as curing progresses with time for [all unmellowed
TOSCO spent shale materials studied including unburned TOSCO II spent shale.
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The Lurgi spent shale, however, showed not only less reduction in
mineral grain density after curing compared to-the grain density of the
uncured .dry raw material but no clear cut minimum and some scatter of the
data points. Apparently a different cementation mechanism is. involved with

the Lurgi material than with the TOSCO materials or else the Lurgi pilot
plant pre-hydrated the material to cons1derab1e extent during post pyrolysis
operations.

The interpretation of the minimum in the mineral grain dens1ty plots of
the TOSCO spent shales (Figures VI 8, 9, 10, and 11) as due to mineral
hydrate maxima is substantiated by Figure VI 5, introduced later, which
shows maxima in aolow temperature evolved gas analysis water peak (at
approximately 150 C) at curing times corresponding to the mlnima in
mineral grain density. -This peak appears to be due to a tobermorlte-llke
species, CSH I (Ca0 Si 2-nH 0) and ettringite.

Figure VI 13, shows the permeabilities found for autoclave mellowed
Lurgi "(autoclave run M 14) mixtures with Lurgl, an autoclaved burned TOSCO
(M15) mixture with unburned TOSCO II and an autoclaved burned TOSCO M15)
mixture with burned TOSCO spent shale plotted vs void ratio e for certain of
the spring oedometer specimens. These were all modified proctor specimens
and the water added and curing times are noted by the data points plotted.
The low permeability of the 75% autoclave mellowed burned TOSCO spent shale
mixed with 257 of burned TOSCO spent shale is to be particularly noted in
view of its low cementation to the time curing was stopped. Before con-
cluding that the mixtures containing burned TOSCO spent shale giving the
lowest permeability are most desirable in a liner the brittleness of the
liner must be considered and also 1ts ability to self heal after fracture or
during tension movement. S

The permeablllties were determined just before torsion . testing, the
void ratios were based on mineral grain densities determined on 48°C oven
“dried material after torsion testing and bulk dry density of the specimens
just after loading in the spring oedometers. The bulk dry den81ty was
calculated based on water added to the wet mixture loaded into the
oedometer.

Figure VI 13 shows that in general the greater the fraction of burned
TOSCO spent shale that is blended into the unburned TOSCO II spent shale the
less the permeabillty at a given void ratio. Lower void ratios give lower
permeabilities also, however, as is the well known trend for ordlnary soils.
Fairly clearly the hydrate forming cementation reactions of burned TOSCO
containing spent shale reduce permeability beyond that to be expected by
simple reduction of void ratio determined using mineral grain /demsity. This
may be due to deposition of fine precipitate or gel within the spent shale
particles interstitial spaces or it may be due to deposition at spent shale
particle contacts that grows to invade the interstitial spaces. Growth of
cementaceous hydrates within a given porous spent shale particle should not
influence permeability of the specimen much. ;

B. Peak Angle of Internal Friction OP Related to Self Heallng and
Its Trade off with Permeability ;

Figure VI 14 shows a dilemma in trying to compound a linér material
made from any mixture made from burned TOSCO and unburned TOSCO II spent oil
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|
shale. Both low permeabilities and low peak friction angles ;re desirable
but they seem to be nearly mutually exclusive. A low friction angle allows

easier or more extensive rapid self healing. A high peak frictlon angle
is shown by the more cemented specimens.

The peak angle«of internal friction plotted in Figure VI 14 is more
easily reduced from the torsion data than a normalized peak shear strength.
Also zb may be directly used in one model of the rapid self heallng
- process.

For a silty material (as many of the specimens here studied are) the
torsion shear strength measurements give shear strengths proportional to the
normal pressure on the failure plane (which is practically the same as the
vertical pressure on the specimen). This is because the specimens are small
enough so relief of pore pressure of a silty material is rapid and also
because cementation in these specimens is nil. For such specimens in such a
test that is not too quickly performed, the peak shear strength and residual
shear strength data obtained at known vertical pressure can be reduced to
M and ﬁ respectively. .

