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ABSTRACT 

, E25 NRG-5, USW JRG+ Cores fiom boreholes UE25 NRG- ., and USW NRG-7DA were 
tested to detennine mineralogy and t h d  properties, including conductivity, the coefficient of 
thermal expansion, and heat capacity. Specimens were tested from four thermal-mechanical 
units, namely Tiva Canyon ("Cw), Paintbrush TutT(PTn), and two Topopah Spring units (TSwl 
and TSw2), and fiom two lithologies, Le., welded devitrified (TCw, TSwl, TSw2) and 
nonwelded vitric tuff (PTn). Petrologic data were obtained fiom 97 samples, all &om USW 
NRG-6. A total of 95 specimens were tested for thermal conductivity and 143 thermal 
conductivity tests were run. Many spechens were tested at multiple saturation states includmg 



vacuum saturated, partially saturated, air dried, and oven dried conditions. Each thermai 
conductivity test comprised between three and seven individual conductivity determinations, 
performed at different temperatures. Similarly, 120 specimens were tested for thermal expansion 
and 132 thermal expansion tests were run under either vacuum saturated, air dried, or oven dried 
conditions. Each thermal expansion test comprised between 10 and 22 determinations of mean 
and instantaneous coefficient of thermal expansion at different temperatures. Tests were! 
conducted at room pressure and at temperatures between 30°C and 300°C. Specific heat was 
measured for 10 air-dried specimens at 5°C intervals between 25°C and 300°C. Thermal 
conductivities were highest for saturated specimens and lowest for dried specirnenS. Thermal 
conductivities, averaged over all boreholes, ranged (depending upon temperature and saturation 
state) from 1.2 - W(mKy' to 1.9 - W(mKy' for TCw, from 0.4 - W(mK)" to 0.9 - W(mK)" for 
PTn, bxn 1 .O - W(mKy' to 1.7 . W(mKyl for TSwl, and from 1.5 - W(mK)-' to 2.3 - W(m.KY' 
for TSw2. Mean coefficients of thermal expansion were highly temperature dependent and 
values, averaged over all boreholes, ranged (depending upon temperature and saturation state) 
from 6.6 x lob - "C" to 49 x lo4 - "C' for TCw, from the negative range to 16 x 10" OC' 

for PTn, from 6.3 x 10" - "C' to 44 x 10" - "C" for TSwl, and from 6.7 x 10" OC' to 37 x 
10" - "C' for TSw2. Mean values of thexmd capacitance (averaged overall specimens) ranged 
from 1.6 J - 
R' for TSw2. In general, the lithostratigraphic classifications of rock assigned by the USGS 
(Geslin et. al., 1995) are consistent with the mineralogical data presented in this report. 

- 

K" to 2.1 J IC' for TSwl and from 1.8 J cmq3 K" to 2.5 J - 

Thisreportwasprepatedun~YuccaMoun~prOject W.B.S.Numbers 1.2.3.2.7.1.1 
and 1.2.3.2.7.1.2, and under Work Agreements (WA) 0153,0154,0124,0125,0081,0083,0159, 
0160,0113, and0088. The Site Characterization Plan, Sections 8.3.1.15.1.1 and 8.3.1.15.1.2, 
served as the planning document that guided the work. The information and data documented in 
this report were collected under a fully qualified Quality Assurance (QA) program and may be 
used in the licensing process. The data have been submitted to the Sandia National Laboratories 
Participant Data Archive (PDA) and are indexed in the Automated Technical Data Tracking 
System (ATDT). The data packages have the following Rata Tracking Numbers 0: 
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I .O INTRODUCTION 

1.1 Background 

The U.S. Department of Energy (DOE) is investigating Yucca Mountain, Nevada as a 
potential site for the disposal of high-level nuclear waste. The site is located near the southwest 
comer of the Nevada Test Site (NTS) in southem Nye County, Nevada The proposed repository 
boundary and the Exploratory Studies Facility ramp are shown in Figure 1-1. The engineering 
design for the high-level nuclear waste repository is unique because large quantities of heat will 
be generated by the waste packages. It is therefore essential that heat transfer properties such as 
thermal conductivity, thermal expansion, and thermal heat capacity be measured so that 
repository performance can be assessed. T h d  properties are largely a function of mineralogy, 
and so a phenomenological understanding of these properties requires that mineralogy be 
determined. Four boreholes shown in Figure 1-1 as UE25 NRG4, uE25 NRG-5, USW NRG-6, 
and USW NRG-7/7A were drilled along the North Ramp of the Exploratory Studies Facility to 
guide c o ~ c t i o n .  These borehole CEesignatiOns will be abbreviated in the text as NRG-4, NRG- 
5, NRG-6, and NRG-7, respectively. Sample materials were obtained h m  these boreholes and 
used for measuring mechanical and thermal properties of the stratigraphic units and for 
petrologic charactmization. Additional boreholes shown in Figurel-1 are ref& to later in the 
text. The thickness of each unit is shown in Table 1-1 for each borehole. A comlation between 
the thermal/mechanical (TAM) and lithostratigraphic units is given in Figure 1-2. Data are 
grouped by TM unit for statistical analyses because this is consistent with the study plan; 
however information is also given by lithostratigrapbic unit. 

1.2 scope 

This report documents experimental measurements of t h d  properties obtained by 
Sandia National Laboratories (SNL) for Fiscal Years 1994 and 1995 for boreholes NRG-4, NRG- 
5, NRG-6, and NRG-7. The thermal properties testing was pedormed by Holometrix, Inc., of 
Bedford, MA. Petrographic and mineral chanaerm tions were performeed by the University of 
New Mexico in Albuquerque. 

Tables 1-2, 1-3 and 1-4, respectively show the n u m h  of thermal conductivity, t h m d  
expansion and specific heat tests pedormed for each T/M unit and each borehole. A total of 143 
thermal conductivity tests, 132 t h d  expansion tests, and 10 specific heat tests were 
conducted. For thermal conductivity measurements, four satmation levels were used: vacuum 
saturated, partially srrturated, air dried, and oven dried. Thermal expansion test specimens were 
either air dried, oven dried, or vacuum saturated. All specific heat measurements were made on 
air-dried specimens. Tests were conducted at room pressure and at temperatures h e e n  25°C 
and 300°C. Because many specimens were tested at multiple saturation states, there are more 
tests than test specimens. The number of Specimens tested are shown in Tables 1-5,1-6, and 1-7 
for thermal conductivity, t h d  expansion, and heat capacity, respectively. The distributions of 
test specimens within each borehole are shown in Figures 1-3,1-4, and 1-5 for thermal 
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expansion and specific heat, respectively. Petrologic data were obtained for 97 samples fiom 
borehole NRG-6. Hand sample descriptions were obtained for 95 of these samples and more 
detailed analyses (e.g., microscopic examination of thin sections, X-ray difhction (XRD), major- 
element chemical determinations) were performed for 32 samples. 

Table 1-1. Depth of Thermal/Mechanical Rock Units for Each Borehole"' 

..........-..-.....-....-............ unit 
MG-4  NRG-5 

(m) (it) (m) (it) 
TCW 95.4 313.0 42.5 139.3 

Paintbmsh¶ 
Nonwelded 
TSwl 221.3 726.0 242.6 7%.0 
Tapapah spring I I 
TSw2 I I 411.5@' 1350.0@' 

Data fiom Brechtel et al., 1995. 
Total Depth of Borehole. 

-.. e..-.- P 

NRG-7 

45.8 150.2 21.2 69.7 

77.6 254.5 90.3 296.2 

.- 
NRW 

(m) (ft) (m) (it) 

217.3 713.0 234.2 768.5 

335.3@' 1lOO.Ocb' 431.2 1414.8 

444.1 1457.0 

1513.4 

-.......-.........~................ ....... 

- ...--.---.zF ......... 

Table 1-2. Numbers of Thermal Conductivity Tests 

T/M Unit NRG-4 'NRG-5 ............. NRG-6 ...................... NRG-7 ...... .................. Total 
TCw 0 0 12 9 21 
PTn 4 0 10 17 31 
TSwl 10 4 32 3 49 
TSw2 0 18 24 0 42 
Total 14 22 78 29 143 

.--...-.....U_I. .................................... ... ......-.. ............ ...-- 
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Figure 1 - 1.  Approximate Locations of Drillholes Relative To Proposed Repository Boundary 
and Exploratory Studies Facilities Ramp. Drillholes and Ramp Locations Were 
Taken &om U.S. Department ofEnergy (1995). 
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I t 1 Tpar 1 I Tswl 
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Figure 1-2. Correlation Between Thermalhlechanical and Lithostratigraphic Units (Rautman 
and Engstmxn, 1996). 
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Table 1-3. Numbers of Thermal Expansion Tests 

TJM Unit NRG-4 -__. NRG-5 NRG-6 NRG-7 Total- 
TCw 0 0 13 3 16 
PTn 1 0 5 8 14 
TSwl 6 1 26 10 43 
TSw2 0 11 38 10 59 
Total 7 12 82 31 132 

2 

Table 1-4. Numbers of Specific Heat Tests 

Total .............. NRG-4 NRG-5 NRG-6 NRG-7 
-I__. 

TJM Unit 
TCw 0 0 0 0 0 
PTn 0 0 0 0 0 
TSwl 3 0 0 0 3 
TSw2 0 7 0 0 7 

10 Total 3 7 0 0 

.........-__._.... 

-_.__1...... -...__.__........_.-_.......... 

1.3 Organization 

This report comprises six chapters including this introductory chapter. Chapter 2 
discusses specimen preparation procedures. A description of the test equipment and procedures is 
given in Chapter 3. Results are presented and discussed in Chapter 4, and the summacy and 
conclusions are given in Chapter 5 .  Chapter 6 contains cited references. Appendices A, B and C 
are summary data tables for thermal conductivity, thermal expansion, and thermal capacitance 
tests respectively, and Appendices D, E and F are complete data sets for thermal conductivity, 
thermal expansion, and thermal capacitance tests, respectively. Appendix G provides a 
description of each specimen in terms of the lithostratigraphic nomenclature used by the U. S. 
Geologic Survey (USGS), and Apendk H gives the thermal properties data sorted by 
lithostratigraphic unit. 

Table 1-5. Numbers of Thermal Conductivity Test Specimens 

........... NRG-6 NRG-7 Total 1 T/MUnit 
i TCw 0 0 6 6 12 
PTn 4 0 6 11 21 

i TSwl 10 3 19 2 34 

......_.......__.- ......--_....___. NRG-4 NRG-5 ..-...._.......-. ..... ............ ................ 

TSw2 0 12 16 0 28 
95 ....................-........_.I -.........---- ! Total 14 15 47 19 

......+......r)..r--- 
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Table 1-6. Numbers of Thermal Eqansion Test Specimens 
I-- -..........I____. ---zGiEmT- NRG-4 NRG-5 NRG-6 NRG-7 Total 

TCw 0 0 8 3 11  
PTn 1 0 4 8 13 
TSwl 6 1 20 10 36 
TSw2 0 1 1  38 10 59 

31 120 Total 7 12 70 .........-__.--.. _. .- .........-....... ..-............... -.................._................ ..... .....---- ..---...-.-...-_.....-...--- ..... . 

Table 1-7. Numbers ofHeat Capacity Test Specimens 

T/M Unit NRG-4 NRG-5 NRG-6 NRG-7 Total 
TCw 0 0 0 0 0 
PTn 0 0 0 0 0 
TSwl 3 0 0 0 3 
TSw2 0 7 0 0 7 
Total 3 7 0 0 10 

................................... ..............- -- l-.__.........l......--__f .................................... 

.............................................................. .-. ...... ......................... .-...-.-..... _-.- -.-....-... ....---* 

NRG-4 NRGd NRG-6 NRG-7 
0 
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5 s -1 000 
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2.0 SPECIMEN PREPARATION 

2.1 Thermal Properties Testing 

Test specimens were prepared by New England Research, Inc. of White River Junction, 
VT, accordmg to Sandia National Laboratories (SNL) Technical Procedure SNL TP-200 entitled 
"Inspection of Samples Used in Thermal Propexties Measurements." All specimens were ground, 
right circular cylinders with nominal specimen dimensions as given in Table 2-1. The exact 
dimensions were checked and verified according to SNL TP-200. 

Specimens were assigned identification numbers accordiug to SNL Quality Assurance 
Implementation Procedure (QAIP) 20-3 entitled "Sample ControI". The specimen identification 
number begins with the designation of the borehole, e.g., NRG-4, followed by the depth of the 
top of the piece of core fiom which the specimen was prepared. "SNL" in the specimen ID 
denotes that the specimen was prepared for Sandia National Laboratories. If multiple test 
specimens were prepared fiom a single piece of core, then the specimens were sequentially labeled 
A-Z.  

Table 2-1. Nominal Dimensions of Test Specimens. 

1 Thermalconductivity ThdExpansion SpecificHeatTest i 
TestSpecim ens Test SpeCim ens Specimens@) 

Length (m) 0.0127 I 0.0508 I 0.057 
0.05 1 """.-"...."................r..r.-...., ...........- Diamet e r l m L  0.0508 0.0254 -___.-... 

("Each specimen contained a 0.0105 m hole drilled along the specimen axis to 
accommodate the electrical energy sowce. 

Specimens were tested at Werent saturation states. Air dried specimens were tested in 
the as-received condition with no effort made to preserve or alter the moisture content. 
Saturation and drying procedures were performed by Holometrix accordq to SNL TP-64, 
"Procedure for Vacuum Saturation of Geologic Core Samples" and SNL TP-65, "Drying 
Geologic Samples to Constant Weight," respectively. Vacuum saturated test specimens were 
submerged in distilled water and a vacuum of l W 3  Torr was applied for 30 hours. Specimens then 
equilibrated to ambient pressure for 16 hours before mass was measured. This process was 
repeated until subsequent weighmgs showed that mass was stable to within f 0.05 percent. 
Partial saturation states were achieved by allowing the saturated specimens to dehydrate at room 
temperature. The level of partial saturation varies fiom specimen to specimen. This moisture 
condition is simply intermediate between air dried and saturated. Oven dried specimens were 
placed in an oven and heated at I 2 " C  per minute until the oven reached 110°C. They were dried 
until subsequent weighings 120 to 128 hours apart showed that masses were stable to within 



f 0.05 percent. For specimens that were tested under multiple saturation states, the order in 
which moisture conditions were imposed was as follows: 

airdried; 
0 vacuum saturated; 
0 partially saturated; 
0 ovendried. 
0 

2.2 Petrographic Analysis 

Specimen preparation is described in Section 3.4 in the context of the analytical methods 
used. 
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3.0 TEST METHODS 

3.1 Thermal Conductivity 

3.1.1 Definition 
The flow of heat across a material per unit time is proportional to the temperature 

gradient. The constant of proportionality, k, is the thermal conductivity and is a property of the 
material. This proportionality can be written as follows (Feynman et al., 1964) 

= -kVT (3-1) 

where is a vector and represents the flow of heat across a material of unit cross sectional area 
per unit time, and V Tis the temperature gradient. For one dimensional flow this equation can be 
written as (Halliday and Resnick, 1974): 

where: AQ = h e a t 0  
At = time(s) 
k = thermal conductivity @VI(&)), 

A = cross sectional area (m’), 
A T = temperature difference across material (K), and 
Ax = thickness of material (m). 

