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PRELIMINARY CREEP AND PILLAR CLOSURE DATA FOR SHALE ROCKS

T. F. Lomenick and J. E. Russell

ABSTRACT

The results of fourteen laboratory creep tests on
model pillars of four different shales are reported. Initial
pillar stresses range from 6.9 MPa (1000 psi) to 69 MPa
(10,000 psi) and temperatures range from ambient to 100°C,
Laboratory response data are used to evaluate the parameters in
the transient power—law pillar closure equation similar to that
previously used for model pillars of rock salt. The response of
the model pillars of shale shows many of the same characteristics
as for rock salt. Deformation is enhanced by higher stresses and
temperatures, although the shale pillars are not as sensitive to
either stress or temperature as are plillars of rock salt. These
test results must be considered very preliminary since they
represent the initial, or scoping, phase of a comprehensive model
pillar test program that will lead to the development and
validation of creep laws for clay-rich rocks.

1. INTRODUCTION

Because of its unique containment properties, shale is believed
to be an extremely desirable host rock for the disposal of high—-level
radioactive wastes. The principal advantage of utilizing shale
as a disposal medium for high~level wastes is its very low
permeability to the flow of ground water. This property is due to its
small sizes of matrix pores and its characteristic of deforming
plastically at relatively shallow depths and/or low overburden loads
(which promotes the self-healing of fractures). However, with
emplacement of heat~-generating wastes in shale strata unique mine
stability problems may occur as a result of the elevated temperatures.
To predict flow in the rocks, scale models of shale pillars and their
surrounding rooms are being fabricated and tested from cores taken in
four shales. These are believed to represent mineralogical extremes
of shale types that may be suitable for repository utility.

The primary objective of this work is to provide data for the
development and validation of creep laws for shales that are

representative of strata that could be candidates for the disposal of
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high—-level radioactive wastes. In the future, these tests will be
designed to systematically study the influence of (1) the material,
(2) stress state, (3) temperature, (4) bedding plane orientation, and
(5) the pillar shape (width/height ratio) on the time-dependent
deformational response of the pillar. This report gives the results
of a scoping study.

These results and future work on shales will provide data on the
sensitivity of the mechanical response (pillar shortening) to
increases in temperature and/or average pillar stress. That
information will be useful during a nationmal survey of shales when
depth and lateral extent of various shale strata will be considered.

Although many shales may possess the geotechnical characteristics
for containing and controlling emplaced wastes, our initial efforts
are being directed toward four compositional end members, namely, the
Devonian and Cambrian age deposits in the eastern United States and
the Cretaceous and Cenozolc age sediments of the western United
States. For this report, test data are reported for samples of the
Huron shale of Devonian age, Conasauga Group (member unknown) of
Cambrian age, the Plerre Shale of Cretaceous age, and the Green River
Formation (o0il shale) of Tertiary age. Composition and mechanical
properties of three of the four shales considered here are given in

Table 1, modified from Hansen and Vogt (1987).
2. SUMMARY OF PREVIOUS WORK

Analytical and numerical methods for simulating the behavior of
rock pillars (required for stability) were not well developed in the
early 1960's when laboratory work began on the concept of disposal of
high-level radioactive waste in conventionally mined cavities in
rocks. Consequently, a series of tests on physical models of mine
pillars was initiated at Oak Ridge National Laboratory (ORNL}). Obert
(1964) had developed a laboratory-—scale, model—pillar, constant-load
creep test that accounted for the lateral confinement of the roof and
floor rocks by steel bands. This test allowed for the study of the
response of pillars with different width-to—height ratios and salt

pillars with and without shale partings as described by Lomenick and
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Table 1. Average composition and mechanical properties of shales?

Mineral Shale typeP® (wt %)
Green River Conasauga Pierre
Illite 3.9 + 0.6 53.4 + 3.4 3.5 to 13.6
Chlorite 0.0 20.4 + 3.0 0.0 to 2.3
Kaolinite 0.0 0.0 1.9 to 8.7
Smectite 0.0 0.0 13.1 to 25.1
Nonclay/Detrital 31.3 24.0 14.6 to 32.9
Total carbonates {(wt %) 50.5 0.0 56.5 - 19.1
Moisture content (wt %) 0.58 NA 18.4
Mechanical properties®:
Ambient temperature:
Co, MPa 94.8 + 12.1 NA 7.2 + 0.3
v 0.31 j’_ 0.1 NA 0.12 i 0.02
150°C:
Co, MPa 24,7 + 2.5 NA NA
E, GPa 0.8 + 0.3 NA NA
v NA NA NA

@Upper Huron Formation Shale data not available.

bNumbers after + are standard deviations. Data are from Hansen and
Vogt (1987). -

CCO = unconfined compressive strength, E = Young's modulus, v =
Poisson's ratio, NA = not available. 1 MPa = 145 psi, 1 GPa = 145,000 psi.
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Bradshaw (1969a). Furthermore, the test could be run at elevated
temperatures to simulate the conditions In a repository containing
heat—generating nuclear waste.