Many of the peak friction angles of the more cemented specimens
measured are not as high as they should be because the looser, less
compacted, specimen material near the top pore stone tends to ! fail before
the more representative center of the specimen. Thus the dilemma in trying
to attain low cementation as well as low permeability is probably more
serious than even indicated by Figure VI 14. Also probably féw if any of
the peak friction angles determined by the present torsion apparatus are as
high as they should be for the more cemented specimens due toieccentricity
of the rotating piston and top pore stone and vanes due to an? non trueness
or bowing of the piston rods which can cause development of much side thrust
without registering of much torque. This would be an insignificant factor,
however, with a soft specimen which can deflect to accommodate a little side
thrust with no rupture.

The curve of Figure VI 15, permeability vs peak friction?angle, for the
Lurgi spent shale seems to run counter to the curve of Figure VI 14 for
TOSCO spent shales. There appears to be a difference in the materials
causing, for the Lurgi, a reduced permeability with reduced angle but for
TOSCO materials an increased permeability with reduced angle.? For TOSCO
spent shale of Figure VI 14 less cementaceous species seem to be the cause
of low friction angles but for Lurgi spent shale of Figure VI:.15 greater
water content may be operative, at least at the short curing times involved.
With the fast setting TOSCO mixtures perhaps the water contents role in
softening a material is overshadowed by rapid cementation. With longer
curing times perhaps the slow setting Lurgi material would more resemble the
TOSCO mixtures in its permeability vs friction angle plot.

C. Residual Shear Strength and Critical Void Ratio Related
to Slope Stability i

Data obtained as &, and @, can be used in a soil mechanics model
where drainage of pore pressure ig rapid. Drainage of pore pressure in the
field is relatlvely rapid, even for a thick liner layer, if rate of shear is
relatively slow. However if pore pressure drainage is not rapld a more
complicated and hazardous case must be considered.




Before the liner shears, and therefore before the soil skeleton in the
shear zone might be compressed (if its void ratio is above the "critical -~
void ratio" for the material), the peak shear strength may be used to esti-
mate the maximum angle of inclination of a liner below a spent shale pile
before the pile will slide through shear failure in the liner parallel to
the 1iner. But if the liner does begin to shear at some placevdue to
the peak strength being locally exceeded, and if the liner material does
contract during shear (the "critical void ratio" of the shearing liner being
lower than the emplaced liner void ratio), and if pore water pressure can
build up in the plane or zome of failure, trouble is probable. sPore pressure
will reduce the effective vertical pressure 0 ' and reduce the effective
peak shear strength ' of the section of lindr beginning to shear. The
reduced strength of the initially shearing section and the strain occurring
shifts the stress toward the remaining intact section of liner and its
strength may also be exceeded. Thus a "progressive failure" occurs which
results in a slide. ‘

The most conservative désign strengthwise (and possibly'the most
expensive) is (1) to design using the weak strength developed after shearing
occurs with no drainage where the effective normal stress 0 is reduced and T
is also reduced (sinceT=0 cos 0) or (2) to design with the low residual
shear strength v, which is developed as the thrust of the failure shear
plane increases %and any cementation or particle to particle interlocking is
broken and any clayish mineral species platelets are aligned parallel to the
plane thus producing a more slippery shear plane), whichever i? lowest. It
was beyond the scope of this present work to test the true residual shear

strength of the many materials and condltions of emplacementhere surveved
Iy the ripg shear apparatus ‘

The change in void ratio from emplaced void ratio to thefcritical void
ratio at failure has not been measured in the torsion apparatus used in this
study. Probably it is best measured (for plastic specimens) in a |
conventional "triaxial soil testing apparatus in which the volume of the
specimen can be measured throughout a test. Attempts to make this )
measurement on cemented specimens will probably be futile, however. It
should be done on good candidate (non cementing) liner materials. The
change in void ratio at critical conditions (where shearing, particularly
simple shearing, has caused the specimen to reach a steady state) helps
determine the pore pressure during failure and its degree of 1nfluence on
the shear strength during failure.

