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ABSTRACT

The general background on o0il shale and shale 0il
extraction in situ is discussed with emphasis on the
technology needed to successfully implement the various
access, preparation, and retorting sequences. In
particular, the need for an adequate thermomechanical
characterization is emphasized. To initiate this
characterization, high temperature tests were performed
for deformation and fracture response on representative
samples of oil shale (assayed at 26.5 to 34.4 gpt) from
Anvil Points, Colorado. Homogeneous uniaxial testing in
tension and compression was conducted to 204°C on cores
cut parallel, normal and at 6=M/4 to bedding; triaxial
compression tests were performed at 21°C to elicit re-
sponse to simulated confinement. Significant nonlinear
straining was observed in both uniaxial and triaxial
tests, due to growth of microcracks and increased shale
compliance at higher temperatures. Tensile (compressive)
strengths/strains at 21C were about 2 MPa (73 MPa)/.2me
(12ma?, 8 MPa (65 MPa)/1me (6me), and 6 MPa (64 MPa)/
.4me (7me) perpendicular parallel, and at 6=45° to bedding,
respectively. To 204°C, the compressive strength (strain)
decreased (increased) roughly five-fold; Young's moduli
decreased by two hundred-fold over that same temperature
range. Tensile strength decreased, with temperature, twice
as fast normal to bedding as parallel to bedding,
Suggesting the more dominant role of organic breakdown in
overall shale response. Failures and thermal cracking
tended to occur more along the bedding with increasing
temperature. The effect of confinement up to 69 MPa
(10,000 psi) increased tangent moduli about two-fold,
strengths three-fold, and failure strains ten-fold, both
normal and parallel to bedding. Coefficients of thermal
expansion were calculated at 1.1x10-3/°C and 2.8x10-5/9,
parallel and normal to bedding, respectively.



Significant stress-induced anisotropies and hysteresis
were observed in compressive stress cycling and relief tests
on shale specimens. Cores cut normal to bedding exhibited
the greatest relief and hysteresis (on unloading) at 21°C,
while those at @=M4 to bedding exhibited the most relief
and hysteresis at 2040C.

Additional data, including thermal effects, were in-
corporated into the general constitutive relation. As well,
a strength characterization model was initiated.

Fracture toughness measurements, using the J-integral
method, were made to 939C on the nominal 30 gpt shale for
characterization in the three relevant crack orientation
geometries (divider, arrester, and short transverse). The
divider and short transverse geometries showed highest and
lowest toughnesses, respectively, at maximum load; the un-
confined arrester and divider were comparable, up to 389¢C,
at the onset of crack growth. Toughness values generally
had increased two-fold by 93°9C, but arrester decreased two-
fold. Indeed, added confinement (2 MPa), at 219C in arrester
tests, lowered the toughness value, due to channeling of
stress: even so, toughness increased two-fold to 93°C.
Extensive subcritical crack growth, before macro-fracturing
was observed to 939C, but minimal thermal cracking was :
detected along the bedding at temperatures greater than 939¢.

o Comparable uniaxial and fracture toughness tests at
21°C were done on a reservoir sandstone. Tensile (com-
pressive) strengths/strains were about 2 MPa (50 MPa)/

.5 me (3 me); Young's modulus was found to be roughly 12 GPa.
J-integral Eoughness measured at maximum load averaged

35 Joules/m¢, about one-half of that derived in the shale
divider and arrester toughness tests. Motivation for these
tests lay in the consideration of schemes for producing
contained fractures toward access to the shale formation:
some interesting conclusions can be drawn about barriers to
fracture spreading and other structural considerations.

Thesis Supervisor: Michael P. Cleary
Title: Associate Professor of Mechanical
Engineering
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INTRODUCTION

The emergence of the current energy crisis and the
prospective energy needs of the American economy have
necessitated the search for alternative sources of energy.
In an effort to decrease our dependence on foreign oil,
which currently accounts for approximately fifty percent
of total U.S. consumption (18 million barrels* (bbl) per
day), interest is now being focused on potential energy
resources lying within our own borders. One such alterna-
tive energy source, now coming under closer scrutiny, is
in the generation of synthetic fuels (e.g. by use of
gasified coal, natural gas, tar sands, oil shale). The
potential reserves from our 01l shale deposits alone are
massive. In particular, the high grade shale deposits in
the Green River Formation of Colorado, Utah, and Wyoming have
been estimated to contain the equivalent of 600-1200 billion
barrels of oil, an amount comparableto the known world re-
serves (Cameron Engineers, 1975). Roughly 600 billion barrels
are accessible and of sufficient grade (greater than 20
gallons per ton) to make it exploitable. To date, however,
the costs of aboveground retorting, e.g., as proposed by
Fenix and Scisson (1975) and Cameron Engineers (1975), have
been prohibitive for commercial exploitation. Within the
lTimits of current technology, the small-scale cost of mining

0il shale by conventional drill and blast methods, retorting

*One barrel is equivalent to 42.4 U.S. gallons.
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and subsequent refining causes the cost of the "syncrude"
to be greater than the present price of imported foreign
crude (ca. $18 per bb]*). However, with oil import costs
estimated to increase approximately 20% per year (James,
1979), with non-contract sales currently yiering upwards
from $23.50 per bbl on the world "spot-market", and while
the availability of oil from conventional sources is
being commonly estimated to deplete within two decades,
added incentive is given to exploitation of our o0il shale-
rich regions.

The above considerations have stirred interest and
research support for innovative mining technologies (e.g.
Peterson, 1977). It should be pointed out that these novel
technologies do not pertain exclusively to the shale oil
extraction process: the research should have great value,
as well, toward the structural understanding and machinery
innovations needed for other in situ processes (e.g. coal
gasification in the extensive coal areas of the U.S.).
However, there are stringent requirements for any proposed
method, including 1) technical feasibility, 2) cost effect-
iveness (for commercialization), and 3) environmental
acceptability. In-depth laboratory and analytical studies
of the proposed methods should initially be performed to

test for thermomechanical feasibility, as dictated by

*Saudi Arabian price resulting from latest increase -
0. P. E.C. conference, June, 1979.
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a thorough evaluation of actual field conditions. Once
the thermomechanical feasibility has been verified, economical
and ecological evaluations can then be conducted.
From preliminary analyses, some proposed methods for

shale 0il recovery, involving a combination of in situ

retorting and specialized conventional mining processes

which minimize expansion room excavation, appear technically
attractive. Some special conventional mining (Peterson,
1977) may be required to obtain the necessary homogeneous
permeability and/or self-containment for the in situ process.
However, from initial tests, it is apparent that for any

in situ method to be cost effective, the procedure must

require minimal excavation mining, while still being
technically feasible. The costs of access shafts, haulage
drifts, etc.,(Dravo Corporation, 1974) are prohibitive in
shale oil extraction.

In particular, to properly assess the in situ process,
a technique is required to adequately perform structural
analyses for understanding static and dynamic deformation
and fracture, thermomechanical response, and general stability
in the process zone. These factors are all crucial in

any effort at in situ extraction. The current level of

understanding seems to be far below that needed for a
successful assessment of the proposed process. The U.S.
Bureau of Mines has sponsored considerable work for years

in the o0il shale area (e.g. see Hendrickson, 1974), along
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with several experimental mines operated by o0il company
consortiums (e.g. Continental 0il, Shell 041, Occidental)
but, to date, most operations have been conventional in
scope.

The purpose and goals of this study are to: 1) give
background to the state-of-the-art situation with reference
to problems involved in an in situ process, 2) explain
our approach to the problems, 3) examine what technical
knowledge is needed to implement the various concepts
for in situ processes, 4) analyze new data for quasi-static
thermomechanical and thermophysical behavior, 5) qualita-
tively characterize the thermo-deformation and fracture
mechanism response, 6) continue in the development of a
nonlinear constitutive model introduced by Cleary (1978b),
7) initiate the development of strength envelopes, 8)
propose other pertinent tests (experimental and analytical)
to obtain necessary data for the in situ process, and 9)

propose an overall feasibility of in situ extraction

of shale o0il based on completed tests.

Additional data for 0il shale response to stress and
temperature were obtained by means of the following tests:
uniaxial tension (21°C to 149°C), uniaxial compression
(ZIOC to 204°C), compressive stress cycling and stress
relief (21°C to 204°C), triaxial compression (21°C), and
"compact tension" fracture toughness (21°C to 149°C). Cyclic

loading was performed during particular uniaxial compression
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and fracture toughness tests in order to respectively
elicit the material's unloading response from stresses
near failure (stress-induced anisotropies), and to determine
the loss (if any) of material toughness due to growth
of microcrack arrays ahead of crack tips (or some other
dissipative process).

Comparative uniaxial and fracture toughness tests
were also performed on a Kirkwood sandstone from Il1linois.
These tests afforded initial but approximate quantitative
apd qualitative contrasts to the shale results. More
complex triaxial and confined toughness experiments are
planned in proceeding research. These tests are required
not only on sandstone, but on other rock types which may
surround the oil shale stratum. This information will aid
considerably in successful containment and efficient process
control in the retort zone.

Previous tensile test data, specifically concerning
0il shale, have been provided by Merrill (1954), Schmidt
(1977), Hangen (1977); as well, some triaxial testing has
been done (e.g. Chang and Bondurant, 1979). Various fracture
geometries have been employed (e.g. Schmidt, 1975; Hangen,
1977). These uniaxial and triaxial tests are important,
both in the constitutive modeling herein, which requires
information about the shale's deformation response to all
paths in stress and temperature space, and conjunctively

in performing relevant structural analyses. Also, the
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effective toughness of the o0il shale must be determined,
in examiningthe relative merits of any type of mining or
fracturing (e.g. hydraulic, explosive), in order to
characterize the crack propagation behavior.

Therefore, to expound further on the results presented
by Hangen (1977), this report hopes to initiate an adequate
(although still primitive) understanding of the complex
thermomechanical response of 0il shale. This response
includes: deformability and strength variations versus
temperature, high temperature failure mechanisms, thermal
expansion, and diffusivity of heat and melted kerogen.
Understanding this temperature dependence is crucial for

any in situ shale oil extraction process, since temperatures

of order the retort value (abouf 400°C) will occur in
regions near the occurrence of kerogen-matrix separation.
This thesis expands work already done on a transversely-
isotropic constitutive relation - suggested by the
symmetrically-bedded nature of o0il shale; it accounts for
temperature effects and introduces a convenient strength
characterization. This research in unique in the thermo-
mechanical characterization of o0il shale.

This investigation should give qualitative credibility
to a proposed in situ method, by providing a basic thermal
characterization. Qualitative insight is also obtained
into the exploitative possibilities of other interesting

extraction schemes. Suggestions are therefore made on the



overall feasibility of these schemes and the current

technical problems associated with them.
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I.BACKGROUND

A.Physical Description, Occurrence, and Origin

The designation "0il shale" pertains to a diverse
group of fine-grained sedimentary rocks composed primarily
of inorganic material and containing an average of 14%
refractory organic material (see Table I). Approximately
90% of the earth's continental area is covered with
sedimentary rocks, of which an estimated 5% are shales
with ;n organic content (normally expressed in terms of
gallons per ton (gpt)) of 5% or greater. The range of
organic content in 0il shales extends from a lower end of
roughly 10 gpt (3.8 weight perc;nt organics) to a value of
200 gpt (90* wgt.% organics) found in some Australian shales
(Yen, 1976b). Typical values lie in the 20 gpt to 30 gpt
range; 10 gpt is generally considered a lower limit for
exploitation. The organic material (kerogen) consists of
complex polycyclic subunits interconnected by long chain
alkanes and fatty acids. The extensive cross-linking of the
subunits leads to the insoluble nature of kerogen. Pyrolysis
of the crushed shale at atmospheric pressure and about
4000¢C (800°F) yields 60% by weight oil vapor, 18% gases,
15% carbonaceous residue, and 7% water vapor, on average
(Yen, 1976b). The residue contains traces of uranium,

iron, vanadium, and other elements which in reaction with



TABLE 1

AVERAGE CHEMICAL COMPOSITION ON GREEN RIVER SHALE (YEN, 1976b)

Inorganic Mineral Matter (86.2 wgt %) Organic Matter (13.8 wgt %)
Dolonmite and calcite..... oo 43.1 BUCUMBN G o vsisiso s s mnwsn 2.8
(marlstone) (soluble in CSZ)
Feldspar..... R Y IETIIIY 16.4 KePOGEN« v ws v vy ownm woe 11.0
(insolubhle in CSZ)
I itBinsanamenn i § A 12.9
uartz. ssewesswys 5 A w8y . 8.6
(ResSt) e inneen. g g e gl 8 o @ b 5,2

5¢
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the noble metals pose serious environmental considerations
(discussed later).

Although their exact origin is speculative hecause of
the diffuse range of environmental conditions in different
areas, a generalized concept of the genesis of o0il shales
indicates a process analogous to that which formed other
sedimentary rocks. The following are the factors (Yen, 1976a)
necessary for deposition and accumulation of organics and
inorganics, which, under continued sedimentation and sub-
sidence (involving pressure and temperature}, results in a
sedimentary rock with measureable amounts of organic re-
sidues: 1) abundant organic productivity, 2) early develop--
ment of anaerobic conditions, and 3) lack of destructive
organisms. In most instances, the oil shale formation
initiated in some tranquil body (e.g., marine basin’
lake, or pond) where the above conditions predominated.

The shale of the Green River Formation is of lacustrine
origin, deposited principally from the large Eocene Lakes

of the Eocene Age (400 million years ago). Other potential
U.S. resources include the Jurassic and Triassic marine
shales in Alaska, the Permian deposits of the Phosphoria
Formation in Montana, the Devonian and Miss iss ippian shales
of central and eastern U.S., the Ordovician black shales

in the Appalachian Basin, and the Nonesuch shale of Pre-
cambrian Age in Michigan and Wisconsin, On a worldwide basis,

worthwhile deposits exist in Australia, China, several
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areas in Russia, and Scotland.

The Green River Formation of Colorada, Utah, and
Wyoming is believed to be the world's single largest
hydrocarbon deposit (Obert, 1973). Of this reserve, 15%
is recoverable by present technology with only about 1%
projected for development before 1985.

The most economical yields from refining Green River
shale 0il are (Obert, 1973): 15-17% gasoline, 30-32% kerosene,
18-26% gas, 15-18% 1ight lube 0il, and 10-12% heavy o0ils
and paraffin wax. The economic importance of o0il shale and
its potential reserve in comparison to other forms of
energy currently being used (or planned) in the United
States are shown in Table II. Large-scale commercial
production of crude from o0il shale is still nonexistent in
our country; however, government sponsored minimal production
by conventional techniques, and some relatively small-
scale experimental procedures (e.g. by Occidental Corp.-

McCarthy and Chan,1977), are presently in operation.



TABLE I1I
FUEL RESOURCES OF THE UNITED STATES (OBERT, 1973)

Estimated Total Econgmic Resource

Production Energy 18 gEquiv.
Fuel (1972) Content Units Shown 0(10'88TU) 10%bb1 crude
Crude 031 3.48x107 bb1  5.8x10° -g{-%l 250x107bb1 1.5 250
(Conventional)
Coal 551x10% Ton  24x10° —E%% 1000x10%70n 24 3000
Natural Gas 23.9x10'%ft3 1000 L 1700x10'%¢t3 1.7 143
£t
Shale 071 . ax10°® %—g—‘l 1300x10%°Ton 12 1000
Tar Sands - 5x106 %E% 100x]09T0n 0.5 42

8¢



£9

B.Resource Recovery Technigques and Analyses

1.Conventional Mining Techniques. The application of

standard mining techniques, many of which include the
convential operations of drilling, blasting, and muck
haulage to surface retorts (and then to refineries), is
well documented (e.g. Dravo Corporation, 1974). These
extraction methods have problems representative of several
types of resource recovery techniques, including coal
mining and underground gasification, mineral extraction
from ore bodies, and even secondary/tertiary oil removal
from existing wells. The need for innovative designs in
both machinery and mine layout to optimize mechanization
and reduce expenses has been eméhasized by Peterson (1977).
However, the historically slow evolutionary pace of mining
technology is not expected to meet the deadline of a slow-
down in world o0il production. A massive network of mine
operations will be required to meet future U.S. needs, with
each facility having the capacity to handle 85,000 tons of
shale rock per day in order to produce an equivalent 50,000
barrels of crude o0il1 (Cameron Engineers, 1975). No fewer
than one hundred would be needed to relieve our daily imports,
currently at 8.2 million barrels per day (James, 1979).

Many novel methods of rock excavation have been assessed
(e.g. Cook and Harvey, 1973; Cunningham, 1977; Grantmyre and

Hawkes, 1975), including hydraulic, mechanical, thermal,
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and electromagnetic techniques. Their conclusions confirm
a former belief by experts in the field that there is Tittle
chance of appreciable future improvements in rock penetration
rates by drill and blast methods (a crucial factor in
minimizing specific work). Because of the high degree of
specialization already attributed to the drill and blast
process, totally new extraction methods need to be conceived.
This is further necessitated by the shale's high toughness

and resistance to indentation (Hi11, 1979).

2.0i1 Shale Retorting. The destructive pyrolysis process

(retorting) by which the organic matter (kerogen) 1is

separated from the inorganic substance of the shale has

been extensively examined (e.g. Carpenter and Sohms, 1974).
Suffice it to say that when the rock is heated to temperatures
of about 400°9C (800°F) in an appropriate retort, components

of fluid and vapor are liberated, collected, and then

upgraded into a liquid roughly equivalent to .a crude oil.

a.Ex Situ Recovery. The ex situ version of this process,

in which shale rock is mined, crushed, and conveyed to a
retorter on the surface, has been extensively studied.