Lomenick and Bradshaw (1969b) reported on an extensive testing
program that included the effects of load, temperature, temperature
elevation after initial loading, shale partings, pillar shapes, salt
samples from different localities, reproducibility of results,
ultimate strength, mechanisms of deformation, and long-term creep.

That study resulted in the well known power—law plllar creep formula:

€ =1.30 x 10737 79+3 43.0 (0.3 (1)
where € is the pillar shortening of a model pillar initially 25 mm
(1 in.) high, T is absolute temperature (K), ¢ is the initial average
pillar stress (psi) (1 MPa = 145 psi), and t is time in hours.
Equation (1) holds for cylindrical model pillars with a
width-to-height ratio of 4 fabricated from salt core from Lyons,
Kansas.

Most of the test data used in developing Eq. (1) were obtained
during tests of less than 1000 h duration. The longest testing time
reported by Lomenick and Bradshaw (1969b) was slightly less than
30,000 h at room temperature and indicated that the deformation rate
was still declining, which was consistent with observations in mine
openings in the Lyons, Kansas salt mine. Longer term model pillar

results have been analyzed by Russell and Lomenick (1984).
3. DESCRIPTION OF TESTS

To simulate pillar, roof, and floor conditions that would exist
in mined cavities in shales, sample specimens in air—dry condition are
fabricated to represent scale models of shale pillars and their
surrounding rooms. The test specimens used in this work are
cylindrical, with a portion of the center ground out to form the
pillar and surrounding rooms. By "epoxying" steel rings around the
ends of the samples, effective confining pressure 1s applied to the
roof and floor portions of the models when they are loaded (see Fig.

1). Constant uniaxial loads are applied to the models by hydraulic
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Fig. 1. Pillar wodel illustrating geometry, placements of steel
rings, and displacement measuring gauges.
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compression testers having capacities up to 1.3 MN (300,000 1bs).
Cavity closure is measured by mounting two dial gauges 180° apart on
the rings. Elevated temperature tests are performed with the
specimens inside a cylindrical heating jacket and with barrier heaters
on top and bottom between the specimen and the platens. No barriers
are present to prevent moisture loss during the test.

The short-~term tests reported here are performed on model pillars
fabricated from cores of shale with dimensions given in Table 2.
Refer to Table 3 for sample identification, depth, and test
conditions. For model preparation, all cores were first cut to their
approximate desired length by band saw and then finished by machine
sanding. Next, steel confining rings (ASTM A-108, Grade 1018) were
affixed to the tops and bottoms of the cores using Ciba Araldite 502
epoxy and Ciba hardener 951. For samples heated up to 100°C, Ciba
Araldite 6005 epoxy and Pyrometallitic Dianhydride (PMDA) hardener are
used. The unconfined center portion of the sample is then ground out,
using a sanding disc attached to a standard drill press, to form the
size pillar desired. Sheet teflon greased with a mixture of silicon
grease and graphite is inserted between the tops and bottoms of the
samples and the platens of the compression machines to reduce the
friction between the rock and the platens to an insignificant amount.
Chromel-Alumel thermocouples are emplaced in l.5~mm (0.06-in.)
diameter holes drilled into the center of the pillar, as well as at
the outer edge to ensure a uniform temperature within the heated model
specimens. A 12-point strip-chart recorder with a 0 to 350°C range is
used to trace the temperature curves. A constant voltage transformer
is used in supplying 118 volt AC to adjustable auto—transformers which
are used as temperature controls for the cylindrical heating jackets,
and the heaters in the platens at the top and bottom of the sample.
In this manner, temperatures are regulated to within 1 to 2°C. 1Imn
these scoping tests, no attempt has been made to determine the
uniformity of temperature.