D. Brittleéerness Index Related to Cementation and Permeability

In calculating the brittleness index two shear strength valueS'r and
mustnot only be normalized to the same vertical pressure, but good
.and data is needed as a working number is derived from the
difference between two large numbers. This decreases the chances for a good
brittleness index, BI, result compared to those for a good . This is
believed to be one reason correlations using show less scatter than
those using the brittleness index. On the other hand this is not a
substitute for BI which is retained in spite of its imprecision for certain
illumlnatlng correlations. ST !
Figure VI 16 is a comparison of BI and ¢b for Lurgl, TOSCO and the
mixtures involving mellowed material.

'

112




0.2

C -0.2
35

H 1 }
O MIXES WITH MELLOWED MATERIALS,
MODIFIED PROCTOR :
86 [\ TO0SCosS & LURGI, STD. PROCTOR
O " " " MOD. PROCTOR
{ | ] :
40 45 50 - 55

PEAK INTERNAL FRICTION ANGLE, P‘, DEGREESE

‘Figure VI 16. B%itt]énéss Index Cbrre]ated with Peak Friction Angle.

'
1 :

113




Figure VI 17 is a plot of permeability vs brittleness index of
specimens made from TOSCO 70, TOSCO 80, TOSCO 90, TOSCO 100 mixtutes con-
taining mellowed materials, and Lurgi spent shale raw materialls. Difficulty
in selecting materials giving both low permeability and low brittleness

Lndex from materials giving curves on the right of the plot is evident.

Some materials of the curve on the left of the plot are, on this basis,
perhaps acceptable for a liner, however. These materials give a negative
brittleness index calculated from the quick torsion shear strengths
¢ and ¢

The cause of a negative brittleness index seems to lie in low perme-

- ability along with neglegible cementation. Low permeability of a specimen
in the torsion test is believed to prevent rapid drainage at the beginning
of torsion with development of appreciable positive pore pressure as speci-
men distortion and contraction occurs, which reduces the effective vertical
stress cv. As twist procedes, the excess pore pressure drains and
5. increases causing t to rise. The result is an increasing torque vs
time plot on the x-y recorder of the torsion test machine.

For .screening candidate liner materials the ability of the torsion test -
to indicate low permeability, non-cemented, simple shearing materials seems
useful., Whether the added ability of the torsion tester to transfer con-
solidating curing specimens from oedometer to torsion tester without much
sample disturbance is essential is perhaps debatable. It seems, however,
that every opportunity should be given the specimen to demonstrate any small
extent of cementation it has achieved during aging. Disturbance would tend
to break the cementation before testing thus reducing the peak of the
torsion stress straln curve. .

E. Relation of Peak Friction Angle @ and Brittleness Iandex
BI with Initial Torsional Stiffness and Shear Modulus G

Figure VI 18 is a correlation of peak friction angle Qith simple
shear modulus G obtained from the initial torsional stiffness, derived from
volts/degree twist on the stress strain plot. There seems toibe a higher
curve for brittle material and a lower curve for soft material.

In comparing these G's with others, the increase of G with confining
stress (some 280 psi o_ usually existed here) must be remembered. Some of
the points plotted in ¥igure VI 18 no doubt correspond to speclmens with
soft tops which too easily sheared and cause displacement of the points
downward. Soft tops are caused by poor emplacement of the top pore stone
and vanes into the proctor compacted specimen during 1oading of the spring
oedometer.

Apparent higher values of these slow shear modull for more cemented
specimens, suggests that perhaps rapid shear moduli from resonant dynamic
tests might be used to nondestructively periodically assay a given curing
specimen for cementation. The very small samples needed for an EGA assay
suggest this might be periodically dome on the specimen also w1thout much
altering its integrity for the dynamic test. Perhaps the specimen should be
kept under high vertical or high confining pressure to simulate burial even
during dynamic G testing. Perhaps it can be shown that proctor compaction
is adequate to simulate this and such pressures are unnecessary. With
proctor compaction the persistant problem of weak specimen tops would occur.
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Probably static compaction at the hlgh vertical pressures of 1nterest would
simulate a real liner adequately.

