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Lawrence Livermore Naticnal Laboratory
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ABSTRACT

Preliminary data on the thermal properties of a
coarse-grained rock salt from Avery Island, Louisiana, indicate
that hydrostatic pressure to 50 MPa has little effect on the
thermal conductivity, diffusivity and linear expansion at
temperatures from 300 to 573 K, The measurements were made 1in a
new apparatus under conditions of true hydrostatic loading. At
room temperature and effective confining pressure increasing from
10 o 50 MPa, thermal conductivity and diffusivity are constant at
roughly 7 W/mK and 3.6 x 1076 m2/3, respectively. At 50 Mpa
and temperature increasing from 300 to 573 X, both conductivity
and diffusivity drop by a factor of 2. Thermal linear expansion
at 0 MPa matches that at 50 MPa, increasing from roughly 4.2 x
10‘5/K at 300 K to 5.5 x 10'5/K at 573 K. The lack of a
pressure eifect on all three properties is corfirmed by previous
work. Simple models of microcracking suggest that among common
geological materials the lack of pressure dependence is unigue to
rock salt.

INTRODUCTION

Prediction of the short- and long-term thermomechanical
behavior of an underground repository designed for the storage of
radioactive wastes strong'y depends on the thermal response of the
rock at the physical and chemical conditions in situ. A
laboratory experiment has been designed to make thermal properties
measurements of large-sized samples under conditions similar to
the pressure, temperature, and hydrologic conditions which might
be expected in a nuclear waste repository. We report here
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preliminary data taken on the first rock type tested, -
cnarse-qrained domal rock salt from Avery Island, Loui:.ana.

e interest n isnlating radicactive waste is obvious.
Burv.ng waste 1n the earth Jonld be a straightforward means of
isnlation were it not for the fact that most rocks, being brittle
materials, terd to crack under an applied load. If rock around a
waste tepo: itory 13 cracked, the isolation condition may be
violared:  the permeability of the rock could increase and allow
intoy ~hange of radioactivity with the biosphere. All rocks in the
wper few kalometers of the earth's crust, in fact, contain some
cractares, and the heat load imposed by radicactive waste could be
vuet 4 to cause turther cracking, especially on the microscopic
stile, owing to local mismatshes in thermal expansivity,
tiicrcoracking car also be induced {even in thermomechanically

“oteopdc materials) in the presence of a sufficiently strong

armay gradient, Hydrostatic pressure is expected tc suppress
iracturing and work to close existing fractures. Studies of other
coack-related phenomena in rocks such as porosity and elastic
fehavior (see Walsh and Brace, 1966, for a review of early work
rdicate that the pressure effect on cracks tends to be more
nronmunced at low pressures.  As more and more cracks close with
‘nereasing pressure, the effect becomes more subtle. Crack effects
booome unimportant above pressure of 10 to 300 MPa, depending on

ek LypR.

Microcracking can affect thermal properties as well as the
imechanical properties and experimentation has so demonstrated
(Hassellman, this volume). Pressure, by its effects upon
microlractures, is expected to affect +hermal properties (Walsh
and Decker, 1966), but experimental quantification of this effect,
ancder conditions of true hvdrostatic loading in the upper crust
ptessure range, is lacking.

Kook salt has beer considered as a potential waste repesitory
material primarily because of its high thermal conductivity (as
measured at ambient pressure) and its relatively (to other rocks)
high ductility which allows it to retain low permeability to fluid
flow under loading conditions which would produce cracking in most
ordinary rocks. In addition, rock salt stands out from other
geological materials in extended geological formations in that it
is composed of a single, thermomechanically isotropic phase.
Differential thermal expansion, hence microfracturing due to
temperatura change, would not be expected to occur except in
strong thermal gradient, Aaain, however, experimental
confirmation is lacking.
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EXPERIMENTAL TECHNIQUES

The experiment is designed to approximate heat flow from an
infinite line source. Thermal conductivity (k) is determined by
establishing steady state heat flow from t4e line source, then
roasuring vemperature (T) as a function of distance (r) from the
infinite line source, measuring the power per unit length of the
line source (q/%) and applying the axisymmetric heat flow law:

(T, - T,) (1)

where Ty = T{r;) and Ty = T(ry). Thermal diffusivity
(k) is determined by pulsing the line source, measuring Tir,t),
where t is time, and applying the relationship

2.
o (rar, b
5t ° (r B +ar2) : (@

The pulse in this case is a step increase in power of the line
source. Equaticn {2) is solved by an iterative approach using a
digital computer (Abey, 1979).