3.1.2 Test Equipment 

Thennal conductivity measurements were made by the Testing Services Division of 
Holometrix, Inc. using the guarded heat flow meter (G-. This apparatus is appropriate for 
measurements of t h e 4  conductivity between 0.1 W/(mK) and 10 W/(mK) and for temperatures 
between -120OC and 300OC. The apparatus is shown schematically in Figure 3-1. The test 
specimen was located between two heater plates controlled at different temperatures, producing 
heat flow through the specimen. The heat flow was measured by a heat flux transducer 0 

two ways. First, a cylindrical guard heater m u n d e d  the specimen and was maintained at the 
mean specimen temperature, and second, specimens with lengths less than 20 mm were used. 
Low temperature tests (below 100°C) were performed on a Holometrix TCA-200-LT GHFM and 
data were acquired and analyzed with Holometrix TCA-200-LT software. High temperature tests 
(above 100OC) were conducted on a Holometrix TCA-300 GHFM and data were acquired and 
analyzed with Holomemir TCA-YMP software. 

. .  . located between the specimen and one heater plate. Radial heat flow losses were rmnuntzed in 
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Upper Heater 
Assembly 

I I 

Lower Heater 
Assembly 

Figure 3-1. Schematic of Guarded Heat Flow Meter Test Section. 

3.13 CalibrationABata Reduction 

The GHFM is calibrated by comparing results obtained using specimens of known thermal 
conductivity with theoretical values. A single calibration is performed to determine both the 
contact resistance between the specimen and heater plates, and the proportionality constant 
relating the output of the heat flux transducer to the actual heat flwr. 
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The total thermal resistance of the specimen and contact area is given by: 

NAT 
4 

R , = -  (3-3) 

where: R, = total thermal resistance (m2K/W), 
N = sensitivity of the heat flux transducer (m2V/W), 

AT = the measured temperature diBxence between thermocouples (K), and 
q = heat flow transducer output 0. 

The total thermal resistance comprises the thermal resistance of the specimen and the residual value 
associated with the interfkes: 

4 =4+% 
where: Rs = t h d  resistance of the specimen ( m w  and 

l?, = residual t h d  resistance (m2K/W). 

Substituting Equation 3-3 into 3-4 gives 

4 NAT 
4 

Rs =-- 

(3-4) 

(3-5) 

Calibrations, discussed later in this section, are pefiormb to determule N and 230. This equation is 
then used to determine R, fiom measured values of q and AT. 

The next equations relate & to thermal conductivity. The thermal resistance of the 
specimen is given by: 

AT 
(AQ/At)A ' = 

Substituting Equation 3-2 into equation 3-6 gives 

-Ax k=- 
R S  

( 3 4 )  

(3-7) 

This final equation is used to calculate thermal conductivity &om&. Equations 3-5 and 3-7 are 
cited m TP-202, "Measurement of Thermal Conductivity of Geologic Samples by the Guarded- 
Heat-Flow-Meter Method." Equations 3-3,3-4 and 3-6 show the derivation of equations 3-5 and 
3-7. 
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Calibrations were performed on reference samples of Pyrex 7740. A range of thermal 
resistance values was obtained using specimens of different thicknesses (6 mm, 12 mm, and 18 
mm). Thermal resistance measurements were made at three temperatures spanning the operating 
range. Separate calibrations were obtained for the low temperature range (20°C to 100°C) and 
the high temperature range (100°C to 30OOC). Values of AT and q were obtained fiom the 
thermocouples and the HFT, respectively. A straight line fit to muation 3-5 was used to 
determine the calibration constants Nand R, . A typical calibration curve is shown in Figure 3-2. 
Calibrations were verified by performing measurements on reference specimens of high-purity 
&sed quartz. Verifications were obtained using one specimen size and testing at each of the three 
temperatures. Recommended thermal conductivity values for Pyrex 7740 and high purity fused 
quartz are published by the National Institute of Standards and Technology (NIST). These were 
chosen as reference materials since no NIST Standard Reference Materials of suitable 
conductivity were available. Calibration verifications were performed periodically throughout the 
testing program. Ifthe error in thermal conductivity calculated for the standard material exceeded 
four percent at any temperature, then the equipment was recalibrated and all tests conducted since 
the last successl l  verification were repeated. 

Additional components of the system requiring calibration included thermocouples and an 
analog-to-digital (ND) converter. The thermocouple cold junction electronic ice reference was 
calibrated with an ice bath and a NIST-traceable thermocouple, and the analog-to-digital (AD) 
converter was calibrated with a NIST-traceable precision voltage source. The calibration was 
performed using SNL TP-207, “Calibration of Temperature Sensors Used for Thermal Properties 
Testing.” 

3.1.4 Procedure 

Once the instrument was calibrated, the test specimens were tested in the same manner as 
the reference materials. This procedure is given in SNL TP-202, “Measurement of Thermal 
Conductivity of Geologic Samples by the Guarded-Heat-Flow-Meter Method” and is summarized 
here. Data were obtained after the inStnunent had reached steady state thermal equilibrium as 
determined by taking readings of the thermocouples and HFT as a function of time until the 
readings were constant. Five readings were taken per minute and were considered to be stable 
when they were constant to within f 0.25 percent for 10 minutes. This is within the stability 
criteria given in ASTM F433, “Standard Practice for Evaluating Thermal Conductivity of Gasket 
Materials,” an ASTM standard based on use of the GHFM. The measured ratio, AT /q, was then 
used to determine the thermal resistance of the specimen. Thermal conductivity was calculated 
fiom R, and specimen thickness. Separate test cycles in separate apparatus were run at low 
temperature (<lOO°C) and at high temperature (>lOO°C). 

Specimens tested at less than 100°C were placed in moisture containment cells to preserve 
saturation during testing (see Figure 3-3). These cells are composed of aluminum hce plates that 
contact the specimen fiices, and a low conductivity ring rnantdktured fi-om thermally stable, 
moisture resistant, thermoplastic (Kel-F 81). A rubber O-ring and gasket improve the seal. 
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Reference specimens were run in the moisture containment cells to calibrate for the resistance of 
the b e  plates and additional interfhces. 

I 

0.017 I I I I 1 I I 

Calibration at 50°C 
0.015 - 

0.013 - 

0.011 - 

0,009 - 

0.007 - 

0.005 1 I 1 1 I I I 

0.0015 0.0017 0.0019 0.0021 0.0023 0.0025 0.0027 0.0029 0.0031 

dT/q (“C mv) 

Figure 3-2. Typical Calibration Curve. 
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Not to Scale 

Figure 3-3. Moisture Containment Cell. 

3.2 Thermal Expansion 

3.2.1 Definition 

The CoefEcient of linear thermal expansion, a, is the ratio of change in specimen length 
per degree Centigrade to the length at 0°C and is given by (Weast, 1974): 

2, = lo(l + aT) (3-Sa) 

where: Io = length at 0°C and 
lt = 1engthatTOC. 
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Thermal expansion is temperatwe sensitive, and the more general equation is 

It =lo(1+aT+/lT2 + y  T3+ ....) (3-8b) 

where a., J3, and y are empirically determined wnstauts. 

332 Test Equipment 

All of the t h d  expansion data were obtained fiom experiments using one of two 
identical push-rod dilatometer instruments manufachrred by Harrop Industries. The push-rod 
dilatometer is one of several instruments for meaming the lineat coefficient of thermal 
expansion of materials. The specimen is placed in a receptacle at the end of a tube made of fused 
silica (Figure 3-4). The tube, or specimen holder, containing the specimen and push rod slides 
into a cylindrical furnace such that the specimen is positioned near the center of the firmace. As 
the temperature of the p i m e n  changes, its length changes and this motion is transmitted to the 
push rod. The change in length is continuously measured by a linear variable differential 
transformer (L,VDT) located outside of the heated area of the specimen. A type K thermocouple 
near the surface of the specimen monitors specimen temperatme. The specimen can be 
maintained in an environment such as inert gas, high humidity, or a vacuum by placing an 
"environmental tube" around the entire specimen holder and controlling the environment through 
apertures in the end of the tube. The entire assembly of environmental tube and specimen holder 
is then inserted into the furnace. 

Specime~~ were tested up to loO°C under saturated conditions by maintaining an 
atmosphere in the environmental tube consisting of moist air with a partial pressure of water 
equal to that of the water in the specimen. This was done with a Saturation Test Apparatus 
(STA). The required atmosphere was obtained by heating a pool of water in the vicinityof the 
specimen to the same temperatwe as the specimen itself. The water and specimen temperatwes 
were held to within l0C of each other up to a temperature of 95OC. 

3.23 CalibratiodData Reduction 

The dilatometer system expansion was calibrated and then v d e d  by running Standard 
Reference Materials (SRMs) certified as traceable to MST and comparing data with expected 
results. Calibration was pedormed using a specimen of fused silica (SRM 739), and verification 
was provided by measuring the expansion of either SRM 731 (borosilicate glass) or SRM 738 
(stainless steel). The LVDT and 8ssociated electronics were calibrated with a micrometer using 
an 11-point calibration. The measurement error assocrated * with t h d  expansion is * 2 x lo4 - 
C' i f theSTAwasusedandf1~10~.  c" iftheSTAwasnotused. Thesemeasurernentsare 
repeatable to within f 5 percent, The system calibration was reverified once each month using 
the glass or stainless steel standard. Ifthe calculated CTE was in mor by more than 5 percent, 
then the system was recalibrated and all tests conducted since the last succedd verification 
wererepeated. 
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The thermal expansion data were corrected for system expansion using calibration data 
obtained as previously described. These data were then used to calculate thermal strain resulting 
fkom temperature changes ( E * ) ,  Starting at 25OC, during the heating and cooling phases as 
follows (Jaegar and Cook, 1976): 

where: L T ~  = specimen length (m) at a particular temperatwe (Tn), i.e., Tn = 25"C, 
5OoC, 75"C, ... 3OO0C, 275"C, 250°C, ... 35"C, and 

LO = specimen length (m) at the ref-= temperature. 

The mean coefficient of thermal expansion ( E  or MCTE) is the linear thermal expansion per 
unit change in t e m m .  It was calculated in 25°C intervals, Starting at 25"C, Le., 25°C - 
5OoC, 500C - 75"C, 75°C - 100°C, ... 275°C - 30O0C, 300°C - 275"C, ... 50°C - 35°C (note the 
last interval is over a 15°C interval), during heating and cooling. The MCTE must be 
accompanied by the values of the two tern- used in the calculation. The MCTE is 
defined (following equations 3-8a and also as given in Halliday and Resnick, 1974) as: 

or 
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(3-loa) 

(3-lob) 

where: LTI = specimen length (m) at temperatme TI, 
Ln = specimen length (m) at temperame T2, 
LO = specimen length (m) at referen= temperature, 
AL = L, - & = specimen displacement due to temperature increment (m) and 
AT = Tz-Tl = temperatweincrement,25OCor 15°C. 

Because data were not always collected at exact 25°C intervals, a linear least squares fit was used 
to calculate the specimen lengths LT] and L n  at temperatures TI and Tz, respectively. In most 
cases the data were fit within a window of approximately 5"C, symmetric about temperatures TI 
or T2. Equation 3-lob was then used to calculate the MCTE for each 25°C interval. 

The instantaneous coefficient of thermal expansion ( aT or I C E )  is the slope of the 
linear thermal expansion curve at temperature T. The calculation was made at specified 
temperatures 25°C apart starting at 5OoC, i.e., 50°, 75", 100°, ... 300°, 300", 275", ... 50°C, 
during heat-up and cool-down. It was calculated using a linear least square fit to the strain versus 
tempemture data over a 5°C window centered ova  the specified temperatwe T, and is therefore 



not truly instantaneous. The ICTE must be accompanied by the temperature at which it is 
determined. The ICTE is defined following equation 3-lob as: 

(3-1 1) 

3.2.4 Procedure 

The test procedure is &en in SNL TP-203, “Measurem-nt of Thermal Expansion ,f 
Geologic Supplies Using a Push Rod Dilatometer‘‘. The test specimen was placed in the 
notched-out end of a fused silica tube and the test apparatus set up as described in Section 3.2.2. 
The furnacetempraturewasramped up and down at aconstant rate of 1°C per minute. The rate 
at which the specimen temperature changed was therefore always I 1°C per minute. 
Displacement and temperature data were acquired continuously throughout the heat-up and cool- 
down phases of the test and recorded by a ComputeTiZed data acquisition system. 

3.3 Specific Heat 

33.1 Definitions 

Heat capacity is the amount of heat required to change the temperature of a substance by a 
given amount. It is defined as (Halliday and Resnick, 1974): 

AJ H=-- 
AT 

(3-12) 

where AJ = Quantity of heat (J) 

AT = Change in temperatme (K) 

The specific heat of a substance is its heat capacity per unit massa (Halliday and Resnick, 
1974), Le., 

H A J  C=-- -- 
m m-AT (3- 13) 

where m = mass (kg). 

Generally, specific heat is measured under isobaric (constant pressure) or isochoric (constant 
volume) conditions. In this study, specific heat was measured under isobaric conditions and will 

Weast (1974) defines specific heat of a substance as the ratio of its A V . ,  to tbat of water at 1SOC. 
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be represented by the symbol Cp’ In this report, thermal capacitance will be defined as heat 
capacity per unit volume, i.e., 

H A J  
v v-AT 

p.c, =-=- (3-14) 

where v = volume (m3). 

3 3 3  Test Equipment 

The ASTM procedure for measurement of specific heat of geologic materials is ASTM 
D4611, “Standard Test Method for Specific Heat of Rock and Soil”. This ASTM standard is 
based on drop calorimetry and reports a precision and bias m r  of up to 10 percent based on a 
limited amount of round-robin testing. As shown in Section 3.3.3, the error associated with the 
procedure used in this study, SNLTP-204 entitled “Measurement of Specific Heat of Geologic 
Samples by Adiabatic Pulse Calorimet~~”, is less than 5 percent. 

The specific heat data reported here were obtained using an adiabatic pulse calorimeter 
shown schematically in Figure 3-5. This instrument applies a known quantity of electrical energy 
to a specimm and measures the resulting rise in specimen temperature. The specimen is placed 
inside a removable container which is located in the center of a low-mass adiabatic guard. The 
guard is located inside a small test chamber in which the air temperature is controlled while the 
air is circulated past the outside surface of the adiabatic guard. All temperatures are measured 
with type-K thermocouples. The adiabatic guard heater is controlled at the same temperatwe as 
the specimen holder to minimize heat flow and ensure that the measurement is adiabatic. Heat 
exchange between the specimen holder and the guard, due to small temperature differences 
during operation, is reduced by low density fibrous insulation on the inside of the guard wall, as 
well as by a series of radiation shields. As a result, almost all heat input to the specimen is used 
for raising its temperature and that of the specimen holder, or for converting the specimen 
material from one physical state to another. 
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Figure 3-5. Schematic of QTA Adiabatic Calorimeter. 

3 3 3  Calibration/Data Reduction 

The test system was calibrated by determining the heat lost to the specimen container. A 
test was conducted on the empty specimen container to determine its “apparent specific heat” 
over the test temperature range. The apparent specific heat values included both the true heat 
capacity of the container and the effect, if any, of departures from adiabatic conditions. The 
apparent specific heat was then used to correct the data for the heat required to increase the 
temperature of the container while running a test. 