Figure VI 19 plotting BI vs shear modulus G also suggesté a distinction
between brittle and soft material. Here also some points are 'no doubt too
low. T '

F. Relation of Peak Friction Angle with Twist at Peak Strength

Figure VI 20 shows the peak friction angles of the TOSCO 100, 90, 80
and 70 series and the Lurgi material as a function of twist produced during
torsion testing at peak strength. There seems to be a trend for greater
twist (or strain) before failure for the less compacted standerd proctored
material than for the more compacted modified proctored material, especially

“for material giving lower peak friction angles. Greater strain before
failure is advantageous in a liner. This does not necessarily correlate
positively with tensile strength, however, which has little relation to
strain before failure. Tensile strength is more related to shear strength
where a rule of thumb says that it is about. 1/20 of the shear strength of a
cohesive clay soil. .

Also plotted in Figure VI 20 are points for loadings 86 and 92 for a
75% mellowed burned TOSCO -~ 25% burned TOSCO mix and the point for loading
87 which is of a 50% mellowed burned TOSCO - 50% unburned TOSCO II mix. A
large extent of strain before peak strength at low peak friction angles is
possible with these mixtures involving mellowed material. In.fact this sort
of material with low (in these cases negative) brittleness index tends to
exhibit simple shear or zone shear and larger twists than those plotted may
be more appropriate for this plot since for these materials peak strength
does not necessarily imply failure. .

G. Relation of Peak Friction Angle and Squashiness With'
Cured Void Ratio

Figures VI 21, 22, 23 and 24 show a regularity in peak angle of
internal friction plotted vs void ratio for cured TOSCO spent :shales, TO0SCO
100, 90, 80, and 70, as the fraction of cementaceous burned spent shale
increases. Greater void ratios (determined after curing) are associated
with lower peak intermal friction angles for the TOSCO spent shales. This
suggests that a liner made from spent shale should be as little compacted as
possible so a lower friction angle and resulting greater squaéhlness is had
which allows better self healing of the rapid type, other factors such as
not too much shrinkage at a shear zone being acceptable. The 'squashiness is
inversely proportional to the shear strength which for a silty draining
material is o, tan ¢

H. Hydrate Species Determined by EGA |

In the early stages of curing of the series of mixtures,TOSCO 100, 90,
80 and 70, rise and fall of an EGA water peak at 115 to 135°¢ was found.
Since both.tobernlte and ettringite may manifest themselves in this peak
some ambiguity exists without x-ray diffraction or other means of distin-
quishing between them. Figure VI 25 is a plot of this peak curing time for
crumbs of spring ocedometer specimens after torsion testing. Timing of this
peak is similar to that in development of strength of ﬂP in Figure VI 26.
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Another EGA water peak at around 225% becomes prominent with TOSCO

70 material. This is believed to be where the "carbonate ettrlnglte"
(ettringite with sulfate replaced by carbonate) manefests itself as an
additional part of its EGA curve. The main part, however, still is at the
115 to 135 C peak as for ettringite itself. There is a sudden appearence
of the 225°¢ peak at a sharp threshold with a burned spent shale content
~below 70%. This suggests that the pH of the water remaining in the mix
- and/or the carbonate ion concentration level left after some of the
alkalinity and carbonate has attacked the unburned TOSCO II spent shale
component of the mixture may determine whether ordinary sulfate ettringite
or carbonate ettringite is formed. . The identification of this peak is
‘substantiated by its reduction in side experiment curings where some gypsum
as a source of sulfate is added, its accentuation when Na,CO, is added,
and its elimination when BaCl2 or Ba(N03) as a sulfate scavenger is
added. i