In general, the same test procedure is used for all specimens to
ensure consistency. The procedure consists of rapidly applying a

compressive load corresponding to 75% of the testing load and



Table 2. Specimen and pillar dimensions

Specimen Pillar
Rock type Diam. Length Width Height Width/Height
(in.) (in.) (in.) (in.)
(mm) (mm) (mm) (mm)
Green River 6 5 4 1 4
Formation (152) (127) (102) (25)
Conasauga 2.4 b.b 1.6 0.4 4
Formation (61) (112) (41) (10
Pierre Shale 3.5 4.6 2.4 0.6 4
(89) (117) (61) (15)
Huron Shale 3.5 4.6 2.4 0.6 4
(89) (117) (61) (15

Table 3. Model pillar test matrix

Rock Sample ID Sample depth Av pillar Temp. Start Duration
type ft(m) stress MPa(psi) (°C) date (h)
Green CR/86/ 470(143) 28(4000) 22.5 1-13-86 1029
River 42(6000) 22.5 3~-3-86 1005
Formation
Conasauga C/86/ 725(221) 28(4000) 22.5 4-21-86 1055
Group 41(6000) 22.5 4-10-86 1055
694(10,000) 22.5 5-28-86 1655
28(4000) 100 5-12~-86 2015
Pierre P/84/ 216(66) 7(1000) 22.5 2-26-86 1010
Shale 14(2000) 22.5 1-16-86 1010
7(1000) 60 1-20-86 1012
Huron H/84/ 515(157) 28(4000) 22.5 6-20-85 4059
Shale 516(157) 41(6000) 22.5 7-8-85 4198
523(159) 69(10,000) 22.5 8-13-85 15,952
528(161) 42(6000) 100 7-10-85 2470
28(4000) 100 3-18-86 1008

AModel pillar data not used in empirical model development because of
apparent material failure. All model pillars have a width—to—height
ratio of 4.



releasing it, then applying a load of 85% of the test load which is
also immediately released, and then applying 100% of the load. A base
reading for the dial gauges 1s then taken. These initial loadings
serve to seat the dial gauges, used to measure deformation, and to set
the platens firmly on the sample. The deformation is recorded, first
at intervals of seconds, then of minutes, and then at progressively

longer intervals.
4. SIMULATION OF MINE PILLARS AND MODEL SCALING

The deformation characteristics of rock are extremely important
considerations in the simulation of mine conditions in scale-model
tests. To determine the stability of mine pillars composed of plastic
materials like shale, it is absolutely necessary to simulate in the
models, not only the mine pillar, but also the roof and floor
conditions. The importance of the simulated roof and floor in the
model pillars of shale can be illustrated by comparing test data from
a model pillar with data obtained from testing a cylindrical specimen
(without roof and floor constraint). In both cases, specimens were
fabricated from 3.44-in.~diam (87.5 mm) cores of shale. For the model
pillar specimens the center portion of the specimen was ground out to
form the pillar [0.6~in. (15 mm) high x 2.4-in. diam (60 mm)] and the
surrounding roof and floor. Steel rings were then "epoxied" to the
top and bottom portion of the samples to restrain laterally the rock
in the roof and floor (as would be the case in actual mine workings).
On the other hand, for the specimens without roof and floor
simulation, a cylindrical sample of shale having a diameter of 3.44
in. (87.5 mm) and a height of 0.6 in. (15 mm) (pillar only) was used
for the test.

Pillar shortening data for the two specimens are given in Table
4. In both cases the rate of loading was 2.3 MPa (333 psi)/min. For
shale samples tested at room temperatures, it was found that the model
pillar specimen deformed nonlinearly with increasing stress; however,
even after loading to 138 MPa (20,000 psi) the model continued to
creep without catastrophic failure (pillar shortening reached about
30%)» In comparison, the cylindrical specimen without roof and floor

failed suddenly at 55 MPa (8000 psi). These data indicate that



actual mine conditions are simulated best when the roof and floor

portions of the models are constrained laterally. This condition allows

Table 4. Comparison of shortening data for two specimens

Load Pillar shortening (%)
Model shale pillar with Shale pillar without

(MPa) (psi) roof and floor roof and floor

14 2,000 0.03 0.3

28 4,000 0.32 3.1

41 6,000 0.6 8.5

55 8,000 1.4 Catastrophic failure
69 10,000 2.7

83 12,000 8.9

97 14,000 12.1
110 16,000 16.5
124 18,000 21.3
138 20,000 29.6

shear stress at the roof and floor to be transmitted into the pillar
(at least for samples having a width~to-helght ratio of 4), thereby
increasing the mean stress in the pillar interior and decreasing the
effective stress, which makes the pillar stronger.