Tests were verified with MST Standard Reference Material No 720, synthetic sapphire. 
Measurement error, initially projected to be better than 5 percent, was found to be actually better 
than 2.5 percent. 
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Data were reduced using equations 3-13 and 3-14, The specimen mass was determined by 
weighing the empty and f3kl specimen container, and Specimen volume was determined &om its 
measurements and geometry. The incremental heat, AJ, was found &om measurements of voltage 
and current and the duration of the electrical power pulse, as follows (TP-204, "Measurements of 
Specific Heat of Geologic Samples by Adiabatic Pulse Calorimetry"): 

N 

AJ=c(v.I.dt)i 
k l  

(3-1 5) 

where 
N = Number of time intexvals during which, for a given pulse, current is applied to 
the sample heater 
Y = Voltage across the sample heater (V) 
I = Current through the sample heater (A) 

i = Index taking on values fiom 1 to N 

dt =time interval (s) 

Specific heat values reported here were determined fiom polynomial fits to the raw data. 
Specific heat was measured every five degrees Celsius fiom 25°C to 300°C. These raw data were 
smoothed using a two-segment, least squares polynomial curve-fit. The equations for the 
polynomial fit were then used to detennine Cp at 25°C intervals. 

3.3.4 Procedure 

The test procedure is given in SNL TP-204 and is summarized here. The adiabatic 
calorimeter is controlled by a built-in micro-computer. Once the specimen and container have been 
installed in the calorimeter, the testing proceeds under computer control. When the test is started, 
the computer scans the temperatures of the specimen container, adiabatic guard, and chamber air. 
The air temperature is maintained at a constant 5°C below the adiabatic guard, which significantly 
improves the guard temperature control. Electrical power is supplied to a small heater in the 
specimen container in precisely timed pulses lasting &om 1 to 2 minutes. This results in typical 
temperature steps of 5°C ifthe specimen is stable. During phase changes, some or all of the energy 
is used for conversion until the process is complete. After each pulse, the computer monitors the 
specimen and guard t-es until thermal equilibrium is established. This usually takes about 
12 minutes dependmg upon specimen thermal conductivity. 
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3.4 Petrographic and Mineralogical Characterization 

3.4.1 Introduction 

Petrologic data were obtained from 97 samples from borehole NRG-6. Hand samples 
were described for all but two of these samples and for 32 samples detailed data were obtained. 
Methods used to obtain these detailed data include: microscopic examination of thin sections (to 
identifL visible mineral and petrographic constituents, estimate the modal or volumetric 
proportions of those constituents, and describe their textural and spatial arrangement), X-ray 
difhction (XRD) analysis (to identify minerals too fhely-crystalline to iden@ optically, which 
are generally the mjority of mineral components in these samples, and estimate their 
proportions), and major-element chemical analysis (to identify bulk rock chemistry and water 
content). 

3.4.2 Analytical Methods 

Hand samples were examined using an 8x hand lens, and the following characteristics 
noted colors and distribution of colors in the sample; degree of welding; presence and 
abundance of pumice or fiamme; presence and abundance of glass; presence and abundance of 
vesicles and pores; presence, abundance and shape of lithophysae and associated cavities; 
identification, estimated abundance and maximum size of phenocrysts. 

Two 2.5 cm diameter polished thin sections were made of each of the 32 samples studied 
in greater detail following procedures detailed in SNL TP-60, “Procedures for Preparation of 
Polished Thin Sections”. For each sample, one section was oriented approximately parallel to 
the core axis (approximately to pqendicular to layering) and the second oriented perpendicular 
to the core axis. Descriptive petrographic data were obtained utilizing an optical petrographic 
microscope following procedures detailed in SNL TP-59 “Procedures for Laboratory Sample 
Petrology Determination”, and quantitative point counts of components were obtained by 
counting approximately 900 to 1600 points on the sections using a lmm x lmm grid. 

The XRD data used to identify mineral phases were obtained in the X-ray difhction 
laboratory in the Department of Earth and Planetary Sciences at the University of New Mexico 
using the Scintag Pad V XRD system following procedures detailed in SNL TP-62, “Laboratory 
Procedures for Mineralogic Analysis by X-Ray Powder DiBhction Part 1: Data Gathering”. 
Sample powders were prepared using a Spex (Brand) shatterbox and Retch-Brinkmann 
automated mortar and pestle following procedures which insured a uniform sample powder size 
of approximately 1 to 10 microns. All of the 32 samples for which XRD data were obtained 
were scanned over an angular interval of 2” to 52O 2-Theta (29) at a rate of 1” 29 per minute. 
The mineral phases were identified following procedures detailed in SNL Tp-102, “Laboratory 
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: . Procedures for Mineralogic Analysis by X-Ray Powder Difbction Part 2: Data Analysis”. The 
proportions of mineral phases were estimated using a spreadsheet-based modification of the 
matrix flushing method of Chung (1974% 1974b) developed utilizing Excel 5.0 for Microsoft 
Windows on a personal computer using reference intensity ratios determined and published by 
Bish and Chipera (1 989). 

Whole-rock analyses were obtained in the Geochemistry Laboratory in the Department of 
Earth and Plan- Sciences at UNM. Analyses were obtained on powdered samples prepared 
using the same SPEX Brand shatterbox used to prepare powders for xR6) analysis. Various 
analytical techniques were used to obtain the data including X-ray fluorescence spectroscopy 
(XRF) for most elements, gravimetric and volumetric analysis (for H20 and the proportion of 
ferrous and f d c  iron reported as FeO and Fe&, and for some analyses of Si&), atomic 
absorption spectrophotometty for one CaO analysis, and colorimetric analysis (for P2O5). These 
techniques are described in detail in SNL TP-61, “Procedures for Laboratory Sample Bulk 
Chemical Det emhation’’. Accuracy was checked by simultaneously analyzing laboratory 
standards traceable to NIST rock standards, and comparison with certified values. 
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4.0 RESULTS 

4.1 Thermal Conductivity 

4.1.1 Summary of Data 

The thermal conductivity data are summarized in Appendix A, Tables A-1 through A-4, 
for NRG-4, NRG-5, NRG-6, and NRG-7, respectively. The idormation in each table is grouped 
according to T/M unit and moisture content. The mean thermal conductivity and standard 
deviation about the mean are given at each temperature for each T/M Unit and moisture content. 
The mean thermal conductivities are plotted in Figures 4-1 through 4-4 as a function of 
temperature for NRG-4, NRG-5, NRG-6, and NRG-7, respectively. To simplifjr the plots, only 
data obtained under saturated and oven dried conditions are shown, but the complete data set is 
given in Appendix D. Generally, thermal conductivity for oven dried specimens either increases 
or remains constant with increasing temperature. Thermal conductivity increases with 
temperature for plagioclase and glasses; however, it decreases with temperature for quartz 
(Lappin, 1980). Decreases in conductivity with increasing temperature as observed in saturated 
specimens are attributed to dehydration. Sharp increases in thermal conductivity are observed 
near 100°C for several oven dried specimens (TSwl in NRG-4 and NRG-7, and TCw fiom NRG- 
7). These increases are as yet unexplained, but may be (Lssocfated * withachangein 
instrumentation at 100°C or with the vaporization of remaining water. 

Mean thermal conductivities as a hction of temperature for oven dried specimens fiom 
all four boreholes are shown in Figure 4-5. Each T M  unit is represented by a merent symbol, 
and each borehole is represented by a different line type. This plot can be used to assess the 
lateral consistency of thermal conductivity values. PTn consistently shows the lowest 
conductivities while the TCw and TSw2 units have the highest conductivity values. TSwl 
specimens span a larger range of thermal conductivity and are intermediate in value. 
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The mean values of thermal conductivity are given for each T/M unit in Tables 4-1 and 4- 
2 for low temperature and high temperature data, respectively. Each test measurement was 
weighted equally. These tables are included primarily for the purpose of summarizing a large data 
set. Thermal conductivity is actually temperature sensitive and shows some borehole-to-borehole 
variation; both of these factors are obscured by the data averaging used in these tables. Thermal 
conductivities were highest for saturated specimens and lowest for dried specimens. Thermal 
conductivities, averaged over all boreholes, ranged (depending upon temperature and saturation 
state) fiom 1.2 . W(mK) -' to 1.9 - W(mK) " for TCw, fiom 0.4 - W(mK) " to 0.9 W(mK) -' for 
PTn, fiom 1.0 - W (mK)" to 1.7 - W(mK)" for TSwl, and from 1.5 - W(mK)-' to 2.3 - W(mK)" 
for TSw2. 

Table 4-1. Low Temperature (CIOO°C) Rock Thermal Conductivities."' 

ITS@ 12-29 I 0.42 I 51 I ND 1 ND I NO I 1.66 I 0.10 

(a) ND: No Data. "Samj)le" refers to the number of test -6, not the number of Specimens tested. 
Measurements were made during both heating and cooling for some specimens. 

Table 4-2. High Temperature (>lOO°C) Rock Thermaf Conductivities. (') 

I I Thermal Conductivity (W/mK) I 

(a) "Sample" refers to the number of test measurements, not the number of specimens tested. Measurements were 
made during both heating and mling for some specimens. 
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4.1.2 Comparison with Existing Data 

Table 4-3 compares the thermal conductivity data presented here with existing data fiom 
boreholes USW G-1, USW G-2, USW GU-3, and USW G-4 (shown in Figure 1-1). Data 
reported in Nimick (1989) include both published and previously unpublished results for which 
supporting documentation is available. Only data obtained on saturated specimens at 20°C to 
3OoC are presented in Table 4-3 so that data are compared at comparable conditions. As shown 
in Table 4-3, mean values of thermal conductivity for TSw2 reported in this study compare very 
well with Nitnick's results. For TSwl, Nimick's database comprises only three tests; however, 
the reported mean thermal conductivity is within one standard deviation of the mean for data 
reported in this study. The largest discrepancy is in the PTn data for which values of thermal 

Table 4-3. Thermal Conductivities: Comparison with Existing Data 

I Thermal Conductivity (W(mKr') 

1 This Study I Nirnick ( 1989)") 
Ptn 

Mean 0.85 1.73 
Standard Deviation 0.13 0.06 
Number of Tests 10 2" 

TSwl 
Mean 1.69 1.82 
Standard Deviation 0.26 0.06 
Number of Tests 13 3"' 

TSw2 
Mean 2.23 2.24 
Standard Deviation 0.50 0.17 
Number of Tests 20 1 o'd' 

'a) These data were all either NQ or QA m. They are used in this report for comparative purposes and am not 

@) All test data from USW G-2. 

(dl Four tests fiom G-1, three tests from USW G-2, one test from USW GU-3, and two tests from USW G-4. 

used to derive any numerical results. 

Test data h m  USW G-1, USW G2, and USW GU-3. 

conductivity differ by a factor of 2. Because Nick's database comprises only two tests, this 
discrepancy may not be significant. Additionally, Nimick's PTn data were all from borehole USW 
G-2, which is almost 3 km fiom the nearest NRG borehole. 



4.1.3 ASTM Reporting Requirements 

ASTM procedures generally list reporting requirements. The ASTM procedure that 
invokes use of the guarded heat flow meter is ASTM F433 - 77, "Standard Practice for 
Evaluating ThermaI Conductivity of Gasket Materials". The reporting requirements are given 
below: 

0 

SampIe ConditiOningProcechre: All specimen preparation and conditioning 
information is given in Chapter 2 of this report. See Appendix G for lithostmtig@k 
unit assignments. 
Ambient Temprutwe: Tests were conducted at room temperature. The precise 
temperature values are recorded in the Scientific Notebooks.b 
sample Hot Side Tmperatwe (7"): These data are recorded in the Scientific 
Notebooksb 
sample Cold Side Temperature qC): These data are recorded in the Scientific 
Notebooksb 
SmitpZe Tempratwe Drop flh - Tc): Calculated from items listed above and given in 
the Scientific Notebooks? 
Average Sample Temperature ((7" + Tc)/2): Calculated fiom items listed above and 
given in the Scientific Notebooksb 
Smnpe Xbicknes: These data are recorded in the Scientific 

Section 4.1.1 of this report. 
Compressive Load No compressive load was applied. 

27zermaZ Conductivity: These data are presented in Appendix D and summBfized in 

4.2 Coefficient of Thermal Expansion 

4.2.1 Summary of Data 

The mean coefficients of thermal expansion (MCTE) are summarized in Appendix B, 
Tables B-1 through B-4 for NRG-4, NRG-5, NRG-6, and NRG-7, respectively. The 
instantaneous coefficients of thermal expansion (ICTE) are given in Appendix B, Tables B-5 
through B-8 for each of the four boreholes. Within each table, the information is grouped 
according to T/M unit and moisture content. The mean MCTE and ICTE and standard deviation 
about the mean are given at each temperature for each T/M unit and moisture content. The 
complete data set is given in Appendix E. 

The mean MCTEs are given for each T/M unit in Tables 4-4 and 4-5 for heating and 
cooling phases, respectively. Mean values of ICTE are given in Tables 4-6 and 4-7 for heating 

The Scientific Notebooks are available through the Saudia National Laboratories Mcipant Data Archive under the 
following dataset identificatian numbers NRG4: SlnOlA-O4t25/94, NRG5: Sl/U)lA-l2/12/93; NRCi6: 51&01A-OS/O5/93; 
NRG7: Sl/LOlA-O7/01/94. 
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i 

and cooling, respectively. Similar to the conductivity data, each test was weighted equally. The 
table is included primarily for the purpose of summarizing a lkge data set. The coefficient of 
thermal expansion shows some borehole-to-borehole variation which is obscured by the data 
averaging used in these tables. Mean coefficients of thermal expansion were highly temperature 
dependent and ranged (depending upon temperature and saturation state) from 6.6 x lo4 OC" to 
49 x 10"- O C *  for TCw, fiom the negative range to 16 x 10" - OC' for PTn, fiom 6.3 x lo4 - OC" 
to 44 x lo4. OC'' for TSwl, and from 6.7 x lo4 - OC' to 37 x lo4 - OC" for Tsw2. 

4.2.2 Welded Versus Nonwelded Specimens 

4.2.2.1 Saturation State 

Thermal expansion was independent of saturation state for welded specimens but did 
depend upon saturation state for the nonwelded specimens. This is illustrated in Figure 4-6 for 
specimens from NRG-6 (only NRG-6 specimens were tested at multiple saturation states). This 
figure shows MCTE versus temperature for welded and nonwelded tuffs at three saturation states: 
oven dried, air dried, and vacuum saturated. Each curve represents the average of multiple test 
specimens. The nonwelded specimens which have high moisture contents contracted during 
testing near 100°Cy causing the temporary sharp decrease in MCTE seen at approximately 100°C. 
This is presumed to be due to reduction of pore water and dehydration of hydrated glass; 
howevery there is insuilicient information to determine a mechanism for the shrinkage. The 
expansion characteristics of the welded specimens, on the other hand, seemed to be independent 
of saturation state; Le., the curves for different saturation states are similar. 