Figure VI 27 is a plot of the initial shear modulus G vs the 115 to
135°¢C EGA peak height for several of the spent shale mixes after curing.
Although there is some rise in stiffness at the highest quantities of )
tobermorite and ettringite found, the effect is not very strong and moreover
for low peak heights which are in the low cementation region of most
interest the effect is nil. Thus study of cementation of this sort by
dynamic G testing does not seem straight forward. It must beirecalled that
ettringite is not very cementaceous compared to tobermorite and we have not
yet analyzed the 115~ 135° C EGA peak for these. :

Figure VI 28 shows strong inverse correlation of twist at peak strength
vs the 115 to 135°C EGA peak héight. Several high data points are
probably the result of slippage between specimen and upper pore stone. Any
cementation produced by these hydrates seems to operate against extensive
deformation, the action of interest in self healing, rather than against
small deformation involved in initial stiffness. .

The peak strength friction angle is quite dependent on tHe extent of
Formation of cementaceous hydrates under conditions of the torsion test.
Peak strength also correlates fairly well with the void ratio within types
of spent shale mixtures such as TOSCO 100, 90, 80, 70 or Lurgi. A better
correlation with strength than either of the above should be obtained by
plotting the family of void ratio vs peak shear strength curvés with the
amount of tobermorite water present as a parameter (ignoring any ettringite
and hydromagnesite cementing action). The tobermorite might be determined
assuming all ettrlnglte is the kind with also a peak at 225°C 'as well as
at 120 to 135°C (carbonate ettringite or hydroxy ettrlngite but not

sulfate ettringite). The early peak at 120 to 135°C or so (depending on
its height) results from both tobermorite and ettringite largely super-
imposed. The tobermorite peak area alone might be obtained bg subtracting
out a calculated carbonate ettringite area for the 115 to 135°C part of
its water evolution calculated from a ratio of the 225°C part of its water '
evolution.

I. Secondary Compression Index Co related to
Cementation and Mellowing
Figure VI 29 summarizes Co, the secondary compression index of the
spring oedometer specimens Just before the specimens removal from its LVDT
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height measurement system prior to permeability determination !(if made) and
torsion testing. In general some specimens showed a uniform height vs log
time plot while others showed a fairly sharp downbend in this iplot at around
of 1 to 5 days as though some kind of friction of cementation were broken
loose then in response to a particular environmental change. The nature of
these possible clock reactions has not been considered here but should be at
some time for whatever type of material might be considered a {further

. possible candidate liner.

Figure VI 29 shows that at a burned TOSCO spent shale content of about
10% in TOSCO II spent shale shale a minimum Cu occurred for specimens
showing a given peak friction angle. Figure VI 29 is a cross plot of the
data shown in Figure VI 30, 31, 32, 33, 34 and 35 for the last Gu from the
LVDT measurements and the peak friction angle later determined by the _
torsion tester. The scatter of the data in these latter figures is believed
to often be due to premature slippage of the specimen at its weaker top
rather than failing in a more representative portion in the middle of the
specimen. The '"best' curves "have been drawn through reasonable higher ﬁP
values of presumed better failed specimens. : “

It should be commented that none of the (@ values seen to date seem too
high for use of a liner for a period of 10,000 years. There is some pos-—
sibility, however, that the same secondary compression vs log 'time curves
may turn downward even further were specimens studied for longer periods.

The secondary compression index (x, that can be calcualted from
Townsend and Peterson (1979) data for their unscilped TOSCO II spent shale
for modified and standard proctor material at 10 minutes consolidation,
and interpolated to a o_ of 280 psi are about two or three times the
wvalues we have found (FYgure VI 30). These higher G values would be
explained if much of the larger chunks of spent shale in their unscalped
sample soften when water soaked so the bridging between them is weakened at
their point to point contacts. The @ values reported by these authors for-
standard and modified proctor are roughly comparable with &_ measured with
our torsion apparatus although a number of variables are important to the
exact values which are found.

" J. - Indirect Tensile Strength (Brazilian) Tests

In Figure VI 35 Brazil indirect tensile strengths of specimens
compacted and cured with no confining pressure are compared with the twist
at peak strength from the torsion test of counterpart specimens cured in the
spring oedometers at around 280 psi vertical pressure and tested near that

pressure. v !