* . .
Recent large-scale , continuous production processes

employing various ex situ methods include the following

*petorts holding upwards of 150 tons of shale rock.
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(Hendrickson, 1974): 1) Union o0il process, in which the
necessary heat is provided by the combustion of coke in-
side the retort; the process is unusual in that the shale
is fed in through the Bottom and propelled to the top via
a vacuum-type pumping system, 2) Cameron and Jones process
(Petrosix), in which shale is fed through the top of the
retort and heat is supplied solely from recycled gas,
3) TOSCO II process, where externally heated ceramic balls
supply heat to crushed shale rock in a revolving drum
structure, 4) NTU process (U.S. Bureau of Mines sponsored
in 1940's -- forerunner of Garrett process; 1600°F heat
is provided by air and recycled gas to the retort, and
5) Lurgi-Rohrges process, in which the retort temperature
is supplied by solid material (e.g., sand) fed into the
retort to continually mix with the crushed shale. In
general, these processes are continuous in nature, and
effectively extract roughly 75% of the trapped-organic
matter in the shale. The processes typically consume 15%
of the potential energy of the syncrude; however, use of
recycled gas and fluid from the system lowers the total
energy consumption by, on the average, 25%.

Advantages of these ex situ methods include high
recovery efficiency and the capability of adequate con-

trol of the process variables. Recovery efficiency
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based on Fischer Assay* is high relative to present day

in situ techniques; however, state-of-the art technology

(Yen, 1976a) of the above processes yields at best only
80% organic material liberation, without extensive energy
input. For good efficiency, the passage of air and pro-

duct gases must be essentially homogeneous throughout the

-

"process zone" in a retort. This can be accomplished in

an ex situ retort process inasmuch as the engineer is able

to monitor and control the temperature and shale flow in
the retort.

A crucial limiting factor in any ex situ recovery pro-

cess is the high cost_of operation and labor necessitated
by the mining, hauling, and retorting steps required.
Initial capital costs for most mining operations run into
the hundreds of millions of dollars (Cameron Engineers,
1975; Dravo Corporation, 1974); in cases of deep ore de-
posits, requiring special mining techniques (e.g. sublevel
caving, open stopping), the return on investment is negli-
gible for years. Presently, then, this limits operations
to shale deposits lying near the surface (less than 2000 ft
deep) where open pit or room and pillar mining can be ex-
ploited. Additionally, the retorting phase alone requires

the input of energy equivalent to 12% of that extracted

*
Laboratory procedure for retorting oil shale and assess-
ing oil, water, gas, and mineral contents.



33
(Yen, 1976a).

Another constraint arises from the environmental impact
on the area (e.g., spent shale disposal, pollution control,
water supply). The disposal requirement for a typical five
million bbl per day production capability is obviously of
order 200,000 tons of shale rock per day*. Only 10% by
weight of crushed shale is producible oil for a typical
25 gpt shale. Because of the short supply of water around
the sources, and in view of recent government regulations
on air and water quality standards, another major technical
hurdle has yet to be crossed toward successful commercial

shale oil exploitation by ex situ means.

3. Currently Proposed In Situ Recovery Processes. The

attractiveness of an in situ oil extraction process is

readily apparent, from both economical and ecological
points of view. With minimal mining for ore access and
excavation of passageways, spent shale disposal is de-
creased substantially. The consequencies of ground sub-
sidence are likewise reduced. Also, oil recovery from
deep deposits and extraction from leaner shales (less than

15 gpt) are now economically acceptable.

*Vo1ume of spent shale is typically 15% greater than
original shale rock volume, due to crushing and
retorting (James, 1979).
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However, maintenance of adequate process control, in

particular for in situ retorting, is limited severely by

the state of current technology. The establishment of

the necessary homogeneous permeability for efficient fluid
flow during the pyrolytic reaction is crucial in the re-
tort zone. Much work has yet to be done in this respect
to understand the essential features of deformation and
fracture, particularly time and temperature dependence,
under various ambient stress conditions. For instance,
the openings in the retort area must be maintained for a
smooth, continuous operation. Containment of the enfire
procedure, from initial sha1e_access and bed preparation
(e.g., Peterson, 1977; Schmidt: 1975) to retorting and
shale o0il extraction (e.g., Schmidt, 1975), also poses
major technical problems. A more in-depth analysis of the
primary technical difficulties to be encountered during

in situ retorting is discussed in Section 1.4,

Included in the general category of currently proposed

in situ production methodologies are the following: 1)

subsurface chimney, 2) natural fractures, and 3) physical
induction of fractures with no subsurface voids. The
various processes categorized as subsurface chimney in-
clude: a nuclear chimney suggested by Phillips Petroleum
(Parker, 1970); hot gas systems developed by Atlantic
Richfield (E1lington, 1972), McDonnell Douglas (Busey,
1972), Continental 0il (Gil1liland, 1963), and Mobil 0Qil
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(Walton and Slusser, 1971); hot fluid systems developed

by Shell 0i1 (Ueber, et al. 1974) and Garrett (Garrett,
1972): and a unique chemical extraction method proposed by
Shell 0i1 (Herce, 1972). Perhaps the largest private
endeavor to date which may be classified as a subsurface
chimney was that developed by the Occidental Exploration
and Production Company (McCarthy and Chan,1977). Based on
the assumption that the major problem in performing under-
ground 0il shale retorting was in providing sufficient
permeability for controlled gas flow, Occidental developéd
.a modified in situ process. The process consisted of ex-
cavating 15 to 20 percent of the shale deposit under the
retort zone, expanding (caving) the remaining shale into
the vaoid volume, and then retorting the rubblized

0il shale in place.

Unmodified natural fracture processes for shale oil
extraction include proposals by Shell Qil (Clossmann and
Nordgren, 1968}, Marathon 0i1 (Allred, 1974), and Re-
sources R&D from South Africa (Felix et al., 1974).
Alternately, a method employing a specialized lTeaching
technique to enlarge the natural fractures was proposed
by Shell 0il1 (Prats, 1967).

Lastly, a physical induction procedure for in situ

—

recovery of shale o0il and other minerals via borehole and

usage of high-intensity laser beams was proposed by
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Netherland's based Woods Research and Development

(Purce, 1975). A somewhat similar induction method was
proposed by Bridges, et al.,(1978). This method in-
corporated radio frequency dielectric heating, similar to
the heating process which occurs in a microwave oven, to
volumetrically heat o0il shale in situ to pyrolysis tem-
peratures. Work is still proceeding in this area.

It would be inappropriate at this time to state that
one particular retort procedure, whether in situ, ex situ,
or some comgfnation of both, would be best for exploiting
our 0il shale reserves. The complexity of the issue can-
not truly be resolved without further laboratory and field
tests, some as yet to be deviseéd. The point, however, is
that a more intense investigation in this area should be
undertaken immediately to help relieve U.S. dependency on
foreign imports of crude 0il. In an address* before
Congress following the crisis of the 1973 0il Embargo, a
particular path was paved for future work in shale o0il
extraction. Scientists and engineers there concurred that

-

"current thinking is that only an i

situ retorting and

extraction method will be practical for the future.”

*Hearing before the subcommittee on Energy, 93rd Congress
1074,

on H.R. 9693, "0il Shale Technology,"
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Recent political developments (July, 1979), with resulting
determination to stimulate synthetic fuel production,
should help to establish a practical mode of shale oil

exploitation.

4. In Situ Retorting and Recovery, Problem Definition.

In order to successfully exploit our huge oil shale
reserves (perhaps also including tar sands), adequate
knowledge must be obtained, through experimental and/or
analytical investigation, in connection with several
technical considerations. Foremost among these is
sufficient process control: can the necessary perme-
abiTity and communication in éﬁe formation be induced with
minimal rock excavation? Can void volume be Tntrdduced

by extraction of melted and diffusing kerogen, while it is
reduced by thermal expansion of the matrix material

during the pyrolytic reaction? It has been suggested
(e.g., Panel on Rock Mech. - U.S. Nat. Comm. for Rock Mech.,
1978) that in situ recovery is strongly dependent on the
establishment of homogeneous prosity/permeability in the
producing zones. In fact, many conclude that this
homogeneity is an absolute requirement for both economical
and technical feasibility. High recovery efficiency is

.

very crucial in an in situ process (Fenix and Scisson,

1975). Satisfactory means of consistently obtaining this

efficiency under various operating conditions must be
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determined.
Another technical difficulty worthy of intense study in

an in situ process is that of containment both during

preparation for access to the zone, and during production.
The effects of crack blunting or retardation at different
interfaces, and branching of fractures to more favorable
orientations due to a mixed-mode stress field must be maore
rigorously understood (Cleary, 19738d). Containment within
the designated process zane is vital for high recovery
efficiency and for prevention of shale oil loss or
contamination (e.g., of water supply) in surrounding strata.
An understanding of bulk material response, dépendence on
time and temperature etc., is Barticu]ar]y pertinent
during the production (retaorting) stage. Research in this
area has thus far been relatively limited (e.g., McCarthy

and Chanm,1977).

a. Need for Constitutive Model. Form the preceding

enumeration of problems, it is evident that a need exists
for the development of an experimental and analytical
basis for understanding and predicting the deformation
and fracture behavior of o0il shale. This basis would
incorporate static and dynamic constitutive relations,
fracture behavior, and heat and mass transfer
characteristics (e.g., conductivity, permeability), over

relevant ranges of the following parameters: 1) organic
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content, 2) temperature, 3) in situ stress state, and

4) environment (e.g., corrosive fluids). Structural
configurations of most interest include crack tip environ-
menté in various geometries and, in particular, the re-
sponse around cavities or inclusions of all shapes;
boundary conditions may be imposed on stress or displace-
ment, temperature or heat flow, and pore pressure or mass
flow.

The characteristics required for realistic and
analytically useful constitutive relations* for o0il shale
include: physically-motivated macroscopic transverse
isotropy in the initial state; nonlinearity, including
dilational effects and hystaresis in Ioad/unload cycles
(e.g., see Jaegar and Cook, 1975); rate-dependency;
thermal response; and various'environmental effects.
These relations are extremely important in understanding
the fundamental mechanical principles used to assess the
features of various extraction schemes. Ideally we might
hope that an adequate assessment could be made by using
Taboratory experiments on representative specimens
obtained from the field site. The economic henefits
of these Tess expensive laboratory tests, which may lend
themselves to effective theoretical analyses, must be

carefully weighed against more expensive, but perhaps more

* -
The particular constitutive relation employed in this
thesis is presented in Appendix VII.
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technically-accurate, large-scale field tests.

b. Procedures Meeding Examination Toward Optimizing

Access, Fracturing and Retorting in Situ. The initial
step towafd an in situ retorting scheme involves an in-
depth underground mapping of the shale deposit, including
any relevant geological features (e.g., primary faults,
discontinuities, other mineral, fluid or gas nackets)
which may influence the overall procedure. A complete
description of the surrounding strata, with information on
structure, aquifers, and the Tike, is crucial particularly
far containment purposes. The technical means of out-
lining the shale deposit and fhe zane designated for in
situ production is availabTe (Einstein and Alva-Hurtado,
1a75; Fenix and Scisson, 1975). However, a more exact
ermination of the rock's bedding planes, which result
_regional anisotrapies in material moduli and strength,
5 required. This is especially important in process
:one preparation, during which crack propagation,
branching, arresting, and blunting at different bed
boundaries may occur. The extent to which topology and
ambient conditions can be‘determined from cores and
measurements taken in boreholes, an important economic

factor, has yet to be resolved completely.
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Efficient access to and preparation of the retort zone
also requires an accurate measurement of the pre-existing
tectonic stress state. Cleary (1978d) has postulated that
this initial stress state has the greatest potenfia] for
dictating evolution of fracture shapes. Fracture be-
havior is an important component of bed preparation --
whether performed by large-scale detonation (Reed and
Boade, 1977) or hydraulic fracturing (e.g., Schmidt, 1975).
Large principal stress differences which lead to con-
sistent fracture growth orientations must be determined and
exploited appropriately. Because most of the Green River
shale depasits exist in upper strata-(Cameron Engineers,
1975), high Tateral stresses are generally improbable.

This condition will, for instance, allow biased crack
growth toward the divider orientation (discussed later).
Present state-of-the-art technology (e.g., Parker, 1968 ;
Einstein and Alva-Hurtado, 1975) is insufficient in
reaching the degree of sophistication needed in this
respect. Information on local stress state conditions

ijs ideally required continuously: this might be done by
positioning the necessary equipment in strategic locations
throughout the retort zone (for instance, in the boreholes
used for initial access to the shale and primary bedding

plane determinations).
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Thirdly, the ability to map fracture patterns, in both
directfonand length, must be developed to a‘much greater
sophistication. This achievement is vital, not only for
projecting the homogeneity of the fracture pattern in the
retort area (an important féctor for high recovery
efficiency, as stated previously), but also in verifying
the possibility of secondary cracking due to thermal
effects or pore fluid diffusion during the retort phase.
Since these secondary cracks are likely to be an order of
magnitude or more smaller than the initial preparatory
fractures, this ability must be improved to a very high
degree of sophistication. Greenfield, et al., (1977)
has experimented with electrical monitoring but the
complexity of the strata and ;urrounding wellborne
conditions led them to suggest refined measurement systems,
data reduction, and analysis technigues. More complex
models are needed to account for the multitude of effects.
They likewise advocated dynamic, continuous monitoring
of voltage changes before, during, and after fracturing
operations. This should improve the accuracy and
resolution of the pattern by decreasing background inter-
ference. Other mapping'techniques are referred to in
(Cleary, 1978c).

Another procedure requiring more in-depth analysis 1is
that of bed preparation. An effective, and highly

efficient means of establishing the necessary permeability
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throughout the retort zone for continuous fluid and gas
flow, while maintaining good process control and pro-
duction containment, has yet to be devised. Proposed
techniques include sub-level caving or open stopping
(Dravo Corporation, 1974), ekp1osive means (Reed and
Boade, 1977) and other aforementioned methods. For pur-
poses of this paper, though, retort zone preparation by
hydraulic fracturing will be most intimately discussed.
This writeragrees with the contention of Cleary (priv.,
comm., 1977-78) that any future commercial exploitation
of the o0il shale reserves can greatly benefit from proper
jmplementation of hydraulic fracturing (either alone or

in conjunction with other access techniques) for efficient

bed preparation.

c. Relevant Mechanics of Fracturing and Retorting. An

éssential feature of underground fracturing relevant to
efficient bed preparation for retorting is the ability to
nropagate cracks in preferential directions with suitable
spacing. This is important, not only for homogeneous
dispersion of accessways throughout the process zone (as
needed for successful retorting), but also for containing
the process components and retort products so that
efficient extraction can be achieved throughout the zone.

The fracturing appears strongly dependent on the Tocal
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pre-existing stress state, material anisotropies, and
other inhomogeneities (Cleary, 1973d). Additionally, the
extent to which the method of fracture generation affects
fracture geometry should be more carefully examined.
Maintenance of these fracture channels during retorting
is also a critical feature of good process control.

Another feature of hydraulic fracturing which pertains
to bed preparation is that of crack growth in media having
creep characteristics and second-phase diffusion. Con-
siderations of influences due to "drained" and "undrained’
buik responses, and creep crack growth (e.g., Knauss,
1976) are obviously important. Cleary (1978d) has
postulated that the energy to induce crack growth in fluid-
soaked media increases apprec%ably with crack speed times
the ratio aof crack length over diffusivity. Creep effects
might also increase the fracture toughness of the shale
by introducing plastic deformation around the crack tip
which would effectively shield the near-tip process zone
from any remotely-applied stresses.

Better understanding is also required in relation to
interface effects on fractures generated during access
operations. Toward the all-important achievement of
containment, crack blunting, arresting, branching, or
reinitiation in surrounding strata must be examined under
various stress state conditions (Cleary, 1978d):

barriers to crack propagation into surrounding strata
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(e.g., due to contrasts in toughness or elastic moduli
and blunting), should be further explored. For example,
weak-bonding state that exists between the shale zone and
an adjacent stratum significantly lowers the probability
of crack reinitiation in that stratum, thus resulting in
the blunting of the fracture. If the capability for
determining or acﬁieving this condition beforehand is
developed, it could then be exploited beneficially for
containment purposes.

A final step towards optimization, particularly of the

retorting state of the in situ extraction process, involves

_a thorough understanding of the thermomechanical and
thermophysical response of oiT_shaIe. Determination of

the shale's response to the h%gh temperature and varying
stress caonditions, to which it will be subjected during
retorting, will aid considerably in overall process control.
It is impoftant to assess the effects of kerogen (1iquid

and vapor) diffusion in situ and the role of secondary

thermal cracking in nreserving the necessary permeability
as the retort or "burn" front propagates through the zone.
Determination of the temperature at which measurable
thermal cracking appears, under sundry confining stresses,
will assist in optimizing the energy input into the system.
Tertiary thermal cracking should nrovide additional aid

both in reducing the average particle size of the rubble
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(e.g., as a clogging deterrent) and in the efficacious
distribution of void space throughout the process area.

Because of the anisotropic and inhomogeneous
characteristics of oil shale, the thermomechanical response
to time and temperature effects is assuredly very complex.
These characteristics originate from (e.qg., Jaegar and
Cook, 1975):1) the non-random distribution of constituents
and microcracks in the rock, 2) a preferred orientation of
minerals with different properties or anisotropic crystal
structures ("rock fabric"), and 3) stress-induced
microcracking in preferential directions during loading
(e.g., 8race, 1971).

A detailed analysis of the chemical characteristics
of keragen upon thermal decomb;sition, as was briefly
mentioned earlier in this section, is important for several
reasons (Yen, 1976b). Firstly, identification of product
recovery is essential from an economic point of view.

s

Not only can crude oil he extracted via the in situ

process, but other minerals of value (e.g., aluminum,
magnesium, copper, lead), which may be trapped in the
sedimentary rock, may also be exploited. Secondly, the
chemical analysis of kerogen should assist in preserving
the structural integrity of the process zone during the
production stage. Knowledge of shale response following
kerogen removal is important to maintain accessways and

flow channels by preventing any clogging resulting from
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residue deposition.

