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Abstract Crushed salt can be used as backfill to bury and

conduct heat away from radioactive waste in salt reposi-

tories. As the crushed salt compacts during reconsolidation,

its thermal, mechanical and hydrologic properties will

change in a manner related to the porosity. Measurements

of crushed salt thermal properties are conducted to evaluate

such relationships. A simple mixture theory model is pre-

sented to predict thermal conductivity of consolidating salt

in repository conditions. Experimental work was com-

pleted to evaluate the model by measuring thermal con-

ductivity, thermal diffusivity and specific heat of crushed

salt as a function of porosity and temperature. Sample

porosity ranged from 0 to 46 %, and measurements were

made at ambient pressure, from room temperature to

300 �C. These are the temperature conditions expected in a

radioactive waste storage facility. Crushed salt thermal

conductivity decreases with increasing porosity and tem-

perature. Thermal diffusivity showed little porosity

dependence but decreased with increasing temperature.

Specific heat also shows little porosity dependence but

increases with increasing temperature. Fracture porosity in

deformed bedded salt cores appears to reduce thermal

conductivity more dramatically than inter- and intra-gran-

ular porosity in consolidated salt. A long-term effort to dry

crushed salt at high temperatures resulted in a 0.48 weight-

percent loss of water that had resided at grain boundaries

and in intra-granular fluid inclusions. While this loss does

not significantly affect thermal properties, the release of

this water volume could impact the mechanical response of

the reconsolidating salt and host rock.

Keywords Backfill � Heat transfer � Nuclear waste
isolation � Reconsolidation � Rock mechanics � Thermal

properties

1 Introduction

Crushed salt may be used as backfill to isolate and seal

heat-generating, medium- to high-level radioactive waste

in a salt repository. As the crushed salt conducts heat away

from the waste, it will reconsolidate in response to

increased temperature, as well as burial pressures. Heat

dissipation is an essential function of salt repositories and

directly affects the structural evolution of the repository [2,

30]. Predictive modeling of the thermal, mechanical and

hydrologic behavior of porous, dynamically reconsolidat-

ing crushed salt is therefore critical for repository design.

Such modeling requires knowledge of the material prop-

erties of crushed salt as it reconsolidates.

This work compares a model of thermal conductivity in

porous salt to direct measurements of thermal conductivity

and determines the thermal conductivity of reconsolidated

crushed salt as a function of porosity and temperature.

Thermal diffusivity and specific heat, while not the primary

motivation, are also measured. Measurements are made

over a range of temperatures expected in repository set-

tings. The mechanisms responsible for observed trends are

beyond the scope of this study.

The porosity range of interest in this study is from nearly

zero (intact domal and bedded salt, in which repositories

may be located) to[40 % (loose salt gravel, which may be

used as backfill to isolate radioactive waste). Temperatures
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of interest are from room temperature to 300 �C—a range

which likely bounds that in radioactive waste storage

facilities. In order to analyze the effects on thermal con-

ductivity of both porosity and temperature, it was necessary

to prepare many samples, representing different porosities,

and to test each sample at a range of temperatures, resulting

in approximately 1700 measurements.

Considerable laboratory work has previously been done

to determine the thermal conductivity of both halite and

bedded and domal rock salt at a range of temperatures and

pressures [1, 9, 10, 13, 20, 22, 25]. The temperature range

of interest for these studies is generally from room tem-

perature to as high as 650 �C, with most between room

temperature and 300 �C. Confining pressures ranging from

ambient to 50 MPa are found to have little effect on ther-

mal conductivity [11, 12, 20]. Some researchers have also

acknowledged effects from the composition of the salt,

from pure NaCl to salt with up to 20 % insoluble impurities

[11, 27, 29]. Additional work has determined thermal

conductivity for bedded salt, with no systematic focus on

variables within the salt [18]. Birch and Clark [5, 6]

developed an early data set for single-crystal halite thermal

conductivity.

Although the temperature dependence of rock salt

thermal conductivity is well established, little work has

been done to determine the effect of porosity. Naturally

occurring halite tends to have low porosity, from 0 % for

individual crystals to roughly 2–3 % for polycrystalline

samples. Limited work has been done on salt samples with

higher porosity [1], and this work focused on samples of

variable grain and crystal size rather than a systematic

analysis of the effects of porosity.