There is a trend in Figure VI 35 for more cementaceous TOSCO 80
material to give greater tensile strength than less cementaceous TOSCO 90
material and for it to give greater tensile strength than the TOSCO 100
material. Lurgi spent shale gives relatively high temnsile strengths while
mixtures including mellowed material as noted give low to medium tensile
strengths. The negative slope of the trend: lines drawn for the different
materials suggests that the kind of tensile strength measured by the
Brazilian tests is a brittle cementaceous type strength associated with
rapid attainment of peak cementaceous shear strength as straiq progresses.
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This slope is opposite to that expected for a correlation of thegshear test
twist and temsile strength for a cohesive plastic material.’ \

- For the silty and sometimes cemented materials of most of the specimens
studied here high tensile strength primarily indicates cementation. A more
clayish material might show both high twist before peak shear strength and
relatively high tensile strength. Tensile strength, as weak as it is, in a
material at the overburden depths involved for the liner being cons1dered
does not seem to be an important consideration in the face of the high
vertical stress involved at depth which greatly increases shear strength.

Figure VI 36 is a plot of the temsile strain at failure with the Brazil
tests vsg the twist at peak strength for the torsion tests. It is concluded
that only a little cementation reduces the temsile strain at failure
considerably. The largest torsion twists (strains) of cemented specimens
and less cemented specimens at peak torsion shear strength seen are about
the same but the Brazil test tensile strains at tensile failure are much
greater for less cementaceous material. ‘
Figure VI 37 shows some classical shaped tensile strength vsfwater
content curves for specimens made from mixtures involving mellowed
materials. Even for the 757 mellowed TOSCO - 257 burned TOSCO specimens
which are undergoing some cementation, a peak tensile strength vs water
content is observed. The points corresponding to specimen water additions
used in the main series of oedometer - torsion tests are indicated by the :
oedometer loading number of this main series. According to data for these -
little aged specimens, optimum tensile strength was not usually attained.
But as observed above, the tendenecy - of the liner to shear at higher
vertical pressure which will far over-shadow the weak tensile strengths.

K. Compressibility Coefficients

Pneumatic arm oedometer tests were made on standard proctored or
modified proctored specimens one inch high and 2% inch diameter. : Table IT 1
lists the types of mixes studied by arm oedometer. Table V 4 is a summary
of gome results and some calculations. In the first column t signifie s
TOSCO, m modified proctor, s standard proctor, etec.

Primary consolidation was finished after 80 minutes for the one inch
thick double pore stone specimens used. For this time the total compression
of the specimen from the data collecting computer print out for each loading
increment was read and entered in a computer spread sheet program, Table VI
1 column D, as steady state Schaevitz units. After converting these to mm
compression and correcting for arm oedometer apparatus deflection at the
particular load (column C) the net compression was calculated (column F) for
that loading increment. Load increments producing vertical pressures on the
specimens of 19.4, 38.8, 77.5, 155.0, and 310 psi were used. From the
initial water added, mineral grain demsity of the initia% dry mixture before
wetting, specimen loaded weight, cell volume of 80.44 em™ and specimen top
surface area of 31.67 cm” the dry densities and void ratio for each
loading were calculated and for each change in load the delta v01d ratio and
compress1on index C were calculated (columns K and L). Lo

From the data calculated in Table V-4 a variety of correlations may
be made. Void ratio e plotted against consolidation stress (1oad) gives

|
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curves typical of silt. TFigure VI 38 shows the compression index for the
last loading increment (155 to 310 psi) for each specimen, plottéd against
the initial water added to the specimen in mixing it. There is much

similarity in the position of the curves for the various types of spent
shale. |
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VII. CONCLUSIONS AND RECOMMENDATIONS 7 !