Finally, an understanding is required of the components
of decomposed kerogen toward prevention of possibie under-
ground contamination and toward an adequate evaluation of
the syncrude to determine the extent of initial processing
(before transporting to refinery). Should containment of
the process area be lost for some reason during retorting
of the shale, an accurate assessment must be made to deter-
mine the adverse effects (if any) to the surround strata.

For instance, decomposition of kerogen has shown it
to contain traces of uranium, iron, vanadium, nickel )
and molybdenum (Yen, 1976a): combination of these
elements with the noble metals produce carcinogens.
Additionally, retorting of oil shale has been shown
(Obert, 1973) to produce taxfec hydrocarbon, nitric oxide,
and carpon monoxide emissions. These potential by-

.

ﬁroducts of in situ retorting could result in dire environ-

mental consequences should they leak into the underground
water systems or be inadvertently dispersed into the air.
Thus, the work presented here is a first step towards
understanding the complex thermomechanical response of oil
shale. The primary thrust is towards experimental tests
and analyses: however, we give a more detailed treatment:
of the constitutive relation introduced by Cleary (1978b),
accounting for temperature effects. Furthermore, we

performed uniaxial tests at @ = /4 to the bedding planes,
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and also some triaxial experiments, to determine more of
the coefficients in the relation. An analysis is
developed of some observed regimes of interest of shale
response at various temperatures. Tests and discussions
are given for more fracture toughness measurements to
include thermal and confining stress effects.

An overall qualitative analysis is presented of the
0il shale's reaction to a multitude of interesting
parameters during the preparatory stages of the experi-
ments (e.g., heating, cooling, cutting, grinding, coring,
epoxying). Further experimental and analytical tests

.

needed for the possible solution of an .1 situ process

and a feasibility study for future developments of this
pracedure are then detailed in the conclusion of the

thesis.
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[I.EXPERIMENTAL PROCEDURE

A.Specimen and Equipment Preparation

The majority of the specimens were obtained from a
single, large black of oil shale (about 150 kilograms)
received from the Paraho Anvil Points Mine™. Many smaller
pieces (less than 10 kilograms) were also received, but they
were primarily used in initial characterization tests. The
large shale block was noticeably darker in color than those
used by Hangen (1977); however, Fischer Assay**of two
representative pieces from opposite ends of the block
revealed a laower organic content (Table III). This casts'
suspicion an visible determinat}on of approximate kerogen
content. The difference in organic content from one side g
the block ta the aother (block length of arder 1 meter) is
clearly evident. A mare localized description of process
areas may be neéded for some purposes, such as structural
analysis. A particular density correlation with organic
content (Smith, 1969) was obeyed very closely by our assay
results: a representative piece of shale, with a calculated

density of 2.157 g/cm3 should, as empirically derived by

*Courtesy of Mr. Earl Mast of Development Engineering, Inc.

**cischer Assay performed by National Resources Laboratory,
Inc.
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TABLE II1I

RESULTS OF FISCHER ASSAY

Density 01l Ho0 % Spent % Gas

Sample q/cm3 gpt(wgt%) gpt%wgt%) Shale +Loss
A 2.179 26.5(18.1) 3.9{1.86) 86.4 1.9

B 2.145 34.4(13.1) 1.8(0.5) 83.8 2.6

Smith (1969), contain 29.1 gpt organic material. This value
falls-almast midway between the assayed samples (Table III).
The large shale block was rough-cut into manageable
slabs by a 6-inch water-cooled diamond saw and then further
refined into appropriate blocks for later use. Cylindrical

specimens 2.7 c¢cm and 3.8 ¢m in diameter were cored out of
suitably-oriented blocks yielding cores with axes parallel,
perpendicular, and 45° to the bedding planes. Core lengths
varied because of pre-existing cracks in the blocks, but
nominal lengths of 10 cm and 8.9 cm were obtained for tension
and compression tests respectively. Cores to be used for

a particular type of test (e.g. compression) were all cut
from the same block to avoid possible discrepancies in
organic content. The ends of the cores designated for uni-
axial tension experiments were then faced off an a lathe and

drilled with a 1.25 cm diamond corer. Aluminum end pieces
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were epoxied to them with a high-temperature, high-strength

epoxy. The outside diameter of each was then machined down
to a nominal 2.54 cm, with the ends threaded for the
specific tensile use.

The ends of the cores designated for uniaxial com-
pression were ground to a smooth finish, and afterwards
were found to be parallel to within angles of 2'. No
other preparation was required since the diamond corer
and drill press used to core out the specimen left the
sides perfectly smooth and round. Compression tests were
performed without aluminum ends (direct platen loading).
Triaxial cores were prepared in a manner similar to those
for compression except that some early specimens of nomi-
nal T.7 cm diameter and 3.3 cm length were cut. This
size was required by the testing apparatus; however,
cores of much greater size (maximum 14 cm diameter by
19 cm length) will be used for testing in a new triaxial
cell.

Fracture toughness specimens (compact-tension geometry -
discussed later) were sliced from a previously prepared
block to a nominal thickness of 2.54 cm, with the water-
cooled diamond saw. The perimeters were then more finely
cut with the diamond saw to a nominal 12 cm square. Pin
holes of 1.3 cm diameter were then cut with a diamond
corer, eliminating the chip breakoff problem discussed

by Hangen (1977). Finally, the notch required was cut
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by a smaller 5 cm diameter saw.

The rock's affinity to oils and grease was readily
observable. It was found during the testing, though, that
moisture had a negligible effect on shale properties.
Cracking due to drying out of the shale was not detected
until the end of the testing, about one year after storage.

A1l of the high temperature experiments were per-
formed in an environmental chamﬁerr Strain gages were
applied shortly before testing, and were used to 121°C
(250°F). Above that temperature, an extensometer was em-
ployed to measure specimen strain. The prepared cores,
with gages, were placed in the environmental chamber,
heated ta temperature, and then allowed to stabilize for

ane haur. A more detailed discussion of specimen pre-

paration and g@quipment is given in Appendix I.

1. High Temperature Uniaxial Tension Testing. Tensile

tests were performed in the three relevant aorientations
(parallel, perpendicular, and at 45° to bedding), up to
temperatures of 149°C (300°F). The experiments were done
using the equioment developed by Wilkening (1976), which
is extensively detailed by Hangen (1977). Strain gages,
employed to measure longitudinal and transverse deforma-
tions, were applied just prior to specimen insertion into
the temperature chamber. Further details can be found in

Appendix II. The equipment used for multiple strain
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measurements and load application, with sensitivities of

about 5ue and 14 Pa (2 psi) respectively, are discussed

in Appendix III.

2. High Temperature Uniaxial Compression Testing. A

compression cage was designed and constructed for use in-
side the Instron environmental chamber. Tests were per-
formed using direct platen loading, at temperatures up to
204°C (400°F); again strain gages were used to measure the
relevant strains, but above 121°C (250°F), an extensometer
was used with the capability of measuring the much larger
strains. Tests were performed to failure in hoth
principal directions and at 45° to bedding. Details are

given in Appendix IV.

3. High Temperature Fracture Touaghness Testing. The

nominal 30 gpt shale was additionally tested by using
compact-tension fracture specimens. Experiments were
conducted in each of the three distinct orientations avail-
able for a transversely isotropic material -- divider,
arrester, and short transverse (see Figure 1). Specimens
were sliced from the previously prepared parallelipiped
blocks. The limited availability of material from the
master block restricted the number of tests to one or two
per orientation per temperature selected. The load-point

displacements were measured differentiallyvy with a twin
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LVDT device (Wilkening, 1976).

To avoid branching into favorable bedding planes, a
nominal 1.5 MPa (200 psi)] confining stress was applied to
some of the arrester specimens; this was done with small
vice-1ike compression gigs which encompassed the samples.
These tests were meant to simulate fracture response in
the presence of overburden pressure. After preparation,
the tests were again allowed to stabilize at temperature

for one hour. Consult Appendix V for additional details.

4. Triaxial Testing. A series of experiments were per-

formed at room temperature, using a very rigid, displacement-
controlled triaxial machine*. Spécimen size was dictated
to be a nominal 1.9 cm diamete; and 3.3 cm length, due to
internal dimensions of the triaxial chamber. The samples
were wrapped, prior to testing, with an impermeable plastic
jacket. Longitudinal strain was measured outside the
pressuriied chamber with an LVDT arrangement. Confining
pressure was induced with a petroleum  ether. The tests
were conducted over a confining stress range from atmo-
spheric to 69 MPa (10,000 psi). Further specimen and
equipment preparation details are to be found in

Appendix VI.

*
Courtesy of Dr. William Brace and associates in the
Earth and Planetary Sciences Department.
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5. Unijaxial and Fracture Toughness Testing of a Reservoir

Sandstone. Similar tensile, compressive, and compact

tension toughness tests were performed on a Kirkwood
sandstone*, mostly to provide a comparison. The original
disc-1ike shape, of the sandstone core slices, decreased
the maximum size of suitable specimens to about 2.5 cm
diameter, for a 7.5 c¢m maximum length, in both tension

and compression; slabs of 2.5 cm x 10 c¢m x 8.3 cm could be
obtained for fracture toughness tests. Although more
abrasive and less machineahle than the shale, identical
preparatory techniques were employed. A11 tests were done
at room temperature and made use of the same equipment

(e.g., Anpendices I, I[I, III)..

6. High Temperature Strain Gage Application. A modified

technique was developed and used to strain gage
application up to temperatures of 121°C, on the uniaxial
test specimens. To determine thermal effects for the
gages and epoxy alone, a gage was mounted on a bar of low
carbon steel which was then heated to_ and held at,the
temperatures used throughout the actual tests. The
residual thermal strains on the sfrain gage and epoxy

were recorded and later subtracted from actual test re-

+*
Chtained from Marathon 0f1 Company, in connection with a
tertiary recovery project in the Kirkwood Reservoir sands
of I1linois.
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sults. A further correction factor was measured to
account for thermal expansion of a typical shale core.
Thus, the resulting stress-strain curves to be presented
closely represent a purely mechanical response of the
shale. Details are given in Apendix III.

Kerogen pyrolysis was noted to have a negligible
effect on the strain gage adhesive. MNo gage slippage
was detected to 121°C. The temperature limitation of the
strain gages and epoxy prevented their usage above 121°C.
Measurement of transverse strains above this temperature
will require special gages and adhesives, or a new method;

this is being pursued in ongoing work.
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III.EXPERIMENTAL RESULTS AND DOISCUSSION

A.High Temperature Uniaxial Tension Tests

Results for tensile tests perpendicular to the bedding
planes showing longitudinal and transverse strains are Dre-
sented in Figures 2(a,b), Within the accuracy of equipment
sensitivity, deviation from linearity was observed to begin
at stress levels well below peak stress, ranging from 1 MPa
(145 psi) at 219C to less than .05 MPa (7 psi) at 149°C.
Somewhat less scatter in response appears to be present at
higher temperatures. This may be attributable to the
relative importance of pre-exis?ing cracks, and perhaps to
the consequences of placing a étrain gage inadvertently over
one af them. At higher temperatures, shale response is much
more compliant - particularly so in this orientation. The
importance of pre-existing cracks is therefore offset by
this increasing compliance and the general softening of the
0il shale especially along bedding planes. [Initial tensile
moduli ranged from between 7.9 GPa (l.lxlO6 psi) and 8.7 GPa
(1.3x10% psi) at 219C to between 0.82 GPa (1.1x10° psi) and
0.85 GPa (1.2x10° psi) at 121°c.

Failure strengths and strains, both measured at peak
stress, showed moderate scatter at all temperatures. A six-
fold decrease in strength and roughly a four-fold increase in

strain were measured from ambient to 149°c. Table IV can be
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consulted for more specific results.

The stress-strain curves for longitudinal and transverse
strains, for tension parallel to bedding, are shown 1in
Figures 3(a,b,c). Predictably, nonlinearity did not occur
in this orientation until higher stress levels were reached,
by comparison with teéts normal to bedding. Nonlinear
response began aroundlz MPa (300 psi) at 219C; a lower
"yield stress" was found at higher temperatures, e.g. about
0.5 MPa (70 psi) at 93°C, because of increased inelastic
straining. Testing in this orientation initially produced
failures through the epoxy layers, especially at the‘higher
temperatures, but a revised epoxying technique corrected this
problem (Appendix I). The small deviation from linearity at
temperatures up to 389%¢ suggesﬁ; Timited crack growth prior
to failure. However, at higher temperatures, fracture occurs
much mare slowly, resulting in more nonlinearity in the
curves. This is discussed further under section III.A.2
dealing with failure mechanisms. Initial tangent moduli for
tests parallel to the bedding planes varied from between 10.2
GPa (1.5x106 psi) and 17.4 GPa (2.5x100 psi) at 21°C to
between 1.2 GPa (1.7x105 psi) and 1.7 GPa (2.5x105 psi) at
939c.

Maximum strengths of 7.6 MPa (1100 psi) were recorded in
this orientation at room temperature. At 93°c, average
strengths had decreased to 2.2 MPa (325 psi). The scatter

in failure strengths was minimal at all temperatures (with
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calculated standard deviations less than 5% of mean
values in all cases. Failure strains showed a four-fold
increase over this temperature range. Some tests were
also performed on specimens that were machined down to a
dogbone shape. It was concluded that the additional time
needed to prepare the samples was unrewarding since dif-
ferences in tests results were observed to be within the
scatter band.

Tensile testing was also conducted on 0il shale speci-
mens cored at an angle of n/4 with respect to the bedding
planes. Those tests provided data for determining the
shear modulus Gmn out of the.-plane of symmetry (e.g.
Hearmon, 1961); they also gave additional information for
specifying some of the remaining coefficients in the con-
stitutive model (Appendix VII). New principal directions
(for reference) are illustrated in Figure 4. Plots of
longitudinal and transverse strains versus axial stress
are presented in Figs. 5(a,b,c).

Although the results for normal strains might nave
been anticipated to lie midway between those tests
parallel and normal to the bedding planes (viz. as to
initial tangent moduli, Poisson ratios, strengths, etc.),
a close correlation was actually found with data in the

parallel orientation (Fig. 3). A five-fold decrease in
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tangent moduli (to 4.5GPa (6.5x105 psi)) and an approxi-
mate four-fold decrease in failure strength were recorded
in going from room temperature up to 93°¢ (200°F). Thus,
for 45° tension, at least to 93°C, .interplanar weaknesses
due to onset of organic breakdown* was not a predominant
factor in the failure of the specimen. Failure stress,
however, exhibited a closer similarity with those for
tests run normal to the bedding planes. Fracture strains
of less than 1 me were measured, even at 93°C (200°F).

Calculated values for shear moduli showed moderate
scattering,particu1ar3y at the lower temperatures..
Standard deviations were roughly 40% of mean at 21°C
(70°F), decreasing to 5% of mean at 93°C (200°F].

Average values for G from the 8=n/4 tests, ranged from

. mn?
6

7.6 GPa (1.1x70° psi) at 21°C (70°F) to 1.6 GPa

(2.3x10° psi) at 93°C-(200°F).

1. Comparative Results. Previous tensile testing of

0il shale, alheit at room temperature only, has been done

by Hangen (1977). An adequate comparison of data can be

E3

It was found throughout all the higher temperature (>93°¢c)
tasts that this initial organic breakdown led to a general
weakening between the bedding planes (where most of the
organic matter is thought to exist). This invariably in-
duced failure along the bedding planes for tests in all
orientations.
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made with his results for nominally 34gpt  nahcolite

shale. The presence of nahcolite in his test specimens
(which he described as serendipitous) is noted and, there-
fore, a careful comparison is made in 1light of his analysis
of its effects on his results. Hangen (1977) reported
initial tangent moduli of 5.56 Pa (8.0 x 10° psi) and

16.7 GPa (2.5 x 10°

psi) for tests normal and parallel to
beds, respectively. Measurements were also given for
failure strengths/strains,namely 2.0 MPa (290 psi)/030 me
and 9.0 MPa (1730 psi)/0.50me for the normal/parallel
tests. The presence of nahcolite in his samples apparently
weakened his shale to some extent (as he rationalized),
since his failure strengths and strains are consistently
lower than these found in Table IV. However, the other
values illustrated in Table IV all agree with his, within
experimental scatter.

Other static (and literature values of dynamic)
Young's moduli are presented by Hangen (1977). <Close
agreement is found with static data reported by Seller,
et al. (1972) and Schmidt and Schuler (1974), i.e.,

6

E = 11.0 GPa (1.6x10"°nsi) and Eng * 10.0 GPa (1.5x106

mm
psi), respectively.



TABLE TV

INITIAL TANGENT MODULI, POISSON RATIOS, AND FAILURE STRENGTHS AND STRAINS FOR
NOMINAL 30 GPT SHALE AT ELEVATED TEMPERATURES IN UNIAXIAL TENSION

#Tests Orient. Temp.®°C(°F) EnnGPa(psi) un
3 1 21 (70) 8.3 (1.8x10%) 25
3 1 38 (100) 6.6 (9.5x10°) .33
2 1 93 (200) 1.7 (2.4x10°) .42
1 121 (250) 0.83(1.2x10°) .35
] 1 149 (300) 0.97(1.4x10%) .40
Enm Yom  Vim
3 7 21 (70) 16.5 (2.4x10%) .28 .21
3 // 38 (100) 9.0 (1.3x10%) .32 .28
3 /! 93 (200) 1.4 (2.1x10°) .43 .35
Eag ' vag Y23
3 n/4 21 (70) 20.6 (3.0x10%) .33 .38
3 n/4 38 (100) 7.6 (1.1x10%) .36 .36
2 "4 93 (200) 4.5 (6.5x10%) .50 .41

Failure
g:MPa(psi) £:me
2.5 (365) 0.17
1.9 (280) 0.30
0.65 (95) 0.57
0.48 (70) 0,65
0.41 (60) 0.55
7.6(1100) 1.0
6.3 (910) 2,0
2.4 (350) 3.7
6.0 (875) 0.40
5.4 (780) 0.81
1.7 (250) 0.50

&t
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2. Fracture Mechanisms. For consistency, the tensile

tests were all performed at a loading rate of approximately
0.01 MPa per second (1.5 psi/sec) - unless stated other-
wise. Figure 6 shows several tensile specimens after
failure. They reveal that failure inevitably occurred
between the bedding planes at all temperatures except

in tests parallel to the beds (e.g., Schuler, 1977).
Further testing for the critical 8>«/4 is, therefore,
warranted to explore where this failure transition occurs.
The marked decreases in fajlure strengths and initial
moduli (Table IV) between 38°C and 93°C suggest an
initiation of kérogen pyrolysts and a breakdown of
inter-bed bond strength. Some delamination along bedding
planes was noticed at temperatures greater than 93°C (200°F).
Brittle fractures were observed in all orientations up to
38°C (100°F). Between that temperature and 93°C, however,

a transition to more "ductile" failure was detected, and
rupture occurred long after the maximum stress level was
attained.