For nonwelded specimens, initial testing showed that the thermal expansion characteristics 
changed significantly depending upon the amount of time required to drive off interstitial water 
near 100°C. Because of this, nonwelded specimens were tested with a "thermal soak period" 
(i.e., an extended period of time at 100°C) to drive off water in the specimen before proceeding 
with the test. For early tests, the duration of the thermal soak was 30 hours; however, it became 
apparent that 20 hours were sufficient and the soak time was reduced. For welded specimens, the 
thermal soak did not significantly Sect  the results; therefore, welded specimens were tested 
without a thermal soak period. When it was not clear what effect the thermal soak period would 
have on the test results, the specimen was tested with a thermal soak period to be sure the results 
would be representative of anticipated conditions. 
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Table 4-4. Mean CoefEcient of Thermal Expansion during Heat-up. 

rcw 

rtn 

Mean CTE on Heat- (10%) 

2 5  50- 75. lock 125 150- 175 2w 225 250- 275 
5ooc 75oc 1ooOC 125OC lsooc 1WC 2oooc 225% 250% 275% 3oooc 
7.09 7.82 8.06 10.34 13.17 1520 16.99 18.99 2l.38 27.42 4299 

SM. Dev. 0.43 0.15 0.50 1.52 1.23 1.57 1.41 0.96 1.23 1.94 37.35 
count 4 4 4 4 4 4 4 3 3 3 3 

Dry Mean 6.60 8.29 9.82 10.53 1269 14.90 17.03 20.68 29.64 36.49 49.15 
stdmv. 1.49 0.99 1.06 1.80 1.55 1.91 231 5.41 21.88 i6.w 34.24 
count 10 10 10 7 7 7 7 7 7 7 7 

25 50- 75 lock 125 150- 175 225 25@ 275 
50% lsoc 1ooOC 1WC 1soOc 1 W c  2oooc psoc 250% 279c 3oooc 

Mepn 4.46 4.28 -1.45 40.42 5.54 4.47 0.61 4.65 %.79 -13.46 -12.96 
W. Dev. 0.38 1.81 3.63 21.47 0.41 0.79 1.03 4.05 7.85 11.12 1290 
count 4 4 4 4 3 3 3 2 2 2 2 

Dry Mean 4.55 4.24 3.36 4.78 6.46 5.69 3.81 0.56 -296 6.81 -7.25 
Std.Dev. 0.74 1.46 240 11.12 0.98 1.41 258 5.81 9.12 11.36 10.80 
count 12 12 12 10 10 10 10 10 10 10 10 

2s 50- 75- loo. 125 150. 175 2m 225 25G 275 
50OC if& 125% le 175% ZO@C ZS% 2S@C 275% @C 

sa- Mean 6.56 7.S 6.83 6.92 10.72 14.28 20.98 36.82 41.64 42.76 43.81 
Std. Dev. 1.16 0.60 1.60 3.28 1.74 3.28 7.M 20.49 17.35 13.19 13.65 
count 10 10 10 10 10 9 9 8 8 8 8 

Dry Mean 6.29 7.60 8.39 8.96 10.37 15.51 23.67 34.24 34.00 S.07 38.74 
Std. Dev. 122 1.02 0.88 1.20 1.38 4.53 11.07 20.30 13.70 13.23 13.78 
cwnt 33 33 33 28 28 27 26 25 25 25 25 

25 50- 75 100- 125 150- 175 200- 225 250- 275 
50% 75% l&C l&C 150% 175% 200% ZS% Z@C 279C @C 

sa- Mean 7.14 7.47 7.46 9.07 9.98 11.74 13.09 15.47 19.03 25.28 37.19 
SM. Dev. 0.65 1.51 1.21 241 0.77 1.28 1.40 1.75 3.09 6.87 14.n 

Cant 19 19 19 19 19 19 19 16 16 16 16 
m 6.67 8.31 8.87 9-37 10.10 10.96 1222 14.52 20.79 25.13 35.13 

Std. Dev. 1-20 0.42 0.40 0.55 0.88 1.16 1.50 257 17.03 10.07 14.56 
~ 4 0 4 0 4 0 4 0 4 0 3 8 3 s 3 5 3 5 3 6 3 6  

(*) std. Dev. is the standard deviation. 
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Table 4-5. Mean CoefEkient of Thermal Expansion during Cool-down. 

TCW 

PTn 

m2 

Saturation 
state stat** 

Saturated Mean 
std. Dav. 
cwnt 

Std. Dev. 
cwnt 

Dry Mean 

Saturated Mean 
Std. Dev. 
cwnt 

Dry Mean 
Std. Dev. 

count 

Satufated Magn 

Std. Dev. 
count 

Dry Mean 
Std. Dev. 

count 

Sahnated Mean 
Std. Dev. 
count 

Dry Mean 
std. Dev. 
cwnt 

kv.isthestandard 

3 0 0 . 2 7 5 2 5 @ 2 2 5 2 m 1 7 5 1 5 0 - 1 2 5 1 0 0 .  75 !50- 

14.72 21.97 33.53 37.m 23.81 18.48 15.72 13.51 1209 10.78 10.85 
3.76 6.79 16.44 26.18 10.01 3 Z  1.96 1.40 1.28 1.36 1-96 

3 3 3 3 4 4 4 4 4 4 4 
17.46 26.34 36.95 33.72 Z.86 17.58 13.89 1 l . n  10.21 9.36 6.58 
3.70 6.88 11-50 1421 316 200 239 2Z 1-56 1.15 220 

7 7 7 7 7 7 7 7 9 9 9 

275% 25ooc *c 2ooOc 175% 15o0c 125% lOo0C 75% soot 35% 

3 0 0 . 2 7 5 2 5 @ 2 2 5 - a O c r l 7 5 1 5 0 - 1 2 5 1 0 0 .  75 50- 

15.58 9.12 7.20 6.39 6.98 6.29 5.93 5.36 5.12 4.33 1.94 
1.04 0.84 0.29 0.17 1.51 0.78 0.47 0.36 0.34 0.84 293 
2 2 2 2 3 3 3 4 4 4 4 

11.22 7.91 6.78 6.45 6.47 6.53 6.11 5.80 5.52 4.02 241 
246 1.00 0.81 0.90 1.14 1.35 1.30 1.16 0.89 0.84 0.86 
10 10 10 10 10 10 10 10 12 12 12 

H c  moc *c moc  175% 15oOC l&C 100OC 7sOc soot 35% 

3 0 0 . 2 7 5 2 5 0 . 2 2 5 ~ 1 7 5 1 s o . 1 2 5 1 0 0 -  7 5  50- 

15.07 19.87 24.05 26.15 27.57 26.66 28.19 19.89 11.46 9.92 9.36 
4.68 7.82 9.85 7.37 8.36 9.91 18-04 8.05 2.01 1.54 1.06 

8 8 8 8 9 9 10 10 10 10 10 
16.68 20.71 24.16 23.26 26.74 25.34 25.55 l7.78r 10.53 9.22 6.95 
4.13 7.78 10.61 7.29 9.32 9.35 14.94 8.53 215 1.51 249 
2 5 2 5 2 5 2 5 2 6 2 7 2 6 2 8 3 3 3 3 3 3  

H c  moc *c moc 1WC 15OOc l&C 100OC 75Oc 5ooc 35% 

= 275 25B 225 2oQ 175 150- 125 loo- 75 50- 
H c  250% 225% moc 175% 15oOC 125% 100OC 75Oc 5ooc 35% 
21.89 27.83 26.55 21.38 17.31 14.06 12.49 11.52 10.27 9.48 8.81 
6.16 10.36 10.01 5.70 3.07 1.38 1.32 2.00 0.62 0.63 0.62 
16 16 16 16 19 19 19 19 19 19 19 

20.57 24.31 24.20 21.16 18.45 14.34 11.74 10.51 9.54 8.87 7.48 
4.88 7.55 8.08 6.24 9.36 4.23 3.m 226 1.79 1.56 1.99 
3 5 3 5 3 5 3 5 3 8 3 8 4 0 4 0 4 0 4 0 4 0  

ieviation. 
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Table 4-6. Instantaneous Coefficient of Thermal Expansion during Heat-up. 

p& 

rcw 

rTn 

SWZ 

"std 

satwati 1 state s t a t i i ' a b  Instantaneous CTE on Heatup (l0dPC) 

5ooc 75Oc lO0OC 125% 1 d C  175% 2oooc 225% 25oOc nsoc 3oooc 
saturated Mean 7.10 7.10 6.49 1229 14.36 15.65 16.75 19.15 24.12 29-91 80.n 

Std.Dev. 0.73 0.36 1.58 1.54 240 1.75 0.98 0.42 242 4-91 110.14 
c o u n t 4  4 4 4 4 4 4 3 3 3 3 

tky 8.03 8.42 9.70 10.89 14.00 15.49 16.91 19.71 26.26 47.79 63.28 
Std.Dev. 1-21 1.67 1.67 1.44 1.88 1.94 1.53 1.01 7.09 29.78 74.09 
count 10 10 10 7 7 7 7 7 7 7 7 

e c  75Oc 1ooOC 125% 15OOc 175% 2ooOc 225% 250% 275% 3oooc 
saturated 4.90 229 -4.35 5.71 5.37 258 -280 -7.77 -11.32 -14.30 -12.65 

Std.Dev. 1.90 4.09 16.00 0.63 0.47 1 2  258 6.68 11.18 12.23 11.15 
count 4 4 4 3 3 3 3 2 2 2 2 

Dry 5.08 3.43 265 5.74 6.55 5.01 1.89 -1.4 4.63 -6.81 a m  
Std.Dav. 1.14 1.90 4.09 1.76 1.45 1.75 4.01 7.80 10.66 11.63 11.10 
count 12 12 12 10 10 10 10 10 10 10 10 

5ooc 75% 1ooOC 125% 150% 175% 2ooOc 225% 25oOc 275% 3oooc 
saturated Mean 6.90 7.52 7.72 10.44 1254 17.78 25.56 44.45 4283 43.87 41.74 

Std. Dev. 1.35 1.16 6.82 210 3.84 4.86 11.35 26.33 13.08 14.13 14.24 
count 10 10 10 10 10 9 9 8 8 8 8 

w 7.58 7.89 8.45 9.34 11.37 19.88 27.43 34.14 34.97 38.07 38.82 
Std. Dev. 0.98 1.10 1.18 1.13 223 8.28 15.17 18.36 1282 14.47 13.72 

count 33 33 33 28 28 27 26 25 25 25 25 

e c  75Oc 1ooOc 125% 150% 175% 2oooc 225% 250% 275% 3cKfc, 
Sahmted 7.58 7.82 6.29 9.79 10.55 1269 14.20 17.18 2l.50 31.02 41.58 

Std. Dev. 1.22 1.16 5.27 226 1.11 209 1.48 294 4.04 9.98 16.39 
bunt 19 19 19 19 19 19 19 16 16 16 16 

Dry 8.18 8.61 8.99 9.m 10.45 10.80 13.38 17.44 21.65 29.28 39.23 
Std. Dev. 0.68 0.89 0.77 1.15 1.32 1.34 203 7.25 9.38 10.47 15.33 
c o u n t 4 0 4 0 4 0 4 0 4 0 3 8 3 8 3 5 3 5 3 5 3 5  

lev. is the standard deviatiOn. 
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Table 4-7. Instantaneous Coefficient of Thermal Expansion during Cool-down. 

TIM Un 

Tcw 

PTn 

TSWl 

Tsw2 

fa) std. 

- 
saturatiar 

State - 
saturated 

Dry 

saturated 

Dry 

saturated 

Dry 

saturated 

Dry 

Mean 
Std. Dev. 
count 
Mean 

Std. Dev. 
count 

- 
- 
Mean 

Std. Dev. 
count 
Mean 

Std. Dev. 
count 

- 
- 

Mean 
Std. Dev. 
count 
Mean 

Std. Dev. 
count 

- 
- 

Mean 
Std. Dev. 
count 
Mean 

Std. Dev. 
count 

- 
- 

e v . i s t h e t h e d  

instantaneous CTE on c00~awn (lobp~) 

300% moc ;Eso"c 225% 2oooc 1WC 15$c 125% lOoOC 75% soot 
10.24 17.96 28.54 38.26 26.81 20.24 16.83 14.45 12.38 11.07 10.23 
219 5.50 9.56 Z.83 1598 4.53 1.92 1.54 1.36 1.30 1.27 

3 3 3 3 4 4 4 4 4 4 4 
13.68 21.28 34.15 38.19 25.58 19.32 15.82 12.63 10.43 9.47 8.54 
274 6.18 10.34 17.30 4.48 237 1.43 242 1.76 1.51 1.03 

7 7 7 7 7 7 7 7 9 9 9 

3ooOc moc 2soOc psoc pooc 175% 1 d C  125% lOoOC 75% sooc 
22.00 11.08 8.25 6.29 6.91 5.99 5.69 5.78 5.71 4.63 3.42 
0.71 1.65 0.07 0.22 247 1.44 0.78 0.37 0.75 0.66 1.59 

2 2 2 2 3 3 3 4 4 4 4 
13.12 8.73 7.35 6.58 6.06 6.22 6.03 5.45 5.59 4.97 4.30 
3.90 1.27 0.87 0.67 1.05 1.52 1.58 1.25 1.17 1.Ol l .Ol  
10 10 10 10 10 10 10 10 12 12 12 

3ooOc 275Oc 25oOc &c 200% 175% 15$c 125% 1OoOC 73% 5ooc 
1245 18.44 22.62 25.25 26.74 26.31 26.52 28.55 1243 10.39 9 . n  
3.66 6.68 9.61 8.98 8.22 9.05 13.27 2 1 2  277 1.66 1.33 

8 8 8 8 9 9 10 10 10 10 10 

3.30 5.05 10.44 9.06 7.23 10.07 10.53 19.50 290 1.65 1.47 
2 5 2 5 2 5 2 5 2 6 2 7 2 8 2 8 3 3 3 3 3 3  

14.02 18.55 2 9 9  23.~2 24.70 26.42 24.48 25.86 11.29 9.63 8.47 

300% 275% 250% &c 2oooc 175% 1 d C  125Oc 1OoOC 75Oc 5ooc 
18.51 25.86 28.55 23.50 18.64 15.27 13.42 11.93 11.00 9.70 9.03 
4.97 8.67 11.00 8.29 4.06 1.92 1.24 1.43 1.11 0.63 0.61 
16 16 16 16 19 19 19 19 19 19 19 

17.61 22.85 25.43 22.97 19.07 16.34 13.16 11.28 10.22 9.38 8.40 
3.81 6.69 9.12 8.30 5.46 9.29 4.84 3.21 236 1.99 1.85 
3 5 3 5 3 5 3 5 3 8 3 8 4 0 4 0 4 0 4 0 4 0  

W o n .  
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4.2.2.2 Transition Temperature 

There are additional differences in expansion characteristics between welded and 
nonwelded tuffs. As shown in Figure 4-6, at a "transition temperature" of 1 50°C to 2OO0C, the 
MCTE increases more steeply for the welded tuffbut decreases for the nonwelded tuff. A 
transition is expected in the welded devitrified specimens due to phase changes in tridymite and 
cristobalite. These minerals occur, with or without quartz, as primary devitrification products in 
many samples of Yucca Mountain welded tu&. Phase transitions in synthetic tridymite occur at 
approximately 117OC and 163OC, and in synthetic cristobalite at approximately 272OC (Papike and 
Cameron, 1976), and involve notable changes in volume. Phase transition temperatures have been 
shown to vary significantly due to lattice variations found in natural occurrences of these minerals 
which are usually mixed phase material (Thompson and Wennemer, 1979). Previous and m e n t  
work on the mineralogy of welded tuEfiom TCw, TSwl, TSw2, and TSw3 suggest that these 
mixed phase assemblages are dominant. Hysteresis is 8ssociated with the phase changes because 
the phases invert at higher temperature during heating than during cooling. 

Strains measured during one temperature cycle for a specimen of welded and a specimen 
of nonwelded M a r e  shown in Figure 4-7. The strains increase (expansion is positive) for both 
tuffs until a "transition temperature" of approximately 175O to 225OC is reached. In both cases, 
the strain-versus-temperature curves then become more highly nonlinear; however, the slope 
increases for the welded specimen while it decreases for the nonwelded specimen. For the welded 
specimen, the strain is likely to be the result of phase transformations; the irreversible expansion 
may be a consequence of incomplete phase inversion on cooling. For the nonwelded specimen, 
some of the strain decrease (near 100OC) is attributable to loss of pore water, but most of the 
irreversible strain is probably a consequence of dehydration of perlitic volcanic @ass and clay 
mineds at elevated temperatures which results in a permanent volume decrease. It should be 
noted that not a l l  specimens show this type of behavior, and that analysis of mineralogical and 
petrologic data on the tested specimens will be necessary to I l l y  understand the cause of the 
behavior and its variations. 

