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ABSTRACT

Thermal conductivity and thermal expansion data for tuffs of the
devitrified welded Grouse Canyon Member and for the zeolitized nonwelded
Tunnel Bed 5 are presented. Thermal properties have been found to be a
function of mineralogy and saturation. Thermal conductivity results also are
affected by matrix and fracture porosity, and thermal expansion behavior is a
function of confining and fluid pressures.
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INTRODUCTION

The Nevada Nuclear Waste Storage Investigations (NNWSI) Project

administered by the Nevada Operations Office of the US Department of Energy

(DOE), is investigating the feasibility of underground emplacement of

commercial high-level radioactive wastes at Yucca Mountain, on and near the

Nevada Test Site (NTS) (Figure 1). As a part of the studies, field testing is

being performed in G-Tunnel at Rainier Mesa (Figure 1) to develop techniques

for making geotechnical measurements in tuff and for acquiring data on the in

situ thermal, mechanical, thermomechanical, and hydrothermal behavior of

tuff. Data acquired from this testing also will be used to provide an early

analysis of the relationship between data obtained in the laboratory and data

obtained from in situ tests (Zimmerman et al., 1984).

The major objectives of this report are to summarize available information

on the thermal conductivity and thermal expansion of the units of interest at

G-Tunnel and to consider uncertainties that might be involved in inferring

from laboratory studies properties expected to be found in the field. The

laboratory data and related uncertainty evaluations will provide a partial

basis for evaluation of the models used in the design and interpretation of

field tests in welded and nonwelded tuffs.

In situ tests have been conducted in two units in G-Tunnel - the welded

Grouse Canyon Member of the Belted Range Tuff and a nonwelded unit known

informally as Tunnel Bed 5. The Grouse Canyon Member is moderately to densely

welded and has largely devitrified to a mixture of quartz and feldspars, in

which only limited amounts of glass remain (Connolly et al., 1983). Tunnel

Bed 5 is part of a thick sequence of completely nonwelded bedded and reworked

tuffs (Connolly et al., 1984). The Grouse Canyon Member is essentially free

of zeolites and expandable clays, but Tunnel Bed 5 is strongly altered to

clinoptilolite.-



Figure 1. Location Map
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THERMAL CONDUCTIVITY

In the absence of the effects that result from fluid movement, in situ

thermal conductivity directly controls the increases in rockmass temperature

resulting from emplacement of waste canisters or heaters. Thus, a knowledge

of the thermal conductivity of a unit in which radioactive waste is to be

emplaced is important to decisions on waste emplacement density and predicted

post-emplacement temperature fields.

Grouse Canyon Member

Thermal conductivity data for the Grouse Canyon Member were obtained using

two different test methods and two different sets of test conditions.

Measurements from drill holes RH-Pl. SDH1, SDH3, MPBX1, and MPBX2 were made at

10 MPa confining pressure and 0.3 MPa fluid pressure, using the

transient-line-source technique.* Details of the testing apparatus and

technique are provided by Lappin et al. (1982). Samples from these holes were

resaturated before the beginning of testing by immersion under vacuum and by

subsequent application of elevated fluid pressures before the first

conductivity measurements. The conductivities of samples HHlB-63.4 and

HEHlB-63.8 were measured by the transient-line-source method at ambient

pressure, with initial sample saturations ranging from 0.83 to 1.0. The

conductivities of four separate pieces from sample HEHlB-60 were measured with

a steady-state thermal comparator (Moss et al., 1982) at ambient pressure to

determine whether there was significant anisotropy in the thermal conductivity

of densely welded tuff. These samples were approximately 70% saturated at the

time of measurement. The results indicate no statistically significant matrix

anisotropy, so that data from all four samples may be included in a discussion

*Testing conducted at Terra Tek, Inc., Salt Lake City, Utah.
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of the isotropic thermal conductivity of the Grouse Canyon Member. Both test

methods produce results which are accurate to ±10% of the measured value (Moss

et al., 1982; Nimick and Lappin, in preparation).

Measured data for the Grouse Canyon Member are tabulated in Table 1. Only

average values for the thermal conductivity of saturated and dry samples are

listed in the table; individual test results are tabulated in Appendix A.

The thermal conductivity of tuff is a function of mineralogy, porosity,

and degree of saturation. A functional relationship of the parameters may be

written as

(1-) 'Os 4(1-S)
K = K K K (1)

o w a

where K is the thermal conductivity, K is the conductivity of the mineral

grains (matrix conductivity), Kw and Ka are the conductivities of water

and air respectively, * is the porosity, and S is the saturation state.

Both * and S are volume fractions and as such are constrained to values

between 0.0 and 1.0.

Other functional relationships between the variables in Equation (1) are

reasonable, but Lappin (1981) determined that the relationship stated in

Equation (1) best satisfies the data on tuff thermal conductivity. This

functional relationship has been shown to represent the thermal conductivity

of tuff very well (Lappin, 1981; Lappin et. al., 1982; Nimick and Lappin, in

preparation). In fact, Nimick and Lappin (in preparation) have demonstrated

that the thermal conductivity can be estimated relatively accurately if the

grain density, porosity, and saturation state are known. Note that for

temperatures below the boiling temperature, Equation (1) is valid regardless

of the initial saturation of the rock.
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TABLE 1

THERMAL CONDUCTIVITY RESULTS FOR THE GROUSE CANYON MEMBER

Average
Measured Conductivity

(W/mK)
Source of

Information
Sample ID Saturated Dry

U12g REM-Pl- 1.0
- 7.2
-11.1
-13.9
-21.8
-23.5

U12S SDHl - 1.1

- 6.6
- 8.9

1.73
1.86
1.88
1.82
1.87
1.77

1.85
1.88
1.83

1.74
1.64

1.75
1.38

1.04

1.60
1.44
1.44
1.26

1.40

1.46

1.43
1.32

1.45
_ _ _

U12g HPBX1- 3.9
- 9.6

U12g MPBX2- 5.3
-18.8

U12g HHlB -63.8
-64.1

U12g HEHlB-4-PL
-1-PL
-1-PP
-3-PP

This report
to

to

.I

of..I.

.,

..

..

..

..

Lappin
(1981)

tioss et
al.
(1982)

of

1.48
1.53

1.59
1.56
1.58
1.58

1.31
1.26
1.26
1.22
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Nimick and Lappin (in preparation) have shown that the matrix conductivity

of tuff has a slight temperature dependence, which for non-vitric samples may

be written as

1 X ~~~~~~~~~~~~~~~~~(2)
o a + bT(K)

where a and b are coefficients determined using experimental data obtained at

different temperatures.