Although kerogen pyrolysis was indeed suggested at
temperatures greater than 38°C, no visible excretions of
kerogen were observed (Figure 6). Color alterations
(presumably due to pyrolysis) were observed at all
temperatures above ambient. Thermal cracking (probably

in a more general sense than classically used) was
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Figure 6: Nominal 30gpt shale specimens failed in uniaxial tension
at various temperatures. //, 1, and 45° refer to tests
parallel, perpendicular, and at 45° to bedding, respectively.
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particularly evident at temperatures of 93°C or more,
and for cores cut normal to the bedding -- indicating a
size effect previously noted by Hangen (1977). Whether
or not these crack could have formed under a confining
stress is an important factor that will be determined in

future testing.

B. High Temperature Uniaxial Compression Tests

Unconfined compression tests were performed from
room temperature up to 204°C (400°F) using a special
compression cage in an environmental chamber (Appendix 1IV).
The specimens were loaded perfectly by the inner cage
platens, without end pieces. It is known (e.g., Lama
and Vutukuri, 1978) that direct platen loading introduces
a triaxial state of stress at the contact surfaces due
to frictional effects (see Figure 7). This stress region
extends into the specimen in a cone-type shape, beyond
which there exists an effectively uniform stress distri-
bution. Tests were also performed using aluminum end
pieces to achieve a more uniform stress state throughout
the entire core and these are designated accordingly.
For loading normal to the bedding planes, results showing

longitudinal and transverse strains are illustrated 1in
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with increasing temperature. As in the tensile tests,
this suggests a rapid intensification of organic material
breakdown somewhere between 38°C (100°F) and 93°C (200°F).
This was noted throughout all the tests.

Additional data is presented in Table V for high
temperature compression tests.

The stress-strain curves for longitudinal and trans-
verse strains, for compression parallel to the bedding
planes, are plotted in Figures9(a,b,c). Strain gage measure-
ment of pertinent transverse strains was possible to 121°C
(200°F). An immediate fall-off in longitudinal stress
response is apparent in Figure 9a, suggesting minimal
early crack closing in this orientation.* However, for
tests at 93°C or above, initial high compliancy was indeed
observed. This suggests that some kerogen exists in the
planes themselves, where matrix material predominates.
Along with any matrix inhomogeneities, this general re-
organization of internal structure resulted in the observed
initial reverse curvature, followed by the characteristic
decreasing modulus of inelastic response. Initial tangent

moduli ranged from 22.0 GPa (3.2x10°% psi) at 21°C to

*
Since most cracks are found in the planes of the beds,
this would be anticipated.



TABLE V

INITIAL TANGENT MODULI, POISSON RATIOS, AND FAILURE STRENGTHS AND STRAINS FOR

NOMINAL 30 GPT SHALE AT ELEVATED TEMPERATURES IN UNIAXIAL COMPRESSION:

%l) NORMA% TO BEDDING, (//) PARALLEL TO BEDDING, (w/4) 45° PARALLEL TO BEDDING
FIGURE 4).

Temp. - Failure
Tests Orient. °C (°F) Enn GPa (psi) Ymn opnMPalpsi) e, me

2 1 21 ( 70) 7.6 (1.1x10%) .26 72.5 (10500) 12
2 1 93 (200 1.7 (2.5x109) .52 30.3 ( 4500) 30
2 1 121 (250) 1.4 (2.1x10%) (.60) 21.4 ( 3100) 45
2 1 204  (400) 0.31(4.5x10%4) - 15.2 ( 2200) 50

Emm_GPa (psi) “om Vem Tmm “mm
3 /1 21 ( 70) 22.0 (3.2x10%) .29 .24 64.9 ( 9400) 6.0
3 7/ 93  (200) 2.8 (4.1x10%) (.70)(.61)30.3 ( 4400) 11
2 /1l 121 (250 1.4 (2.1x10%) (.83)(.80)18.6 ( 2700) 16
3 // 204 (400 0.21(3x0x104) - - 9.7 ( 1400) 35

v v o £

Eqq 13 VY23 933 33
4 )4 21 ( 70) 14.5 (2.1x108) .22 .30 63.4 ( 9200) 6.8
1 n/8 38 (100) 8.3 (1.2x108) .26 .32 60.0 ( 8700) 7.0
3 a/b 93  (200) 4.6 (6.7x105) .45 .50 45.5 ( 6600) 13
2 n/4 121 (250) 1.7 (2.4x10%) (.52)(.51)31.0 ( 4500) 21
2 n/d 204  (400) 0.21(3.1x10%) » - 9.0 ( 1300) 40

* These values (v) are not truly Poisson ratios per se, because of thermal effects,
but are given for referral purposes.

18
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strain measured normal to bedding. Compressive stress taken
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0.21 GPa (3.0x104psi) at 204°C. Failure strengths(strains)
decreased (increased) seven-fold (six-fold) over that

same temperature range. Scatter was again minimal

(s* < 15 % of average value) for all categories, being
generally even smaller than that for compression normal to
beds. High transverse strains in both the n and P
directions were observed above 38°C (100°F), resulting in
gross delaminations upon failure (to be discussed Tater).
Consult Table V for more specific data.

Experimental teSts were also performed on specimens 1in
the 8 = n/4 orientation (Figure 4); the results are
presented in Figs.10(a,b,c). The onset of nonlinearity can
be identified up to 93°C: this happens roughly at
10 MPa (1500 psi) for 21°C and 5.5 MPa (80°psi) for 93°C.
From ambient to 204°C, seventy-fold decreases in tangent
moduli and seven-fold decreases in strength, and an
approximate six-fold increase in failure strain were
measured. Failures were solely along the bedding planes,
with no thermal cracking or organic secretions in evidence
(as discussed later). Also, failure strengths were
surprisingly high in the 38°C - 121°C range, indicating
that shear and normal stresses do not reinforce each other

to produce failure, viz,not in accordance with a simple

*
s = standard deviation.
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isotropic law; this anisotropy in strength is characterized
later.

Shear moduli values Gmn determined from these tests
ranged from 56 GPa (8.1x10° psi) at 21°C to 0.54 GPa
(7.8x104 psi) at 121°C. The overall consistency of the
data again improved immensely at higher temperatures
(sn50% of mean at 21°C; s~10% of mean at 121°C), illustrat-
ing less variation of response as temperature is increased.
These moduli values appear again later in the constitutive

relation.

1. Comparative Results: Comparison of the above results

wfth those of Hangen (1977), again using his data for the
nominal 34 gpt shale, reveals statistically comparable
values for initial moduli, Poisson ratios, and failure
strains in both principal directions. However, a discrep-
ancy of a factor of two in failure strength is seen 1in
tests normal to the bed, reported as 40.0 MPa (5,000 psi)
by Hangen. This variation, as well as others detected,
may be attributable to a difference in specimen preparation
between the two studies. In order to achieve a more uni-
form uniaxial stress throughout the samples, insofar as
the inhomogeneities of oil shale allow, Hangen (1977)
applied loading through aluminum end pieces epoxied to

the shale (analogous to preparation of tensile specimens).
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These end pieces do not constrain the contact surfaces

of the specimen to an extent equivalent with direct
platen loading; consequently, lower strengths may result.
Buckling was another factor involved in most of the com-
pressive failures reported by Hangen . Since loading via
direct platen was typically employed in this study, and
also because length to diameter ratios were maintained
between 2.0 and 2.3, no buckling failures were observed
through the course of this work. However, several tests
performed using caps showed consistently lower fajilure
strengths and strains in both principal directions(48.3
MPa (7,000 psi) and €15 Ms for Both /7 and 1), con-
firming the trend in Hangen (1977).

High temperature tests reported by Hangen were for a
nominal 65.1 gpt shalei therefore, only a qualitative
comparison should he made. Over a temperature range of
38°C to 204°C, Hangen showed a six-fold (14-fold) decrease
in failure strength and 50-fold (60-fold) decrease in
tangent moduli for experiments normal (parallel) to the
bedding plane. Much smaller decreases are reported here
(Table V) for both strengths and moduli over that
temperature range. This suggests a strong dependence of
thermomechanicat response on organic contact in the shales,
as might be expected. Increased compliance with higher

kerogen contact has been reported previously by other
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researchers also, (e.g., Cameron Engineers, 1975;

Sellers, et al. 1972; Schmidt and Schuler, 1974).

2. Fracture Mechanisms. Several compressive tests to

failure at various temperatures in the three test orient-
ations are pictured in Figures 11(a,b,c). A1l tests were
run at a quasi-static loading rate of approximately 7MPa
per minute (~ 1000 psi/min) with lower rates in the case

of higher temperature runs (~ 1MPa per minute). Equivalent
strain-rates of about 1 me/min at 21°C to about 5me/min at
204°C were achieved. Additionally, each specimen was
stahilized at temperature for one hour* before axial
Toading was administered. .

Failure modes at room temperature showed the familiar
pattern, namely cone-type failure (explained in Figure 7)
due to triaxiality at ends, for tests normal to bedding
planes, and a diagonal, wedge-1ike failure pattern for cores
parallel to beds, due to the linking up of smaller cracks

between the beds - resulting from the weak inter-planar**

tensile strength of the shale. Specimens at s = n/4

*It was determined in initial characterization tests that
the 1.5 in.diameter cores required roughly 1/2 hour at
temperature to reach thermal stability. (Appendix I).

**Tensile strength normal to bedding planes was approxis

mately one fifth-(1/5) of that for specimens parallel
to the beds for all temperatures.



Figure 1la:

Nominal 30 gpt shale specimens failed in uniaxial
compression at various temperatures 1 designates
tests perpendicular to bedding.
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Figure 11b:

Nominal 30 gpt shale specimens failed in uniaxial
compression at various temperatures. // designates
tests parallel to bedding.
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showed failure along the bedding planes, again due to the
shale's weak inter-plamar strength (see Figure 11).

However, as the temperature was increased, several
interesting observations were made. Firstly, for samples
cored normal to bedding, the failure pattern was again the
typical cone-like shape, even up to 204°C; still,as shown
in Figure 1la, extensive vertical cracks began to appear at
temperatures above 93°C. This suggested that a barrelling-
induced circumferential stress was produced by the end
constraints. It became obvious that this stress dominated
more and more in specimen failure. as temperatures increased.
At 204°C (400°F), the effect was vividly clear (Figure 11a).
Kerogen pyrolysis was most apparent in this orientation;
actual fluid excretions were detected above 121°C, being
very noticeable above 204°C. These organic excretions
appeared to be purely thermally-induced, since fluid flow
was observed prior to testing and remained essentially
constant throughout the test. Although visible color
alterations were observed for all orientations, generally
increasing with temperature, no organic excretions were
perceived other than in the tests perpendicular to the
beds. As mentioned earlier, this suggests a size effect
in the cores which warrants further investigation.

For temperatures at ar above 93°C, tests performed
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on cores cut parallel to the bedding planes revealed gross
delamination of the bheds prior to complete failure

(Figure 11b). Thermal cracking was particularly evident
along the beds in this orientation. This failure mode
suggests increased kerogen pyrolysis with temperature,
followed by a drastic reduction in interplanar strength
(as was illustrated in tensile tests normal to beds), The
barrelling-induced circumferential stress literally

peeled away the bedding planes from one another.

Tests conducted on specimens in the 8 = n/4 orientation
revealed a consistent failure mode - along the bedding
planes-up to the highest temperature attainable (204°C).
Minimal cracking, either mechanically on thermally-induced,
outside of the main failure line was detected (Figure 11c).
An important observation, however, pertains to the failure
strength values presented in Table V. ATthough exhibiting
failure strengths equal to those in tests in the two
principal directions near room temperature and above 149°C
(300°F), the 45° specimens demonstrated consistently higher
strengths to failure in the range of 38°C - 149°C (see
Figure 12 for compressive failure strengths versus
temperature). This suggests an additional frictional
sliding and hardening effect of bed on bed, not found
in tests utilizing cores in the parallel on normal

orientations. At lower temperatures (< 38°C), this
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Figure 12: Plots of compressive failure strength vs. temperatures for tests
perpendicular and 45° to bedding for nominal 30 gpt shale.
Compressive failure strengths taken as positive.
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frictional component would have some significance; how-
ever, as temperatures rise, this component becomes
increasingly important in the overall strength of the
material since other barriers involved in maintaining
material integrity (e.g., interplanar tensile strength
mentioned previously) are decreasing markedly. This con-
tinued until sufficient kerogen-rich material was pyrolyzed
(at roughly 149°C) to act as a "lubricant" between the
heds which thereafter substantially decreased the
frictional effects of relative sliding. This explanation
is somewhat justified since the 45° orientation tests
exhibited the lowest failure strengths at temperatures
around 204°C (Table V).

Organic breakdown (kerogen pyrolysis) and release as
a vapor was detectable by smell at temperatures above
93°C in all orientations. This was subsequently confirmed

by a miniscule weight Toss determined in some of the tests.

C. Compression Stress Cycling and Stress Relief Tests.

Some compressive load cycling and stress relief experi-
ments were performed on the nominal 30 gpt shale to deter-
mine whether stress-induced anisotropies could be intro-
duced into the shale. These anisotropies, if readily
apparent, would then have to be incorporated into any

representative analytical characterization of the shale



a9

(e.g., constitutive modeling). High temperature tests
to 204°C were done on cores cut parallel, normal and at
45° to the bedding planes.

The initial phase of the experiments involved
repetitive cycling to approximately g0% of failure stress
at ambient temperature (21°C). Responses for longitudinal
and transverse strains are illustrated in Figs. 13,

14 (a,b) and 15 (a,b) for tests normal, parallel and

g=v/4 to bedding, respectively. Representative curves for
loading and unloading response for the first, second, and
tenth cycles are presented,

The largest hysteresis in response was detected in
samples cored normal to the heds, while the least occurred
in samples at 6=w/4. This suggests that most of the
shale's irreversible deformation occurred in the kerogen-
rich laminae between the beds and that these organic
strata were prone to greater "plastic" strain than the
inorganic zones. For tests normal to the bedding planes,
the material unloaded to roughly 89% of total failure
strain plots after one cycle. After ten cycles, the un-
loading response for the axial strain was to 97% of
total strain. Similarly, smaller strain losses were cal-
culated for tests parallel and at 45° to bedding
(Figs. 14-15). It was observed throughout all the runs,

though, that stress-induced hysteresis was



UNCONFINED COMPRESSION 12 — h
PERPENDICULAR TO BEDS — 80 2" 10
STRESS CYCLING NEAR PEAK LOAD
10— 70 ’
L 60
8 —
50
n
¥ 6—
|Si b =
|30
&~
20
- T =2I°C
10
€
[ nn] [EmrnE CTT]
l | | I I A/ | |
12 -0 -8 oy _4 -2 0 2 4 6 8
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Axial stress vs. axial and transverse strains for unconfined
compression parallel to bedding at 21°C for nominal 30 gpt
shale. Transverse strain, ¢__, measured perpendicular to
bedding. Compressive stress""taken as positive.
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Transyerse strain measured in e, direction. Compressive
stress taken as positive.
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greatest after one cycle, but that further stress
cycling produced minimal hysteresis or work loss.
Additional single cyclings were performed. at tem-
peratures of 21°C, 93°C, and 204°C with specimens normal,
parallel and 45° to bedding. These experiments, at the
various temperatures, included cycling roughly at 20%,
40%, 60% and 80% and failure load; loading was then
carried to approximately 90% of total failure strength,
held for 30 minutes to monitor stress relief in the core,
then released. The results, showing relevant longitudinal
and transverse strain responses, are plotted in Figures
16 (a,b,c),17(a,bc,d), and 18(a,b,c,d) for tests run normal,
parallel, and at 45° to the bedding planes, respectively.
Substantial stress relief in the cores was observed in
all orientations,even at 21°C. For compression normal to
the bedding planes at 21°C, axial stress/strain relief/
increase of approximately 5%/15% of total failure stress/
strain was detected after 30 minutes. These values in-
creased to roughly 20% and 22% for stress and strain,
respectively, at 204°C. The transverse strain measurement
showed slightly larger increases over temperature.
Hysteresis on unloading at 21°C was not detected until
60% of the total failure load was attained, decreasing to
about 40% of failure load at 204°C. Similar results were

observed for tests parallel and at 45° to bedding. The



<
OOu‘)NE
m—

COMPRESSION PERPENDICULAR TO BEDS 12 —
STRESS CYCLING / STRESS RELIEF =80

Min

— 70

l
e
S
0
O

Figure 16a:

€ x 103

Axial stress ys. axial and transyerse strains at 21°C for cycling
and stress relief for unconfined compression normal to bedding.
Stress relief at 80% of failure load with one, two, five, ten,
and thirty minute increments shown for the nominal 30 gpt shale.
Compressive stress taken as positive.
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Figure 16b: Axial stress ys. axial and transverse strains at 93°C for stress
cycling and relief for unconfined compression normal to bedding.