Model pillar tests on rock salt were first presented by Obert
(1964). The essential feature of these model pillars is the
simulation of the role of the roof and floor material and stiffness in
the axial creep of a pillar which is not accomplished by the common
compression test. In the usual unconfined uniaxial compression test,
an attempt is made to make the stress state as uniform as possible so
that strength and/or deformation properties may be inferred as a
function of stress. Such uniaxial tests are not designed to simulate
mine pillars because they ignore roof~pillar and floor-pillar
interactions. Length-to-diameter ratios normally range from 2 to 2.5
in order to isolate the center portion of the sample from end effects.
These uniaxial tests do not, by themselves, simulate pillar behavior:
but these data may be used in conjunction with confined triaxial test
results to develop-a constitutive model which can be used, with a
computer code employing continuum mechanics principles, to simulate
pillar behavior numerically. Model pillar data may be used as a first

step in validation of the constitutive model and computer code.
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In reviewing the model pillar tests and results, it should be
kept clearly in mind that these are tests on models of a major
structural component of the ground support system in a repository and
are not materials tests per se. However, it is possible to infer
parameters for creep laws from model pillar data as was done by Thoms
(1973) and later by Wahi et al. (1977).

Another point to keep in mind about the model pillar tests is
that they were originally designed for test durations of the order of
months, not years. Furthermore, because of the inherent
specimen~to~specimen variability in rocks, in a scoping study it is
desirable to test many samples with less accuracy of measurement,
rather than a few samples with greater accuracy, in order to capture
the essential (first—order) changes in response caused by geoumetry,
load, and temperature.

As with other types of structural modeling, the laws of
similitude between the model and the prototype must be satisfied if
the model is to exhibit the desired response. In reality, it is
almost impossible to satisfy all the laws of similitude; and we are
forced to attempt to simulate the desired response by maintaining
similitude in the dominant variables. In this report, similitude is
discussed as it relates to geometry, load, and temperature. For a
more complete discussion of similitude as it relates to geology and
structures in rock, the reader is referred to Obert and Duvall (1967)
and Hubbert (1937).

A model is geometrically similar to a prototype if the ratios of
all length dimensions in the model to the same model-to-—length
dimensions in the prototype are identical. If this is the case, all
dimensions relative to a characteristic length in the model will be
the same as in the prototype. In mine pillars, it is well known that
the pillar width-to-height ratio is of primary importance;
consequently, pillar height is chosen as the characteristic length.
Salt mine pillars with width—to~height ratios less than unity have
been known to fail in a brittle mode, while those with a ratio greater
than 2 tend to flow rather than fracture (Obert and Duvall, 1967),
although pillar spalling is observed if pillar shortening is large.

Some shale pillars may exhibit similar behavior.
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Lomenick and Bradshaw (1969a) reported on model pillar tests with
width~to-height ratios from 2 to 4. All results presented herein are
for a ratio of 4:1 which is representative of preliminary repository
designs. Future work may consider other ratios and/or geometries.

As previously noted, one of the primary features of the
model-pillar test is that it incorporates the Influence of the roof
and floor material and stiffness. 1In this case, the choice of a
dimensionless ratio similar to the prototype 1s not as clear because
the roof rocks extend to the surface and the floor rocks at least
through the earth's crust. Thus, maintaining a similar ratio of depth
to pillar height, for example, is realistically impossible. Lomenick
(1969a) reports on a study of this question and concludes that
maintaining a roof thickness~to-pillar height ratio of 2:1 is adequate
to give reproducible results. The same ratio is maintained for the
floor thickness—to-pillar height. This ratio is consistent with
elasticity theory where one would expect the influence of stress
concentratlons caused by pillar-to-roof and floor intersections to be
negligible a few characteristic lengths away.

The ratio of the annular width of the roof and floor to the pillar
height has been maintained at ~1:1 for the tests reported here and, in
this range, should not be a particularly significant parameter as far
as pillar response is concerned; l.e., one would not expect much
different pillar shortening response if this ratio were 1.3:1, provided
that steel rings of adequate stiffness were provided. Note that these
tests do not simulate roof and floor response. Lomenick and Bradshaw
(1969a) measured the tangential strain in the steel roof rings in
order to estimate the amount of confinement provided by these rings to
the salt roof and floor. Similar measurements have not been made for
model pillars of shale but are being considered for future tests.