Values of the coefficients in Equation (2) have been derived using a

linear-least-squares fit to the data in Appendix A for samples of the Grouse

Canyon Member for which sufficient information is available. Table 2 contains

data pertinent to Equations (1) and (2), as well as the grain densities of the

samples. With the exception of the 4 samples from HEHlB60, all saturations at

temperatures below the boiling temperature of the pore water were greater than

0.95, and all saturations at temperatures above the boiling temperature were

assumed to be 0.0.

The average conductivity measured on the 19 saturated samples of the

welded Grouse Canyon Member is 1.70 +0.15 W/mK, and the average conductivity

of 14 dry samples is 1.35 +0.14 W/mK. Measurements on saturated samples were

made at various temperatures between 20-C and 1000C; dry samples were tested

between 1006C and 2506C. Porosity within the samples of the Grouse Canyon

Member is variable, ranging from 0.09 to 0.28; the average porosity of the

samples is 0.17 +0.05.

The data in Table 2 for the coefficients used to calculate matrix

conductivity suggest that the temperature dependence of the matrix

conductivity is not strong. Assuming this to be the case, the average of

matrix conductivities calculated for 13 saturated samples at 601C and for 14
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TABLE 2

POROSITY, GRAIN DENSITY, AND COEFFICIENTS FOR MATRIX CONDUCTIVITY
EQUATION FOR SAMPLES OF THE GROUSE CANYON MEMBER

Calculated Coefficients
for Matrix Conductivity*Grain

Porosity Density

(1) (g/cm3 )
Saturated Dry

Sample ID a b a b

U12g RM-Pl- 1.0
- 7.2

-11.1
-13.9
-21.8
-23.5

U12S SDH1 - 1.1

- 6.6
- 8.9

14.6
13.5
12.3
15.7
17.8
16.6

12.6
9.2
9.9

2.62
2.62
2.63
2.61
2.61
2.60

2.59
2.58
2.57

0.58580
0.50601
0.45486
0.45559
0.39761
0.59 747

0.52224
0.55949
0.56531

0.00031
-0.00016
0.00000

-0.00001
0.00008

-0.00042

-0.00018
-0.00026
-0.00024

0.50801

0.24 769
0.38074
0.22012
0.21769

0.34018

0.43432

-0.00014

0.00031
-0.00002
0.00026
0.00045

0.00021

0.00008

U12g HPBX1- 3.9
- 9.6

U12S MPBX2- 5.3

-18.8

U12B HH1B -63.8

-64.1

U12g HEH1B-4-PL
-1-PL
-1-PP

-3-PP

12.7
15.6

19.5
26.1

27.9
27.4

20.0
20.0
20.0
20.0

2. 60**
2.60**

2.60**
2.60**

0.51242
0.30304

0.29380
0.68843

-0.00008 0.34652
0.00065 0.38642

0.00047 0.24746
-0.00043 -------

0.00015
0.00007

0.00012
___ __ _

2.63
2.62

2.65
2.65
2.65
2.65

_ _ _ _ _ _

_ _ _ _ _ _

__ ___ _

_ _ _ _ _ _

_______

____ __

____ _ _

_ __ _ __

0.39992
0.40813
0.37527
0.39656

-0.00016
-0.00014
-0.00006
-0.00007

* 0 = 1 wher

a + bT
for temperature (T).

e units are W/mK for K., mK

w
for a, m

w
for b, and K

** Assumed because of the absence of measured train densities.
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dry samples at 175-C using Equation 2 are 2.12 + 0.14 W/mK and 2.61 + 0.41

W/mK, respectively. These temperatures were selected to be near the middle of

the temperature ranges for saturated and dry conditions in order to account

for the small but finite temperature dependence.

Estimation of In Situ Thermal Conductivity: Assuming that the samples

tested for this study are representative of the Grouse Canyon Member,

estimates of the potential range of in situ thermal conductivity resulting

from variations in porosity and/or saturation can be made. The matrix

porosity in the portions of the Grouse Canyon Member in which in situ testing

is being carried out averages 0.17 +0.05, based on a total of 19 bulk-property

measurements. The additional assumption is made that fracture porosity ranges

from 0 to 0.02; the upper value is calculated assuming that all contraction

after the initial solidification of the Grouse Canyon Member ashflow was taken

up by brittle tensile fracturing. Calculated matrix saturations in the

samples of the Grouse Canyon Member range approximately from 0.70 to 1.00.

However, in situ saturations have been found to vary between 0.6 and 0.9

(Zimmerman et al., 1984). Corresponding variations of in situ thermal

conductivity should be expected. Limiting in situ conductivities calculated

using these assumptions and the matrix conductivity data for saturated samples

are shown in Figure 2. Individual measured data points are also shown.

The field surrounded by solid lines indicates the calculated range in

thermal conductivities at porosities ranging from 0.07 to 0.27, assuming that

saturation ranges from 0.6 to 1.0 and that the average matrix conductivity

value presented earlier is correct. Calculated conductivities range from

between 1.80 and 1.94 W/mK at * = 0.07 to between 1.13 and 1.51 W/mK at

= 0.27. The field includes 10 of the 19 measured data points.

-8-



2.5
I I I I I

ADDITIONAL RANGE IF 3%
FRACTURE POROSITY INCLUDED

Y.)

az
0

-J

I-

2.0 1-

S = 1.0

1.5 t-

to

0 .

6*

* MEASURED DATA POINT

1.0 L
0.0

1 L 1

0O 0.05 0.10 0.15 0.20 0.25 0.3C

POROSITY
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The larger field, surrounded by dashed lines, is bounded by two

conductivity curves. The upper curve (from K = 2.06 W/mK at * - 0.07 to

X = 1.59 W/mK at * = 0.27) is calculated by assuming that the matrix

conductivity is one standard deviation above average (2.26 W/mK) and that

saturation is complete. The lower curve (from 1.69 W/mX at * = 0.07 to 1.08

W/mK at * = 0.27) results from the assumptions that the matrix conductivity

is one standard deviation less than the average value (1.98 W/mK) and that the

saturation is 0.6, the minimum value expected in situ before dehydration

resulting from heating.

Fields defined thus far in Figure 2 are based solely on matrix

properties. If fracture porosity is included, the total porosity may be

assumed to be as high as 0.29. The field bounded by the dotted lines on

Figure 2 indicates the additional range in conductivities predicted for

fractured portions of the Grouse Canyon Hember. Note that for rocks in which

the saturation of the matrix porosity is less than 1.0, the fractures will be

dry (Braithwaite and Nimick, 1984), so that the line for a matrix saturation

of 0.6 curves toward lower conductivity values when fracture porosity is

considered.