One, two, five, ten, and thirty minute increments shown for nomi-

nal 30 gpt shale. Compressive stress taken as positive.
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Fiqure 16c: Axial stress vs. axial strain at 204°C for stress cycling and
relief for unconfined compression normal to bedding. One, two,
five, ten, and thirty minute increments shown for nominal 30 gpt

shale. Compressive stress taken as positive.
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Figure 17a: Axial stress vs. axial and transyerse strains at 21°C for stress

cycling and relief for unconfined caompression parallel to bedding.
Transverse strain measured normal to bedding. One, two, five,
ten, and thirty minute increments shown for nominal 30 gpt shale.
Compressive stress taken as positive.
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Figure 17c:

Axial stress vs. transyerse strains at 93°C for stress cycling and
relief for unconfined compression parallel to bedding. e _ and e,
represent transverse strains normal and parallel to beddiﬂa,
respectively, for nominal 30 gpt shale. Compressive stress taken
as positive,.
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Figure 17d: Axial stress vs. axial strain at 204°C for stress cycling and
relief for unconfined compression parallel to bedding. One, two,

five, ten, and thirty minute increments shown for nominal 30 gpt
shale. Compressive stress taken as positive.
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greatest hysteresis during cycling at room temperature
was again found in samples normal to the bedding planes,
with tests at & = n/4 exhibiting the least hysteresis on
unloading. However, as temperatures increased (to 204°C),
tests in the 45° orientation were observed to have the
largest hysteresis on unloading, indicating not only
increased inelastic deformation due to organic breakdown,
hut also an additional inelastic sliding component found
in this orientation. This argument pertains also to
stress relief in the tests; 45° cores displayed the least
stress relief at 21°C, probably due to an additional
frictional restraint between the beds which prevented
crack growth in this direction, while exhibiting the most
relief at 204°C, due to the above reasoning.

These results-multiple stress cycling near peak load,
intermediate stress cycling, and stress vrelief near peak
Joad - all suggest substantial stress-induced anisotropies
in the o0il shale. The effects of the kerogen on material
response, particularly at higher temperatures, reveals the
very complex nature of the shale. Further tests are
warranted introducing confinement, with temperature, to

more closely simulate underground conditions during in situ

retorting.
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D. Triaxial Tests. Triaxial testing was performed,in

a fashion described more fully in Appendix VI to determine
the effect of confining pressure on initial moduli, strength
and strain data, and fracture mechanisms. The results, for
triaxial tests normal and parallel to the bedding are
presented in Figures 19 and 20, respectively, Strain was
measured in the axial direction only because the specimens
were jacketed with vinyl tubing prior to testing (see
Appendix VI). A1l experiments were run at room temperature.
Further triaxial experiments at higher temperatures using
larger cores with appropriate strain measurements are
planned in later research.

Specific results for failure strengths/strains and
initial tangent moduli are listed in Table VI. Three-fold
increases in failure strengths were found for tests in
hoth principal directions over the range of applied con-
fining pressure (0 MPa to 69 MPa). Initial tangent
moduli at zero confining pressure were comparable to those
presented previously in this study, again revealing crack
closure response at load initiation. However, since
confining pressure was applied first before axial loadinag,
this initial response had already occurred for tests with
confinement greater than atmospheric pressure. Consequently,

tangent moduli values were generally twice the magnitude
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Figure 19: Deviatoric stress ys. axial strain for triaxial compression

perpendicular to bedding at 21°C for nominal 30 gpt shale.
Plots are 0, 3 ksi, 5 ksi and 10 ksi confining pressure
are shown. Compressive stress taken as positive.
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Figure 20: Deviatoric stress ys. axial strain for triaxial compression
parallel to bedding at 21°C for nominal 30 gpt shale.
Plots for 0, 3 ksi, and 10 ksi confining pressure are shown .
Compressive stress taken as positive.
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TABLE VI

INITIAL TANGENT MODULI AND FAILURE STRENGTHS AND STRAINS VERSUS CONFINING STRESS FOR
NOMINAL 30 GPT SHALE AT AMBIENT TEMPERATURE

#
Tests

[ T T N S )

1

Core Confining

Modulus

Enn 6P2 (psi)

Failure
of MPa(psi) e . me

Orientation Stress - MPa (psi)
1 0.1 (15)
1 20.7 (3000)
1 34.5 (5000)
1 69.0  (10000)
/7 0.1 (15)
/1! 20.7 (3000)
I 69.0 (10000)

total applied axial stress

6.3 (9.2x105)
13.8 (2.0x10%)
11.0 (1.6x10%)
15.9  (2.3x10°%)

Emm

7.6 (1.1x10%)
14.5 (2.1x10%)
17.9 (2.6x10%)

94.5 (13700) 18
147 (21300) 20

179 (26000) 64
257 (37200) >125

mm

73.8 (10700) 71
141 (20400) 15
403 (33800) >110

121
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of those at zero confining stress. The moduli remained
essentially constant then, for increase of confining
pressure, up to 69 MPa (10,000 psi), suggesting a flaw-free
character in the bedding planes. The substantial increases
in strength and overall deformation to failure at con-
fining stresses of just 20 MPa indicate a very high inherent
toughness in oil shale. This toughness or resistance to
failure suggest that high energy expenditures may be re-
quired for sufficient zone preparation (e.g., excavation
access, fracturing) and maintenance during the retort
stage. Similar tests at higher temperatures (to be per-
formed in future work), are, therefore, quite important and

should give much needed information.

1. Fracture Characterization. Several failed triaxial

samples in bhoth principal directions, with respect to
bedding, are pictured in Figure 21. For tests parallel to
the bedding planes, the failure behavior at confining
stresses up to 2.07 MPa (3000 psi) was similar to that
detailed for uniaxial compression testing, i.e., wedge-
shape diagonal fractures traversing the specimens from top
to bottom, with minimal associated barrelling. Some de-
Tamination cracking was detected near the top and bottom
edges of the larger primary fracture (Figure 21). At

69 MPa (10,000 psi) pressure, severe barrelling and ex-

tremely Targe axial and lateral deformations were
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Figure 21: Nominal 30 gpt specimens failed in triaxial
compression at 21°C, // and 4= refer

to tests parallel and normal to beds,
respectively.
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observed. The high confinement produced a dual-wedge or
x-shape failure pattern in the shale. Full failure of
these particular specimens was actually not attained due
to an equipment limitation (maximum ram travel), but
total axial deformations to complete failure of 20-25% of
original core length were indicated.

Analogous results were found for triaxial tests on
cores cut normal to the beds. To 20 MPa (3000 psi), cone-
Tike end failures (due to triaxiality) were'observed,
again similar to uniaxial tests. However, for runs at
confining stresses greater than 20 MPa (up to 69 MPa),
these cone-like fractures were accompanied by extreme
barrelling and lateral straining (Figure 21). The re-
sultant axial deformations (estimated at strains of .25
to failure) were due to high circumferential stresses and
very high end frictional stresses produced by applied

stresses greater than 250 MPa (37000 psi).

E. High Temperature Fracture Toughness Measurements

1. Preparatory descriptions. A fracture criterion which

could accurately predict failure of cracked bodies would
be an extremely useful engineering tool, with immeasurable
value to the areas of mechanics and materials science

(e.g., for evaluation of structural integrity, selection of
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materials, mining technology, etc.). In particular, a
clear understanding of the mechanics of fracture processes
in 0il shale is critical from an engineering standpoint

if one is to predict and therefore optimize the pre-

paratory and retorting techniques of the i

situ process.

As discussed earlier in Section 1, sufficient permeability
for efficient pyrolysis of the kerogen must be

established (e.g, hydraulically, explosively or chemically)
and maintained for high recovery efficiency throughout the
entire procedure. Adequate knowledge is therefore re-

quired to the effects of kerogen content, in situ stress

state, crack tip environment, and bed orientation on crack
initiation and propagation. Optimal procedures could
hopefully then be formulated té minimize the overall re-
quired energy input and, for instance, thereby reduce the
costs or environmental hazards of the system. Thus, an
effective toughness criterion would be a valuable measure
to quantify the shale's resistance to crack initiation,
propagation, and subsequent formation of fractured zones.
Although there exist several methods for determining
the fracture toughness of a material*, the J-integral
technique (Rice, 1968, Wilkening, 1976) utilizing
deeply notched specimens in a "compact tension" geometry
(see Figure 1) was employed. Mode I stressing at the

specimen front end subjected the remaining uncracked

*
Others are discussed in a later section.
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ligament to remotely applied in-plane bending. In this
geometry, an approximate evaluation of the J-integral was
obtained directly from load versus load-point displacement.
In this configuration the uncracked load point displace-
ments are negligible by comparison to those caused by
presence of the crack. Thus, there is only a single
relevant characteristic dimension in the plane (namely,
the uncracked ligament width = b), in the limit as a/w
approaches unity. Rice, et al. (1973) have shown that
the J-integral has the following limiting form:

8.
J=—3f|= ds (1)
gb
Q
where b is the ligament width, B8 the specimen thick-
ness, F the applied load, and & the load point dis-
placement. The energy available for crack propagation

at any critical load-point displacement & is there-

o 8
fore just proportional to the area under the load-
displacement curve. A distinct advantage of the J-integral
method is that §. can be chosen at any critical value
observed in the actual experiment. Values of the J-
integral were calculated at maximum load and also computed
for a point (e.g., Wilkening, 1976) at which the actual
load point displacement was 2% higher (as determined
graphically) than predicted from a power law which

precisely fitted the initial portion of the P-§ curve.
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This power law has the form:
- m
§ = COF + K(COF) (2)

where C0 is the zero load compliance, and K and m
are empirical constants resulting from the specimen geo-
metry and constitutive behavior of the shale*. As
mentioned by Wilkening (1976), the method chosen to as-
certain 4. is arbitrary, especially for curves without
obvious deviations from smooth response, Limitations on
this method and its applicability for oil shale at high

temperature will be discussed later.

2. High Temperature Results and Discussion. Test speci-

mens were nominally 12 cm x 12 cm with an average a/w
ratio of .6. A1l tests were run on the nominal3Q gpt
shale, stabilized at temperature for one hour, and loaded
at roughly 80 newtons (18 1bs) per minute (lower at higher
temperatures). Load-displacement curves for the three
relevant orientations (divider, short transverse,
arrester) are presented in Figures 22, 23,and 24. Point

A in the figures was the point of significant departure

*
The procedure for calculating C,, K, and m values from
the P-6 plots is discussed in ApBendix V.
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(i.e., 2% deviation) from the power Taw in Egn. (2)

and was assumed to be indicative of crack initiation at
the notch tip. Since Co and K were both strong
functions of notch depth, any notch depth increase
produced significant deviations from the power law.
Visible determination at higher temperatures of minute
cracks protruding into the ligament area, as described by
Hangen (1977),was impossible because of specimen enclosure
in the environmental chamber.

To eliminate crack branching into the weak vertical
planes in the arrester orientation, a precompression
device (to which the compact tension geometry lends itself
very readily) was employed to qpp]y a simulated overburden
stress condition. The results are plotted in Figure 25.

The results indicated that the divider orientation was
toughest at maximum load over the temperature range (21°C
to 149°C), but it was comparable to the arrester (uncon-
fined) at the onset of crack growth, up to 38°C (100°F).
The short transverse tests exhibited the lowest toughness
values in both instances (up to 93°C), as anticipated.
Vertical failure along a weak plane normal to the crack
front was prevalent in the arrester tests, resulting in
particularly low toughnesses as the temperature was
increased. In this orientation, a marked decrease in

toughness, from 38°C to 93°C suggested a gross lowering
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of inter-hed strength. Without confinement, the loading

channelled the stress into the narrow region between the
nearest weak plane and the crack tip: the tensile
stresses which would be induced across the vertical weak
planes cannot be carried beyond the limited tensile
strength, which was shown earlier to drastically decrease
over the above temperature range, due to initial organic
breakdown. With confinement, this failure mechanism was
eliminated; indeed, arrester toughness increased two-fold
from 21°C to 93°C. However, the absolute values below
38°C were much lower, relative to tests without confining
pressure. This suggests that subcritical crack growth in
the process zone around the crack tip (e.g. Hoagland,

et. al, 1973) was minimized in the confined tests, and
that most of the energy put into the rock was consumed in
the propagation of the major fracture through the ligament
area.

Other calculations showed that maximum loads decreased
approximately three-fold from 21°C to 93°C, for all
geometries (including confined arrester) and that tough-
ness values calculated at maximum load indicated increase
by factures of four, three and 1.5 for the divider,
arrester and short transverse geometries, respectively.
The increases were a result of dramatic increases in the
shale's compliance and strainss to crack initiation around

the crack tip. Specific results are listed in Table VII.



TABLE

VII

HIGH TEMPERATURE FRACTURE TOUGHNESS DATA

Maximum  Max. Load per

# Temp. Load Ligament area
Tests Orientation °C (°F) kN (1bs) MN/m?2
pa Divider 21 (70) .556 (125) 431
2 Divider 38 (100) .374 ( 84) 272
2 Divider 93 (200) .200 ( 45) .157
2 Divider 149 (300) 102 ( 23) .075
2 Short 21 ( 70) .214 ( 48) . 189
2 Transverse 93 (200) .062 ( 14) .052
Arrester 21 ( 70) .485 (109) .354
Arrester 38 (100) .347 ( 78) .252
Arrester 93 (200) .102 ( 23) .079

[with confining stress]

2 Arrester 21 ( 70) .285 ( 64) .224
2 Arrester 38 (100) .249 ( 56) .181
2 Arrester 93 (200) .120 ( 27) .093

J. (Joules/mz)

2% dev. Max. Load
52.1 55.6
49 .72 64.2
82.4 107.3
- nv150
16.0 16.0
14.2 24.5
53.5 54,1
54.0 55,4
31.0 32.5
19.0 19.0
26.5 28.9
38.6 49,2

vET
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The scatter among samples was minimal, particularly
at higher temperatures, suggesting (as in uniaxial tests)
a decreasing dependence of shale response on material
inhomogeneities, as temperature is increased. Scatfer was
most pronounced for tests in the arrester geometry, as
might be expected from the complex interaction between the
crack tip and bedding laminae. Similar reasoning might
have pertained to the short transverse geometry; however,
1ittle scatter was ohserved in these tests -- probably due
to the low loads needed to initiate crack growth. Un-
stable fracturing to failure was detected for most specimens
very soon after initiation for temperatures less than 3870
(100°F). However, the confined arrester samples exhibited
additional toughness (Figure 25) after fracture initiation
due to crack arrest at a particularly strong bedding plane.
In order to overcome the high tensile strength of the shale
in the plﬁné parallel to the crack front at these points,
for further propagation, an added force had to be applied
to that particular region,

Some thermal cracking between the bedding planes was
detected in tests of all geometries at temperatures of
93° or above. Determination of the combined effect of tem-
perature and overall confinement (due to pre-existing
stress state or induced underground pressurization during

bed fracturing)] onp material toughness and the growth of
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thermal cracks (during retorting) is particularly important.
Relevant experiments are planned in future work,

Evidence on the effects of crack length (e.g. Schmidt,
1977) and confining pressure (e.g. Abou-Sayed, 1977) on
fracture toughness is well documented; however, they
illustrate an important and potentially crucial difficulty
in the determination of the toughness parameter J for
the compact tension geometry employed in the previous
tests. The problem arises from the limitations on the
specimen dimensions. While one rgstriction on the appro-
priate application of the J-integral method and Eqn. 1 is
the 1imit of a/ws1 (thereby necessitating a crack length
comparable to specimen length)., a contradictory re-
striction exists in satisfying the dominance of the
relevant crack tip singularity or characteristic stress
field (e.g., Hutchinson, Rice and Rosengren, 1968). The
stress-strain environment within some "nrocess zone"
should be dominated solely by conditions local to the
crack tip leading edge, being insensitive to specimen
geometry (crack size, net ligament, thickness, etc.),
and other sundry factors (e.g., Begley and Landes, 1971).
When combinations gf these factors destroy this dominance,
the applicability of J is limited. Equation (1) is use-
ful as a toughness measurement, but it should be noted
that the character of the fracture process may be in-

fluenced by geometry and confining stress. Qur
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particular problem is related, for instance, to a
stress-free curved surface ahead of the crack tip (roughly
a distance b/2 away), resulting from bending of the re-
maining ligament. This condition (discussed more
thoroughly by Cleary, 1978b) may violate the above crack
tip singularity state, depending on the size of the afore-
mentioned process zone, and consequently limits the minimum
allowable ligament length. A more careful characterization
(e.g., by finite element analysis) is presently being con-
ducted (Miller, 1978) to eliminate this problem and like-

wise to account for any anisotropic and nonlinear effects.

3. Cycling of Crack Loading: The Effect of Crack Radius.

Unloading tests were performed to determine the effects
of the finite notch-tip radius, which is expected to
influence the conditions for crack initiation. Represent-
ative specimens in the three relevant geometries were
loaded until fracture initiation was guaranteed (at a
point arbitrarily chosen just after maximum load was
attained); load was then cycled several times before total
failure. The plots are shown in Figs. 26-28 for the
arrester, divider, and short transverse geometries,
respectively.

The importance of determining the energy release rates
for both finite notch tip radii (e.g., in machine ex-

cavation) and shart natural cracks (e.g., in hydrofracturing)
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is apparent. The finite radius is known to concentrate
stress less than a sharp crack, so that increased values
of the J-integral for initiation are expected. Although
the ligament length was smaller following crack initiation
from the finite notch tip, thereby changing the calcul-
ation for the J-integral,analysis of the plots shows that
a moderate loss of toughness was generated for all
geometries, as a result of having a sharp natural crack.
J-toughness values derived at maximum load for finite
notch tip/sharp natural crack were: divider-52.4/30.2;
arrester-48.6/29.3; and short transverse-28.4/15.2. A
comparison of the J-toughness values at maximum load

from notched tips with those for reinitiation from

natural fractures reveals about a 40% loss in toughness
for all specimen geometries. These tests indicate a
definite loss of material toughness for crack initiation
in 0il shale, when that initiation is from a natural
fracture in the rock. Further tests are certainly
warranted to account for thermal and confining stress

effects.

4, Comparison with Other Techniques and Data. A number

of fracture toughness experiments have been conducted on
0il shale, in particular by Schmidt (1975, 1977).