The most comprehensive analysis of the porosity effect

is from the combined data of the BAMBUS reports [3, 4],

which provide a fairly complete range of salt thermal

conductivity values from 0 to 40 % porosity. This study

intends to verify and augment these data by systematically

measuring porosity effects in a single test series with

variable temperature. This will analyze the simultaneous

dual controlling effects of porosity and temperature.

1.1 Thermal conductivity model

The geometric mean of rock conductivity and pore con-

ductivity, which estimates bulk thermal conductivity of a

two-medium material, can be used to model the thermal

conductivity of porous crushed salt [16, citing 24]:

kb ¼ k1�n
r

� �
knf
� �

; ð1Þ

where k is thermal conductivity, b is bulk material, n is

porosity, and r and f denote rock and fluid, respectively.

Such a model requires accurate temperature-dependent

thermal conductivity values of pure materials. Single-

crystal halite values were measured in an extension of this

work [28]. Values for air are well known and follow the

equation

k ¼ 0:0241ð Þ 1þ 0:00317T � 0:0000021T2
� �

; ð2Þ

where T is temperature in Celsius [17]. Note that the input

for (2) is in Celsius, but the equation has been modified

from its original form to output units of W/mK rather than

the less common Cal./cm C. Inputting values for salt (rock)

and air (pore fluid) at different temperatures (Table 1)

creates a model of the values likely to be encountered in

this work (Fig. 1). We evaluate modeled values against

actual measurements.

Visible water loss was noticed during creep tests in

which mine-run crushed salt was reconsolidated at high

temperatures and pressures. This occurred when the

material was first heated and then subjected to confining

and shear stresses [8]. Because the presence and intro-

duction of mobile water would have an effect upon salt

mechanical response in a repository setting, in addition to

measuring thermal conductivity we attempted to dry salt at

high temperatures to evaluate the volume fraction of water

that could be driven off by heating.

Table 1 Salt thermal conductivity values measured from single-

crystal samples [28]

25 �C 50 �C 100 �C 150 �C 200 �C

ksalt 6.054 5.488 4.658 3.911 3.389

kair 0.026 0.028 0.031 0.034 0.037

Air thermal conductivity values calculated from Eq. 2 [17]

All values in W/mK

Fig. 1 Estimated thermal conductivity values of crushed salt at a

range of repository temperatures
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2 Methods

2.1 Sample material and preparation

Samples were composed of compressed crushed salt and

cohesive bedded polycrystalline salt from theWaste Isolation

Pilot Plant (NewMexico), polycrystalline domal salt from the

Port Barre Salt Dome (Louisiana), single-crystal salt from the

Hockley Salt Dome (TX) and microcrystalline ‘‘solar salt’’

(salt lick product). The bulk of testing is performed using

crushed salt, which can be easily compacted into sample

pellets of predetermined porosity and thickness (Fig. 2). This

salt is mined from the Waste Isolation Pilot Plant radioactive

waste storage facility and therefore represents realistic min-

eralogy of a storage site, including 1.0–1.6 %water-insoluble

impurities. X-ray diffraction analysis of this material shows

that it closely resembles previous analyses, which found up to

5 % water-soluble and water-insoluble impurities, including

quartz, gypsum and clays [26].

It is difficult to compact salt into samples of 0–2 %

porosity. Domal and bedded salt have naturally low porosity,

however, and are useful for completing the low-porosity

region of the thermal conductivity curve. These salt samples

are relatively pure NaCl and do not contain significant

amounts of impurities. Minimal porosity is present in the

fracture space between crystal boundaries, however.

All crushed salt is sieved to remove grains larger than

9.5 mm in diameter. Variable-porosity samples are formed

by compacting crushed salt in a 50-mm die, forming cir-

cular pellets roughly 25.4 mm tall. The bulk porosity of

these samples is calculated as a ratio of the bulk density of

the final pellet to the measured density of crushed salt

(2.140 g/cc). Although limited stratification occurs during

the pressing process due to grain size sorting, the method

used to analyze samples measures bulk thermal conduc-

tivity throughout the sample and should average out local

sorting. Salt pellets of similar size are formed by coring

pellets from bedded and domal salt or solar salt blocks and

grinding the ends to a flat surface (Fig. 2).

Two 4-in.-diameter cores of bedded WIPP salt were

used to measure the effects of induced fracture porosity on

thermal conductivity. The cores have been previously

heated—1 to 200 and 1 to 250 �C—and then deformed in

uniaxial compression, resulting in ‘‘barrel-shaped’’ defor-

mation and significant fracturing [19]. Each core was cut in

half along its vertical axis, and the two faces were polished

to enable sandwiching of the thermal properties sensor.