Transition temperatures, as described in this report, were defined as the temperature 
regions over which the slopes of the strain-versus-time curves substantially changed, as 
determined by visual inspection. The transition temperatures reported here are considered to be 
approximate. 

41 



60 

50 

40 

30 
r 

b 
'Qo 20 

P 10 

0 

F w 

0 z 
0 

-1 0 

-20 

-30 

-40 
0 50 100 150 200 250 300 

Temperature ("C) 
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Some specimens that displayed sensitivity to transition temperature were analyzed to 
assess the role of the maximum test temperature. Specimens fiom approximately the same depth 
(i.e., h m  the same piece of original core) were tested to Werent temptxatmes. The results 
(e.g., see Appendix E specimens NRG-6-28.8 D and F vacuum saturated) showed that as long as 
the maximum test temperature remained below the transition ternmture, the specimens did not 
permanently change dimension (Le., no hysteresis was evident). The specimens expanded during 
the heating phase along a nearly linear curve and contracted during cooling along the same curve, 
with no discontinuity. These tests indicated that the transition temperatures probably caused 
physical changes in tuffthat altered the expansion characteristics. The maximum temperature to 
which the specimens were exposed affected the magnitude of the hystenzsis in the strain-versus- 
temperature curves. 

The transition temperature effects varied slightly among the T/M units and the boreholes. 
Several T M  units (e.g., PTn fiom NRG-4, and TSw2 fiom NRG-7 at depths between 384.4 and 
428.9 m) showed no temperatme transition effects. This is illustrated by the strain-versus- 
temperature data for NRG-7-1269.9-SNL-A shown in Figure 4-8. Other specimens and T/M 
units showed not only large hysteresis, but thermal expansion data characteristic of a phase 
change. Figure 4-9 shows data for TSwl specimen NRG-7-625.7--A. The strain increases 
until a transition temperature of approximately 250°C is reached. The slope then’increases 
steeply but levels off again above 300”C, presumably after the phase change is completed. 
During cooling, the phase change inverts between 250” and 200°C. 

4.23 Directional Anisotropy Tests 

Some NRG-6 specimens were tested for directional anisotropy. Two specimens fiom the 
same depth (i.e., the same piece of original core) wefe prepared so that their longitudinal axes 
were mutually orthogonal. In general, these tests showed that within the accuracy of the 
instrumentation there was no significant difference between specimens (e.g., see Appendix E, 
specimens NRG-6-7293A and NRG-6-729.2-B, vacuum saturated). 

4.2.4 MTM Reporting Requirements 
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ASTM procedures generally list reporting requirements. The ASTM procedure that invokes 
use of the Silica Dilatometer is ASTM E228 - 85, “Standard Test Method for Linear Thermal 
Expansion of Solid Materials With a Vitreous Silica Dilatometer.” Accordw to this Standard, 
the items tmmmrmd * below may be reported if available and applicable: 
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Figure 4-8. T h d  Expansion Data for Welded TSw2 Specimen NRG-7-1269.9-SNL-A 
Showing Essentially No Hysteresis. 
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Description of Materialy Chemical Composition, Khermal dMechanica1 History, 
Moisture Content, d Other Conditoning History: Chapters 1 and 2 of this report 
spec* the specimen origh, preparation, and conditioning. Chemical or mineralogical 
compositions are discussed in Section 4.4. Lithostratigraphic Unit Assignments are 
given in Appendix G. 

e Method of Test Specimen Preparation, Specimen Dimensions and Orientation if 
Anisotropic: This information is given in Chapter 2. Specimen axes were pardel to 
the borefible axes unless otherwise specified in Appendix E. 

e Description of Apparatus including DispEacment and Temperature Measuring 
Systems, Estimate of Precisiony Heating and Cooling Rates, Tempratwe Controky 
and any Protective Gas Other Thrm Air: This information is given in Chapter 3 of this 
report. 

e Listing of Refrence Materials and Procedure used for Calibratiok; This 
information is given in Chapter 3 of this report. 

Tabulation of Data, Including Initial Length at Referdkce Temperaturey Showing Test 
Temperatures and Linear Xhermal Expansion: Data are provided in Appendix E for 
each test specimen and summanzed * in Chapter 4 of this report. 

e 

Tabulation or Curves for IBermal Strain-Versus-Tempatme, MCE-Versus- 
Temperature, ICE-Versus-Temperature: These data are given in Appendix E for 
each test specimen. 

Complete Description of Any UmsuaI Behavior Such as Permanent Length Change, 
yisual Observations of PhysicaI Changes: Unusual behavior is described in Chapter 4 
of this report. 

4.3 Specific Heat 

4.3.1 Summary of Data 

Thermal capacitance data are summaclzed in Table 4-8 and plotted in Figure 4- 10. 
Thermal capacitance is given at each temperature for each specimen in Appendix C; Table C-1 
contains data for TSwl specimens &om NRG-4, and Table C-2 contains data for TSw2 specimens 
fiom NRG-5. Appendix F contains more detailed summary data for each tested specimen 
including plots of specific heat versus temperature. 
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Thermal capacitance is higher for TSw2 than for TSwl . Mean thermal capacitance ranges 
from 1.6 J a i 3 K 1  to 2.1 J.c~-~-R' for TSwl and from 1.8 Jan-3 .IC' to 2.5 J-c~-~.K-' for TSw2. 
All specimens show a localized peak in thermal capacitance at 150OC - 170OC. In general, t h e d  
capacitance increases monotonically until this temperature range is reached. For all TSwl 
specimens and some TSw2 specimens, thermal capacitance then decreases with increasing 
temperature as illustrated in Figure 4-1 1 for TSwl specimen NRG4619.9-C. Above 150OC - 
17OoC, other TSw2 spechens show initial decreases in t h e d  capacitance followed by increases 
or perhaps by additional broad peaks as illustrated in Figure 4-12 for TSw2 specimen NRG-5- 
808.5-C. Additional plots are given for each specimen in Appendix F. 

Table 4-8 Thermal Capacitance @.Cp) of Topopah Spring Tuff 

TSwl TSw2 
Temper MeanpCp Standard No. Temper MeanpCp Standard No. 
-ature Deviation of -awe Deviation of 

Tests Tests 
("c) ( J . c ~ - ~  .K') (J.me3 &) ("C) ( J . a - 3  (JG~I'~ .K") 
25 1.58 0.05 3 25 1.79 0.11 7 
50 1.68 0.05 3 50 1.88 0.11 7 
75 1.80 0.05 3 75 1.97 0.11 7 
100 1.91 0.05 3 100 2.16 0.11 7 
125 2.03 0.06 3 125 2.32 0.11 7 
150 2.14 0.11 3 150 2.45 0.13 7 
175 2.13 0.10 3 175 2.43 0.18 7 
200 2.09 0.07 3 200 2.40 0.16 7 
225 2.07 0.06 3 225 2.39 0.17 7 
250 2.05 0.05 3 250 2.39 0.19 7 
275 2.03 0.05 3 275 2.39 0.22 7 
300 2.03 0.06 3 300 2.43 0.26 7 

As noted in Section 3.3.2, heat supplied to the specimen either causes its temperature to 
rise or is used to convert specimen material from one physical state to another. A phase change 
that absorbs heat will cause the measured value of heat capacity (effective heat capacity) to rise. 
Once the phase change is completed, the effective heat capacity will return to its baseline value. 
N i c k  and Connolly (1991) calculated theoretical values of effective specific heat based on 
mineralogkal data for from Yucca Mountain. Their results, given in Figure 4-13 for 
devitrified Topopah Spring e, show theoretical changes in effective specific heat (labelled as 
heat capacity in their plot) with temperature. Two phase transformations are shown. The 
tridymite and qstobalite phase transformations shown here are centered at 163OC (436K) and 
225OC (498K), respectively, and both are are arbitrarily assumed to o m  over 20°C intervals. 
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As noted in Section 4.2.2.2, phase transitions in synthetic tridymite also occur at 117”C, and at 
approximately 272°C in synthetic crystobalite. 

We believe that the peaks in specific heat shown in Figures 4-1 1 and 4-12 are related to 
phase changes; however, the data presented here are insufficient to correlate these peaks more 
specifically with mineralogy. It is worth noting that the peaks in specific heat at 150°C - 170°C 
occur at a temperature range associated with the phase change in tridymite (163OC). It is also 
evident that there were no significant changes in specific heat for these airdried specimens at 
lOO”C, indicating that dehydration effects were minor. 

4 3 2  Comparison With Existing Data 

Values of thermal capacitance were calculated by Nimick and COMO~~Y (1991) from 
chemical and mineralogical data and published heat capacity data for the Constituent minerals. 
Their values of thermal capacitance are given in Figure 4-10 along with the experimental data. 
For both the theoretical and experimkntal data, values for TSw2 are higher than for TSwl. The 
two sets of data rougbly coincide, which is very encouraging considering the many assumptions 
inherent in N e c k  and Connolly’s work. Measurements of heat capacity are very sensitive to 
moisture content and to the types of water present. The experimental data were obtained on air- 
dried specimens containing 0.3 percent to 0.7 percent water by weight, whereas the calculated 
data were based on a water content of 5.5 percent by weight. Additionally, Nimick and Connolly 
believed that calculated values above 100°C would probably be high because they assumed that 
all HzO’ remained in the glass during heating. Calculated values near 100°C were omitted from 
the plot because they were highly influenced by heat of vaporization of water. 

4 3 3  ASTM Reporting Requirements 

The ASTM procedure for determination of specific heat that pertains to geologic 
materials is ASTM D 461 1 , “Standard practice for Specific Heat of Rock and Soil”. That 
procedure is based on the drop calorimeter rather than the adiabatic calorimeter and so the 
reporting requirements will be addressed as applicable. 

Sample descr@tion including size, form, and mass. Chapters 1 and 2 of this report 
spec@ the specimen origins, form, preparation, and conditioning. Specimen 
dimensions and masses are given in Appendix F. Chemical and mineralogical data 
for these specific specimens are currently unavailable. Lithostratigraphic unit 
assignments are given in Appendix G. 

The entW’chge d & o p  temperatures. The enthalpy change and temperatme 
change corresponding to a single *on of specific heat are collected using a * 
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microprocessor and stored on electronic media using dual storage. In addition, all 
computer printouts of data generated during testing are collected and become part of 
the Scientific Notebo~ks.~ 

The calculated mean or instantaneous specicfic heat, or both. These data are provided 
in Appendix F. 

Trpe of calorimeterfluid used (iyany). Not applicable. No calorimeter fluid was 
used. 

0 Tibe contribution of the capsule to the total enthalpy change for each drop ercent). 
The most analogous information under the procedure used in this study would be the 
contribution of the sample container to the total heat loss. This information is 
recorded in the Scientific Noteb~oks.~ 

Type of temperature readout used (both on the calorimeter and sample). All 
temperatures were measured with type-K thermocouples. All data collection was 
performed by a microprocessor. 

Any deviationfiom testprocedure. The test procedure used here is documented in 
detail in SNL TP-204, Measurement of Specijic Heat of Geologic Samples by 
Adiabatic Pulse Calorimetry. 

4.4 Petrographic and Mineralogical Characterization 

4.4.1 Summary of Data 

All data presented for the samples are summarized in Table 4-9. These data are presented 
to facilitate comparison of mineralogy and petrology characteristics with the laboratory thermal 
conductivity, thermal expansion, and heat capacity test results presented in this report. Samples 
are identified by depth (in feet). 

4.4.2 Colors and Arrangements. 

Colors shown in Table 4-9 are those observed in examination of hand samples. Color 
names do not utilize a standard color chart, but are names routinely used in field descriptions of 
rock samples. An attempt was made to identifjl different colors present and estimate their 
relative modal proportions. Most samples are composed of m a y  discrete areas of different 
colors, and are notably inhomogeneous in appearance. In the row labeled “C01or‘~ an attempt 
was made to qualifjl this inhomogeneity. If colors were sufficiently blended to give a generally 
uniform appearance in hand sample, it was designated as “uniform’y. If colors appeared splotchy 

The Scientific Nottbooks are under miew and will be available through tbe Sandia Natioad Laboraton ‘ts Participant Data 
Archive under the following dataset identification nmnber, sNu)1C12159302.002. 



in a generally regular manner, the sample was designated as "mottled". If colors gave an 
irregular appearance in the hand sample, the sample was designated as "irregular". If colors gave 
a splotchy appearance overall and also showed a strong p r e f d  elongation fabric, it was 
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designated as “streaked”. It is important to remember that these descriptive qualifiers are on the 
scale of a hand-sized sample (generally 2 cm to 10 cm across) and will not reflect larger-scale 
variations in color components. 

4.43 Welding 

The absence, presence, and degree of welding was estimated based on visual observations 
of hand samples and thin sections. Weak and moderate welding reflects compaction of the 
original components of the tuff in vertical compression as a consequence of loading of a thick 
section of hot ash-flow. Strong welding (as defined here) usually reflects some flow in the 
compacting material in addition to extreme compression. 

Non-welded samples (Designated 0 in Table 4-9) show the presence of undefonned 
pumice and shards. Weakly welded samples (Designated 1) show the presence of some flattening 
of pumice and preferred orientation of shard components. Moderately welded samples 
(Designated 2) show strong flattening of pumice, and notable deformation and pref‘erred 
alignment of shard components. Strongly welded samples (Designated 3) show extreme flattening 
of pumice (usually losing all primary textures and appearing as highly elongate *e) and 
destruction of most primary shard textures. 

4.4.4 Pumice and Fiamme content 

Pumice is a major component of all of the tu6 examined. In nonwelded samples, it 
appears in its primary textural state as volcanic glass with abundant gas bubbles present as pores, 
either open or partially fiiled with clays or other minerals. In welded devitrified samples pumice is 
generally present as fiaxnme (from the Italian for flame whose structure they often resemble); 
these are elongated pumice fhgments which have been strongly flattened as a consequence of 
compaction during weldmg. Fiamme loose their porous pumice structure with increasing degree 
of welding. 

Pumice is present in all samples examined. The qualitative abundance estimates are based 
on visual estimates for hand samples and point counts for thin sections. “Rare” (Designated 1) 
indicates under about 10 p e r m  pumice, “Common” (Designated 2) indicates under about 50 
percent pumice, and “Abundant” (Designated 3) indicates significantly more than 50 percent of 
the rock is pumice. 

4.4.5 Glass Abundance 

Glass is only present in samples fkom the non-welded interval (samples between 143.5 ft 
and 241.5 fi) and glassy components dominate most samples in this interval. Abundance 
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estimates for glass are very qualitative and based on the recognition of visibly glassy fkagments in 
hand samples and isotropic optical properties in thin sections. Very fine-grained components 
which may be glassy are commonly not recognizable as such because of the very fine grain size. 
Examhation of X-ray difbction data (not presented in Table 4-9 because mineralogical analysis 
is incomplete) suggests that glass (as pumice, shards, and fine-grained matrix) comprises perhaps 
50 percent to 70 percent of these samples. 

4.4.6 Lithophysal Zones and Consistency 

Lithophysae are ovoid to flattened zones of vapor-phase alteration, generally showing a 
light gray color, with or without a central porous zone which occur within devitrified welded ash- 
flow tuff. As defined here, lithophysae include both the central lithophysal cavity and the 
surrounding zone of vapor-phase alteration. In Table 4-9, relative abundance oflithophysae are 
estimated in a manner similar to that used for pumice, however the absolute abundance is much 
lower. Due to the small size of hand samples and thin-sections examined and the inhomogeneous 
o m e n c e  of lithophysae, abundance estimates cannot be taken to be absolutely representative of 
samples. “None” (Designated 0) indicates no lithophysae were noted, ‘%are” (Designated 1) 
indicates no more than 1 percent to 3 percent lithophysae, “Common” (Designated 2) indicates 
under about 3 percent to 15 percent lithophysae, and “Abundant” (Designated 3) indicates more 
than 15 percent to 25 percent (or more) lithophysae. These estimates do not include only the 
central porous zone, but also include the surrounding zone of vapor-phase alteration. The 
maximum size of Iithophysae and dated cavities as observed in the samples, as well as 
description of the shape of the features are included in Table 4-9. 