Figure 2 demonstrates that a wide range of initial in situ thermal

conductivity is to be expected in the Grouse Canyon Member. Values of thermal

conductivity obtained from field measurements in the Grouse Canyon Member

range from 1.7 to 1.9 W/mX (Zimmerman et al., 1984) for nominally saturated

conditions. These values are in the higher conductivity portion of the fields

in Figure 2, suggesting that in situ saturations are relatively high and that

total porosity values, including fracture porosity, are probably less than

0.20.

-10-
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The discussion thus far has focused on the expected range in the initial

in situ thermal conductivity for saturated and partially saturated conditions,

as opposed to thermal conductivity after the rock has dewatered. In the case

of the thermal conductivity of dry tuff, potential variability in porosity

would remain unchanged as would variability in the matrix conductivity. The

only variable eliminated, by definition, is saturation.

Ranges in calculated in situ conductivity of the dewatered rock are shown

in Figure 3. Experimental data points also are shown.

The solid line results from assuming a matrix conductivity of 2.61 W/mK

(the average value calculated for dry samples) and allowing porosity to vary

from 0.07 to 0.27. Calculated conductivities range from 1.98 W/mK at X =

0.07 to 0.90 W/mK at i - 0.27. The field between the two dashed lines in

Figure 3 is bounded by the results of assuming that the matrix conductivity is

one standard deviation different than the mean value, giving 3.02 W/mK for the

upper curve and 2.20 W/mK for the lower curve. This field includes 12 of the

14 measured data points for dry samples. The field enclosed by the dotted

lines is the result of making the same assumptions about the matrix

conductivity, in addition to assuming an additional fracture porosity of 0.00

to 0.02.

Figure 3 indicates that the variation in expected values of thermal

conductivity for in situ dry Grouse Canyon Member is as large as the variation

for initial conditions of saturation. No field measurements of the thermal

conductivity in dry Grouse Canyon Member are available, but if the conclusion

reached from Figure 2 is correct that the total porosity is probably less than

0.20, then the minimum thermal conductivity to be expected in situ should be

approximately 1.1 W/mK.
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A summary of Figures 2 and 3 indicates that there may be a broad range of

in situ conductivity within the welded Grouse Canyon Member. The range is

attributable to local variations in porosity and saturation. The uncertainty

in a thermal conductivity value measured in the laboratory is approximately

±10% of the measured value (Nimick and Lappin, in preparation), which is less

than the possible range of in situ conductivity values. In situ values can be

calculated to sufficient accuracy from matrix conductivity data if reliable

estimates of saturation and porosity are available.

Tunnel Bed 5

Thermal conductivity data for Tunnel Bed 5 are limited to measurements on

3 samples, all from drill hole U12g SDH2. Average experimental data are

presented in Table 3, along with calculated coefficients for the matrix

conductivity (Equation 2). Actual test results are tabulated in Appendix A.

Thermal conductivities of the 3 saturated samples range only from 1.30 to 1.32

W/mK. Matrix conductivities calculated from Equation 1 at 600C range from

2.59 to 3.21 W/mK.

Thermal conductivities for the 3 dry samples range from 0.62 to 0.73.

Calculated matrix conductivities range from 6.11 to 7.60 W/mK. These high

matrix values result from the dehydration of the zeolites in the samples in

addition to dewatering of the pores, and the subsequent collapse of the

zeolite frameworks. This collapse increases the thermal conductivity of the

zeolites, and thus the matrix conductivity as well.

Because of the limited amount of data, no detailed consideration is given

here to potential variability in the initial in situ conductivity of Tunnel

Bed 5. For an approximate porosity range of 0.35 to 0.50, use of the average

matrix conductivity of 2.80 W/mK suggests a range of in situ conductivity for

saturated material of 1.30 to 1.64 W/mK, using Equation (1). If the initial

-13-



TABLE 3

THERMAL CONDUCTIVITY RESULTS FOR TUNNEL BED 5

Porosity
(%)

Grain
Density
(g/cm3)

Average
Heasured Conductivity

(W/mK)
Saturated Dry

Calculated Coefficients
for Matrix Conductivity*

Saturated Dry
a b a b

Source of
Information c
Measured DafSample ID

U12g SDH3 -2.0
-4.1

1 -7.6
or..

46.2
46.8
46.6 -

2.34
2.33
2.35

1.32
1.30
1.30

0.73
0.70
0.62

0.46465
0.63668
0.6 7956

-0.00046
-0.00075
-0.00089

0.03740
0.03831

-0.02445

0.00021
0.00022
0.00042

This report

* Ko = 1 where units are W/mK for K0 . mK for a, m for b, and K for temperature (T).
a + bT W W



saturation is assumed to be 0.9, the range is from 1.14 to 1.49 W/mK. Given

the low fracture frequency in zeolitized, nonwelded tuffs, effects of fracture

porosity on the initial in situ thermal conductivity should be negligible.

Use of an average matrix conductivity of 7.01 W/mK indicates that the

conductivity of dry material should range between 0.59 and 1.24 W/mK as

porosity varies from 0.50 to 0.35. Available unconfined thermal expansion

measurements indicate that samples from Tunnel Bed 5 undergo up to 0.5% linear

contraction when dried at temperatures as high as 2000C, as discussed later in

the report. Assuming that in situ heating may result in such elevated

temperatures and that additional fracture porosity of 0.02 is created by

tensile jointing, the expected in situ thermal conductivity of Tunnel Bed 5 in

a dry state would be between 0.54 and 1.13 W/mK. Thus, the thermal

contraction of Tunnel Bed 5 at elevated temperatures should have little effect

on the in situ thermal conductivity of the dry rock.

Although the thermal conductivities of the Grouse Canyon Member and of

Tunnel Bed 5 are reasonably well understood, one aspect remains to be

characterized--the physical reality of the dewatering process during heating.

Both in situ experimental results and laboratory studies (Hadley, in

preparation; Johnstone et al., in preparation) have indicated that tuff drying

involves evaporation and capillary movement of water toward zones of

evaporation. This behavior has two consequences on the modeling of in situ

thermal conductivity:

- A zone will exist in which the saturation will be neither the initial

value nor zero. The width of this zone and the distribution of

saturations and temperatures within it will be unknown, so that the

thermal conductivity at points within the zone cannot be estimated.

-15-



Measurements to be made in G-Tunnel and in the Exploratory Shaft at

Yucca Mountain using a neutron probe to determine moisture contents may

help to resolve the uncertainty in the future.

- Because of possible convective heat transfer within the zone, analysis

of field test results may show a thermal conductivity higher than

actually present in the rock.

These uncertainties and their influence on modeling and analysis of in situ

results should not be a problem if adequate care is taken to allow for

complexities in heat transfer processes during the modeling effort.

THERMAL EXPANSION

Grouse Canyon Member

The Grouse Canyon Member in G-Tunnel is largely devitrified to quartz and

feldspars and contains virtually no cristobalite or clay. The thermal

expansion behavior of the Grouse Canyon Member should thus be free of the

nonlinearities that result from the presence of either or both of these

minerals (Lappin, 1980).

