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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 in a 
new apparatus under conditions of true hydrostatic loading. At 
room temperature and effective confining pressure increasing from 
10 to 50 MPa, thermal conductivity and diffusivity are constant at 
roughly 7 W/mK and 3.6 x 1 0 - 6 m 2/3, respectively. At 50 MP?, 
and temperature increasing from 300 to 573 K, both conductivity 
and diffusivity drop by a factor of 2. Thermal linear expansion 
at 0 MPa matches that at 50 MPa, increasing from roughly U > 
10 - 5/K at 300 K to 5.5 x 10*5/K at 573 K. The lack of a 
pressure effect on all three properties is confirmed by previous 
work. Simple models of microcracking suggest that among common 
geological materials the lack of pressure dependence is unique 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^ 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 vhich might 
be expected in a nuclear waste repository. We report here 



preliminary data taken on the first rock type tested, ; 
coarse-grained domal rock salt from Avery Island, LouU.ana. 

Tru- interest in isolating radioactive waste is obvious. 
Hn.-Viiiq waste in the earth «iould be a straightforward means of 
isolation were it not for the fact that most rocks, being brittle 
materials, tend to crack under an applied load. If rock around a 
waste lepo: itorv is cracked, the isolation condition may be 
violated: the permeability of the rock could increase and allow 
iil.-<i -hange of radioactivity with the biosphere. All rocks in the 
ipps" few kilometers of the earth's crust, in fact, contain some 
• • "-ict.ii es, and fie heat load imposed by radioactive waste could be 
•>'.<.. i to cause turther cracking, especially on the microscopic 
..ciK-, owing to local mismatches in thermal expansivity. 
"ucn.cracking car also be induced (even in thermomechanically 
-"• t-ijiic materials) in the presence of a sufficiently strong 

: •:irr. i; gradient. Hydrostatic pressure is expected tc suppress 
ifactoring and work to close existing fractures. Studies of other 
cick-ielated phenomena in rocks such as porosity and elastic 
I'"havi.'r (see Wa.1 nh and Brace, 1966, for a review of early work) 
rriir;i;e that the pressure effect on cracks tends to be more 

•"."iwmnred at lav pressures. As more and more cracks close with 
: r.r-re-ising pressure, the effect becomes more subtle. Crack effects 
hcroiT.r. unimportant above pressure of 10 to 300 MPa, depending on 
:oc« t/r«. 

Microcracking can affect thermal properties as well as the 
mechanical properties and experimentation has so demonstrated 
illassellman, this volume). Pressure, by its effects upon 
•ncrofractures, is expected to affect '•hernial properties (Walsh 
,ind D<".c.:kcr, 1966), but experimental quantification of this effect, 
•mder conditions of true hydrostatic loading in the upper crust 
pitssure range, is lacking. 

liock salt has been considered as a potential waste repository 
material primarily because of its high thermal conductivity (as 
raec.-iurpii 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 
temperature change, would not be expected to occur except in 
strong thermal gradient. Anain, however, experimental 
confirmation is lacking. 



EXPERIMENTAL TECHNIQUES 

3 

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 t>,e line source, then 
pvasuring temperature (T) as a function of distance (r) from the 
infinite line source, measuring the power per ji.it length of the 
line source (q/St) and applying the axisymmetric heat flow law: 

q / l ' i ^ , <T1 " T2» U 

where TL = T(rj) and T2 = T ( r 2 ) . Thermal diffusivity 
(K) is determined by pulsing the line source, measuring T ( r , t ) , 
where t is time, and applying the relat ionship 

3T / l 3T 2 2 T\ 

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

A schematic of the apparatus is shown in Pig. 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 temperature 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 5-7 km depending on rock type) at temperatures to 
773 K. Although it is not employed for tests on rock salt, the 
means exist to introduce pressurized fluid into the sample to 
simulate iji situ hydrologic conditions. Located at a remote 
"cold" point within the pressurized volume is a displacement 
transducer (LVDT) used to measure linear thermal expansion. 
Concentric stainless steel tubes connect the LVDT body and core 
rigidly to either end of the sample. 

The Q.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 together would be zero. Thermocouples and plumbing for 
the pore pressure fluid enter the sample through high-pressure 
seals. All thermocouples are type J (iron-constantan) and are 
clad in 1.6-mm-diameter stainless steel sheathing. The infinite 
line source condition is established by the arrangement of heaters 
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Fig, 1, Schematic of the high-pressure thermal properties apparatus. 
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Fig. 2. Cross section of sjnple assembly for high-pressure 
thermal properties experiment. There are eight 
thermocouples in the mid-plane of the sample, four 
entering from each end. The tips lie at eight different 
radii in a spiral arrangement around the sample axis. 

and control thermocouples shown in Fig. 2. The heat source is 
three separate resistance windings placed inside a single 
3-mm--thick copper support tube (not shown in the figure) which 
itself is positioned in a 19.1-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 match the sectioning of the core heaters, 
and three control thermocouples are positioned 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 (T„ 50 K). 