Lithophysae are recognized intermittently in samples fiom depths greater than 354 ft, but 
are most abundant and consistently present between samples at 416.0 ft and 693.1 ft. 
Lithophysae are notably absent in most samples from greater than 792.2 ft depth. 

It should be noted that zones with a significant content of large lithophysae generally show 
very poor core recovery in drill holes, and that our sample suite in some intervals may be 
significantly biased toward nonlithophysal samples because of this. 

4.4.7 Lithic Fragment Abundance 

Lithic fragments are defined as fiagments of pre-existing volcanic or other crystalline rock 
which have been incorporated into the rock examined. Lithic fiagments are rare (under 1 percent 
- 2 percent of the mode) in almost all samples with the exception of the sample fiom 488.0 A 
which contains several large lithic fiagments. 
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4.4.8 Modal Analysis 

Detailed modal analyses were made only for samples for which thin sections were 
available. For hand samples, a visual estimate of total phenocryst content is the only modal data 
presented. It should be noted that point counts made on thin sections, while very accurate for the 
thin section area, may sigdcantly under- or over-estimate amounts of certain components in the 
sample as a whole (chiefly large components such as lithophysae or large lithic fragments) ifthese 
fragments are absent or present in the thin section being counted. 

The primary phenocrysts present in the samples are quartz, plagioclase, allrali-feldspar, 
and biotite and iron-titanium oxides (combined as “Mafic” in Table 4-9). The interval between 
169.5 ft and 458.7 ft  shows total phenocryst percentage of generally over 5 percent, with the 
highest amounts (> 15 percent) between 276.2 ft and 392.6 ft. Samples fiom 488 ft and below 
are all extremely low in phenocrysts, generally well under 2 percent. 

The major components of tuffaceous rocks are shards, pumice and matrix, and point count 
data for these components are included in Table 4-9. Shards are m a r  fkgments, generally 1 
mm - 2 mm or less in long dimension, which are formed by explosive eruption of the gas-rich 
magma, and are a major component of most volcanic ash. While shards are a major component of 
most explosive silicic eruptions, their primary textures may be destroyed by crystaliization or 
other alteration as the ash is turned into rock by welding and devitrification. In the point count 
data, shards were only counted as such when the primary texture was recognizable in the rock. 
Matrix is the he-grained component of the ash, generally in a size range under 10 pm. Much of 
the matrix counted in the devitrified samples (all samples but those in the interval 143.5 ft to 
24 1.5 ft) is probably in-part the result of the process of welding and devitrification. Pumice or 
fiamme (described previously) can show sigmficant variation depending on the actual eruptive 
source, but also commonly have their primary textures obscured or destroyed by welding and 
devitrification. 

Porosity visible in thin section includes only those pores which are larger than 15 pm to 
20 pm and are clearly visible as pore space. Pores in the matrix smaller than what is visible in thin 
section can contribute significantly to the bulk porosity of the rock, but cannot be identified by 
optical techniques (since they are significantly smaller than the 30pm thickness of the thin 
section). It is important to note that the point count results for visible porosity include areas of 
the thin sections which are also included in the count of shards, pumice and matrix, i.e., these 
areas have been counted twice so that areas of shards, pumice, and matrix which include pores are 
still included in the count area for those components. In general, most visible porosity is counted 
within pumice and shards. 
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In general, the qualitative estimates of porosity of hand samples show positive correlation 
with the porosity visible in thin sections, but in some cases (chiefly in the welded interval between 
276.2 ft and 648.6 fk, including most of the lithophyd zone) the porosity visible in the hand 
samples is more abundant that that in the thin sections. This is primarily a result of the irr@ar 
occurrence of pores in lithophysae and fiamme with may be under-represented in the thin sections. 

4.4.9 Estimates of Primary Mineralogy and Proportions Utilizing X-ray Diffraction 

Most of the XRD data for these samples were gathered in 1994. Major mineral phases 
present in the samples were identified by comparison of X-ray difhcticm (XRD) patterns for the 
powdered rock samples with patterns for standard minerals in the International Center for 
D e c t i o n  Data Powder DiflG.action File. primarily because of the difticulties in evaluating the 
amounts of glass present, mineral proportions were not estimated for the nonwelded samples 
(between 143.4 ft and 241.5 8). 

The integrated intensities of the characteristic XRD peaks for the minerals identified were 
calculated fiom the data and, using reference intensity rations (RIRs) published by Bish and 
Chipera (1989), estimates of the proportions of the mineral phases were calculated using the 
“Matrix-Flushing” method of Chung (1974% 1974b). These results are presented in Table 4-9, 
and must be considered qualitative. The data upon which these analyses were based was gathered 
without using an internal standard, and this is the primary factor Wting the results as qualitative. 
Factors compromising the absolute accuracy of the results are: 

1. The published RIRs were obtained using other XRD equipment and may not be exactly 
correct for the XRD system upon which these data were obtained. 

2. The resultant amounts are normalized to 100 percent, thus any unidentified minerals are not 
represented in the results. The detection limit for most mineral phases is estimated to be 
about 3 to 5 wt percent depending on the particular mineral. Porosity is also not included in 
this estimate. The result is that all other things being correct, the actual amounts of the 
minerals reported will be reduced by the amount of unidentified material present. 

3. RIR’s may not be accurate for some mineral phases, particularly feldspar and possibly 
tridymite where the values may vary somewhat with variations in chemical composition. 

. .  . All of the above error-inducing factors may be mtlllIlllzed by mixing a known proportion 
of a mineral standard (such as comdum) with the sample powders as an internal standard, and by 
determination of RIRs for mineral standards on the same equipment with the same internal 
standard. In addition to eliminating most problems with RIR determinations, the presence of an 
internal standard also eliminates the problems connected with normahation and the presence of a 
significant amount of material (such as glass) which cannot be accurately determined by XRD; in 
an internal-standard method, the amount of each m i n d  is deterxnined against the standard 



independently of other minerals in the sample. These techniques have been developed over the 
past year, and application to the samples included in this report require another round of data 
collection and analysis. 

The minerals identitied by X-ray diffraction in the devitrified samples from NRG-6 include 
the silica phases cristobalite, quartz, tridymite, feldspar (plagioclase and sodium- and potassium- 
rich alkali feldspar), and a clay mineral (primarily illite). The following points are noted about the 
minerals identified and their occurrence: 

1. 

2. 

3. 

4. 

Cristobalite is present in virtually all devitrified samples, and is the dominant silica phase in 
most samples. 

Quartz is absent in all samples shallower than 458.7 ft, and does not appear abundantly until 
648.6 ft. Note that the “phenocryst” quartz is not identitied in the XRD patterns; this is 
attributed to its low abundance and probably its reIativeIy large grain size in the powders 
analyzed which tends to suppress the XRD peak intensity. 

Tridymite is intermittently present in samples at 425.3 ft or less depth, and was not identified 
in any quartz-bearing samples. 

Clay (Illite) is identitied fiom many (but not d) samples in the same interval from which 
Tridymite was identified. 

Some fiuther discussion of mineralogical results is included in section 4.4.1 1 in relation to 
the USGS lithologic classification scheme. 

4.4.10 Water Content and Significance 

The total water content in weight percent for all samples analyzed chemically is included in 
Table 4-9. The total water content is obtained by adding the H20- (water lost under 1 10°C) with 
H@+ (water lost on ignition at 1000°C) fkom the chemical analysis. 

Water content is consistently high (between 4 percent and 7 percent) in the nonwelded 
interval. Most ttd& containing only perlitic glass show water contents around 3 percent, and tuffs 
which have si&cant zeolitic alteration typically show water contents of 9 percent to 15 percent. 
These samples show water contents which are typical of tuffs with perlitic alteration of volcanic 
glass and some clay alteration. 

Water content is consistently lower in the welded and devitrified tuf€k, but shows 
significant variation. A devitrified rhyolitic tuff which contains no clay mineraiS or other alteration 

59 



will typically have a total water content between 0.5 percent and 1.0 percent. A devitrified quartz- 
latite tuffwill typically show a total water content somewhat less than a rhyolite. Upward 
deviations fiom these averages generally will be due to the presence of hydrated mineral phases 
such as clays, and the samples which show this deviation are at 416.0 A, 425.3 ft, 458.7 A, and 
802.7 ft. For the shallower samples, there appears to a clear correlation with identified clay 
minerals; a clear mineralogical correlation for the deeper sample is not evident. 

4.4.11 Comparison with Existing Data 

The USGS has applied a lithostratigraphic classification to rocks from drill hole NRG-6 
(Geslin et al., 1995), and their unit designations have been included in Table 4-9. In general, the 
Iithologic units are consistent with the data presented in this report, with some variations as 
discussed below. 

Eight samples from the Tiva Canyon Tuf‘f (Tpc) include three fiom the devitrified lower 
lithophysal zone (pll) and one fiom the devitrified lower nonlithophysal zone (plnc), 
and four .from the crystal-poor vitric zone (pv). In the devitrified samples, total 
phenocryst content is somewhat lower than determined by point count (2 percent - 3 
percent versus our 3 percent - 6 percent), and no clay minerals were identified although 
clay is reported to be “abundant” in the interval between 106 A and 125.2 ft. Although 
in the moderately welded subzone (pv2), the sample at 143.5 ft does not show textural 
evidence of welding in thin section, but does show low porosity which could suggest 
some welding. 

Three samples of Bedded tuffs (Tpb) from subzones 3 (161.4 ft) and 4 (169.5 ft and 
174.0 ft) are highly variable texturally as is characteristic of tuffaceous fall deposits, 
however the subzone 4 samples show significantly higher phenocryst contents than is 
implied by the description given by Geslin et al. (1995). 

Three samples from the Pah Canyon Tuf‘f (Tpp) all have higher phenocryst contents, 
and higher pumice contents than implied by the descriptions of Geslin et al. (1995). 

Two samples of Bedded tuflk (Tpbt2) have bigh pumice and low shard contents typical 
of tufheous fall deposits as described by Geslin et al. (1995). 

Twenty-seven samples (between 276.2 A and 427.0 ft) are Topopah Spring Tuff (Tpt) 
&om the crystal-rich nonlithophysal zone (m). Variations are noted within our detailed 
data which are not noted in the descriptions of Geslin et al. (1 995) as follows: 

1. Lithophysae are noted intermittently beginning at 354.9 ft, and are abundant 
beginning at 416.0 ft, suggesting the boundary with the lower lithophysal zone 
might be moved upward by 10 ft  - 15 ft. 
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2. There is a break in total phenocryst abundance somewhere between 390 A and 
395 A indicated by a notable drop by about half of total phenocryst content. 

3. The lower part of the zone in which lithophysae begin to be abundant also 
contains clay minerals. 

The crystal transition subzone (Tpt-rll) of Geslin et al. (1995) is represented two 
samples in our data (458.7 A and 462.3 A), and our samples show the described 
decrease in phenocryst content. 

0 Fifteen samples (between 488.0 ft and 693.1 f€) represent the crystal-poor upper 
lithophysal zone (Tpt-pul2 and pull) of Geslin et al. (1995). The zone is characterized 
by abundant large lithophysae, and under 2 percent total phenocryst content. Geslin et 
al. (1995) indicate considerably less pumice than our point count data suggesting that 
they did not include fiamme in their estimation of pumice content, but overall their 
lithologic description agrees well with our observations. Mineralogically, the first 
significant amount of quartz as a devitrification product occurs within this zone. 

Fifteen samples (between 720.6 A and 806.8 A) represent the crystal-pr middle 
nonlithophyd zone (Tpt-pmn) of Geslin et al. (1995). This interval is crystal poor, 
nonlithophysal (with the exception of the sample at 773.5 ft in agreement with the 
descriptive data of Geslin et al.). 

0 Twenty-three samples (between 848.0 ft and 1085.0 A) represent the crystal-poor lower 
lithophysal zone (Tpt-pll) of Geslin et al. (1995). Geslin et al. (1 995) identi@ 
"numerous cavernous @eater than 10 em) lithophysae in downhole videotape" which 
are poorly to non-represented in most of the samples examined. Lithophysae were only 
identified in five samples (926.3 ft, 934.0 ft, 940.5 A, 952.2 ft, and 1081.0 A), however 
our ability to recognize lithophysae may have been inhibited by the relatively small size 
of the samples. These observations suggest that this is an interval in which thermal and 
mechanical testing of laboratory samples may not accurately predict the behavior of the 
rock mass as a whole. Previous work on lithophysal samples (Price et al., 1985) have 
noted the correlation between tridymite and lithophysae. It is noted here that tridymite 
is present in most samples fiom the upper lithophysal zone (Tpt-pul), but is notably 
absent in samples from the lower lithophysal zone (Tpt-pll). 
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4.5 Preliminary Comparison of Mineralogical Data with Thermal Properties 

Mineralogies were examined to determine ifcorrelations exist between thermal properties 
and the presence of certain minerals. In this section, correlations between the petrographic and 
thermal expansion data are discussed. T h d  conductivity data are not discussed in this section 
because these data did not indicate any apparent mineral phase changes. Heat capacity data are 
also omitted because these data were obtained for NRG-4 and NRG-5 while the petrographic 
characterizations were obtained for NRG-6. 

Section 4.2.2.2 contained a discussion of transition temperatures and hysteresis observed 
during thermal expansion testing. These characteristics of the thermal expansion curyes were 
discussed in light of phase changes expected in tridymite and cristobalite. Two characteristics of 
the thermal expansion curves are examined here. First, strain hysteresis (the difference in 
measured strains between the initial value at 25OC and the final value at 35OC) was tabulated for 
oven-dried specimens that had been cycled to 3 10°C - 32OOC. Second, the MCTEs determined at 
3OOOC during the heating cycle were tabulated for these same oven-dried specimens. A linear 
least squares regression was performed to correlate each of these thermal expansion 
characteristics with each of the petrographic characteristics listed in Table 4-9. The resulting 
correlation coefficient (?) indicates the proportion ofvariability in a thermal expansion 
characteristic that can be explained by a linear relationship with a petrographic characteristic. Of 
the 97 samples that were petrographically analyzed, 18 were for welded specimens that were 
originally adjacent to thermal expansion test specimens and 13 of these were used for semi- 
quantitative XRD analyses of silica components. All 18 samples were used for correlations of 
thermal properties with color and welding characteristics. The subset of 13 samples was used for 
correlations of thermal propeities with lithophysae characteristics, lithics, modal percentages of 
minerals, major components, porosity, sifica phase components, and water content. The 
correlation coefficients determined for each linear regression are shown in Table 4-10. The 
petrographic characteristics are listed sequentially in the table. For each petrographic 
characteristic two correlation d c i e n t s  are g i v q  the tint shows the correlation with strain 
hysteresis, and the second shows the correlation with MCTE at 300OC. 
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It is evident fiom the data in Table 4-10 that the correlation coefficients are generally low. 
The highest value corresponds to strain hysteresis versus lithophysae (or cavity) shape (?= 
0.741), and the next highest value corresponds to strain hysteresis versus lithophysae (or cavity) 
abundance (?=0.540). Strain hysteresis is plotted versus lithophysae shape and abmdance in 
Figures 4-14 and 4-15, respectively. The plots are identical for cavity shape and abundance and 
so these are not shown. 