Four representative measurement locations were identified

on each core face (Fig. 3).

2.2 Thermal conductivity measurements

Measurements were collected over more than 2 years of

laboratory effort. Early thermal conductivity data were

measured with a Holometrix guarded heat flow meter

(TCHM). The TCHM compares the temperature gradient

across a sample of known thickness to the flow of heat

through the sample in order to calculate sample thermal

resistance; thermal resistance is the reciprocal of thermal

conductivity (Fig. 4).

The TCHM has a maximum temperature range of

40–200 �C, requires a lengthy calibration and can take up

to a day to measure the thermal conductivity of a single

sample. A Hot Disk transient plane source thermal con-

stants analyzer (TCA) was therefore acquired to replace the

TCHM. The TCA has a greater temperature range (cryo-

genic to 725 �C), makes measurements more quickly with

better than 5 % accuracy and can simultaneously measure

thermal conductivity, thermal diffusivity and specific heat.

A current passed through the sensor creates a pulse of heat

that is absorbed by the sample material. The rate at which

the sensor temperature decreases is a function of time and

the ability of the sample to conduct heat away from the

sensor, which the TCA uses to calculate thermal conduc-

tivity, thermal diffusivity and specific heat.

The TCA can measure samples as small as 3 mm in

height by 7 mm in diameter, with no maximum size; sam-

ples used in this study were mostly disks 50 mm in diameter

Fig. 2 From left loose mine-run crushed salt, die-pressed pellet of mine-run salt, core of relatively pure polycrystalline domal salt, core of single

salt crystal. Scale in inches
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and 25.4 mm tall (Fig. 5). Because the TCA sensor is

sandwiched between two halves of a given material, two

like-porosity pellets are pressed for each target porosity. The

4-in.-diameter cores (used to evaluate thermal properties of

fractured salt) were sliced down their axes, and the sensor

was sandwiched between the two halves.

The TCA includes a programmable oven to house the

sample and sensor, as well as a computer for data acqui-

sition, data analysis and program control. Measurements

were made between room temperature and 200 �C at

ambient pressure and moisture conditions. In order to

ensure a uniform internal temperature gradient, samples

equilibrated at each temperature set point for a few hours

before measurements were made. Because data from both

the TCA and TCHM are considered equally reliable, all

data are reported as a single data set.

2.3 Salt drying

Mine-run crushed salt from the Waste Isolation Pilot Plant

was cooked continuously at increasingly high temperatures

over a 9-month period in order to estimate the volume of

water contained in crushed salt and the amount that could be

driven off by heating at ambient pressure. Two uncovered

Fig. 3 WIPP core Sample A (a, heated to 200 �C) and Sample B (b, heated to 250 �C), each with four representative measurement locations.

Facing halves not shown, scales in inches

Fig. 4 TCHM assembly: The upper and guard heaters maintain a

constant temperature difference with the lower heater, thermocouples

at the upper (Tu) and lower (Tl) sample surfaces record the

temperature gradient across the sample, and the heat flux transducer

measures heat flow into the sample

Fig. 5 Two crushed salt pellets sandwiching the planar TCA sensor

(inserted from behind). Stack is held together with mounting pressure

from the vertical set screw. Assembly is in a computer-controlled

oven
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tin-plated steel canisters weighing slightly over 300 g each

were filled with 2500.0 g each of crushed salt. Grains larger

than 9.50 mm in diameter had been previously sieved out.

Each canister was weighed at room temperature and then

placed in an oven at 50 �C. Oven temperature was raised by

25 �C every 3 weeks, up to 300 �C; temperature was then

raised by 50 �C every 3 weeks, up to 400 �C. This process
lasted 273 days, with weight measurements taken roughly

two out of every 3 days. Samples were always weighed

immediately before increasing the temperature as well as

the day after the temperature increase. One heating inter-

ruption was caused by a power loss some time between

April 30 and May 2. Samples were returned to the same

temperature and showed a slight drop in weight consistent

with the overall data trend at that time.