However, no high temperature fracture toughness results
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were found in the literature and it is believed that
little, if any, high temperature testing has been done
previously.

Schmidt employed three-point-band specimens and an
ASTM standardized testing procedure (for metals), i.e.,
insertion of a sharp fatigue crack. The toughness values
reported by Schmidt (1977) were in the form of KI’ derived
from linear elastic fracture mechanics, which quantifies
the energy required for crack initiation and propagation
through a material, for the case where the crack tip is in
a state of plane strain. The critical value (KI value
at onset of crack-growth) has been shown (e.g., Schmidt,
1975) to be a material constant for a vast number of
metal alloys, ceramics, polymers, and even some organic
materials (e.g., wood, rubber)s;of course the specimens
used for measurement must satisfy the appropriate geometric
criteria. Its application to characterize oil shale,
however, may be limited unless anisotropic and nonlinear
effects are included in the calculations. The relation-
ship between the J-integral (e.g., Rice, 1968) and the
stress intensity factor K, for small-scale yielding is

rather straight-forward, namely, (Cleary, 1978b):

2 2 2



143

where K], KZ’ I(3 represent modes of opening, in-plane
shearing, and out-of-plane shearing, respectively. The
constants a have a form associated with the
characteristic equation between moduli; in the isotropic
case, for instance, a; = (1-u2)/E. Therefore, the
familiar form for the isotropic version of equation (3)

under a pure opening mode is:
g = Lo ) & (4)

This equation was used for a comparison of data from the
paper of Schmidt (1977) to the 21°C data in Table VII for
“toughnesses ;aTcuiated both fr&m a finite notch tip
(Figures 22-24) and a sharp natural crack (Figure 25).
The results are illustrated in Table VIII.

As shown, the Schmidt data reveals toughness values
larger than ... those reported herein for all three
crack orientations. A comparison between his data and
that measured from the cycling tests of this report - both
of which measured shale toughnesses from a sharp crack -
shows a discrepancy of about 100% using an average value
between his 20 and 40 gpt data. This discrepancy points
out the need for a toughness measurement in oil shale
which accounts for anisotropic and nonlinear effects.

Schmidt's use of a fatigue crack and the LEFM stress
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TABLE VIII

COMPARISON OF SHALE TOUGHNESS DATA AT 21°C

Divider
Arrester

Short
Transverse

Jez2% Je

dev, from Je Max. Load

Power Law Max. Load Cycling Data Schmidt Data:

(Jou;es) (Jou;es) (Jou%es) i = (Jogles)
m m m m

30 gpt 30 gpt 30 gpt 20 gpt 40 gpt

52.1 55.6 30.2 50 100
53.5 54.1 29.3 40 80
16.0 24.5 15:2 (25) 20

AR
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intensity factor may have grossly overstated the shale's
actual toughness.

In fafrness, it should also be pointed out that the J-
intégra] method is based on a model with elastic deforma-
tion, or monotonic stress paths3 thus, unloading, as in
the cases of Schmidt (1977) and the previous cycling tests,
may invalidate its use., The J-integral essentially repre-
sents the rate of decrease of potential energy with respect
to notch length (e.g., Rice, 1968) and it must inevitably
vary with changing crack length. Additionally, some local
unloading behind the tip of the crack may occur during
crack advances (e.g. Amazigo and Hutchinson, 1976).
However, an argument for more realism toward practical
applications in the field (i.e. hydraulic fracturing
underground) can be made with Uur-methodo1ogy, even though
significantly more analysis must be applied to Schmidt's
procedure.

A critical distinction is also emphasized in experi-
ments between those criteria for crack growth initiation
(e.g., Schmidt, 1977; Figure 1) as against those for
establishment of steady propagation (e.g., Clifton, et.
al, 1976). The cracked annular specimens used by
Clifton, et. al. (1976) allow substantial crack growth
before enset of instability, while the specimens used

herein and by Schmidt (particularly the divider and
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arrester geometries) lead to instability almost immediate-
1y after crack initiation. Local crack-tip conditions
underground, during actual field experiments, point to a
more practical use of the cracked annular-type specimens
for good laboratory simulation.

Since hydraulic fracturing from a borehole will gene-
rally be one meansof bed preparation and/or containment
for an in situ process, these annular tests could be used
approximately to more closely simulate confinement around
that borehole. The differentiation between initiation
and steady propagation, which has been quantified in
metallic alloys (e.g., Amazige and Hutchinson, 1976),
certainly warrants further anaﬁyses in rock materials.
Considerable work is still required to increase our
limited expertise with near-tip stress states and their
effect on crack growth.

Other advantages of using cracked annular specimens
for a good representation of the toughness of 01l shale
include ': 1) the stress intensity at fracture need not
be determined by the size of the crack at initial crack
extension (as is necessary in compact tension specimens,
2) the value of the stress intensity factor is obtain-
able from accurate measurements of pressure and crack
length at fracture, and 3) the annular-type specimens

lend themselves to more sophisticated analyses. These
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cracked annular specimens will be used much more in future

work, in particular for experiments at various con-
fining pressures and temperatures.

The use of egn.(4) and isotropic Kj, even in
the presence of severe anisotropy (i.e., Table V), is
questionable in light of the plane anisotropic elastic
fracture solutions at our disposal for bounded geometries
(e.g. Bowie and Freese, 1972; Gandhi, 1972). It is
possible (e.gTable V) that a typical ratio of about 3 in
principal axes modulimay exist in the 0il shale at 21°C.
Not surprisingly, Gandhi (1972) has shown,by an analysis
of an inclined crack centrally.placed in an orthotropic
rectangular plate, an effective difference of upwards from
259% between isotropic and anisotropic toughness data,
depending on the orientation of the pre-existing crack
relative to principal axes moduli. His mode I and mode II
stress intensity values were calculated using a material
with a ratio of about 2 in principal moduli. Even greater
ratios (to 4 or 5) in principal moduli may be expected
for oil shale in the field. Relevant comparisons,
therefore, of experimental results to accuracies approach-
ing 10% are absurd, due to the preceding argument.
Additional analysis is necessary before a more accurate

assessment can be made for toughness measurement in oil

shale ysing laboratory-size specimens. The entire
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discussion, however, points to the need for more detailed

plane anisotropic elastic fracture solutions (Miller, 1979).

E. Comparative Uniaxial and Toughness Tests on a Kirkwood

Sandstone.

Any o0il shale extraction method, whether ex-situ
(requiring conventional mining) or in-situ (incorporating
fracturing and retorting in place) will necessitate an
understanding of the surrounding strata and its response
to various stress and thermal conditions. The effects
are particularly important for any proposed in-situ
process because of the need for adequate containment, both
uring bed preparation and retorting, and for attaining
good recovery efficiency. This knowledge of interface
effects and material response must be evaluated (e.g.,
Cleary, 1978d) for the myriad of rock types which may
border on the shale zones. The work presented here
examines one particular rock, namely, a sandstone, for
deformability and toughness characteristics. Other reports
can be consulted for examinations of granite (e.g., Wilken-
ing 1976), limestone (e.g., Abou-Sayed, 1977) and other

sandstone and shales (e.g., Cliftan, et al., 1976).



149

1. Uniaxial Tests. Unconfined tension and compression

tests were performed on a Kirkwood sandstone to observe
initial tangent moduli, Poisson ratios, and failure
strengths and strains. The specimens were prepared and
tested in a manner analogous to that for the shale
samples (see Appendix I), using the same equipment through
out. A1l tests were performed at ambient temperature,
e.g., corresponding to bed preparation conditions.
Higher temperature tests did not seem warranted since it
was felt (e.g., Lama and Vutukuri, 1978) that thermal
effects would have 1ittle 1influence on the sandstone
response (unlike the organic-bearing shale); however,
further confined triaxial experiments are necessary for
adequate underground simulation and should be done 1in
future work.

The data for unconfined tension and compression
testssshowing longitudinal and transverse strains, are
presented in Figures 29 and 30, respectively. Specific
results for moduli, Poisson ratios, and strengths are
illustrated in Table IX.

Average values were calculated to be as follows:

tangent moduli =~ 11.6 GPa ('I.7x106

psi), Poisson ratio
= 0.13, failure strengths = 2.23 MPa (320 psi) in tension
and 51.2 MPa (7400 psi) in compression, and failure

strains = .53 pe tension and = 3.4 me compression. A
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TABLE IX
UNIAXIAL RESULTS FOR A KIRKWOOD SANDSTONE

Specimen Test Eo GPa (psi) ¥y Strength MPaF?llgge Strain me
IT Tension 13.2 (1.9x10%) .17 2.34 (340) .56
2T Tension 10.6 (1.5x10%) .07 1.90 (275) .58
3T Tension 9.1 (1.3x10%) .09 1.72 (250) .46
MI Tension 13.2 (1.9x10°%) .12 2.96 (430) 53
1A Compression 19.4 (2.8x10%) .14 55.2 (8000)  -3.3
3A Compression 7.2 (1.0x10°) .14 47.6 (6900)  -3.4
aA compression 8.3 {1.2x10P) .1z 4.8 (6500)  -2.8
M2 Compression 12.4 (1.8x10°%) .13 56.5 (8200)  -4.2

281
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comparison to the shale data presented in Tables IV and V
reveals a strong similarity in tangent moduli and failure
strengths to ambient tests on cores normal to the bedding
p]anes; The sandstone samples, however, exhibited much
lower ductility and 1ess resiliency on loading, as
evident from the smaller initial lateral strains (i.e.,
Poisson ratios) and from the overall axial strains to
failure. The sandstone also displayed the initial non-
linear response to compressive loading which is character-
istic of other rocks and rock-like materials (e.g.,

Jaegar and Cook, 1975), and often ascribed to crack

closure.

2. Compact-Tension Fracture Toughness Results. Fracture

toughness tests, employing specimens in the compact-
tension geometry (see Figure 1), were also performed on

the Kirkwood sandstone. The samples -- nominal

40 cm x 10 cm x 2.5 cm=were smaller than the corresponding
shale samples due to the dimensions of the original disc-
sahped blocks. The uncracked ligament length, b , was
therefore shortened to 3.8 cm (1.5 in) to get a/w=.60.
Procedures used were similar to those in Appendix V,

without the compressive gig.
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The curves of load versus load-point displacements
are plotted in Figure 31, and calculations of maximum
load per ligament area and J-toughness (as determined by
Eqn. 1) are illustrated in Table X. An average J-toughness
value of 37 Jou]es/mz, at an average maximum load of
260 N (58 1bs) were derived. In comparison to oil shale
data (Table VII) at ambient temperature, this toughness
measurement falls roughly midway between the divider and
short transverse toughness values. Although one-half the
value of the unconfined shale tests in the arrester geo-
metry, the sandstone was approximately twice as tough as
the confined arrester tests at 21°C. These sandstone
characterization tests also revealed a slow propagation
to failure following crack initiation from the finite
notch tip (oddly analogous to the higher temperature
shale tests).

A more quantitative, or even qualitative, implement-
ation of the shale and sandstone deformation and
toughness data cannot be justified until further tests
are done. These tests should more accurately simulate
the desired underground conditions at potential shale-
sandstone interfaces, and the effects of crack pro-

pagation in their vicinity (e.g., Clearyy 1978d).
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TABLE X

KIRKWOOD SANDSTONE FRACTURE TOUGHNESS DATA

Max. load per

Specimen Fmax N. (1bs) Ligament Area MN/m2 A Fmax J/m2
1F 328 (74) 450 37.9
2F 256 (60) .266 40.5
3F 355 (80) .365 46.6
4F 217 (49) .210 27.4
5F 173 (39) w232 39.4
6F 208 (47) .312 382

961
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IV CONCLUSTIONS

A. Observed Behavior

Significant nonlinear straining was detected in both
uniaxial and triaxial tests on oil shale, with high
hysteresis on unloading. This hysteresis response and
consequent energy loss on unloading increased directly
with increasing temperature. An increase in temperature
from ambient to 200°C reduced the Young's modulus by
roughly two orders of magnitude and strength by a factor
of order five; additionally, strains to failure were
increased about five-fold over this temperature range.
The need to reach the failure strength of the shale is
emphasized, particularly with the extreme hysteresis and
large strains exhibited by oil shale at the higher
temperatures, in order to point out the large amounts of
energy and machinery which might be needed to produce
suitable fractured retort zones.

Tensile strength normal to the bedding planes in the
shale was observed to decrease twice as rapidly, with
increasing temperature, as that parallel to the beds.
This observation revealed the intensifying role (with
increasing temperature) of the organic matter in overall
shale response. Failures, and any thermal-induced crack-

ing’, generally occurred between the bedding planes with
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increasing irregularity as temperatures rose. Thermal
cracking was detected at temperatures above 100°C, but
substantial cracking was not seen in any of the tests to
over 20Q0°C. |

Stressing at an angTe'of /4 to the bedding planes
produced consistent failures along the beds; however,
increased strength in the moderate temperature range
(~50°C - 200°C) was observed, suggesting dominance of a
frictional component due to restraint of sliding. This
constraint would beeliminated once sufficient kerogen was
pyrolyzed between the beds. Sliding along the beds would
actually promote increased crack Tink-up and earlier
failure in the shale; this dedﬁction was supported by data
at higher temperatures.

Stress cycling and relief produced marked hysteresis
in the oil shale and revealed significant stress-induced
anisotropic properties. These tests again pointed to the
necessity of attaining the full failure stress in the
shale if sufficient fracturing is to be achieved.

Triaxial confinement to 70 MPa (~ 10,000 psi) in-
creased the shale modulus more than two-fold, strength
to failure three-fold, and total strains about ten-fold.
Although the interdependence of both confinement and
temperature on shale response was not examined in this

research (and indeed it seems to be very complex due to
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the nature of oil shale), their combined effect(at

o, = 70 MPa and T = 200°C) might be such tha?, although
strength should decrease by a factor of two, strain to
failure could potentially increase by fifty-fold. The
overall energy of failure could, therefore, increase by

about twenty-five-fold.

This suggestion also agrees with the fracture tough-
ness experiments performed herein. Toughness values 1in
the arrester geometry increased by more than a factor of
three over a temperature rise of just 60°C, withladded
confinement of only 1.5 MPa (200 pET). Fracture
toughness values varied noticeably with crack orientation
and temperature, with the divider and short transverse
geometries exhibiting the highest and lowest toughnesses
at maximum load, respectively. The unconfined arrester
and dfvider tests were comparable up to 38°C when measured
at the onset of crack growth. Although the divider and
short transverse geometries were not tested under con-
finement, their toughnesses generally increased two-fold
in going to 100°C. Additionally, toughness values
decreased about 40% when crack growth was initiated from
a sharp natural crack, rather than from a finite notch

£1h.
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Coefficients of thermal expansion equaling roughly
11x10°5/°¢ (6.1x10°6/°F) and 2.8x107°/°C (1.5x1072/°F),
parallel and perpendicular to hedding, respectively, were
calculated for the nominal 30 gpt shale in going from
21°C to 204°C. Average volumetric expansion in the cores
was about 0.5% at 93°C, increasing to about 1.0% at 204°C.
Although thermal diffusivity or thermal conductivity was
not measured directly in the characterization tests, an
approximate value was derived for diffusivity from the
above expansion tests. Diffusivity is related to con-

ductivity by the following relation (Shewman, 1963):

where D(cmz/secl is the diffusivity, k(Joules/cm-sec-°F)
the conductivity, Cp (Joules/g-°F) the heat capacity,

and ﬁ(g/cm3) the density of the material. An approximate
diffusivity value of 4x10'3cm2/sec was calculated from

an observed expansion stabilization after 30 minutes in a
3.7 cm diameter core. Kerogen excretions were detected

at 200°C in tests normal to bedding, and seemed to be
purely thermally-induced. The liquid had a consistency

comparable to a thick Q11
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B. Relevance to In Situ Extraction.

A start has been made towards a rigorous thermo-
mechanical characterization of deformation and fracture in
0il shale. Data has Been given for initially quantifying
the role of temperature in shale response; in particular,
for an assessment of strength, moduli, and stress-induced
anisotropic variations (cycling). A notable phase
transition in the kerogen was detected, between 40°C and
90°C, resulting in marked changes in shale response.
Further tests at témperatures greater than 204°C
(approaching 450°C) are required to more effectively
evaluate the porous media regime ofthe shale, and the
corresponding fracture stabi1i;ation mechanisms.

The results from early field tests (e.g., Thomas, et
al., 1972), employing hydraulic fracturing for zone access

and preparations were not promising. However, we feel

that primary access to the in situ retort zone can be

hetter achieved from a network of controlled hydraulic
fractures. It will be necessary for economic feasibility,
though, that multiple controlled cracks from a single
borehole be obtained; techniques to accomplish this need
to be developed. Additionally, the above process will
require assistance from a secondary thermal cracking
mechanism for the successful attainment of adequate, homo-

geneous permeability in the process zone. This mechanism
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is needed to provide sufficient diffusivity for the
vaporizing kerogen.

The data herein indicated that thermal cracking could
he induced in representative samples of 0il shale at
temperatures above roughly 100°C. However, this
cracking occurred almost solely in the kerogen-rich
layers between the beds, and further experiments at even
greater temperatures with confinement are necessary.
Initial high temperature fracture toughness tests re-
vealed a general increase in shale toughness with in-
creasing temperature, while also showing that thermal
cracks are formed (again along the bedding) with
2 MPa.” confinement. -

The production of large-scale controlled fractures in
the shale strata underground has been a major goal of many

researchers for years. Explosive attempts (e.g., Murri,

1]

t al., 1977; Schmidt, 1975) have tended to produce a

|

distribution of particle sizes, with the censequent
potential for clogging of passageways. More
sophisticated procedures utilizing quasi-static techniques
(e.g., hydraulic, chemical) are needed to eliminate such
near-borehole pulverization.

Further research by our group will center on gsta-

btishing the role of temperature, confinement, and strain
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rate on material response: we are currently engaged on
homogeneous, high temperature triaxial tests and on a
variety of innovations for evaluating fracture response
at various pressures and temperatures, in numerous
geometries.