High correlation coefficients were expected for tridymite and cristobalite contents and 
these data are plotted in Figures 4-16 through 4-19. Strain hysteresis and MCTE are plotted 
versus tridymite content in Figures 4-16 and 4-17, respectively, and plotted versus cristobalite 
content in Figures 4-18 and 4-19, respectively. The highest correlation coefficient is for strain 
hysteresis versus tridymite content (8 = 0.367). It is interesting to note that for specimen NRG-6- 
900.4, there is no tridymite or cristobalite present, yet the& expansion testing resulted in a 
hysteresis of over 1 100 microstrain. 

The poor correlation between thermal properties and mineralogical composition may be 
explained in several ways. First, the data set is very limited. Thermal expansion data and detailed 
mineralogical data are both available for only 14 specimens. Second, the mineralogical analyses 
were not performed on the test specimens themselves, but on pieces of rock taken fiom near the 
test specimens. Compositional inhomogeneity within the rock mass may add variability to these 
results. Third, hysteresis in the thermal expansion data may be influenced by more than just 
mineralogy (e.g., lithophysae) and a larger database andor further analyses may be required to 
separate the innuences of each of these variables. 



Table 4-10. Correlation Coefficients for Petrographic and Thermal Expansion Data 

(*) N/A = Not Applicable. For many petrographic characteristics data were only available for the 13 samples with 
in-depth analyses. If data were available for all 18 samples, then comhtion coeflticients were not calculated for the 
subs3 of 13 samples. 
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5.0 SUMMARY AND CONCLUSIONS 

A very extensive data set for thermal conductivity and thermal expansion has been 
presented for boreholes UE25 NRG-5, UE25 NRG-5, USW NRG-6, and USW NRG-7/7A A 
total of 143 thermal conductivity tests were conducted on 95 test specimens, 132 thermal 
expansion tests were conducted on 120 specimens, and 10 specific heat tests were conducted on 
10 specimens. Specimens were tested at several saturation states including oven dried, air dried, 
partially saturated, and vacuum saturated. Tests were conducted at room pressure and at 
temperatures up to 300OC. Petrologic data were obtained fiom 97 NRG-6 samples. 

Thermal conductivities were highest for saturated specimens and lowest for dried 
specimens. Thermal conductivities, averaged over all boreholes, ranged (depending upon 
temperature and saturation state) fiom 1.2 . W(mK)" to 1.9 W(mK)-' for TCw, fiom 0.4 - 
W(mK)-' to 0.9 W (mKY' for PTn, fiom 1.0 - W(mK)" to 1.7 W - (&)-I for TSwl, and fiom 
1.5 - W(mKy' to 2.3 W (mKy' for TSw2. Thermal conductivity results showed that for oven 
dried specimens, thermal conductivities increased slightly or remained constant as temperature 
increased fiom 25OC to 300OC. The PTn T/M Unit consistently showed the lowest thermal 
conductivities while the TCw and TSw2 units had the highest conductivity values. TSwl 
specimens spanned a large range of thermal conductivities and were intermediate in value. 

Mean co&cients of thermai expansion were highly temperature dependent and values, 
averaged over all boreholes, ranged (dependiig upon temperature and saturation state) fiom 6.6 x 
lo4 - OC' to 49 x lo4 - OC" for TCw, fiom the negative range to 16 x lo4 s 0 C 1  for PTn, from 
6.3 x lo4 - OC-' to 44 x lo4 - OC" for TSwl, and fiom 6.7 x lo4 O C 1  to 37 x lo4 - "c" for 
TSw2. Thermal expansion coefficients showed substantive differences between welded and 
nonwelded specimens. Moisture effects were apparent in nonwelded specimens. Even for oven 
dried specimens, the nonwelded PTn TIM unit showed dehydration and volume loss at 100OC. At 
more elevated temperatures, these specimens generally continued to shorten as bound water was 
released. Thermal expansion of the welded specimens showed no moisture dependence. At 
temperatures near 200°C, hysteresis in the strain-versus-temperature curves became apparent in 
most specimens. Most of this was probably caused by phase changes in trydimite and cristobalite, 
however, this was not clear from comparison of thermal expansion and mineralogical data. 
Although most expansion reversed during cooling, substantial permanent elongations (up to 200 
microns or 0.4 percent strain) were observed. 

Thermal capacitance values were lower for TSwl specimens fiom NRG-4 than for TSw2 

- K" specimens fiom NRG5. Mean values of thermal capacitance (averaged over all specimens) ranged 
fiom 1.6 J - IC' to 2.1 J cmS3 - K" for TSwl and fiom 1.8 J . cmm3 - K" to 2.5 J - 
for TSw2. The irregular slopes of the specific heat - versus - temperature curves are most likely 
related to phase changes. No mineralogical data were obtained for NRG-4 and NRG-5 
specimens. 
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The data presented here suggest relationships between measured t h e d  properties and 
composition; however, the relationships are not well understood. Additional data and correlation 
analyses between composition (including presence and amounts of tridymite, cristobalite, clay, 
zeolites, tightly and loosely bound HzO, and textural arrangement of these components) and the 
thermal behavior of the samples should lead to a more systemic understanding of the observed 
variations. This should be particularly helpll in understanding the source of the hysteresis and 
permanent deformations in the thermal expansion data and the source of peaks in the thermal 
capacitance curves. The mineralogical phase changes discussed in this report are pressure 
sensitive, and the temperature at which the transition occurs increases with pressure. Dilation 
associated with the heating of fractures and pore volumes may also be suppressed by elevated 
pressures. Additional work includes examination of transition temperature effects at elevated 
confhing pressure. 
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Table A- 1. Thermal Conductivity Values for Borehole NRG-4. 

ThermaVmechanical Unit PTn: Nonwelded, Viric: Oven dried 

Sample Low Temperature Thermal High Temperature Thermal 

Depth ID 30°c 50°C 70°C llO°C 155OC 2WoC 245OC 290OC 
ID Conductivity Cycle'') (W/(m K)) Conductivity Cycle'') (w/(m K)) 

(ft) 
431.3 B 0.32 0.34 0.34 0.32 0.34 0.35 0.36 0.36 

450.6 B 0.35 0.37 0.37 0.36 0.39 0.39 0.40 0.40 
0.33 0.34 0.31 0.33 0.34 0.35 

0.36 0.37 0.36 0.37 0.39 0.40 
470.0 B 0.36 0.38 0.38 0.36 0.37 0.37 0.38 0.39 

I 0.36 0.38 I 0.35 0.37 0.38 0.39 
NID' = 6 6 3 6 6 6 6 3 

Mean= 0.35 0.36 0.36 0.34 0.36 0.37 0.38 0.38 
STD@'= 0.018 0.019 0.021 0.023 0.022 0.021 0.021 0.021 

ThermaVmechanical Unit TSwl : Welded, Devitrified: Oven dried 

Sample Low Temperature Thermal High Temperature Thermal 

Depth ID 30°c 5ooc 70°C llO°C 155% 200°C 245OC 29OoC 

529.0 A 0.72 0.76 0.80 1.18 1.22 1.23 1.23 1.19 

545.0 G 0.63 0.67 0.69 0.90 0.94 0.95 0.96 0.97 

586.2 B 0.63 0.67 0.69 0.95 1 -00 1.01 1.02 1.02 

590.5 B 0.65 0.69 0.71 1.01 1.05 1 -06 1.06 1.05 

610.5 B 0.73 0.77 0.80 1.14 1.18 1.16 1.13 1.09 

619.9 B 0.55 0.59 0.62 1.17 1.21 1.22 1.21 1.17 

654.0 B 0.72 0.77 0.80 1.18 1.22 1.23 1.22 1.19 

ID Conductivity Cycle(a) (W/(m K)) Conductivity Cycle(') (W/(m K)) 

(ft) 

1.14 1.17 1.18 1.17 

0.89 0.92 0.93 0.95 

0.94 0.98 0.99 1 .oo 

0.98 1.02 1.02 1.03 

1.05 1.07 1.07 1 -07 

1.11 1.15 1.15 1.16 

1.13 1.17 1.17 1.17 
NtD' = 7 7 7 14 14 14 14 7 

Mean= 0.66 0.70 0.73 1.06 1.09 1.10 1.10 1.10 

(a) Data were taken as temperature cvcled up to peak value and then ramped down 
@) N = Number of samples; STD = Standard deviation 

, STD'b)= 0.066 0.068 0.071 0.108 0.108 0.106 0.097 0.088 
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Table A-1 (continued). Thermal Conductivity Values for Borehole N R G 4  

ThermaVmechanical Unit PTn: 
Nonwelded, Viric: Vacuum saturated 

(ft) I 
470.0 A I  0.97 0.92 0.96 

N'a' = 1 1 1 
Mean= 0.97 0.92 0.96 

STD'a'= NA NA NA 

ThermaVmechanical Unit TSwl : 
Welded, Devitrified: Vacuum saturated 

(ft) 
, 529.0 A 1.61 1.66 1.67 

586.2 A 1.51 1.61 1 -64 
654.0 A 1.76 1.80 1.80 

N'a' = 3 3 3 
Mean= 1.63 1.69 1.70 

STD@'= 0.126 0.098 0.085 

(a) N 5: Number of samples; STD = Standard deviation 



Table A-2. Thermal Conductivity Values for Borehole NRG-5. 

ThermaVmechanical Unit TSwl : Welded, Devitrified: Oven dried 

Sample Low Temperature Thermal High Temperature Thermal 

Depth ID 30°c soot 70°C llo°C l s ° C  20O0C 245OC 290OC 

781.8 A 1.16 1 20 1.22 1.02 1.05 1.05 1.04 1.01 

791.6 A 0.91 0.93 0.95 0.84 0.87 0.87 0.85 0.85 

ID Conductivity (W/(m K)) Conductivity Cycle(a) (W/(m K)) 

(ftl 

0.98 1 .oo 1 .oo 1.00 

0.80 0.82 0.83 0.83 
N") = 2 2 2 4 4 4 4 2 

Mean= 1.64 1.07 1.09 0.91 0.94 0.94 0.93 0.93 
STD'b)= 0.177 0.191 0.191 0.106 0.108 0.104 0.106 0.113 

ThermaVmechanical Unit TSw2: Welded, Devitrified Oven dried 

Sample Low Temperature Thermal High Temperature Thermal 

Depth ID 30°c 50°c 70°c iiO°C l s ° C  200OC 245OC 29OoC 
ID Conductivity Cyclefa)(W/(m K)) Conductivity Cycle(') (W/( m K)) 

(ft) 
834.8 B 2.15 2.13 2.07 1.65 1.68 1.68 1.66 1 -64 

843.5 A 2.02 2.01 1.97 1.65 1.69 1.68 1.67 1.63 

848.0 6 0.81 0.86 0.90 1 .51 1.55 1.55 1.52 1.46 

853.8 A 2.20 2.17 2.14 1.71 1.74 1.73 1.72 1.67 

874.9 B 2.19 2.18 220 1-68 1.72 1.71 1.69 1.64 

879.6 A ND ND ND 1.63 1.66 1.64 1.63 1.58 

886.5 6 0.80 0.85 0.88 1.38 1.42 1.42 1.42 1.39 

893.3 B 0.90 0.94 0.97 1.44 1.51 1 S O  1.50 1.47 

899.8 6 0.86 0.91 0.95 1.49 1.53 1.52 1.50 1.44 

1.66 1.69 1.66 1.64 

1.65 1.69 1.66 1.64 

1.49 1.52 1.49 1.47 

1.70 1.73 1.71 1.68 

1.67 1.70 1.67 1.65 

1.62 1.65 1.63 1.60 

1.36 1.40 1.39 1.39 

1.48 1.51 1.49 1.48 

I 1 1.46 1.49 1.47 1.45 
N'" = 8 8 8 18 18 18 18 9 

Mean= 1.49 1.51 1.51 1.57 1.60 1.59 1.57 1.55 
STD'b)= 0.696 0.661 0.629 0.115 0.112 0.109 0.105 0.106 
Data were taken as temperature cvcled up to peak value and then ramped down 

@) N = Number of samples; STD = Standard deviation: ND = No data 
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Table A-2 (continued): Thermal Conductivity Values for Borehole NRG-5 

ThermaUmechanical Unit TSwl: 
Welded, Devitrified: Vacuum saturated 

Sample ID Low Temperature Thermal 

Depth ID 30°C 50°C 7OoC 
Conductivity (w/(m K)) 

(ft) 
781.8 A 1.98 1.97 1.92 
791.3 A 1.93 1.84 1.78 

Nta' = 2 2 2 
Mean= 1.96 1.91 1.85 

STD"= 0.035 0.092 0.099 

ThermaUmechanical Unit TSW. 
Welded, Devitrified: Vacuum saturated 

Conductivity (w/(m K)) 

(ft) 
834.8 A 2.12 2.12 1.92 
843.5 A 2.17 2.25 2.20 
848.0 B 2.71 2.66 2.61 
852.5 B 2.34 2.32 2.26 
874.3 B 2.36 2.35 2.32 
879.6 A 3.57 3.36 3.09 
886.5 B 2.62 2.56 2.53 
893.3 B 2.81 2.73 2.75 
899.8 B 2.77 2.75 2.77 

N@' = 9 9 9 
Mean= 2.61 2.57 2.49 
STD@'= 0.442 0.372 0.356 

N = Number of samples; STD = Standard deviation 
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Table A-3. Thermal Conductivity Values for Borehole NRG-6. 

ThermaUmechanical Unit TCw: Welded, Devitrified: Oven dried 

Sample ID Low Temperature Thermal High Temperature Thetmal 

Depth ID 30°C 50°C 70°C llO°C 1SoC 200°C 245OC 29OoC 
Conductivity Cycle") (W/(m K)) Conductivity Cycle(') (M//(m K)) 

(e) 
28.8 C 1.48 1.70 1.73 1.79 1.82 1.81 1.80 1-63 

1.71 1.75 1.73 1.66 1.60 
98.1 I 1.45 1.47 1.51 1.62 1.65 1.66 1.68 1.69 

1.58 1.60 1.61 1.64 1.67 
111.0 I 1.33 1.36 1.41 1.46 1-50 1.50 1.52 1.55 

1.41 1.46 1.47 1.49 1.54 
N") = 3 3 3 6 6 6 6 6 

Mean= 1.42 1.51 1-55 1.60 1.63 1.63 1.63 1.61 
STD@,= 0.079 0.173 0.164 0.145 0.140 0.131 0.113 0.062 , 

ThennaVmechanical Unit PTn: Nonwelded, Viiric: Oven dried 

Sample ID Low Temperature Thermal High Temperature Thermal 

Depth ID 30°c sooc 70°C llO°C 155OC 200°C 245OC 29OoC 
Conductivity Cycle(4 (W/(m K)) Conductivity Cyclef4 (w/(m K)) 

(ft) 
152.9 E 0.41 0.44 0.46 0.43 0.46 0.47 0.49 0.51 

0.43 0.46 0.47 0.49 0.51 
187.0 F 0.23 0.20 0.18 0.32 0.34 0.35 0.36 0.36 

0.31 0.33 0.35 0.36 0.36 
241.5 E 0.20 0.1 8 0.16 0.26 0.27 0.28 0.29 0.30 

0.24 026 0.27 0.28 0.29 
N@) = 3 3 3 6 6 6 6 6 

Mean= 0.28 0.27 0.27 0.33 0.35 0.37 0.38 0.39 
STD(b)= 0.114 0.145 0.168 0.082 0.088 0.088 0.093 0.099 

(*) Data were taken as temperature cvcted up to peak value and then ramped down 
(b) N = Number of samples: STD = Standard deviation 
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Table A-3 (continued). Thermal Conductivity Values for Borehole NRG-6. 