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



Fig. 3. Photograph of the sample assembly. The salt sample shown 
here stands C.23 m high x 0.13 m in diameter and is cut 
into three equal sections. The large grain size 
(5-10 mm) or 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 v;rious power and pignal 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 DISCUSSION 

The sample material was supplied by RE/SPEC, Inc., Rapid 
City, South Dakota. The rock has a porosity of approximately 1* 
and is unusually clean in appearance. Grain size averages 7.5 mm 
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 Avary Island salt given by Kaufmann (1960) 
shows roughly 99.1% NaCl, 0.7% water insolubles, and 0.2% 
CaSC^. Water content is 0.02%. 

A single sample has been tested to date. At room 
temperature, 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 10 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 pressures: 0 and 50 MPa (Fig. 6). 
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 maximum 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 Vang (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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ig, 6. Thermal expaniivity 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-HPa confining pressure. Each point is the 
average coefficient of linear expansion over the 
temperature cange indicated by the horizontal bats. The 
vertical bar shows the estimated error of the average. 
The clashed line is from Yang (1981). 
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Fig. 7. Conductivity and diffusivity compared with previously mea
sured values. The solid lines from Yang (1981) are the 
CINDAS "recommended" values and represent measurements or. 
single crystals and polycrystals at very high confining 
pressures. The line from Sweet and HcCreight (this volume) 
is labeled S & M and is their equation k = 6 (300/T) 1- 1 4, 
and represents measurements on polycrystalline rock salt at 
zero confining pressure. The vertical line is a range of 
values given by Clark (1966). 
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I 'or.iimiit "xi. t r , of couise, that compensating effects have 
•: • i, , a :w;.:ru!<jm.al values, and we plan extensive experimental 
i:,vi\ • l.jatj.m of juch a poss ib i l i ty . However, if our thermal 
• i ;;.. i iv;ty and thermal diffusivity data are accurate, then they 
i: .'• i d e a r indication that confining pressure in the range P-50 

MF i .m.-;, m,-t have an important effect on the thermal properties of 
NICK : i.-. Supporting the lack of a pressure effect are the 

i. A: discussed in the introduction, the model of thermally 
. .-.• .->••• ••:• jcKir.q .iMinny from local differences in thermal 
>;M;.. . V . I , «ril.i pi L-.lict: that no fractures would form in pur'.' 

:.::• fiui'.iii unitorm heating. 

Thermal expansion does not show a marked pressure effect 
• •• • . •' ,md J0 MPa iii our experiments and is fa ir ly close to 

r .:.* i -• :ir_ , VJIUI-: (fig. 6) • While the expansion measurement in our 
ri; iiur jt in- also lacks an analysis for systematic error, i t is 
;!im|.;ci and much less vulnerable to systematic problems than 'a 
• !•/• •i':nductivity measurement. In so-called "hard" rock, such as 
." .:..ti ' , :t is not unusual to observe an increase in the 

coc! i : ir-nt of thermal expansion with decreasing pressure as local 
•.:.'•! sai incompatibili t ies lead to microfracturing and increased 
•• i.-i-. porosity, hence swelling beyond the in t r ins ic level (Cooper 

and Himmons, 1977; Heard, 1980). I t can be inferred in the 
l.re.'ent work that since expansion did not increase with decreasing 
!-r';-s'.ires, heating to 573 K has not produced additional crack 
j-Mosity. Since crack porosity has not changed with pressure, 
• ..>•!-rial conductivity and c i i fus iv i ty would not be expected tc 

' : - • ' ! • . 

i, i'ht- -lata of Vang (1981) are based primarily on single 
.. ;jJ measurements at very high pressures (above 500 I-'P*.) so 

;•••;..i-.ry reflect in t r ins ic values, whereas the data given in Clark 
iini by Sweet (1979) are based on measurements made at zero 

,:••.. in on polycryitalUne samples. The in t r in s i c values agree 
- • '• wit;, the ?.ero pressure values. 

NUMMARY 

Preliminary measurements or, rock salt between 30C and 573 K 
under true hydrostatic static confinement from C 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 and 
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 rocki. The implications for a 
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nuclear 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 expansion above the intrinsic value,, 
regardless of the depth of burial. 

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