Unconfined Thermal Expansion: Unconfined measurements on samples from

RM-Pl, summarized in Table 4, support this conclusion. As shown, the linear

expansion coefficient measured on 6 samples at a heating rate of 0.5 to

1.00C/min ranges only from 5.6 to 7.1 x 10 X between ambient

temperature and 1006C. The average value over this temperature interval is

6.2 +0.7 x 10 K . Given that both the precision and the accuracy of the

dual-pushrod dilatometer used in these measurements are approximately +1 x

10 K (Lappin, 1980), the results suggest that the expansions of

different samples are indistinguishable for temperatures at or below 100lC.

-16-



Sample Depth
(ft)

1.0-1.1
6.05-6.10
7.2-8.3

10.85-10.9
14.2-14.8
23.5-24.4

Average

Std. Dev.

TABLE 4

UNCONFINED THERMAL EXPANSION OF THE
GROUSE CANYON MEMBER

Linear Expansion Coefficient (10-6K-l)
20 -100 C 1000250*C 200-250C

6.8 9.5 8.6
5.6 8.9 7.8
5.6 8.3 7.3
5.7 8.7 7.7
7.1 9.6 8.7
6.1 8.5 7.6

6.2 8.9 8.0

0.7 0.5 0.6

An example of the strip-chart records of the unconfined expansion runs on

the dual-pushrod dilatometer is shown in Figure 4. The results do not

indicate any nonlinearity in the low-temperature range that might be caused by

the dehydration of mechanically effective amounts of expandable clay, nor do

any of the samples show the sharp nonlinearity near 200*C that would be

expected if significant quantities of cristobalite were present (Lappin,

1980). Thus, the results are consistent based on the the mineralogy of the

samples.

Unconfined thermal expansion measurements on silicate rocks

characteristically show an increase in the expansion coefficient as

temperature increases. In fact, the rate of increase generally exceeds that

of the expansion coefficients of constituent minerals (Cooper and Simmons,

1977). This phenomenon is commonly thought to result from a mismatch between

the expansion of constituent grains, which results in local distortions and

either the formation of new microcracks in a material initially free of cracks

or in the shear-related opening of preexisting microcracks (Cooper and

Simmons, 1977).

-17-
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The unconfined measurements summarized here do not appear to show the

positive hysteresis (net expansion) that would be expected to result from

propping open or formation of microcracks (see Figure 4). Calculated

expansion coefficients for the welded, devitrified Grouse Canyon Member, based

on normative mineralogy reported by Connolly et al. (1983), range from 5.6 to

6.4 x 10 K at 50-C to between 7.5 and 8.4 x 10 K at 200'C,

depending on the normative quartz/feldspar ratio (0.33 to 0.52). The

experimental results are similar; the average measured value between 100° and

-6 -1 -6-
2500C is 8.9 +0.5 x 10 K , compared to 6.2 +0.7 x 10 K between

ambient and 100'C. Thus, significant numbers of new microcracks do not appear

to be forming during unconfined heating of the Grouse Canyon Member, nor are

existing microcracks, if any are present, opening because of shearing.

In contrast, a series of unconfined expansion measurements in the lower

portion of the Grouse Canyon Member (sample EV6#3-115) indicates that

cristobalite is present in this portion of the unit (Lappin, 1980). The

presence of cristobalite results in an average linear expansion coefficient of

16.1 +1.3 x 10 K perpendicular to bedding between temperatures of 200*

and 300-C, and of 15.3 +0.6 x 10 K parallel to bedding over the same

temperature range. At present, the upper boundary of cristobalite occurrence

within the Grouse Canyon Member is not known. Unconfined expansion

measurements reported here indicate that cristobalite is not present at depths

shallower than at least 24 ft (7.3 m) in EM-Pl. Because this hole traverses

the interval being used for thermomechanical testing in G-Tunnel, cristobalite

is not likely to play any significant role in the present in situ testing.
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Confined Thermal Expansion: Three confined expansion measurements* have

been made on welded tuff from the Grouse Canyon Member. The results are shown

in Figure 5 and are summarized in Table 5. These tests were run at a

confining pressure of 10 MPa, a fluid pressure of 0.1 MPa, and a nominal

heating rate of 16C/min, with a 30-min hold near 1006C during both heating and

cooling. The approximate precision and accuracy of the testing apparatus are

-6 -l+1.5 x 10 K

The confined expansion behavior of the welded Grouse Canyon Member is

considerably different from that in an unconfined state. The measured

expansion coefficient of the fully saturated samples between 506C and 1000C is

similar to that at higher temperatures in the unconfined runs (Table 4) and

TABLE 5

CONFINED THERMAL EXPANSION OF THI

Linear Expansion Coefficient (1i

Depth (ft) 50-100*C 11

7.6-8.3 9.2
14.2-14.5 8.4
23.9-24.4 8.0

8.5

Linear Expansion Coefficient (10-1

E GROUSE CANYON MEMBER

r 6K-1 ) On Heating

30-Tmax 5 0-Tmax

3.3 4.7
9.0 8.8
4.8 5.6

5.7 6.4

SK-1) On Cooling

Tmax (eC)

260
270
260

Average

Tmax-1001C

-10.8
-11.1
-12.3

Average -11.4

100-50*C

-9.4
-8.0
-8.8

-8.7

Tmax-50OC

-10.3
-10.4
-11.5

-10.7

Net
Contraction

at 50'C

0.12%
0.04%
0.12%

0.09%

b~~~~~~~~~~~~~~~~~~~~~~~~~~~

*Testinig performed at Terra Tek, Inc. (Contract No. 61-9823).
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averages 8.5 x 10 K . With increasing temperature, however, 2 of the 3

confined tests indicate a decrease rather than an increase in linear thermal

expansion coefficient, and the average value decreases from 8.5 to 5.7 x

-6 -l10 K . On cooling, the confined samples, rather than retracing their

heating paths, all show net contraction. The contraction at 500C ranges from

0.04 to 0.12%, averaging 0.09%.

There are at least two possible explanations for the difference between

confined and unconfined thermal expansion behavior of the welded Grouse Canyon

Hember. First, the addition of confining pressure may not only prevent

formation of new microcracks on heating but may also gradually close any

preexisting microcracks. An initial linear microcrack porosity of at least

0.1% would be required because an average of nearly 0.1% net closure occurred

at a pressure of 10 HPa. Reported linear crack porosities in the Chelmsford

and Wenterly Oraultea [measured at 2kb (200 MPa) pressure] range from 0.01% to

0.15% (Cooper and Simmons, 1977). Given that cooling rates in the Grouse

Canyon Hember were probably orders of magnitude greater than in the two

granites and that annealing of thermally induced microcracks was therefore

much more limited in the tuff, it is reasonable to conclude that the initial

microcrack porosity in the tuff exceeds 0.11, and that at least 0.1%

microcrack porosity can be eliminated by heating to moderate temperatures

under confining pressure. If, as appears to be the case, this crack closure

is enhanced by heating, ultimate compaction, even at relatively low confining

pressures, might even be greater at the qualitatively slower heating rates

representative of in situ heating.