The radius of curvature between the pillar vertical surface and
the horizontal roof and floor surfaces has a significant effect on the
elastic stress concentration in the immediate neighborhood of the
intersection. The 1importance of this parameter has not been studied.
If the radius is smaller for a particular model, plastic flow and

stress redistribution will occur at lower values of vertical stress.



__12...

Of course, the average vertical pillar stress remains the same and is
the parameter used in the empirical pillar creep law.

If actual mine pillars are considered, the pillar—-to-roof or
floor radius ratio depends on the excavation method and may be
somewhat variable for mines using a drill-blast~load-haul system.

This radius is much more uniform if a borer—type continuous miner is
used. In this case, the radius may be approximately C.3 m, and
assuming two passes of the miner, the pillar height may be about 6 m
leading to a radius-to~height ratio of 0.3:6 = 0.05. For a model
pillar 25 mn high, this would correspond to a radius of 1.25 mm.

In the scoping study reported herein, no attmept is made to machine
the specimens to a particular radius.

With respect to graln size, American Society for Testing and
Materials (ASTM) standards for compression tests recommend a ratio of
sample diameter to average grain size of 10 in order to provide a
statistically representative cross section to help minimize sample-to-
sample variability. Because of the dominance of clay size particles in
shale rocks, this is not a matter of great concern for shales.

The most obvious geometric deviation of the model pillars from
actual mine pillars is the circular horizontal cross—section of the
model compared with the likely rectangular cross section of proposed
repository pillars. The round models would probably simulate a square
cross-section pillar better than a rectangular one with agreement
becoming worse as the cross—section becomes more oblong. Bradshaw and
McClain (1971) note that the pillar shape and size can probably be
accounted for in the leading coefficient in the power law creep
equation with the exponents remaining approximately the same as in the
model pillars. Table 2 lists overall and model pillar geometries
for each of the four shales considered here.

If a pillar near the center of a repository with lateral
repository dimensions greater than the depth (i.e., wider than critical
width) is considered, the average pillar stress can be estimated from
the following tributary area equation:

Uay = th/(1 = R), (2)
where o4, is the average pillar stress, Y is the weighted average

specific weight of the overlying rocks, h is the depth from the



-1 3...

surface, and R is the areal extraction ratio (area removed/total
area). Equation (2) holds regardless of temperature (assuming that it
is alse widely distributed and no arching can take place. The average
pillar stress given by Eq. (2) is assumed to be that applied on the
model pillar because the model material is the same as the prototype
material. The total load applied to the model pillar is o,, times the
cross~sectional area of the model pillar. The total load simulates
the weight of the rocks overlying the pillar and the area midway to
the surrounding pillars. This total load remains constant during the
life of the prototype and consquently is held constant during the
pillar test even though the model pillar increases in diameter as it
deforms and the actual average pillar stress decreases.

In view of the above considerations and subject to the
assumptions made, the model pillar test maintains similitude with
respect to load to the degree that the load is held constant over the
duration of the test.

Similitude with respect to temperature is malntained to the
degree that the temperature can be maintained uniform in time and
space. In the case of the repository, the temperatures are not
constant in either time or space. Spatial gradients will exist
throughout the repository because of the heat production of the waste
in the canisters to be placed in-holes in the floor of the rooms.
Temperature gradients will depend on design parameters such as (1) the
thermal power per canister, (2) spacing and pitch of canisters, (3)
room size, (4) pillar dimensions, and (5) heat conduction properties
of the shale and overlying and underlying rocks. Temporal changes in
temperature in a repository are expected because of the decaying
nature of the thermal sources.

Heated-model pillar tests are not designed to simulate the exact
response of a prototype pillar, but rather to provide information, such
as the increase or decrease in pillar-shortening rate to be expected
if the average pillar temperature 1s increased or decreased. Drying
produces changes 1in thermal properties of shale which changes the
time—~dependent thermal response. Drying—induced changes in the
transient thermal response are not exactly simulated by model pillars.
Nevertheless, model plllar data are expected to be useful in

validating the constitutive models and computer codes.
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Salt mine pillars in areas of high extraction exhibit pillar
slabbing or spalling. In such cases, the pillar may take on an
approximate hour—glass shape formed by conjugate sets of shear
fractures. Model pillars show similar tendencies, except that, in the
case of salt, the material generally spalls off as individual grains.
Lomenick and Bradshaw (196%9a) presents photographs showing a salt
model pillar and spalled material.