3 Results

3.1 Thermal conductivity of variable-porosity

crushed and polycrystalline salt

Two years of laboratory work produced 1696 thermal

conductivity measurements from 80 samples of unique

porosity; 328 additional measurements of thermal diffu-

sivity and specific heat were taken from ten unique sam-

ples. Another 149 measurements of all three thermal

properties in single-crystal, optically clear halite are

reported in [28]. Samples were analyzed to establish a

direct relationship between thermal properties and porosity

and temperature. Sample materials ranged in porosity from

Fig. 6 Measured thermal conductivity (points) of variable-porosity salt samples at 25, 100, 150 and 200 �C compared with model-predicted

values (solid lines) at the same temperatures

Fig. 7 Thermal diffusivity versus porosity. Thermal diffusivity

shows no apparent porosity dependence
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0 % to approximately 46 %—the porosity of unsettled

loose salt gravel. Data are segregated by temperature, from

25 to 300 �C.

3.2 Porosity relationship

As shown in Fig. 6, measured thermal conductivities are

compared with models of predicted thermal conductivity

for any given porosity. Measured thermal conductivity is

in most cases slightly lower than model-predicted values,

but overall trends follow the model fairly closely. Ther-

mal diffusivity and specific heat results are presented in

Figs. 7 and 8, respectively, and show little trend with

porosity.

The relationship between thermal properties and tem-

perature is presented in Figs. 9, 10 and 11 (thermal con-

ductivity, thermal diffusivity and specific heat,

respectively). These figures show measurements made on

single samples as temperature was ramped up to 300 �C.
Thermal conductivity of all samples decreases with

increasing temperature. This result is consistent with pre-

vious research. Thermal diffusivity of all samples also

decreases with increasing temperature. Specific heat of all

samples increases with increasing temperature. Data from

all temperatures and porosities are summarized in Table 2.

Fig. 8 Specific heat versus porosity. Specific heat shows no apparent

porosity dependence

Fig. 9 Thermal conductivity of porous salt samples decreases as the temperature is increased

Fig. 10 Thermal diffusivity of porous salt versus temperature samples decreases as the temperature is increased
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3.3 Thermal conductivity of fractured samples

Thermal conductivity of fractured bedded salt is presented

in Figs. 12 and 13. Thermal conductivity ranges from

*5.4 to *3.1 W/mK at 25 �C and from to *3.0 to

*2.0 W/mK at 200 �C. In addition to crack porosity, the

deformed salt has\1 % initial porosity. We quantify crack

porosity by measuring the linear crack density at the four

measurement locations on each sample (Fig. 14). Linear

crack density is the number of cracks intersected per unit

length in linear traverses across a sample. In addition to

grain-cutting linear cracks, most grain boundaries were

cracked and some cleavage cracks were observed. Crack

aperture was not quantified.

Figures 12 and 13 show thermal conductivity measured

at each location on each WIPP core at room temperature,

50, 100, 150 and 200 �C. In Sample A, previously heated

to 200 �C, the thermal conductivity at each measurement

location drops by an average of 37 % between room tem-

perature and 200 �C; in Sample B, previously heated to

250 �C and showing more deformation than Sample A, the

thermal conductivity at each measurement location drops

by an average of 41 % between room temperature and

200 �C.
Equation 1 predicts salt thermal conductivity based on

porosity. If sample thermal conductivity is known, there-

fore, porosity can be estimated. In Table 3, the thermal

conductivity of the WIPP cores at each location at each

temperature is used to estimate porosity at that location.

3.4 Salt drying results

A small volume of brine is present in WIPP salt [15]. This

fluid may be adsorbed to grain boundary surfaces, trapped

in inter- and intra-crystalline porosity such as negative

crystals and fluid inclusions along crystallographic planes

or associated with clay mineral impurities. This water can

be liberated by heating the salt. Adsorbed water will

evaporate if the salt is heated to 110 �C for a few days,

reducing bulk weight by\0.20 % [15]. Fluid inclusions are

abundant in both deformed and undeformed bedded salt

(Fig. 15); they are sealed in the crystal structure and unable

to evaporate at relatively low temperatures. Subjecting the

salt to greater heat over a longer period of time shows that

more fluid can be released through differential expansion

and decrepitation [19]. This was observed in mechanical

compression and shear experiments [8], as well as in

samples of bedded salt that, when left in an oven at ele-

vated temperature, began to shed small shards of material

within the oven.

In an attempt to quantify the trapped volume of water,

two canisters of crushed salt were repeatedly weighed

while being heated to 400 �C over 9 months (Fig. 16). A

total of 175 measurements were made on Canister 1,

measuring a change of -11.9 g, for a weight loss of

0.48 %. A total of 174 measurements were made on

Canister 2, measuring a change of -12.1 g, also for a

weight loss of 0.48 %. Changes in both samples mirrored

each other closely throughout the experiment, neither ever

exceeding the other in weight loss by more than 0.04 %

(Fig. 16). The dramatic drops at 350 and 400 �C are in part

due to the greater increase in temperature increments

(50 �C as opposed to 25 �C); even so, the loss is greater

than at most other consecutive 25 �C intervals and is

attributed to polyhalite dehydration, as observed previously

in this rock salt [23].