1. A softer less brittle material after placement seems desirable for
most of the specimens tested. Apparently the angularity and harshness of
silt and sand sized particles in most mixes is the cause of a relatively
high angle of internal friction for the peak shear strengths and 'residual
shear strengths found after yielding. Such high strengths do not seem
necessary nor desirable and should be traded off for lower angles of
friction through less compaction, some heap mellowing time which will allow
more particle surface roughening and floculation and looser compaction while
retaining some measure of swelling and shrinkage stability, and/or additiom
or generation of some quantity of clayish material. The latter can
‘apparently be made from certain spent oil shales by autoclave mellowing but
- it may be more economical to add clay from other sources. Trial .of further
autoclave mellowed or other mellowed materials seems desirable. |

2, Trial of addition of clay or other similar fines to reduce
permeability in the case of the TOSCO II spent shale or the average Lurgi -
spent shale is desirable. This could be an added component or could be ‘ -
generated from autoclaving an especially active burned spent shale such as ’
the burned TOSCO material.

3. Ring sheér tests should be made to get T , at large dispiacements
for several examples of candidate liner material. i :

4. The cementing characteristics of burned spent shale seem to be a .
detriment to self healing as any shear movement needed for closure . of a
. vertical temsion crack by "caving in" of liner material would préduce shear
plane separated fragments. The planes may be possible water channels.
" Moreover- the depth into the liner away from the tension crack for a source
of £ill material will be less for high shear strength liner material.
Extrusion of a non brittle plastic liner material, into a tension crack, on
the other hand, should not produce such distinct planes. Autoclave
mellowing inhibits cementation of materials, f

5. The high friction angles observed in most of the liner specimens
tested are useful in that there will be less tendency for a pileiof spent
0il shale founded on a liner to slip down a valley. Silty sandy,materials
producing high friction angles are generally rather permeable and uncemented
specimens of the materials here tested are no exception. To reduce perme-
ability clay sized material can be mixed in or a non strength producing fine
precipitate or colloid within the interstitial spaces of the silt grains
might conceivably be internally generated. In this way a synthetic boulder
clay having both low permeability yet a- reasonably high friction: angle might
be produced. §

6. Quick clay inadvertently made in any of the above ways should be
avoided. Even a material that has only a little above critical void volume
should be suspect until proven unlikely to soften or liquify when subjected
to slip or earthquake produced shear. Even though a liner material in
unsaturated condition may not soften or liquify the same material when
saturated may soften under shear strains. This must be predictable and
eventually probably must be studied for any candidate liner material.
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7. The "final" secondary compression rates or C, for none of the

" materials, when measurements ceased just before torsion testing, was ex-
cessive. Rates below 2% settlement at 10,000 years by extrapolation were
about as large as observed. Much lower rates were more typical. ' However
since the settlement vs log time curves plotted were often concave downward
specimens should be followed for longer periods and chemistry of ‘the
apparent softening with age ascertained.

8. The effect of additives on spent shale should be further studied in
a more methodical experimental design. Gradations of mixes between silty
spent shale and clayish material should be tested for the follow1ng
1. Permeability
2. Shear strength by a2 quick method relative to the permeability
so any softening due to reduction of soil skeleton volume
during shear is observable.
3. Shear strength of both saturated and unsaturated material
should be studied. -
Well mixed or pugged materials should be used or fines should be generated
internally.
9. Possible methods for in situ fines generation include the
following:
a. Mix two slow precipitating liquid intereactants 1n‘with the
spent shale.
b. Mix in one liquid reactant which reacts with the spent shale
itself. ' -
c. Mix in a solid reactant which reacts with the spent shale. '

The spent shale base for the mixture should not be burned spent shale
to avoid the cementation already demonstrated but one “such as TOSCO 11
material. Perhaps mildly autoclave mellowed burned spent shale would not
cement even though much ettringite may be initially formed.

10. Periodic non destructive resonant measurement of shear modulus G
may be valuable for following development of any cementation in a given
specimen as curing or aging procedes.  EGA and to a lessor degree x-ray
diffraction may also be done on the same specimen without affecting G since
such small samples are required.