A schematic of the apparatus is shown in Fig, 1 and a detail
of the sample assembly in Fig. 2. Figure 3 is a photograph of the
components of the sample assembly. An externally heated pressure
vessel is used to set the pressure and tempsrature conditions for
each test. The pressure medium is argon and the vessel is
designed to sustain pressures up to 200 MPa (corresponding to
burial depths of 4-7 km depending on rock type) at temperatures to
173 K. Although it is not employed for tests on rock salt, the
means exist to introduce pressurized fluid into the sample to
simulate in situ hydrologic condirions. Located at a remote
"cold" point within the pressurized volume is a displacement
transducer (LVDT) used to measure linear thermal exnansion.
Concentric stainless steel tubes connect the LVDT body and core
rigidly td> either end of the sample.

The 0.13-m diame'er x 0.23 m long sample is sealed in a
0.25-mm-thick copper jacket to exclude the pressure medium from
the rock. Were it not for the jacket, the pressure in the cracks
and pores of the rock would equal the pressure outside, so that
the effective pressure acting to close cracks and generally hold
the rock tegether would be zero. Thermocouples and plumbing for
the pore pressure fluid enter the sample through high-pressure
teals. All thermocouples are type J {iron-constantan' and are
clad in l.6-rmm~diameter stainless steel sheathing. The infinite
line sourne condition is established by thc arrangement of heaters
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Pig. 1. Schenatic of the high-pressure thermal properties apparatus,
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Fig. 2. Cross section of sumple assembly for high-pressure
thermal properties experiment. There are eight
thermocouples in the mid-plane of the sample, four
eatering from each end., The tips lie at eight different
radii in a spiral arrangement around the sample axis.

and control thermocouples cnpown in Fig., 2. The heat source is
three separate resistance windings placed inside a single
3-mn—-thick copper support tube (not shown in the figure) which
itself is positioned in a 19.l-mm-diameter hole cored along the
axis of the sample. The copper sample jacket, of course, lines
this core and stands between the core heaters and the sample. The
sample is sectioned to makch the secticning of the core heaters,
and three control thermocouples are positionmed at the center and
at the ends of the central heater/sample section. The control
thermocouples are silver-brazed to the outside of the copper
heater tube. Power to the core heaters is supplied so as to hold
the three control thermocouples at the same temperature, Since a
zero gradient then exists along the axis of the middle section, it
is presumed that all power delivered to the middle heater section
flows into the middle section of the sample. A numerical
simulation of the heat flow pattern in the sample, in the
situation where the entire length of the core is held at constant
T, indicates that of the heat which flows radially into the center
section of the sample, less than 5% is lost through the ends of
that section in the worst case (Tpgy =~ Tpin = 50 ).

The most likely source of systematic error in the measurement
of thermal conductivity and diffusivity is deviation from the
precumed heat flow pattern. The experimental configuration is



Fig. 3. Photograph of the sample assembly. The salt sample shown
here stands 0.23 m high x 0.13 m ip diameter and is cut
into three equal sections. The large grain size
(5-10 mm) of the salt is evident. Ceramic insulators are
placed at either end of the sample and the arrangement is
sealed inside a copper canister as shown at the right.

In the background can be seen one end of the pressure
vessel and a portion of the pressure sealing plug with
its various power and c=ignal feedthroughs.

complex and there are numerous ways such deviation could arise.
Evaluation of systematic error is ongoing but is not complete.
Random error from inaccuracies in the temperature and power
measurement and from inhomogeneity of the sample (causing local
temperature deflections) is expected to be small compared to
errors in the system. We plan to approach the error analysis both
empirically using standard materials and analytically using
numerous heat flow monitoring thermocouples.

RESULTS AND DI3CUSSION

The sample material was supplied by RE/SPEC, Inc., Rapid
City, Scuth Dakota. The rock has a porosity of approximately 1%
and is unusually clean in appearance. Grain size averages 7.5 mnm
and ranges from 2.5 to 1.5 mm. The only impurities are a few




anhydrite crystals and clay-like particles at grain boundaries. A
chemical analysis of Avery Island salt given by Kaufmann (1960)
shows roughly 99.1% NaCl, 0.7% water insolubles, and 0.2%

CaS04. Water content is 0.02%.