The addition of thermal effects in the constitutive
relation (Appendix VII) is a first step toward increasing
the level of sophistication in modelling procedures.

A heavy financial commitment has recently been made
towards the development of our country's oil shale
reserves. However, more sophisticated technology must be
provided from all sections of society before a viable
approach is found to the shale o0il extraction problem.
Improved access, preparation and retorting procedures may
soon make possible a feasible solution to the in situ
problem and, comsequently, provide some temporary relief

in our present energy dilemma.
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APPENDIX I
SPECIMEN PREPARATION

One especially large block of o0il shale from Colorado,
which was found to be essentially crack-free, provided
the bulk of the material for the tests. The block was
assayed by National Resources Laboratory, Inc. at an oil
content of 26.5 - 34.4 gpt. A 6-inch radius water-cooled
diamond saw was used to cut the block into smaller, more
manageable slabs which were to be used in designated tests.
Water cooled diamond cutters (saws and corers) were used
almost exclusively because of their accuracy and general
convenience in cutting the shaie. Steel bandsaws and driTl
bits dulled very quickly in cutting the shale, and they
proved less accurate and more time-consuming than the
diamond-tipped tools.

Cores of various lengths, depending on the particular
test, were cut with the bedding planes normal, parallel,
and at e = w/4 to the axis of the drill. A 5-inch vertical
travel drill press was used for obtaining the desired
lengths. Cores of various diameters - nomial 3.8 cm and
2.7 cm for uniaxial tests, 1.9 cm for triaxial tests -
were cut at 1100 rpm with the respective diamond coring

drills (products of Magwen Diamond, Inc., Framingham,
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Mass.). Water was fed in through the drill to both cool
the tip and flush away the chips. Care was taken in
hand1ing the newly cut cores because of their fragility

and affinity to grease and slime,

Tensile Specimens. Those cores designated for tension

tests (27 cm o.d.) were faced off on the lathe with a
blunt tungsten carbide bit to a nomial 10 cm length. Good
parallelism of the ends was achieved because of the smooth
walls of the cores. Final : alignment along the center
line of the core was obtained later.

2024 -~ T4 aluminum alloy end pieces nomially 1 inch
long,cut from 1 inch bar stock;were epoxied to the ends of
the cores for tensile capability. These aluminum pieces
were faced off at both ends for good parallelism.

Although Hangen (1977) had considerable difficulty
in achieying an adequate band between the aluminum and the
0il shale, a relatively quick approach was used herein.
The following technique proved very successful, even
at higher temperatures. After the ends of the tensile
core were faced off, a 1/2 inch diameter (1/2 inch deep)
hole was cored, again using a diamond-tipped coring
drill, in both ends of the specimen. The aluminum end
pieces were degreased with methylethylchloride,

particularly the face to be contacted with the shale. A
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general purpose epaxy adhesive, Eccobond 51%, with a
maximum tensile strength of 5000psi up to 177°C (35Q°F),
was then coated on the aluminum end pieces and the oil
shale ends. The shale ends were usually heated somewhat
so that the half-inch fAoles could be more easily filled
with epoxy. Care was taken to eliminate all bubbles and
foreign particles. The shale and aluminum ends were then
placed in a gluing fixture with a small spring load to
maintain contact pressure at the bond face while they were
cured at 66°C for 1 hour.

After bonding was complete, the specimens were turned
down on a lathe to a nominal 1 inch diameter with a dull
carbide tool Bit. Generally, .010 inch deep cuts were
taken at a moderate feed to get within .005 inch of the
final diameter. The final .005 inch cut was made at a
very fine feed - the result was a smooth surface on the
oil shale. |

Finally, the aluminum end pieces were threaded (14 NF)
carefully, using shallow cutting depths of Tess than

.010 inch to minimize any prestressing of the cores.

*A product of Emerson and Cuming, Inc., Canton, Mass.
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Uniaxial and triaxial Compression Specimens. The

ends of these cores designated for unjaxial compression
(3.8 cm dia.) and triaxial compression (1.9 cm dia.)

tests were ground down to a nomial length-to-diameter
ratio of two. Typically, .025 inch cuts were taken to

get within .005 inch of the final Tlength; the final pass
under the grinding wheel to remove the .005 inch amount
left a very shiny surface on the shale. Both ends were
ground similarly, and subsequently were found to be
parallel to within an angle of 2'. Again, water was used
to flush the particles from the shale and also to minimize

dust production.

Compact tension specimens. Compact tension specimens were

sliced from the smaller Blocks to a nomindl-linch thick-
ness with the 6-inch radius water—<ooled diamond saw. The
perimeter of the samples were then more finely cut with
the diamond saw to the nominal 5"x5" specification. One-
half inch diameter pin holes were drilled using a water-
fed diamond corer. The wuse of the diamond saw and corer
generally produced no cracking or breakouts in the shale
specimens. After the load pin holes were cored, the
notch was cut using a 10 cm o.d., 20 mm thick diamond
cutoff wheel. A notch tip was Teft with an equivalent

radius of curvature of .004 inch. Relevant dimensions
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of the specimens were as illustrated in Figure I-1,

An inelastic zone around the crack tip is also shown.
This is a region of extensive microdamage which proceeds
the large fracture through the ligament area. Significant

energy can be lost (Table VII) during crack propagation

because of this cracking.
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fracture toughness, J, in the shale and

sandstone specimens.
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Figure I-T: Compact tension design for measurement of
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APPENDIX II

HIGH TEMPERATURE UMIAXIAL TENSION TESTING PROECURE

A11 of the tension tests were conducted in an Instron
environmental chamber* mounted on a screw-driven Instron
Universal Testing Machine. The environmental chamber had
a maximum temperature capability of 400° (204°C) with a
sensitivity of +2°F, Heat-up time required was about 10
minutes to 200°F, and about 30 minutes to 400°F. The
internal dimensions of the chamber, which heated by con-
vection, were 9 3/4"Wx9"Dx19"H. The load was applied
through a universal joint and the specimen grips employed
double ball joints with a lubricated brass ball to main-
tain loading axiality (See Hangen, 1977). Crosshead
speed during the testing was .01 inches per minute but
much of this deflection was taken up by the machine and

grip compliances. The resultant stress/strain rate on

.01Mpa / 10 me

the cores was ab = -
out min min

at 21°C, while

generally decreasing with increasing temperature.

*Model #3111, a product of Instron Corp., Canton, MA
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Longitudinal and transverse strains were measured
with strain gages.attached near the center of the speci-
mens, to eliminate end effects. These gages were applied
Just before the specimens were inserted in the temperature
chamber and heated to the required temperature. They
were used to 121°C (250°F), after which a bridge circuit
extensometer was employed for strain measurement. Further
details of strain gage usage at the higher temperatures are
discussed in Appendix ITI.

Axiality of the threads and alignment of grips and the
specimen ends was determined, in an initial test on an
aluminum bar of similar lTength "‘and diameter, to produce
minimal eccentric loading of the specimens. Bending
stresses were found to be Tess than 1.0% of the nominal
axial stress, which, within the accuracy of experimental
procedure (i.e., gage application on the core) and the
scatter of oil shale data (as much as 50% in cores within
the same block)were inconsequential to the final results.
This eccentricity and resultant bendingstress was deter-
mined by subtracting the signals of 2 strain gages
separated by 180° on the specimens. However, the instru-
mentation (see Wilkening, 1976, for details) allowed dif-
ferential measurement of all three strain components by

averaging the signals of 2 strain gages separated by 180°
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for cancellation of the remaining bending stress. Since
this factor was not important for good readings, single
gages for each strain component were employed for the
majority of the testing. Figure II-1 shows a tensile

test set-up in the environmental chamber prior to heating.
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Figure II-1: Tensile specmen, grips and attached
strain gages prior to heat-up and
testing in the environmental chamber.
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APPENDIX III

ELECTRONIC EQUIPMENT FOR LOAD AND STRAIN MEASUREMENTS AND
HIGH TEMPERATURE CALIBRATION PROCEDURES

Axial and transverse strains were measured using
6.35 mm strain gages*'with a 120.0 £ .2 @ resistance and
2.05 + 1% gage factor. They were used in conjunction with
a Wheatstone bridge circuit and differential amplifier
system designed and built by Wilkening (1976). Briefly,
the bhridge circuit can be used with either one or two
active gages so that signals may be added, to cancel
bending, or subtracted, to strictly show the bending
component. Voltage was supplied by a 15-volt power source
and regulated by four integrated-circuit voltage
regulators. The regulators produced a nominal 7-volt
reference voltage which was carried to the bridge circuits.
The calihration of the voltage was set by adjustments on
the recorder to 10 cm + 1%. The calibration resistor
(5730 @) produced a 1% strain signal in conjunction with
the 2.05 gage factor.

At times,increased sensitivity was required for an

accurate measurement of strain response. Three dif-

*Type FAE-25-12-S6L; a product of BLH Electronics,
Waltham, Mass. Price: $3.0Q each.
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ferential amplifiers were utilized to increase the total
gain available from the system to 1000. An accuracy of

5x10~0

was attainable before background noise pre-
dominated. Further details and schematics are not given,
but may be found in Hangen (1977) and Wilkening (1976).
The electronics and recorders were conveniently mounted
on acart, as pictured in Figure III-1.

The high temperature use of the strain gages and
equipment required an additional calibration stage prior
to testing. To test for thermal effects on the gages,
adhesive, solders, and wires in the temperature chamber,
an initial test was performed on a similar size piece of
10718 carbon steel. Strain gages were mounted on the
steel using the Eastman 910* adhesive wusing a standard
gage application procedure. The steel specimens were then
heated to temperature in the chamber, and allowed to
stabilize for one hour. The specimens were tested, both
in tension and compression, to the stress levels obtained
from the initial shale characterization experiments.
Thermally induced strains of 120 ue at 93°C and 175 ue at

204°C were recorded for the sytem after subtracting

= _
Product of Eastman Chemical Products, Inc., Kingsport,
Tenn,
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Figure III-1: Cart with electronic equipment and
X-Y recorders for data acquisition.
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thermal expansion for the steel* itself. These strains
were reached within five minutes after the desired tem-
perature was attained in the Instron chamber., There

was also no detectable increase with stress, again once
stabilization had occurred,.

Following these tests, another strain calibration
procedure was done to check for thermal expansion in the
0il shale specimens, Strain gages were applied similarly
to representative tensile and compressive shale cores of
nominal 30 gpt. The specimens were then carefully placed
in the chamber and heated to various temperatures. Once
the temperature was reached, the cores were allowed to
stabilize for one hour, the normal stabilization time for
all the tests. Overall stabilization typically occurred
roughly 1/2 hour after the desired temperature was
established in the chamber. After subtracting the
thermally induced strains from the gages and epoxy,
maximum longitudinal and transverse strains of 1 me and
2 me were observed after 1/2 hour at 93°C (200°F). At
204°C, these strains increased to roughly 1.4 me and
2.5 me, respectively. This data indicated approximately

.5% and 1.0% volumetric expansions of the oil shale at

*Coefficient of thermal expansion for 1018 cold drawn
steel = 8.4x106/ °F
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93°C and 204°C, respectively, after 1/2 hour at
temperature.

At temperatures greater than 121°C, strains were
measured using an Instron extensometer* and the calibration
system in the Instron machine. Specifications of the
extensometer included a 1 inch gage length and a maximum
strain of 10%,with a sensitivity of = .25%. However, the
sensitivity of the Instron system itself, at about = .50%,
was the limiting factor in the overall system. At tem-
peratures greater than 121°C, though, the strain recorded
on the shale were all generally in the 5-50 me range.

For the compact tension fracture experiments, linear
variable differential transformers (LVDT's) were used
to record load-point displacement. An accuracy of ‘IO"4
inches was measured by a micrometer over the linear range
of the LVDT's. The load-point displacements were measured
differentially by 2 LVDT's, one on each side of the speci-
men, to account for any Mode III motion resulting from
pin hole misalignment. Additional details of these
electronics are described by Wilkening (1976) and

Hangen (1977).

*Model #2630 - 0Q1.
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APPENDIX IV

HIGH TEMPERATURE UNAXIAL COMPRESSION TESTING PROCEDURES

Compression tests of the nominal 30 gpt shale were
conducted over a range of temperatures from 21°C to 204°C
on the Instron environmental chamber. A compression cage,
designed to accommodate specimens of nominal 1.50 inch
diameter and 3.5 inch length in the chamber, was used for
direct platen loading in the tests. The cage was con-
structed of a high-strength, high alloy-steel * and
designed to meet a maximum 80,000 1b. Tload specification.
Strain gages were used, as described in Appendix III, to
121°C. The 204°C tests were performed using the Instron
bridge circuit extensometer. Figure IV-1 illustrates a
typical experimental set-up, with the compression cage

for axial loading in the Instron chamber.

*Carpenter steel type 883; AISI Type HI3
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Figure IV-1: Compression specimen, gages and
compression cage prior to heat-up
and testing in the environmental
chamber.
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APPENDIX V

HIGH TEMPERATURE FRACTURE TOUGHNESS TESTING PROCEDURES

The fracture toughness of the nominal 30 gpt oil
shale was measured to 93°C, for the three relevant
geometries (Figure 1}, By the J-integral method for deeply
notched specimens loaded in bending. The integral of the
J determination in equation (1) was evaluated graphically by
measuring the area under the F-§ curve. Mode III shear
loading, which was possible due to any misalignment of the
loading pin holes, was eliminated by differentially
measuring the load point displacements with an LVDT
positioned on both sides of the specimen. The LVDT's were
mounted on aluminum plates cemented to the top and bottom
of the specimen with Eastman 910 adhesive. The centerlines
of the LVDT's aligned in the plane of the loading pin
centerlines, thus measuring the load point displacements
directly. A compression gig was used to add ~ 200 psi
confinement normal to bedding in a few of the arrestor
geometry tests. This apparatus was attached before the
LVDT plates were secured to the specimens. A typical
compact tension-testing arrangement-- iw the arrester
orientation with confinement -- is shewn inm Figure ¥-I.

The fracture toughness, J, was evaluated both
graphically and by a quasi-analytic procedure. For each

curve in Figures 22-25, J was computed at maximum load
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Figure V-1: Compact tension arrangement, with the
compression gig, LVDT's and grips in
the Instron chamber.
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and at a displacement which was assumed to be the point
of crack initiation. For those plots which did not have
an obyious deviation from a smooth curve,which would
clearly indicate crack initiation, the data was fitted
to a power law of the form

§ = C.F + K(COF)”‘ (v-1)

Q
over the initial portion of the curve. The critical dis-
placement, SC used in Equation (1), was then arbitrarily
chosen to be the point where actual displacement was 2%
greater than that predicted by the power law. The

initial compliance, C0 of the ?-5 curve was measured
directly from the plots. Representative (§,F) points

from the initial portion of the curve was used to plot
ln(s-COF) VSs. 1n[COF]. The slope of that curve gave m;
pluggima in the values into Eqn. (V-1) gave the value of K.

Following these calculations, C_ was set equal to 1.02 C0

0
(2% greater) and new values of ¢ and F were derived using
the above dimensionless K and m numbers in Eq. (V-1). The
new values, §' and F',were plotted alongside the original
values -- and the intercept of the two curves gave the

critical displacement, & for the determination of the

C!
toughness parameter, J.
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Average values of CO for all these orientations 1in-

5 in/1b at 21°C to about 3.0x10"% in/1b

creased from 5.0x10°
at 93°C. Typical values for m ranged between 2.0 and
3.6 and for K between 200 and 2000, without any noticeable
dependences with either temperature or a particular speci-
ment geometry. Graphically determining the 2% deviation

from the power law invoked an uncertainty in A§ of about

10%.
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APPENDIX VI

TRIAXFAL TESTING PROCEDURES

Confined compression tests of the nominal 30 gpt shale
were performed at room temperature in a very rigid, dis-
placement-controlled triaxial machine. The interior
dimensions of the test cell and the size of the bottom
platen dictated the specimen size to be a nominal 1.9 cm
diameter by 3.3 cm length. The triaxial machine had a
loading capacity of 50 tons, a maximum ram travel of
3.0 cm, anﬁ a pressurization capability to 2 kilobars
(30,000 psi). The cell was pressurized with a petroleum
ether reagent* (boiling point = 30°C).

To prevent the confining fluid from contacting the
shale cores, the specimens were wrapped with an .125 1in.
thick, impermeable vinyl jacket** prior to insertion in
the test cell. The system was pressurized slowly to the
desired confinement stress before axial loading was
applied by the top platen. Axial strain was recorded by
an LVDT arrangement outside the cell. Calibration was
provided for the LVDT by accompanying calibration curves.

Both the LVDT and the load signals were fed into an

*Pyroduct of McKindolt, Inc., Norwood, Mass.

**Product of the Green Rubber Co., Cambridge, Mass.
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X-Y recorder to obtain the desired plots. The screw driven
upper platen was set at a speed of 4.2x10'4 in/min --
corresponding to stress and strain rates of 20 MPa/min and
2 me/min, respectively. The cell was drained thoroughly
after each test, and each failed shale specimen was
adroitly removed from its plastic membrane.

Further tests are under way in a 7-inch i.d. triaxial
rockcell with a 69 MPa (10000 psi) confining pressure
capability. An internal heating arrangement has been
built so that tests to about 500°F can be performed on
cores of nominal 4-inch diameter and 6-inch length. The
cell and associated pressurization system also have a
separate internal borehole pressurization capability for
experiments employing cores in the annular configuration.
A computer data acquisition system is also being added to
the overall setup for a more accurate and efficient means

of gathering and assessing the data.



187

APPENDIX VII
GENERALIZED CONSTITUTIVE RELATION AND CURVE FITS*

In seeking constitutive equations for a transversely-
isotropic material, we consider theoretical restrictions
on the form as exemplified by Wineman and Pipkin (1964).

The stress tensor o is a function of the tensors
defining the physical situation: €, the strain tensor,
and gn the material axis tensor (n 1is unit vector

perpendicular to the planes of isotropy -- Figure 4).