Another phenomena sometimes observed in mine pillars is punching;
i.e., a stiff and strong pillar penetrates into a soft and weak floor
and/or roof. Punching into the roof normally causes roof control
problems which can sometimes be corrected by reducing the pillar size,
and therefore stiffness, even though the extraction ratio may be held
the same. The extent to which model pillars of salt punch into the
simulated floor and roof is discussed by Lomenick and Bradshaw (1969a)
who presented a photograph of the vertical cross—section of a
previously tested model pillar showing this phenomena. Similar

results are expected at least for the softer shales.
5. TEST RESULTS

Table 3 presents the shale model pillar test matrix for the model
pillar gecmetries given in Table 2. Raw data from these tests were
entered into a microcomputer for data reduction and analysis. Data
reduction consisted of converting the dial gauge readings to
incremental changes in pillar height and accumulating these changes.
The cumulative displacements read from dial gauges 3 and 4 (gauges 1
and 2 are backup gauges) were averaged for each time and the average
converted into nondimensional shortening by dividing by the initial
pillar height, H, given in Table 2. Results for 13 of the 14 tests
discussed are shown graphically in Figs. 2 to 9. Figures 2 to 9
indicate that most of the pillar creep response curves appear to have
the form referred to as primary creep; i.e., the creep rate continues
to slow down with time. Consequently, a transient creep response
function of the form used for rock salt, Eq. (1), has been fitted to
the shale data.

The empirical model chosen for preliminary analysis has the form

e = A ot TU ¢l (3)
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where € is the fractional pillar shortening (which is dimensionless), ¢
is the initial average pillar stress in psi (1 MPa = 145 psi), T is

the absolute temperature in K, and t is the time in hours. The
parameters (A, n, u, and m) used in Eq. (3) may be found by either (1) a
nonlinear curve fitting method, such as the path of steepest descent,

or (2) by first linearizing the equation (by taking logarithms of both
sides) and determining the parameters by multiple linear regression.
Because of the scoping nature of this study, the second approach was
chosen to provide preliminary values for the parameters.

The logarithm of Eq. (3) becomes

log (€) = log (A) + n log(o) + u log(T) + m log(t), (4)
which is suitable for multiple linear regression.

The parameters for the model of Eq. (3) have been estimated for
each of the four shales tested in this study and are shown in Table 5
along with the applicable ranges of initial stress, temperature, and
time. Note that these parameters hold for the geometries given in
Table 2, particularly for W/H = 4. Also, these parameters are limited
to the shales described in Table 1. These parameters are likely to be
sensitive to changes in shale composition (particularly the amounts of
smectite and other clays, quartz, feldspar, and kerogen for the Green
River Formation), moisture content, and porosity. 1In view of these
limitations and the small size of the data base used, parameter values
given in Table 5 must be considered very preliminary.

Note that the time range of applicability of some of the tests,
as given In Table 5, 1is somewhat less than the duration of the
corresponding tests shown in Table 3. This difference is due to
irregularities in the data caused by power outages and pressure leaks.

The room temperature, 69 MPa (10,000 psi) test on the Conasauga
Formation was not used in the data base because initial fractures
developed on the pillar surface during loadup and because its behavior was
considerably different from the remaining Conasauga tests. The room
temperature test at 14 MPa (2000 psi) on the Pierre Shale also caused
spalling on the pillar surface during loadup. We note that the
unconfined cowmpressive strength of the Pierre Shale from Table 1 is

7.2 MPa or about 1044 psi; therefore, it is not surprising that



Table 5.

Parameters for empirical model®

Stress Temp. Time
Rock type A n u m range range range
(psi)™(K)"U(h)™R (psi)® (°C) (hr)
Green 3.2669 x 1079€ 1.5013 0 0.23338 4000- 22.5 0-
River 6000 1000
Formation
Conasauga 2.7739 x 10718 1.8796 3.2760 0.26878 4000- 22.5-  0O-
Group 6000 100 1000
Pierre 3.4719 x 10725 1.9902 6.7885 0.20995 1000- 22.5-  0O-
Shale 2000 60 1000
Huron 2.2630 x 10725 1.2906 6.9335 0.26199 1000- 22.5-  0O-
Shale 4000 100 3145

8¢ = ao8TUt® where € is dimensionless, o is in psi, T is in K, and

t is in hours. Stress, temperature, and time ranges of applicabilicy

are gilven.

by MPa = 145 psi.
CFive digits are shown for the parameters in the empirical models in
order to provide consistent results for shortening, because rounding
of parameters may introduce inconsistencles in model results.
values for shortening should be reported to three significant digits.