In light of the salt drying data, two sets of samples were

heated to 300 �C and then cooled to 50 �C. All three

thermal properties were measured during both the heating

and cooling legs of this cycle. Values from each leg closely

matched each other (Fig. 17), indicating that water loss at

high temperatures does not significantly affect thermal

properties.

Fig. 11 Specific heat of porous salt samples increases as the temperature is increased
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4 Discussion

4.1 Porosity and temperature effects on thermal

conductivity

The primary focus of this work is to measure the thermal

properties of reconsolidating crushed salt, in order toT
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Fig. 12 Sample A thermal conductivity data compared to single-

crystal (0 % porosity) salt thermal conductivity data

Fig. 13 Sample B thermal conductivity data compared to single-

crystal (0 % porosity) salt thermal conductivity data

Fig. 14 Linear crack density versus thermal conductivity
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identify the effects of porosity and temperature, especially

on thermal conductivity. Nearly 1700 thermal properties’

measurements were made over a range of salt porosities

and temperatures.

Using single-crystal halite thermal conductivity data

and published air thermal conductivity data, a model was

created to estimate the thermal conductivity of porous

crushed salt backfill which may be used to analyze

radioactive waste repositories response. Measurements of

crushed salt thermal conductivity are close to those pre-

dicted by the model throughout the repository-like range

of porosities and temperatures. This supports use of Eq. 1

as a good predictor of porous salt thermal conductivity

over a range of likely radioactive waste storage

conditions.

Table 3 Estimated porosity of WIPP core measurement sites based on comparison with single-crystal thermal conductivity

Site WIPP core TC as fraction of single-crystal TC Estimated porosity (%)

25� (%) 50� (%) 100� (%) 150� (%) 200� (%) Avg. (%)

A1 52 56 56 57 61 56 *12

A2 65 64 65 67 71 66 *8

A3 60 64 63 66 70 65 *10

A4 77 80 83 87 87 83 *4

B1 89 90 91 94 94 92 *2

B2 88 87 89 91 93 90 *2

B3 64 65 66 70 73 68 *8

B4 84 78 76 77 81 79 *5

TC thermal conductivity

Fig. 15 a Inter-granular fluid inclusions lining up along crystallographic planes, b intra-granular negative crystals with brine fluid inclusions and

gas bubble, fields of view 200 lm across

Fig. 16 Salt drying history from two canisters. Note that the total

percentage weight loss of each sample is nearly the same at all times;

the difference in percentage lost is never greater than 0.04 %

Acta Geotechnica (2016) 11:913–924 921
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Thermal conductivity was found to decrease with

increasing porosity and increasing temperature. The mag-

nitude of the temperature effect is greatest at low porosi-

ties; at high porosities, there is virtually no noticeable

temperature effect. This can be explained by the conduc-

tivity of air, which is two orders of magnitude lower than

that of salt. At higher porosities, the conductivity of air

becomes increasingly overwhelming. Although air con-

ductivity also goes down with increasing temperature, the

difference is relatively small compared to the bulk thermal

conductivity of porous rock salt.

Thermal diffusivity shows little correlation with

porosity, but decreases with increasing temperature.

Specific heat also shows little porosity dependence, but

increases with increasing temperature. Among the mea-

surements collected, thermal conductivity is the only

property that exhibits a temperature dependence. Toge-

ther, these results can be used to model salt-backfilled

radioactive waste storage sites. Thermal conductivity of

the backfill will increase as the crushed salt compacts

under pressure. This will result in increasingly efficient

dissipation of heat as time progresses. The effect of

heating from radioactive waste will in part counter this

increase in thermal conductivity, however, as crushed salt

at any porosity will have a lower thermal conductivity

when heated.