-22-



A second possibility is that of actual pore collapse. However, given the

strength of the welded Grouse Canyon Member (near 100 MPa; Zimmerman et al.,

1984) and the strongly oriented fabric of devitrified tuffs, it appears

unlikely that, at 10 MPa pressure, the extensive realignment of grains

required by this mechanism would occur. It was therefore concluded that, in

welded tuff, microcracks compress before the actual mineral fabric realigns.

The reduction in expansion coefficients above temperatures near 100lC is

attributed to the dewatering of the samples near this temperature. Dewatering

also requires that virtually all of the pores in devitrified welded tuffs must

be interconnected, which is consistent with bulk property measurements. It

further implies that, when saturation is complete, even microcracks are

water-filled.

If the differences between confined and unconfined expansion behavior of

the welded Grouse Canyon Member are caused by variable microcrack closure, the

thermal expansion of this unit in situ should be dependent on in situ

stresses. In the absence of significant macroscopic fracture porosity, the

rockmass should expand more in directions of low stress and less in directions

of higher stress, at least at temperatures above those required for

dehydration.

Field measurements in the Grouse Canyon Member (Zimmerman and Vollendorf,

1982) indicate that the in situ stress field in this unit is markedly

triaxial. The average measured vertical, maximum horizontal, and minimum

horizontal stresses are 8.1, 5.5, and 0.3 MPa, respectively. To a first

approximation, matrix expansion at high temperatures should be effectively

unconfined (-9 x 10 K ) in the direction of the minimum horizontal

stress, and should be similar to that measured in confined tests (-6 x

10 K ) in the near-vertical direction of maximum stress. If this
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conclusion is accurate, real anisotropy of expansion behavior above

temperatures at which the pore water boils and the rock dries out would result.

The devitrification fabric within the Grouse Canyon Member is strongly

oriented. Crystals have grown perpendicular to the bedding represented by

glass shards flattened during welding, so that microcrack porosity probably

consists largely of planar microcracks along grain boundaries oriented

perpendicular to the bedding. Thus, microcrack porosity should be greatest

parallel to layering. Because the bedding is approximately parallel to the

horizontal stresses in situ, this distribution of microcrock porosity should

tend to reduce the horizontal matrix thermal expansion relative to that in the

vertical direction.

There is an additional complicating factor that should be considered.

Because of the distribution of joints formed by cooling of a welded tuff

(vertical joints are dominant), macroscopic fracture porosity tends to be

greater when measured in horizontal directions. The rockmass should expand

less in horizontal directions, which are precisely those directions in which

the greatest thermal expansion of the matrix is expected in the absence of

these fractures.

Thus, unconfined and confined thermal expansion measurements indicate that

the in situ linear expansion coefficient of the welded Grouse Canyon Member

should range between the maximum values of 6 and 8 x 10 K probably

decreasing with increasing temperature in the directions of the vertical and

maximum horizontal stresses because of the pressure-dependent closing of

microcracks. In the direction of the minimum horizontal stress, expansion

should be continuous at a rate near 8 x 10 K 1, barring the effects of

macroscopic crack porosity. However, the effects of the macroscopic fracture
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porosity should tend to decrease expansion in this direction. All of the

unquantified factors discussed here should decrease in situ expansion relative

to that seen in the laboratory and hence reduce compressive in situ stresses

during heating. On the other hand, if microcrack closure does occur on

heating, it could result in net compaction of the heated areas on cooling.

Tunnel Bed 5

The mineralogy of Tunnel Bed 5 is dominated by zeolites, with subordinate

amounts of feldspar, opal, clay, and glass (Connolly et al., 1984). Thermal

expansion behavior is expected to be variable, with overall expansion under

conditions in which the zeolites remain hydrated, and overall contraction when

the water in the zeolites is removed by elevated temperatures.

Many of the data summarized in the following pages have been collected

under conditions which are dissimilar to those found in situ. In particular,

the relative humidity of the laboratory air is approximately 30X, while the

relative humidity in the vicinity of in situ tests in G-Tunnel is close to

1007. The lower humidity in the laboratory allows significant zeolite

dehydration to take place at temperatures below the boiling point of

water--dehydration which would not occur in a moister environment. This

discrepancy must be kept in mind when reading the discussion which follows.

Unconfined Thermal Expansion: The unconfined thermal expansion behavior

of two samples from Tunnel Bed 5 in contact with air of low relative humidity

is shown in Figure 6. As shown, sample EV6#1-181 initially expands little, if

any, when heated at a constant heating rate. Instead, it begins contracting

at temperatures near or below the boiling point of water. The temperature at

which contraction begins is dependent upon heating rate, decreasing from
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slightly greater than lOO1C at 10'C/min to approximately 506C at 0.50C/min.

In addition, specimens that are heated more slowly generally show greater

contraction at any given temperature once dehydration has begun.

Data indicated by the dots in Figure 6 show that approximately 0.1%

contraction results from dehydration of strongly zeolitic tuffs at ambient

temperature; larger amounts of contraction occur at elevated temperatures.

Dehydration-related contraction generally appears to take place at an

exponentially decreasing rate at a given temperature for sample SDH3-2.0-2.5

(Figure 7). The largest amount of contraction results from the dehydration at

ambient temperature (21*-230C). This contraction reached 0.1% within 10 hr.

and contraction continued for the duration of the test. Sample SDH3-4.0-4.5

was exposed to laboratory air at ambient temperature (-21°C) for a period of

64 hr. It appeared to have reached stable length in about 30 hr, after which

it underwent very small fluctuations in length in response to variations in

laboratory temperature and humidity.. Stable sample contraction at ambient

temperature ranged from 0.115% to 0.134% for this sample.

Similar behavior is seen at 50*C. Sample SDH3-2.0-2.5 (Figure 7) was held

at this temperature for approximately 5 hr, and underwent 0.045% incremental

contraction. At the end of this time, it was still shrinking. Sample

SDH3-4.0-4.5 was held at 501C for approximately 165 hr. Very limited

contraction continued for approximately 100 hr. After this time, sample

length fluctuated slightly, apparently in response to small variations in

laboratory conditions. The incremental contraction when the sample reached

stable length varied between 0.085% and 0.095%. Total contraction at 50'C

varied between 0.200% and 0.210%.