Model

__.97Z_
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localized failures occur when the average pillar stress is 14 MPa
(2000 psi). 1In this case, the 2000 psi test was left in the data
base, and the results shown on Figs. 5 and 6 indicate that the
empirical model does a relatively good job of tracking the data.

The room temperature test at 69 MPa (10,000 psi) for the Huron
Shale (Fig. 8) was left in that data base, but Fig. 9 indicates that
its behavior is not consistent with the other Huron Shale results. 1If
these test data were eliminated from the data base, it is likely that
the model parameters would change slightly, and the fits to the
remaining data would improve. In this case, initial fractures were
not reported during loadup, and we have no data on the unconfined
compressive strength of the Huron Shale.

The temperature exponent given In Table 5 for the Green River
Formation is zero because no data are available at elevated temperatures.

The only statistics calculated for the comparisons between the
empirical model and the pillar shortening data (shown on Figs. 2 to 9)
are the root mean square (RMS) differences which are given in Table 6.
Note that these RMS values are relative to the magnitude of the
shortening for each test and cannot be directly compared unless they
are normalized by dividing by the maximum fractional shortening for
each test. In general, small RMS differences 1mply good fits to the
data.

Several general observations can be made about the response of
the shale model pillars. In general, the transient response of shale
model pillars is similar to that of model pillars of rock salt
(Lomenick and Bradshaw, 1969 and 1986). 1In both cases, higher stress
and/or temperature lead to higher displacement rates and more
cumulative displacement. However, as can be seen from Table 5, the
stress exponents for the shales tested tend to be significantly lower
than those for rock salt, as shown in Eq. (1). The Pierre and
Conasauga samples show the highest stress sensitivity, with exponents
of about 2 and 1.9, while the Huron, with an exponent of about 1.3,
shows the least stress sensitivity to shortening.

The temperature sensitivity of the Plerre and the Huron Shales
are about the same with exponents of about 6.8 and 6.9, compared

with exponents of about 3.3 for the Conasauga Group Shale and 9.5 for



Table 6. Root Mean Square (RMS) differences between empirical model
and test data

Stress Temp. RMS difference Approx. max. RMS % 100
Rock type [{MPa(psi)] (°C) in shortening short, €.y €max )
Green River 28(4000)  22.5 2,06 x 10~4 4.5 x 1073 4.h
Formation 41(6000)  22.5 4.13 x 1073 7.2 x 1073 5,7
Conasauga 28(4000)  22.5 1.17 x 1073 1.0 x 1072 11.7
Formation 41(6000)  22.5 2.61 x 1073 2.4 x 1072 10.9
28(4000) 100 2.20 x 1073 3.4 x 1072 6.5
Pierre Shale 7(1000)  22.5 1.14 x 1072 1.0 x 1074 11.4
14(2000)  25.5 3.26 x 1072 2.7 x 1071 12.1
7(1000) 60 4.21 x 10-3 1.7 x 1071 2.5
Huron 28(4000)  22.5 5.50 x 10”4 1.2 x 1072 4.6
Shale 41(6000)  22.5 2.63 x 1073 2.2 x 1072 12.0
69(10,000) 22.5 6.37 x 1073 2.0 x 1072 31.9
41(6000) 100 8.93 x 1073 8.0 x 1072 11.2
28(4000) 100 1.01 x 1072 2.8 x 1072 36.1
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rock salt. Consequently, the temperature sensitivity of transient
creep response of the shales tested was less than rock salt but is
still very significant. Table 1 lists both ambient and 150°C strength
data for the shales from the Green River Formation (Hansen, and Vogt,
1987). The higher temperature apparently weakens the Green River
Formation Shales dramatically. Unfortunately, we have no model pillar
data at elevated temperatures fof the Green River Formation Shales to
use for comparison.