11. Experiments with phy51ca1 models of liner materials should be made
in which a tension crack is induced in brittle containment strata and the
ability of liner material to suppress water flow as the crack opéns is
measured. It is desirable to be able to perform meaningful experiments of
this sort without the need for continuous high vertical pressures during
aging of the liner. Strong forces at the time of, say, flexing or
stretching a model to generate a tension crack would, of course be necessary
however. Proof is desirable that proctor or other compacted liner material
in such a model approximates a real liner aged with considerable!overburden
pressure. i




VIII. QUALITY ASSURANCE AND QUALITY CONTROL

A. Objective

The overall objective of the quality control and quality assurance
program was to assure that the data obtained were of known quality and integ-
rity that would perm1t valid scientific conclusions to be made regard1ng the
potential for using retorted oil shale as liners below retorted shale disposatl
sites. This study was exploratory in nature and intended to prov1de a general
assessment of the potential for using new materials (me?]owed and burned retort-
éd 0il shales blended with standard retorted shales) in a unique new manner
(1iners below several hundred feet of retorted shale) for long term stability
(centuries). No standard methods exist to perform such as assessment. Therefore, -
some of the methods used, as well as much of the equipment and test procedures,
were developed under, and are original to, this effort. Therefore.an important
QA objective was to assure internally cons1stent and reproduc1b1e results
permitting valid conclusions to be made,. ; -

- B. Activities | ‘ ;

Since the experiments described 1n this report are of an exp]oratory and -
unique nature, the general QA/QC procedures involved internal correlation, cross-
checking and dup11cate testing as required to provide internally self cons1stent
results. This was accomplished to the degree required to assure that the trends
were internally consistent thus indicating reproducible resu]ts; Table VIII-I
provides a summary of the most significant QA objectives, methods, and results.

The following discussion provides an overview of some add1t1ona1 QA activities.

1. Compaction and Dry Dens1ty Measurements

Due to the somewhat "non standard" diameter of the test spec1ments a
miniature proctor hammer was constructed for sample compaction, ! Compact1n§
efforts were conducted at 656 kV/m3 for the standard proctor and 2929 kV/m°® for
the modified proctor as described in section IV-A. Since specimens used were
of non standard size they were checked. against specimens of standard size to
assure that they were comparable, -

The apparent dry density was obtained by weighing all the damp mixed
material added in 1ifts for proctoring. Care was taken to avoid evaporation of
the moisture. The volume was calculated from the internal diameter of the
specimen sheath and the measured specimen height., Linear measurements were
made to the nearest 0.025 mm and weights were determined to the' nearest 0.1
gram. ;




2. Mineralogical Species Identification

Mineral species were determined by X-ray analysis using spiked standards
of known quantities of known mineral species to provide diffraction peaks
for calibratrion. Cross correlation was established through differential
thermal analysis and evolved gas analysis (DTA-EGA) as appropr1ate. Finally,
as an internal check, a material balance was performed. |
3. Soil Mechanics

Soil mechanics tests of consolidation, zone shear strength,:cohesive
intercept, and brittleness index were made on molded compacted specimens of
fine-grained spent shales in specially designed and buiit zone shear cells.

- During the consolidation period the movement of the anvils were measured using

linear variable differential transformers. The transformers were calibrated

against displacements produced by a micrometer to the nearest 0.025 mm. Con-
solidation time was measured in days. After various periods of ageing time

samples were zone sheared to obtain the zone shear strength, cohesive intercept,

and brittlieness index. The proving ring of the shear fixture was calibrated

with the Toad cell of the Instron testing machine. The load cell of the Instron
testing machine was calibrated with dead weights. ; -

C. Accomplishment of the Quality Assurance and Quality Contro]
Obgectlves .

The quality assurance and quality control objectives were achieved as
evidenced by the internal consistency of results. Further, the data is consis-
tent with the anticipated behavior of the materials based on their physical and
chemical properties. Based on the QA/QC procedures used herein, this data is
valid for making-initial assessments regarding the utility, des1gn and potential
for using retorted oil shale as a liner below retorted shale piles. - However the
results are not intended for use in regulatory decisions, 11t1gat1on, or design
of specific retorted shale liners.
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