-27-



0.20

a

z
0

P

0
i-
z
0

wz
-J
I-

zLU
w
cc

0.15

0.10

co

0.05

0.00
0 20 30

TIME (hr) AT CONSTANT TEMPERATURE

Figure 7. Incremental Linear Contraction of Sample SDH3-2.0-2.5
as a Function of Temperature and Time in Hours.



Comparison of results for samples SDH3-2.0-2.5 and SDH3-4.0-4.5 leads to

two conclusions. First, although exponential extrapolation of experimental

results for incremental contraction as a function of time appears to be

reasonable from results on sample SDH3-2.0-2.5, in fact such extrapolation

overpredicts contractions at long times. Secondly, because use of an

exponential fit to experimental data from short-term tests overestimates

sample contraction, experimental times should be extended sufficiently so that

stable sample lengths can be measured.

Confined Thermal Expansion: In order to examine time-dependent

contraction behavior related to dehydration under confined conditions a sample

of heavily zeolitized tuff from drill hole USW G-1 at Yucca Mountain was

tested under a confining pressure of 10 MPa. The pore pressure for this

sample was maintained at approximately 0.3 MPa to temperatures of 90gC. At

this temperature and at all higher temperatures, a slight vacuum (0.1 MPa

gage) was applied and maintained to aid in sample dehydration.

Figure 8 shows that very little contraction of the material occurred

because of dehydration at ambient temperature, in sharp contrast to the

zeolitized samples exposed to laboratory air. Comparison of the ambient

temperature contractions in Figures 7 and 8 indicate that, in the presence of

water, the incremental contraction of zeolitized samples is only about 5% of

the contraction measured under low humidity conditions.

The curves that track contractions at higher temperatures show that

dehydration-related contraction appears to take place at exponentially

decreasing rates in both the confined and unconfined states as time

increases. As in the case of the unconfined tests, these extrapolations

probably overestimate final amounts of contraction. The excessive times
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required for attainment of stable length under confined conditions suggest

that confined transdehydration expansion tests on zeolitized tuffs must be

very limited in number.

There also may be apparent complexity in measuring the confined

low-temperature expansion of zeolitized tuffs if initial saturation is

incomplete. Examples of this complexity are shown in Figure 9. Tests were

run at a confining pressure of 10 HPa and an initial fluid pressure of about

0.3 HPa. At temperatures above those shown by the vertical bars on each

curve, a partial vacuum (-0.1 HPa) was drawn on each sample. Samples were

heated at an average rate of approximately 0.06@C/min. A central hole

approximately 0.25 in. (0.6 cm) in diameter was drilled at the center of the 2

in. (5 cm) diameter of each sample to aid in dehydration. Initial calculated

saturations were 0.98 for sample SDH3-2 and 0.82 to 0.84 for the other 3

samples.

With the exception of sample SDH3-5, all samples contracted at

temperatures below the boiling point of water, even though at least the sample

ends and the walls of the central hole were subjected to 0.3 HPa fluid

pressure. One interpretation of this result is that the samples may have been

only partially saturated when placed in the testing cell, despite the

application of fluid pressures during the time periods of the tests. If this

interpretation is valid, then the lower-temperature portions of the curves in

Figure 9 reflect the confined thermal-expansion response of partially

saturated zeolitized tuffs. However, zeolitized tuffs in G-Tunnel are

probably almost completely saturated, and so the behavior shown in Figure 8

overestimates the amount of low-temperature contraction.
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Sample SDH3-5 was heated at a rate of 0.44'C min between 110' and 210'C.

The response shown in Figure 9 indicates that, when heated rapidly enough,

zeolitic tuffs will continue to expand at temperatures above the boiling point

of water. The expansion of the phases in the sample dominated the contraction

of the zeolites. The dehydration of the zeolites was slowed by the low

permeability of the samples, even though the distances that fluids were

required to move to reach a free surface were a maximum of only 1 in.

(2.5 cm). In fact, it was only after a 5-hr hold at a temperature near 2509C

(a total of 16 hr above a temperature of 1000C) that the sample was able to

dehydrate to an apparent saturation of 6%.

Very near-field heating rates in response to the emplacement of heaters

are lower than those experienced by laboratory samples. For example,

temperatures at the mid-plane of the emplacement-hole wall in the heater

experiment in nonwelded tuff in G-Tunnel (Zimmerman, 1983) reached

approximately 155-C after 30 days of heater operation, which corresponds to an

average heating rate of 0.23*C/hr. The test performed in G-Tunnel was not

full scale (i.e., it was not equivalent to a canister-scale test), and the

heating rates were higher than those that would be expected around a

canister. Heating rates in a repository would probably be slow enough for

dehydration to occur smoothly. In addition, the humidity of the air in the

repository environment would be much higher than the 30% at which many of the

laboratory tests were performed, reducing the probability of low temperature

dehydration. Much of the complex thermal expansion behavior suggested by

laboratory tests on zeolitic tuff thus probably will not apply to actual in

situ conditions.
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Scoping tests have been performed to evaluated the reversibility of the

dehydration of zeolitic tuffs. Preliminary results suggest that

low-temperature (<100C) dehydration is probably completely reversible,

whereas part of the contraction resulting from exposure to high temperatures

may be irreversible. Two sets of samples from Tunnel Bed 5 were oven dried at

temperatures of 100' and 200-C for 10 days each. Based on the measured

contraction of sample SDH3-4.0-4.5 after exposure to 100-C for more than 100

hr, it is assumed that the stable contraction at this temperature is 0.29%.

One oven-dried sample recovered 0.096% relative to initial length at ambient

temperature after exposure to laboratory air (30% humidity) for 17 hr.

Subsequent application of drops of liquid water to the surface of the sample

(while the sample was still in the dilatometer) caused a total recovery of

0.23% of the initial length of the sample after 29 additional hr (total

rehydration time = 46 hr). At the end of the test, the sample was still

expanding very slowly. If it is assumed that stable contraction at 1000C is

0.29%, recovery of 0.23% (79% of the total contraction) after 46 hr suggests

that all or nearly all of the contraction caused by dehydration at

temperatures as high as 100-C is fully recoverable, given sufficient time.

Total contraction of sample SDH3-4.0-4.5 after 105 hr at 200-C (a total

exposure time of 605 hr) was 0.45%. After 66 hr of exposure to laboratory air

at ambient temperature, a sample that. had beTen OVen dried at 200eC for 10 days

recovered 0.1% of initial length. After 27 hr of subsequent exposure to 100%

humidity, the sample showed a total recovery of 0.25% of initial length, and

measurable expansion (approximately 0.001%/10 hr) was no longer taking place.

Thus, the laboratory data suggest that approximately 0.2% contraction at 200'C
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is not recoverable. However. in situ rehydration of the rock may occur more

slowly than is measurable in the laboratory, so that some of this "permanent"

contraction may not apply in situ.