Time exponents for the four shales show a remarkable consistency,
ranging from a low of about 0.21 for the Pierre to a high of about
0.27 for the Conasauga. These values compare with a nominal value of
0.3 for rock salt. The lower value of the average time exponent for
shale indicates that the creep rate for shale is likely to decrease
faster than that for rock salt. In fact, for some cases, notably the
Conasauga Group Shale at 22.5°C and 28 MPa (4000 psi), shown on Fig.
3, the convergence rate is about zero for the last several hundred
hours of the test. A similar situation is observed for the Huron
Shale at 100°C and 41 MPa (6000 psi), shown on Fig. 9, and the room
temperature Huron Shale at 41 MPa (4000 psi), shown on Fig. 7. This
behavior indicates that the transient creep model used in this study
and previously used in the study of closure of model pillars of salt,
may not be appropriate for the time dependent response of model
pillars of shale. A more appropriate time function for the empirical
model may be

1 - exp (t/te), ' (5)
where t. is the time required for the pillar shortening, €, to
approach its final value. It is interesting to note that Stage I of
the triaxial creep test reported by Hansen and Vogt (1987) (Fig. E-1,
p- 79) apparently exhibits this same phenomenon, while stages Il and
IIT at higher temperature and stress difference, respectively,
indicate continued straining with time. Hansen and Vogt's unconfined
creep test (Fig. E-2, p. 80), however, again indicates the approach of
a terminal strain at room temperature. At this time, we have no firm
understanding of the microscopic creep mechanisms in these shales and,
consequently, can come to no firm conclusions, especially in view of

the small data base in the scoping study.
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The shales tested during the scoping study may be ranked
according to how much thelr model pillars shortened at a constant
stress, temperature, and time. Pierre Shale model pillars were tested
at lower stresses than the other shales, but they deformed more.
Consequently, the Pierre Shale is the most easlly deformed of the
group tested. The remaining three shales were tested at 28 MPa (4000
psi) and 41 MPa (6000 psi), which allows direct comparison at 22.5°C
and 1000 h, as shown on Table 7. Note that for the above conditions,
the Conasauga Group Shale pillars deformed the most, followed closely
by the Huron Shale and the Green River Formation Shale, which is much

less deformable for the stated conditions.

Table 7. Comparison of approximate dimensionless pillar
shortening at 22.5°C and 1000 hr for two stresses

29 MPa (4000 psi) 41 MPa (6000 psi)

Conasauga Group Shale 0.010 0.024
Huron Shale 0.008 0.017
Green River Formation Shale 0.0046 0.0072

6. CONCLUSIONS

Based on model pillar tests of four different shales, we conclude
that model pillars of these shales exhibit time dependent closure and
that the rate of closure is increased by both iIncreases in the initial
pillar stress and the test temperature. The power—-law trausient creep
equation has been used as the empirical pillar creep model for these
shales, and the comparisons between empirical model results and
laboratory data are reasonably good for the range (stress,
temperature, and time) of applicability of the empirical mwodel. We
have compared the deformational response of the shale model pillars
with that of model pillars of rock salt and found both similarities and

differences: (1) salt pillars appear to be more sensitive to both
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temperature and stress than shale pillars; and (2) some shale pillar
data suggest that after an initial transient phase, the pillar
shortening approaches a steady value. When more data become
available, a quantitative comparison will be possible.

The scoping study on model pillar shortening provides preliminary
information useful in investigations for a national survey of potential
shales to host a nuclear waste repository. The weaker, more deformable
Pierre Shale, would probably be most useful where strata of sufficient
thickness occur relatively close to the surface where overburden stresses
and temperatures are likely to be lower. On the other hand, repository
depths for the other shale types considered, could vary over a much wider
range. The scoping data are too few to set any limits at this time. For
example, at 22.5°C, the Green River Formatlion Shale appears to be the
strongest and least deformable of the shales considered herein; however,
Hansen and Vogt (1987) report a decrease in strength from 94.8 MPa
(13,700) psi at room temperature to 24.7 MPa (3580 psi) at 150°C.

Future work on shale should consider the role of (1) moisture
content, (2) moisture loss through heating, (3) pore pressure
increases caused by heating and rapid stress increases, and (4) the
possible influence of pore fluid chemistry on strengths and
deformations of the shales. The influence of each of these
considerations is likely to vary with the clay mineral content of the
shales. 1In particular, the smectite~rich Pierre Shale may shrink
significantly when drying during a test at elevated temperature.
Shrinking caused by drying would presumably add to the strain induced
by the stress until most of the water has been forced out. To the
author's knowledge, the above noted effects of moisture on deformation
have not been systematically studied as they relate to pillars in

shale.
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