4.2 Fractured samples

It is reasonable to expect crack porosity to affect thermal

properties differently than inter- and intra-granular poros-

ity. Thermal conductivity measurements were made from

25 to 200 �C and at ambient pressure on deformed bedded

rock salt with varying amounts of impurities and crack

porosity. Thermal conductivity for deformed bedded rock

salt, which contains small amounts of impurities and pore

porosity, is lower than that of single-crystal salt by

10–50 %, independent of temperature. This is hypothesized

to be caused by the presence of open fractures between and

through salt crystals. Fractures increase porosity, which is

shown to reduce thermal conductivity. The effect of the

presence of fractures appears to diminish with increasing

temperature. This is perhaps because thermal expansion

causes the cracks to close a small amount at higher tem-

peratures, reducing fracture porosity and increasing con-

ductance by contact.

Porosity estimates of the deformed salt can be made by

comparing measured thermal conductivity to the thermal

Fig. 17 Thermal conductivity, thermal diffusivity and specific heat show no systematic change in samples heated to 300 �C and returned to

50 �C, despite the estimated loss of up to 0.48 % water mass
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conductivity model derived from Eq. 1. The 50 % decrease

in thermal conductivity observed in fractured salt corre-

sponds to a predicted 12–15 % increase in porosity. That

level of porosity is not observed in the deformed samples

when analyzed under an optical microscope. This implies

that crack porosity imposes discontinuities upon conduc-

tivity and may affect conductivity in a different manner

than pore porosity.

The lowest thermal conductivities correspond roughly to

the greatest linear crack densities, indicating that defor-

mation-induced fracture porosity is the predominant con-

trol on thermal conductivity. At some locations, however,

other features appear to overwhelm the influence of crack

porosity on thermal conductivity. These features, including

impurities and additional pore porosity that vary from

sampling point to sampling point, degrade the definitive

relationship between crack density and thermal

conductivity.

4.3 Salt drying

Rock salt contains abundant fluid inclusions that lock water

into a crystal reservoir. The volume of water expelled

during heating and subsequent mechanical testing is likely

drawn from these fluid inclusions as the salt is heated and

fluid pressures exceed local crystal strength; also, crystals

sheared under pressure facilitate migration of fluids to

grain boundaries allowing the fluids a means of escape [8].

Optical microscopy on salt crystals before and after

deformation shows that many fluid inclusions have been

released. This is a likely explanation for the fluid release

observed during mechanical compaction and shear testing.

Even in the absence of pressure and shear strain, however,

heating crushed salt to 400 �C still releases significant

trapped water. The most likely mechanism of release is

differential thermal expansion. As fluid inclusions are

heated, pressure within a negative crystal builds and

eventually exceeds crystal strength leading to fracture,

reducing pressure and releasing trapped water via flow

through the fracture.

In a 2500-g sample, a 0.48 % weight loss equates to

about 12 g, or 12 cc of water. Assuming a crushed salt

density of 2.14 g/cc [7, 14, 21], this water volume repre-

sents about 1.0 % of the bulk crushed salt volume. Weight

loss is closely mirrored in both canisters, indicating that

these data are representative of greater trends and may be

relatively insensitive to heterogeneities in source material.

It is apparent that water can be released at all temper-

atures of repository interest, from room temperature to

above 300 �C. The existence and potential release of this

brine have implications for radioactive waste repository

modeling. Although no thermal properties appear signifi-

cantly impacted by the loss of trapped water, the

assumption of a dry environment is invalid if 1 % of

backfill volume is potentially a water reservoir. If sufficient

water is liberated by heating and burial pressure, engi-

neered solutions may be necessary to prevent corrosion of

waste containers and to transport the water out of the

repository. It is perhaps equally important to understand the

impact of such water volume upon mechanical response.

5 Conclusions

During the course of this study, close to two thousand

thermal conductivity measurements were made over a

range of porosities and temperatures. Thermal conductivity

of porous salt was found to decrease with increasing

porosity and decrease with increasing temperature. Ther-

mal diffusivity and specific heat showed less porosity

dependence. All thermal properties showed strong tem-

perature dependence, however: Thermal conductivity and

specific heat decrease with increasing temperature, while

specific heat decreases with increasing temperature.

Additional measurements on uniaxially deformed bedded

salt cores showed that an equal amount of fracture porosity

may have a larger effect on thermal conductivity than pore

porosity.

Subjecting crushed salt to temperatures as high as

400 �C releases a volume of water previously trapped in

fluid inclusions. Because it is trapped within the crystal,

this brine is not driven off at standard drying temperatures

of 110 �C, but higher temperatures cause it to crack the

crystal and escape. The volume released appears too small

to significantly affect the thermal properties of the crushed

salt. The cumulative effect in a repository setting should

perhaps be included in performance assessments, however,

as engineered solutions may be required to divert water

away from waste containers.
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