Assuming that all contraction that occurs at temperatures up to 100*C is

recoverable, there should be no final net contraction in situ in areas not

heated to greater temperatures once the heated areas have cooled to ambient

temperature. This conclusion is based on the additional assumption that

either water or air with a high relative humidity is available to the rock in

these areas during cooldown. If, however, the net ambient-temperature linear

contraction of regions heated to temperatures of approximately 200-C is 0.2%,

such areas may be subject to long-term tensional stresses.

The amounts of local contraction discussed thus far might lead to a loss

of mechanical integrity, decreased thermal conductivity, and greatly increased

local permeabilities of a nonwelded rockmass. If, however, in situ

compressive stresses were of the same magnitude or greater than tensile

stresses that result from dehydration, the changes in qualitative behavior

might not occur because tensile fractures would not be created.

Contractions required to generate tensile fracturing can be calculated

from known Young's modulus and in situ stresses. For Tunnel Bed 5 in

G-Tunnel, overburden stress is approximately 8 HPa (Zimmerman and Vollendorf,

1982), and the least principal horizontal stress is as low as 2.8 HPa

(Warpinski et al., 1978). The Young's modulus of Tunnel Bed 5 is near 2 x

10 MPa (Warpinski et al., 1978). The tensile strength of Tunnel Bed 5 is

assumed to be zero.

Matrix contractions required to generate tensile stresses equal to the in

situ compressive stresses are 0.4% in the vertical direction and 0.14% in the

direction of the last principal horizontal stress. Tensile fracturing or
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spalling of borehole walls in the zeolitized tuff in G-Tunnel might occur

within the rockmass in the direction of the least principal stress. The

amount of contraction is qualitatively consistent with that seen in the

laboratory as a result of equilibration with air of approximately 30% humidity

at ambient temperature. Air in G-Tunnel is near 100% relative humidity;

therefore, ambient-temperature contractions should be less and

dehydration-related fracturing at ambient temperature should be nonexistent or

minor within the rockmass. Tensile fracturing should not occur in a vertical

direction in G-Tunnel as a result of ambient-temperature dehydration. It may

occur, however, at temperatures greater than 1500 to 200°C, because measured

stable contractions of sample SDH3-4.0-4.5 were 0.395% at 1500C and 0.45% at

200C.

The preceding discussion assumed an unaltered in situ stress state.

However, presence of excavations and canister-emplacement holes would alter

the in situ stress distribution. Compressive stresses tangential to

underground openings generally would be increased, thus decreasing the

potential for tensile fractures oriented radially to the opening. However,

the radial stress near any underground opening must decrease to zero at the

opening wall. Thus, some volume of rock within which one principal stress is

quite low could be guaranteed. This stress would be oriented so that

fractures, if they did form, would be roughly tangential to the walls of the

opening. Observations of the holes in which heater tests were conducted in

G-Tunnel show no spalling of the walls of the holes (Zimmerman, 1983), which

indicates that if tangential factures formed as a result of zeolite

contraction, they were sufficiently discontinuous to preclude rockmass

degradation.
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CONCLUSIONS

Four variables appear to control the in situ thermal conductivity of

welded and nonwelded silicic tuff: (1) mineralogy, as reflected in matrix

conductivity; (2) matrix porosity; (3) matrix saturation; and (4) fracture

porosity. The matrix porosity, the degree of saturation, and the amount of

fracture porosity are inherently variable. Thus, even if it is assumed that

the average calculated matrix conductivity is correct, the initial in situ

thermal conductivity may vary considerably. If the matrix conductivity is

allowed to vary within one standard deviation of the average calculated value,

the range of possible in situ thermal conductivity values is increased. Thus,

even assuming that only normal heat conduction occurs in situ, a number of

possible ranges of initial in situ thermal conductivity can be defined,

depending on the level of precision that is required of the laboratory data

from which in situ properties are predicted.

Additional uncertainty regarding the effective in situ thermal

conductivity is caused by the potential for thermally induced fluid movement.

Results to date indicate that such movement in response to heating may

generate a partially saturated zone of unknown thickness within which

saturation is equal to neither zero nor the initial value. Zeolitic tuffs may

display more complexity than do welded, devitrified tuffs because of the

time-dependent nature of dehydration within these rocks.

In unconfined tests, expansion of the welded Grouse Canyon Hember is

continuous, nearly linear, isotropic, and involves no net hysteresis (either

positive or negative) on cooldown. Confined expansion of coherent samples

from this unit is similar to that of unconfined samples at low temperatures.

In tests on dry samples, however, two of the three samples studied expand at
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distinctly lower rates, apparently as the result of pressure-induced closure

of microcracks. In addition, confined tests undergo an average of 0.09% net.

contraction upon cooling to ambient temperature.

The combination of the anisotropic distribution of any microcracks

present, the inherently anisotropic and variable distribution of macroscopic

cooling joints and fractures in a welded tuff, and a markedly triaxial stress

field in G-Tunnel suggests that the in situ thermal expansion of the Grouse

Canyon Member is likely to be more complex than that observed in the

laboratory tests. Predehydration expansion should be greatest in the

direction of the greatest compressive stress because of the absence of open

fractures in the vertical direction. Postdehydration expansion should be

least in this direction because of the closure of air-filled microcracks. The

anticipated behavior of partially saturated zones is not clear.

In general, thermomechanical calculations based on unconfined expansion

data for welded tuffs should be conservative in that they overpredict the

compressive stresses (at a given Young's modulus) caused by heating. They are

not conservative during cooldown, however, because they do not include overall

net contraction of the rockmass.

The expansion behavior of strongly zeolitized tuffs is dominated by

effects caused by dehydration. These tuffs contract reversibly at

temperatures to 100lC when exposed to an environment with low relative

humidity. Contraction at higher temperatures may be only partially

recoverable. Contraction appears to be critically dependent on fluid pressure

(or relative humidity) and on saturation. This dependence implies that the in

situ response of strongly zeolitic tuff to heating will be a function of block

size (fracture spacing), in situ pearmeability, heating rates, and distances

to free surfaces.
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A major phenomenological uncertainty in the modeling of the in situ

response relates to the question of whether tensile fracturing will take place

in situ as a result of dehydration. A simple one-dimensional approach to this

question indicates that such fracturing is possible in directions of low

principal stress but unlikely in other directions.
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Appendix A

This appendix provides a tabulation of measured thermal conductivity data

as a function of temperature for the Grouse Canyon Member (Table A-i) and

Tunnel Bed 5 (Table A-2). The measurement technique used for a selected

sample is also given. Detailed discussions of the measurement techniques are

provided in Lappin et al. (1982) (transient-line-source) and in Moss et al.