“In lab coordinates:

517 Rt €13
& = B Bon B33 (VII-T1)
€31 832 B33
== .
n = gzsine + §3cose (where e, (VII-2)

e3 are basis vectors).
Lo d

Stress will have the form,

fT (VIiI-3)

where the Ti are second order tensors with component
polynomials in terms of nn and e, and fk are scalar

~ -~

»w»

This section was contrfbuted by J. Papodopoulos.
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functions of the invariants (numbers which define the
physical situation, e.g., magnitudes and relative
angles).

One method for finding the tensors Ik (priv. comm.
with Cleary, 1977-79) is to form all possible distinct second
order tensorial products of e, N, § (identity

~

tensor) and P (alternating tensor), and require

symmetry:

§, nn, €, e*nn+nn-c, -6, e‘nn-e,
-~ A VAR Vo F e V]

~ ~ ~ e e "

Qg-e-s + e*s-??, E*E*E, -E-?n-e-g +E-E'TQ-S, etc.
These contain independent T, among them as a subset.
Wineman and Pipkin (1964) implies that there are only

Six Ik ) By visualizing each symmetric tensor as a
6-D vector, the first six are easily shown to be
independent; the others have been demonstrated dependent.

Thus, equation (VII-3) becomes

g = f8+ fpnn + fee 4 fd[f-nn+nn-a] #

~ o~ ~ o~ o~

fefoe + fga-nn- (VII-4)

E
- ~ . e
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where the fk are functions of a set of independent
invariants. There are five of the Tatter: in principal
strain axes, we need only specify the three principal
strains and two direction cosines for the material axis.

The simplerinvariants we actually employ are:

Jy = 8ie 2 gqteyotes, (VII-5)

(=
I

L . 2 y 2
01 = nn:e = e2231n e+252351necose+e33cos 8

~

1]

2.2 .2 2 2 .2
Jp = eier= eqteyytezat2(eqyteggter;)

JO2 = Nn:eg+e = sinze (e§2+e§2+eg3) + 2sino cose(elze13+

~ ~ ~

2 , 2 .2 .2
€ppEpgteygegg)tcosto(esterstess)
) o 2 2 .2 2 2 .2
J3 = ereie= eqqleyyreqoreryltey,eyptesytens) +
( 2 + 2 +ez Y+2[e (e +eq.nc +
€33%%137%237 %33 12 115127 %12%22
e13ep3)*egleqyeygtey epgteygegg) +
epaleypeygtespengtepsess)]

Each function fk of the invariants is expanded as
a polynomial in increasing powers of strain components,

for future convenience:
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3% sk

2
1 Je + k.J

+ kylgy * Kk o ¥ ksdy

Jq 2901

—
i

katk

k= Kotk Jo1 * kgdo

01

3 4

+ kydg, + kgdydy * kglydgy * Kyglgrda ¥ k11991902

2
1691%01 *

3 3 2
¥ ky,0q + kygdy * kygdgy * kygdydgy * K

1273 13

+

4th order + -*- 4 (VII-6)

We can truncate this expression, either in the spirit of a
Taylor Series (for local accuracy about zero strain),
or for definiteness and simplicity in curve fitting to
some appropriate global accuracy.

For reference, we now write the stress components
in terms of the fk and the components of the six tensors:

. 2 2 .2 .
17 fa+fte1I+fé(s]1+e]2+a]3)+fg(elzs1n e+a]3cosa)2

czz-f +f s1n26+f 522+2f (s1n29 522+s1ne cos9 523) +
F (el 462 el )+F (e,,51n0 +e L (VI1-7)
gv-12 =22 =23 g 22 23

- 2 . 2
533-fé+fbcos e+fds33+2fd(cose sing e;,+COS ™3 533)] +
2 2 2 . 2
fé(€13+523+e30)+fg(223S1n8+e336058)
- - - 1

053 fysing cose+fbe23+fd[323+cose s1ne(522+e33)J +
fe(a12e]3+522523+523e33)+ﬂj(ezzsine+az3cose)(e23sine+
533cose)

Q"I 3=fce'] 3 +fd(E'| 2C0595‘ina+£] 3C0526)+fe(£]]£] 3+£‘| 25234‘5‘, 3633)+
fq(€1251n@+€73c0s8) (€3251n@+E33c050)
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QH2=fCE12+fd(E125in%ﬁE]3sin0cose)+fe(£]1512+E12£22+
513532)+fg(E%zsin0+513cose)(52251n0+éé3c058)

The experimental results are in the form of plots of
strain components versus applied stress components
(usually 1 or 3). These data can be introduced into the
model in a number of ways., Cleary (priv. comm. 1979)
suggests we ‘seek groups of parameters activated and deter-
mined by our experiments, and when these are isolated,
inyestigate whether these groups (or combinations of them)
are sufficient to carry out structural calculations of
interest. In other words, without specifically seeking
to determine the polynomial coefficients in (VII-6) directly, we
inquirewhether useful groups o% them are determined by
our experiments,

Some easily determined numbers are the coefficients
of simple polynomial curve fitting between each
stress and one strain component. These coefficients
can be written as combinations of model parameters if
all other strain components are represented as polynomials
in the first (using cross - plots from the experiment);
substitution in the constitutive relation then gives each
stress as a polynomial in the one strain. In the cases when
£]2=€]3=0 (as is true by symmetry for all our experiments),
<f12 and qH3 vanish identically; their representations yield
no information.

Since the model will be used in truncated form, we
must specify precisely the order of representation of each

strain in€33 (arbitrarily chosen as the primary
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Strain). We propose to employ maximum order without
surpassing the truncation.

A truncation to cubic order employs all the invariants
and requires representation of strain components to as
much as 3'd order in&€33. If the strains should be
quite accurately radial, however, the representations
will be Tlinear with no constant term: E55 = Ep,€44,
€3 = Ey3 €45, etc., where E;j are constants. This
linearity seemed to hold approximately in our case.

Note that such radial response to radial loading could
also be incorporated into the model at an earlier stage.
The fy polynomials are truncated at such order that each
TrTk is cubic at most, then Fiﬁ is everywhere replaced
in equations (VII-7 and VII-6) as above, and terms of
various order in £33 are collected.

For simplicity, however, we use the quadratic
truncation (thus never empdoying J3), and acknowledge
the absence by symmetry of strain components 513, 512

in the following simplified notation:
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€11 © Ee

} ey = Ee (VII-8)
epq = Ec
633 = £

- A A
(recall that E, E, E are experimentally determined).

Substituting eqns.(VII-8) into (VII-5 and VII-6)
and ‘these into eqns: (VII-7), yields:

o171 =[a0]+ e{C0E+a](_F+E+1)+a2(Esin29+2E sinecoso + cosze}

+ ez{aS(F+§+1)2+a4(ﬁ sin29+2ﬁ sinecose+cosze)2

2

+a5(é sin®e+2E sine cose+cosze)(f+ﬁ+l) (VII-9)

+a6(f2+ﬁz+1+2§2)+a;(sinze(é2+ﬁz) +

~ o~ ~

2sine coso(EE+E) + cosze(E2+1))+C]E(§+ﬁ+1)

+ sz(g sinle+2F sine coso + cosze)+eo(f2)}

. 2 . 2 =7 i @ 2
Opp = @0 + bos1n 6]+ e{(a]+b]s1n e)(E+E+])+(a2+b251n o) (E
£ 2 A . ~
sin29+2E sinecow-mosa)+COE+2d0(s1n pE +
i A 2
sing coso E)}+52{(a3+b3sinze)(E+E+1)2+(a4 +b4 sin“e)
s : i N - I
(E sinze+2E sine cos@+cosze)2+(a5+b551nze)(E sin“a+
= . 2 e 08 i 2 =2, 22
2E cose sina+cos e)(E+E+1)+(a6+b651n 8)(E“+E"+

1+2E )+(a7+b7sin29)[sin29(§2+E2)+251ne cose
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(EE+E)+C0528(E2+1)]+[§c1+2d1(sinzeﬁ+sine cos E)]

(f+§+1)+(§ sinze +2E sine coss +cosze)[ﬁc +2d (sinze
2 2

A

~ ~ ~ ~ ~ 2
E + sine cose E)] + eO(E2+E2) + gO(E sine + E cose)"}

= (a0+b0cosze) + e((a1+b1cosze)(f+ﬁ+1) + (a2+b2cosze)

(E sinze +2F sing cose + cosze) + c0+2d0(c09 sineE+

cos?e)}
¢ e2((agtbycos?e) (F+E+1) %+ (agb,cos?e) (E sine +

2 2

~ - M
2E sine cos® +cosze)2+(a5+b5cos 9)(E sin“e +2E sine

cose + cosze)(f4ﬁ+1)+(a6+b6cosze)(EZ+E2+1+ZE )

+ (a7+b7cosze)[sinze(ﬁz+éz)+251ne cose (EE+E} +
cosze(gz+1)]+(c1+2d1(cose sine E + cosze))(€4§+1)

2

+ [c2+2d2(cose sing E+cosze)](ﬁ sinfe+2E sins cose +

cosze)
P = 2
+ eglET+1) + gO(E sing + cose) }

=[(bosina coseﬂ + e{sine cose[b](ﬁ4ﬁ+1)+b2(§ sinze +

2E sine coss +cosze)]+E c0+d0(E+coss sine (E+1))}

2

+ ez{sine coso [b3(f+ﬁ+1)2+b4(ﬁ sin e+ZE sing coss +

cosze)2 + bs(ﬁ sinze +2E sing cose + cosze)(f+§+1)+
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hstz+§2+1+2E2)+b7Lsinze(E2+E2)+2 sing cos®
(E§+E)+cosze(éz+1))J+[§c1+d1(E+cose sing
(E+1)J(E+E+1)+[Ec +d, (E+cose sine (E+1))1(E

sinza +2E sine cose +coszel+e0(§+1)ﬁ+gc(€ sine +

E coss) (E sing + cos® )§

and

o1p = 0 ; 013 = 0; -this follows from eqgns.
VII-7 when &,,= £13=0, so these relations yield no information.

Results:

The coefficients in the above gquadratic expressions (VII-9)

are renamed for simplicity, and -the constant terms dropped

in deference to experiment:

- _ 2
6 =0° opp = Agp epp * Bin €nn (VII-10)
- 2
S = Aom Som T Bom Smm o € m=Emm &nn
6 =90°¢ =A e +B g2
mm mm © mm mm Smm
_ 2 _
o = Pmn Son * Bun Snn » €nn=Enn €mm
a = A + B 2

mm mt Sttt T Cmt Sttt &tt Bttt Emm

6 = 45° 2

o33 = A3z €33 * B33 €33

o33 = A3 Bgp * By c52 » E227Ep) €33
T3z = Aay iy ¥ By 3y - €117E11 €33
033 = Azge3p * Byg €35 » €3p7E3p €33
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The quadratic curve fits for determination of the
relevant coefficients in eqns. (VII-9) at various
temperatures are presented in Table XI,

The linear strain fits (i.e., eqns. VII-8), deter-
mined from the same plots used for the stress-strain
fitting, are shown in Table XII.

The particular specimen plots employed in the curve
fitting procedure, along with the range of strain values,

are then presented in Tahle XIII.



Coefficient

Ann

nn

> W

nm

o)

nm

mm
mm
mn
mn
mt

o > 0= W I

mt

A
B

33
33
A3z
Byo
A3
B3
A
By

21°

10.9
.389
-38.2
4,81

16.4
.839
-24.1
-1.40
-55.6
12.3

17.9
.805
-35.2
4.25
-51.1
6.78
37.8
-2.90

TABLE XI

QUADRATIC CURVE FITS

38°

3.82
1.26

-27.0
-41.4

3.68
.450
-8.45
-27.2
-11.4
-4.717

8.26

1.44
-22.5
10.6
-28.0
36.1

-

98°

1.02
L0121

-1.78
.0365

2.57
.0493

-1.45

- .0896
-2,23
L0155

5,45
.162
-3.28
.0124
-4,36
.0779
21°C only

.00533
.60
.0385

+394
.0129
29
.0297
s 13
.00740

.10
.0105
.84
.0750
.87
.0522

L61



TABLE XII
LINEAR STRAIN FITS

Core Temperature (°C)

Orientation Coefficient 21° 38° 93° 121°
9=0° E=E - .37 _ .18 - .59 - .63
0=45° E - .34 - .42 - .99 « .53
E - .64 - .37 -1.14 - LT

E .25 (21°C only)
0=90° E - .42 - .52 - .91 - 77
E - .53 - 37 - .97 - .74

861
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TABLE XIII

INDIVIDUAL SPECIMEN PLOTS AND RANGE OF STRAIN VALUES
EMPLOYED IN CURVE FITS

Range of strain

Core Specimens values for curve
Orientation Temp.(°C) Used fits (me)
8=Q 21° 1FH8/1F3 énn: .20 to -12
emm: .24 to - 4.
38° 1F6 fnn: .50 to (@
&nm’ .095 to O
93° 1FH2/1F4 énn: .40 to -57
émm: .31 to -35
121° 1FH3/1F8 énn .77 to -45
%mm: .26 to -28
204 TFH5 enn’ a to -24
8=45° 21° 2FH6/2F2 é33 .38 to - 6.
2 -
i22 .24 to K
&-I-i: 015 tO - 2.
€39 0 td - 1.
38°C 2F3 933 .80 to 0
622: .30 to 0
G]] a9 To 0
93°C 2FH3/2F5 533: .30 to -15
€ _- -
90" .14 to -28
T21% 2F44 € .: 0 to -20,
e33.
22° 0 to -13
€1 0 to -14
Q .
204 2FH8 533. 0 to -22

8

o O v o
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APPENDIX VIII
STRENGTH ENVELOPES DERIVATION

The following characterization of the shale strength
to various loading parameters, i.e., using strength
envelopes, was derived from the following equation

(Cleary-priv. comm., 1979):

F(Gij) =0 . (viIir-i)

As in the derivation of the generalized constitutive
relation for the macroscopic transverse isotropy in o0il
shale, the scalar invariants (this time in stress) are,

to second order:

J-l = §:(3— = O'-i] + 0'22 + 633 (,VIII"Z)
J = nn:c = @ sin29+2o sinecose+ coszs
01 A g9 23 933
_ ol 2 2 2 2 2
J, = oig = ajy * 05, + 033 * 2(oyp*opztoyy)
JO2 = Mnigeo = sinze(c$zcgzc%3) + 2sine cose(c12013 +

2 .2 .2 .2
0pp0p3 * Gp3933) * €OS 8 (c]3*tog3%033)

From eqn. VIII-1, the combinations of scalar

invariants take the form, to 2nd order:
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2

(viIr-3)

Substituting eqn. VIII-2 into eqn. VIIT-3 yields, after

simplification:

- = g & .

0
o cosza)+f Lt rol y+2( + + )+
33 3(E71%o22%033 011922%9119337922933

4 2

2 . 2 . 2 2 4
f4[02251n a+¢f23s1n § €cOS"6 +o33C0S '8 +
2(2c22023sin39.cose +

022o3351n26 cosze + 2523033sine cos3612 %
. 2 . 2
f5[(c1]+022+c33)(02231n 8+20,4 sino coss +a54C0S 8 )]+
2 2 2 2 2 2
felo] togytogat2 oy togstoygll +
f [SinZBCGZ +cz +02 Y+2sine cose {eraTiatTand ¥
7 T2 28 23 12913 “22°23
-2 2 '
cz3c33)+cosze (013+¢23+c§3)] £ s (VIII-4)

Solution of equation VIII-4 was initiated from the
failure strengths of oil shale at various values of 8
and confining stresses (uniaxial and triaxial tests)., For
the tests performed, herein, equation VIII-4 was simplified

to the following equations (using 9¢ for confining stress):
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e e 2 2
6 = 0°: F—O—f0+(2f1cc+4f30c+2fﬁoc) +
2
(fy#f +dfg0 +2fc0 o +(fatf +fp+fo+fo)o
(VIII-5)
6 = 90°: F=0=f +(2f 0 +f,0 +4f co+f, oo+
: ' 0 1°¢c 2°c 3¢ 4 c

2 2 2
2f50C+2f60c+f70C)+(f1+4f3oc+fsdc)0mm +

2
(f3+f6)cmm .

0f course, the coefficients:fk are actually functions of
temperature. The data used to find these from equations
VIII-5 are presented in Table XIV. More tests at confine-
ment at temperatures greater than 21°C are needed for the
solution{ as well as tests using various ratios of ¥,/9¢,

where € =< ; for instance, we let o, be

33 - 9
small while e fails the specimen,again at various
8 to bedding. These types of tests are currently in

progress.
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TABLE XIV
DATA FOR STRENGTH ENVELOPE CHARACTERIZATIONS

Confining Axial
Core str;;si . Failure Strenth -
Orientation oc MFal PS1) temp. (°C) MPa (psi)
p=0° < 0.1 (<15) 21° 72.5 (10,500)
< 0.1 (<15) g3° 30.3 ( 4,400)
< 0.1 (<15) 121° 21.4 ( 3,100)
< 0.1 <15) 204° 15.2 ( 2,200)
20.7 (3000) 21° 147 (21,300)
34.5 (5000) 21° 179 (26,000)
69.0(10000) 21° 257 (37,200)
p=90° < 0.1 (<15) 21° 64.9 ( 9,400)
< 0.1 (<15) 93° 30.3 ( 4,400)
< 0.1 (<15) 121° 18.6 ( 2,700)
< 0.1 (<15) 204° 9.7 ( 1,400)
20.7 (3000) .21° 141 (20,400)
59 0(10000) 21° 233 (33,800)
g=45° < 0.1 (<15) 21° 63.4 ( 9,200)
< 0.1 (<15) 38° 60.0 ( 8,700)
< 0.1 (<15) 93° 45.5 ( 6,600)
< 0.1 (<15) 121° 31.0 ( 4,500)
< 0.1 (<15) 204° 9.0 ( 1,300)
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