A single sample has been tested to date. At room
temper ature, thermal conductivity and diffusivity appear to be
independent of pressure to 50 MPa (Fig. 4). The error bars show
one standard deviation of repeated measurements (20 to 40), so are
an indication only of random error. No explanation is offered for
the anomalously high diffusivity at 19 MPa. As a function of
temperature to 573 K at a constant pressure of 50 MPa (Fig. 5),
conductivity and diffusivity both show a monotonic decrease with
increasing temperature. Linear expansion was measured from room
temperature to 573 K at two pressutes: 0 and 50 MPa (Fig. &).
The coefficient of linear expansion may show a slight decrease
with confining pressure. Throughout the experiment temperature
gradients in the sample were kept low to avoid gradient-induced
cracking. The maximun steady-state gradient for the conductivity
measurement was 3 K/50 mm.

The data are compared to other published values in Figs. 6
and 7. The vast majority of these values are based on an
extensive compilation of values by Yang (1981). In general, there
is good agreement between our values and previously measured
values, despite the preliminary nature of our measurements. The
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Fig. 4. Thermal conductivity and diffusivity of Avery Island rock
salt as a function of confining pressure measured near
room temperature.
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Thermal expansivity of Avery Island rock salt as a
function of temperature and pressure on heating
(indicated by up arrow) and cooling (down arrow) cycles
at 0- and 50-MPa confining pressure. Each point is the
average coefficient of linear expansion over the
temperature range indicated by the horizontal bara. The
vertical bar shows the estimated error of %he average.
The dashed line is from Yang (1981).
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Conductivity and diffusivity compared with previously mea-
sured values. The solid lines from Yang (1981) are the
CINDAS "recommended” values and represent measurements on
single crystals and polycrystals at very high confining
pressures. The line from Sweet and McCreight {this vciume)
is labeled S & M and is their equation k = 6 (300/m)1-14,
and represents measurements on polyerystalline rock salt at
zero confining pressure. The vertical line is a range of
values given by Clark (1966).
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voszibllit exicne, of course, that compensating effects have
wdeva saecvdental values, and we plan extensive experimental
1nves t1gation of such a possibility. However, if our thermal
oo teity and thermal diffusivity data are accurate, then they
jie 2 cirat lndication that confining pressure in the range (-5
MEd ooy pot have an mportant effect on the thermal properties of
rack £, Supporting the lack of a pressure effect are the

o Mg

4t discussed in the introduction, the model of thermally

e eaeking wisinyg [rom local differences in thermel
s vt el prelict that no fractures would form in pure
aurtty unitomm leating.

Thermal expansion does not show a marked pressure effect
ond 30 ¥Pa in our experiments and is fairly close to

rocaene . varue: iF1g. €3, While the expansion measurement in our
ajpar gt also lacks an analysis for systematic error, it is
cimpier and mach less vulparable to systematic problems than '3
“he wnductivity measurement, In so-called “"hard" rnck, such as

s oo.te, ftis not unusual to observe an increacse in the
coett:oaent of thermal expansion with decreasing pressure as local

. ar incompatibilities lead to microfracturing and increased
17k porosity, hence swelling beyond the intrinsic level (Cooper
and Simmens, 1977; Heard, 1980). It can be inferred in the
nrecaent work that since expansion did not increase with decreasing
sureg, heating to 573 K has not produced additional crack
werosity.  Since crack porosity has not changed with pressure,
~rmal conductivaity and diifusivity would not he expected te

v, Ihe data of Yang (1981) are based primarily on single
:al measurements at very high pressures {zbove 500 MP2)  s0
Gy oroflect intrinsic values, whereas the data given in Clark

T ond by Sweel (1979) are based on measurements made at zero
oo on polyerystailine samples. The intrinsic values agree
s i with the zery pressure values.

SUMMARY

f'roliminary measurements on rock salt between 30C and 573 K
under true hydrostatic static confinement from 0 to 50 MPa
indicate that pressure is not an important determinant of thermal
conductivity, diffusivity, and linear expansivity. *10% in a
coarse~grained rock salt from Avery Island, Louisiana, The
possibility of large experimental errors in the conductivity ard
diffusivity measurements cannot yet be excluded, but the lack of a
pressure effect is supported by previous work and by simple models
of microcracking in crystalline rocks. The implications for a



niclear waste storage facility in rock salt are positive: except
for possible effects of a temperature gradient combined with a
nonhydrostatic stress (which has not been explored in this work),
the thermal load introduced by the nuclear waste cannot be
expected to push thermal conductivity or diffusivity below
intrinsic values nor linear expansicn above the intrinsic value,
regardless of the depth of burial,

It should be emphasized that the same result cannot be
axpected in most other geological settings being considered as
repository sites. The isotropy and monomineralogy of rock salt
over extended distances are unique. Most rock types zte known to
develop microfracture porosity upon heating at low confining
pressures, Accompanying thermal effeccs remain unmeasured.
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