(1982) (thermal comparator).

For most samples, multiple measurements were made at each measurement

temperature. All results are tabulated, although some have not been used in

subsequent analysis. These unreliable data are all from measurements made

with the transient-line-source technique, and have been judged not to be

reliable because of violation of boundary conditions required by the

technique. A more detailed discussion of this problem is provided by Lappin

et al. (1982).

Data points from Moss et al. (1982) for the thermal comparator technique

have been read from figures because tabulated data are not available. Some

additional uncertainty may have been introduced into the tabulated values by

this process.
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Table A-1

Measured Thermal Conductivities of Samples of the Grouse Canyon Member

Measured Thermal
Conductivities Measurement

Sample ID Temperature (-C) (W/mK) Technique

U12S RM-Pl-1.0 23 1.696, 1,710 Transient-line-
50 1.722, 1.702 source
75 1.782, 1.769

125 7.83 7r, 1.045, 1.044
200 1.043, 1.037

Ul2g RM-Pl-7.2 25 1.836, 1.829, 1.843 Transient-line-
50 1.853, 1.851 source
75 1.876, 1.897

125 1 .8 34r, 1.6 3 3r
150 1.4 77r, 1 .4 6 3r, 1 .4 69r
200 1.4 46r, 1.4 4 9r

U12g RM-Pl-11.1 25 1.898, 1.883 Transient-line-
50 1.834, 1.865, 1.857 source
75 1.929, 1.893

150 1.626, 1.623, 1.8 96r,
1. 5 7 2 r, 1 . 7 0 2 r, 1 . 6 8 7 r,
1.653r

200 1.565, 1.590

U12g RM-Pl-13.9 25 1.807 Transient-line-
50 1.823, 1.800 source
75 1.831, 1.840

150 1.425, 1.434, 1 .8 12r
200 1.445, 1.441

U12g RM-P1-21.8 25 1.883, 1.857 Transient-line-
50 1.851, 1.7 81 r source
75 1.884, 1.889

150 1.450, 1.468, 1 .9 48r
200 1.430, 1.420

rData rejected because of
measurement technique.

failure to satisfy boundary conditions of
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Table A-1 (cont.)

Measured Thermal Conductivities of Samples of the Grouse Canyon Member

Measured Thermal
Conductivities Measurement

Sample ID - Temperature ('C) (W/mK) Technique

U12g RH-Pl-23.5 25 1.733, 1.738 Transient-line-
50 1.736, 1.711 source
75 1.824, 1.848

150 1.281, 1.280
200 1.237, 1.229

Ul2g SDH1-1.1 30 1.830, 1.856 -Transient-line-
50 1.819, 1.840 source
90 1.860, 1.867

200 1.413, 1.418
230 1.398, 1.401
260 1.399, 1.390

U12g SDH1-6.6 30 1.859, 1.870 Transient-line-
50 . 1.859, 1.858 source
.90 1.904, 1.902
200 1.566r, 1.516r
230 1 .509r, 1 .512r
260 1.499r, 1.493r

U12g SDH1-8.9 30 1.817, 1.818 Transient-line-
50 1.811, 1.826 source
90 1.848, 1.884

200 1.463, 1.460
230 1.468, 1.456
260 1.469, 1.449

U12g HPBX1-3.9 25 1.725, 1.716 Transient-line-
75 1.750, 1.758 source

200 1.430, 1.440
250 1.410, 1.438

Ul2g MPBXI-9.6 25 1.641, 1.692 Transient-line-
75 1.596, 1.610 source

200 1.305, 1.321
250 1.301, 1.278, 1.368

rData rejected because of
measurement technique.

failure to satisfy boundary conditions of
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Table A-1 (cont.)

Measured Thermal Conductivities of Samples of the Grouse Canyon Member

Measured Thermal
Conductivities Measurement

Sample ID Temperature ('C) (W/mK) Technique

U12g MPBX2-5.3 25 1.818, 1.727 Transient-line-
75 1.720, 1.740 source

200 1.428, 1.477
250 1.447, 1.445

U12g MPBX2-18.8 25 1.348, 1.342 Transient-line-
75 1.424, 1.411 source

200 1.449*, 1.399*
250 1.380*, 1.372*

U12g HHIB-63.8 23 1.48, 1.48 Transient-line-
source

U12g HHlB-64.1 23 1.55, 1.51 Transient-line-
source

U12& HEHlB-4-PL 36 (sat.) 1.59 Thermal comparator
36 (dry) 1.21, 1.22, 1.23, 1.24,

1.24
54 (dry) 1.24, 1.24, 1.25, 1.26,

1.26
100 1.27, 1.27, 1.28, 1.29, 1.29
150 1.30, 1.31, 1.32

U12g HEHlB-l-PL 36 (sat.) 1.56 Thermal comparator
36 (dry) 1.17, 1.18, 1.19, 1.19,

1.19
54 (dry) 1.19, 1.20, 1.20, 1.21,

1.21, 1.21
100 1.22, 1.22, 1.22
150 1.26, 1.26, 1.28

*Data taken with samples approximately 31. saturated.
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Table A-1 (cont.)

Measured Thermal Conductivities of Samples of the Grouse Canyon Member

Measured Thermal
Conductivities Measurement

Sample ID Temperature ('C) (w/mX) Technique

U12S HEHlB-l-PP 36 (sat.) 1.58 Thermal comparator
36 (dry) 1.20, 1.20, 1.21, 1.21,

1.22, 1.22
54 (dry) 1.22, 1.22, 1.24

100 1.23, 1.23, 1.24, 1.24,
1.25, 1.25

150 1.26, 1.26

U12g HEHlB-3-PP 36 (sat.) 1.58 Thermal comparator
36 (dry) 1.15, 1.15, 1.17, 1.18,

1.18
54 (dry) 1.17, 1.17, 1.18, 1.18,

1.18
100 1.18, 1.19, 1.19, 1.20,

1.20, 1.21
150 1.21, 1.22, 1.22
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Table A-2

Measured Thermal Conductivities of Samples of Tunnel Bed 5

Measured Thermal
Conductivities

Sample ID Temperature (OC) (W/mK)

Ul2g SDH3-2.0 25 1.301, 1.301
50 1.314, 1.312
90 1.357, 1.357

200 0.734, 0.730
230 0.741, 0.730
260 0.730, 0.716

U12S SDH3-4.1 25 1.274, 1.273
50 1.287, 1.289
90 1.328, 1.333

200 0.698, 0.697
230 0.707, 0.698
260 0.695, 0.685

U12g SDH3-7.6 30 1.269, 1.273
50 1.288, 1.288.
90 1.326, 1.328

200 0.636, 0.635
230 0.626, 0.624
260 0.614, 0.611
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