ThermaVmechanical Unit TSwl : Welded, Devitrified: Oven dried 

Sample ID Low Temperature Thermal High Temperature Thermal 

Depth ID m0c 5o0c 7OoC llO°C 155OC 20O0C 24OC 29OoC 
Conductivity Cycle(4 (w/(m K)) Conductivity CycleW (w/(m K)) 

0 
277.5 E 1.29 1.18 1.21 1.27 1.32 1.33 1.35 1.36 

1 -24 1.29 1.31 1.33 1.36 
321.1 E 1.00 1.09 1 -08 1.17 1.23 1.24 1.23 1.21 

1.16 1.20 1.20 1.19 1.19 
354.9 C 1.08 1.12 1.21 1.17 1.20 1.20 1.17 1.11 

1.10 1.12 1.11 1.10 1.10 
392.1 D 1.12 1.18 1.20 1 24 1.27 1.21 1.15 1.11 

1.13 1.15 1.12 1.11 1.11 
416.0 K 1.43 1.49 1.54 1.36 1 -39 1.36 1.28 1.23 

121 1 -26 1.23 1.21 1.21 
421.8 D .  1.40 1.35 1.38 . 1.25 1.30 1.28 1.21 1.17 , 

I 1.13 1.15 1.14 1.15 
425.3 B I 1.09 1.13 1.19 1.26 1.32 1.29 1.21 1.17 
451.2 B I 1.20 1.22 1.24 1.29 1.33 1-34 1.31 1.26 
556.1 B I 1.08 1.07 1.09 0.91 0.94 0.97 0.97 0.95 

I 1 1.40 1.43 1 -44 1.42 1.36 
693.1 C I 1 1.37 1.39 1-38 1.37 

N@' = 9 9 9 17 17 17 17 15 
Mean= 1.19 1.20 1.24 1.22 1.25 1 24 1.22 1.19 

STD'b'= 0.153 0.136 0.143 0.117 0.120 0.117 0.113 0.113 
a) Data were taken as temperature cycled up to peak value and then ramped down 
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Table A-3 (continued). The& Conductivity Values for Borehole NRG-6. 

ThermaVmechanicaI Unit TSw2: Welded, Devitrified: Oven dried 

Sample ID Low Temperature Thermal High Temperature Thermal 

Depth ID 30°C 5ooc 70°C ilO°C 155OC 20ooC 245OC 29OoC 
Conductivity Cycleta) (W/(m K)) Conductivity Cycle") (w/(m K)) 

(e) 

I I 1.53 1.55 1 .# 1.52 
987.0 B I 1.39 1.43 1.46 I 1.55 1-60 1.59 1.57 1.54 

N@' = 8 8 8 8 8 8 8 7 
Mean= 1.47 1.63 1.62 1.60 1.56 I 1.49 1.51 1.59 I STD@)= 0.054 0.052 0.047 0.072 0.084 0.081 0.082 0.077 I 

(*) Data were taken as temperature cvcled UP to peak value and then ramped down 
@) N = Number of samples: STD = Standard deviation 
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Table A-3 (continued). Thermal Conductivity Values for Borehole NRG-6. 

Themallmechanical Unit TCW: 
Welded, Devitrified: Vacuum saturated 

Sample ID Low Temperature Thermal 

Depth ID 30°C 50°C 7OoC 
(ft) 

28.8 B 1.82 2.04 1.91 
98.1 H 1.81 2.04 1.71 
111.0 H 1.89 2.00 2.01 

N@’ = 3 3 3 
Mean= 1.84 2.03 1.88 

STD‘a’= 0.044 0.023 0.153 

Conductivity (w/(m K)) 

ThermaVmechanicaI Unit PTn: 
Non-welded, Viric: Vacuum saturated 

Sample ID Low Temperature Thennal 
Conductivity (W/(m K)) 

241.5 E 0.67 0.73 

Mean= 0.74 0.79 0.85 
L STD@’= 0.144 0.161 0.164 

(a) N = Number of samples; STD = Standard deviation 



Table A-3 (continued). Thermal Conductivity Values for Borehole NRG-6. 

ThermaVmechaniCal Unit TSwl : 
Welded, Devitrified: Vacuum saturated 

Sample ID Low Temperature Thermal 

Depth ID ~oOC sO°C 7OoC 
Conductivity (W/(m K)) 

277.5 D 1.47 1.61 1.68 
321.1 D 1.65 1.67 1.71 
354.9 B 1.37 1.45 1.49 
392.1 C 1.34 1.52 1.55 
416.0 J 1.48 1.68 1.55 
421.8 C 1.72 1.66 1.70 

Mean= 1.66 1.71 1.72 
STD'4= 0.264 0.196 0.173 

ThermaVmechanical Unit TSw2: 
Welded, Devitrified: Vacuum saturated 

Conductivity w/(m K)) 

Mean= 2.04 2.03 1-93 
STD'a)= 0.254 0.213 0.209 

(a) N = Number of samples; STD = Standard deviation 
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Table A-3 (continued). Thermal Conductivity Values for Borehole NRG-6. 

ThermaVmechanical Unit TCW: 
Welded, Devitrified: Partially saturated 

~~ 

28.8 B I 2.06 2.08 2.1 1 
98.1 H I 1.90 1-90 1.92 

Mean= 1.90 1.93 t .96 
STD“’= 0.160 0.142 0.135 

ThermaVmechanical Unit PTn: 
Non-welded, Viric: Partially saturated 

(ft) I 
152.9 E I 0.76 0.87 1.03 

Nta’ = 1 1 1 
Mean= 0.76 0.87 1.03 

STD‘”= NA NA NA 

ThermaUmechanical Units TSwl(354.9’) and TCw (41 6.0’) 
Welded, Devitrified: Partially saturated 

Sample ID Low Temperature Thermal 

Depth ID 3OoC 5OoC 7OoC 

354.9 B 1.53 1.55 1.62 
416.0 J 1.65 1.71 1.72 

Mean= 1.59 1.63 1.67 
STDta)= 0.085 0.113 0.071 

Conductivity (W/(m K)) 

(ft) 

N“) = ’ 2 2 2 

(a) N = Number of samples; STD = Standard deviation 



Table A43 (continued). Thermal Conductivity Values for Borehole NRG-6. 

ThermaVmect.ranical Unit TCW: 
Welded, Devitrified: Air dried 

Mean= 1.59 1.58 1 .n 
STD@)= 0.200 0.168 0.172 

ThermaVmechanical Unit FTn: 
Nonwelded, Viitric: Air dried 

0.41 0.46 0.49 
187.0 F 0.21 0.19 0.15 
241.5 E 0.27 0.29 0.29 

N'a' = 4 4 4 
Mean= 0.34 0.36 0.36 

STD'a)= 0.121 0.149 0.169 
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Table A-3 (continued). Thermal Conductivity Values for Borehole NRG-6. 

ThennaVmechanical Unit TSwl : 
Welded, Devitrified: Air dried 

Sample ID Low Temperature Thermal 
Conductivity (w/(m K)) 

451.2 SI 1-10 1.11 1.14 
556.1 B /  1.00 1.01 1.01 
693.1 C I 1.40 1 -39 1.38 

N"' = 10 10 10 
Mean= 1.19 1.21 ' 1.23 

STD'a'= 0.133 0.121 0.116 

ThermaVmechanical Unit TSw2: 
Welded, Devitrified: Air dried 

Mean= 1.71 1.65 1.65 
STD(.'= 0.106 0.097 0.114 

(a) N = Number of samples; STD = Standard deviation 
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Table A-4. Thermal Conductivity Values for Borehole NRG-7. 

ThermaYmechanical Unit TCW: Welded, Devitrified: Oven dried 

Sample Low Temperature Thermal High Temperature Thermal 
ID Conductivity Cycle(4 (w/(m K)) Conductivity Cyclet4 (W/(m K)) 

Depth ID 30°C 50°C 70°C llO°C 155~C 2moC 245OC 29OoC 
(ft) 

18.6 D 0.85 0.90 0.94 1.55 1.61 1.60 1.59 1.56 

27.0 B 0.81 0.87 0.91 1.47 1.52 1.52 1.53 1.53 
1.55 1.59 1.57 1.55 

1.49 1.52 1.52 1.52 

1.16 1.18 1.18 1.19 
56.8 D 0.73 0.77 0.81 1.19 1.22 122 1.23 1.21 

N””= 3 3 3 6 6 6 6 3 
Mean= 0.80 0.85 0.89 1.40 1.44 1.44 1.44 1.43 
STD@’= 0.061 0.068 0.068 0.179 0.190 0.185 0.176 0.194 

ThermaVmechanical Unit PTn: Nonwelded, Viric: Oven dried 

Sample Low Temperature Thermal High Temperature Thermal 

Depth ID 30°c 50°C 70°C ilo°C 155% m 0 C  245OC 290OC 
(ft) 

75.0 D 0.56 0.59 0.60 0.75 0.80 0.82 0.83 0.85 

ID Conductivity Cycle(’) (W/( m K)) Conductivity Cycle(a) (w/(m K)) 

0.57 0.59 0.74 0.78 0.80 0.83 

0.42 0.43 0.43 0.46 0.47 0.49 

0.34 0.35 0.32 0.33 0.35 0.36 

91.6 D 0.41 0.43 0.44 0.44 0.47 0.49 0.50 0.50 

104.1 C 0.34 0.35 0.36 0.32 0.33 0.35 0.36 0.37 

113.1 6 0.38 0.41 0.42 0.45 0.48 0.49 0.50 0.48 
0.39 0.41 0.42 0.45 0.46 0.47 

248.5 D 0.35 0.37 0.38 0.35 0.37 0.38 0.39 0.40 
I 0.36 0.37 I 0.34 0.36 0.37 0.38 

N‘”) = 10 10 5 10 10 10 10 5 
Mean= 0.41 0.43 0.44 0.46 0.48 0.50 0.51 0.52 

STD@’= 0.085 0.089 0.095 0.160 0.172 0.174 0.177 0.192 
’) Data were taken as temperature cycled up to peak value and then ramped down 

@) N = Number of samples: STD = Standard deviation 
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Table A 4  (Continued). Thermal Conductivity Values for Borehole NRG-7. 

ThermaVmechanical Unit TSwl : Welded, Devitrified: Oven dried 

Sample Low Temperature Thermal High Temperature Thermal 

Depth ID 3OoC 50°C 7OoC llO°C 155OC 2OO0C 245OC 29OoC 

312.8 D 0.76 0.82 0.86 1.32 1.38 1.40 1.40 1.41 

ID Conductivity Cycle(a) (W/(m K)) Conductivity Cycle(a) (W/( m K)) 

(ft) 

0.79 0.83 1.34 1.38 1.39 1.40 
Nfb' = 2 2 1 2 2 2 2 1 

Mean= 0.78 0.83 0.86 1.33 1.38 1.40 1.40 1.41 
STD@)= 0.021 0.007 NA 0.014 O.OO0 0.007 O.OO0 NA 

(a) Data were taken as temperature cvcled UP to peak value and then ramped down 
@) N = Number of samples; STD = Standard deviation 
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Table A 4  (continued): The& Conductivity Values for Borehole NRG-7. 

ThermaVmechanical Unit TCW: 
Welded, Devitrified: Vacuum saturated 

Sample ID Low Temperature Thermal ~1 
18.6 C 1.66 1.81 1.90 
27.0 A 1.77 1.88 1.93 
56.8 C 1.78 2.00 2.04 

N" = 3 3 3 
Mean= 1.74 1.90 1.96 

STD("= 0.067 0.096 0.074 

ThermaUmechanical Unit PTn: 
Nonwelded, Viric: Vacuum saturated 

Sample ID Low Temperature Thermal 

Depth ID 3OoC 50°C 7OoC 
Conductivity (w/(m K)) 

(fi) 

75.0 C 1.03 1.13 1.20 
1.03 1.12 

91.6 C 0.79 0.90 1.01 
0.80 0.88 

0.80 0.88 

0.91 0.99 

104.1 B 0.77 0.86 0.95 

113.1 C 0.91 0.98 1.04 

248.5 C 0.78 0.90 0.98 
0.79 0.86 

293.3 C 0.97 1.05 1.13 

Mean= 0.88 0.97 
STD"= 0.103 0.101 0.095 

(a) N = Number of samples: STD = Standard deviation 
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Table A 4  (continued): T h e d  Conductivity Values for Borehole NRG-7. 

Thermdmechanical Unit TSwl : 
Welded, Devitrified: Vacuum saturated 

Sample ID Low Temperature Thermal 

Depth ID 30°C 5OoC 7OoC 
Conductivity (W/(m K)) 

(ft) 

312.8 C 1.45 1 57  1.63 
N" = 1 1 1 

Mean= 1.45 1.57 1.63 
STD")= NA NA NA 

ThermaVmechanical Unit TCw: 
Welded, Devitrified: Partially saturated 

Sample ID Low Temperature Thermal 

Depth ID 3OoC 50°C 7OoC 

Conductivity (W/(m K)) 

0 

18.6 C 0.79 0.85 0.90 
27.0 A 0.81 0.87 0.91 
56.8 C 0.78 0.83 0.88 

N'" = 3 3 3 
Mean= 0.79 0.85 0.90 

STD"'= 0.015 0.020 0.015 

(a) N = Number of samples: STD = Standard deviation 
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Table A-4 (continued): Thermal Conductivity Values for Borehole NRG-7. 

ThermaUmechanical Unit PTn: 
Nonwelded, ViriC: Partially saturated 

ThermaUmechanical Unit TSwl : 
Welded, Devitrified: Partially saturated 

Sample ID Low Temperature Thermal 

Depth ID 3OoC 50°C 7OoC 
Conductivity (w/(m K)) 

(ft) 

312.8 C 0.71 0.76 0.80 
1 0.74 0.78 

N") = 2 2 1 
Mean= 0.73 0.77 0.80 

STD(')= 0.021 0.014 NA 

(a) N = Number of samples; STD = Standard deviation 
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Summary of Thermal Expansion Test Results 
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Table B-1. Mean Thermal Expansion Coefficients for Borehole NRG-4 

ThermaUmechaniil Unit P7d4: Nonwelded, V i :  Air dried: Heat-up 

Sample ID Mean CTE on Heat-up (1 ObpC) 
Depth ID Max. 25-50 50-75 75-100 100- 125- 150- 175- 200- 225- 250- 275- 

(fi) Temp. 125 150 175 200 225 250 275 300 
ec, 

450.6 D 300 4.37 2.00 -0.84 -6.6 5.56 4.64 4.15 4.39 4.46 4.15 1.72 
Nw)= 1 1 1 1 1 1 1 1 1 1 1 

Mean= 4.37 200 -0.84 -6.57 5.56 4.64 4.15 4.39 4.46 4.15 1.72 
STD@'= NA NA NA NA NA NA NA NA NA NA NA 

ThermaUmechanicai Unit PTn? Nonweided, V i :  Air dried. Cooi-down 
t 

Sample 10 Mean CTE on Cooldown (lo?%) 
Depth ID Max. 300- 275- 250- 225- 200- 175- 150- 125- 100-75 75-50 50-35 

(fi) Temp. 275 250 225 200 175 150 125 100 

450.6 D 300 1 8.56 6.54 5.95 5.74 5.70 5.80 5.53 5.18 4.75 3.74 1.58 

Mean= 8.56 6.54 5.95 5.74 5.70 5.80 5.53 5.18 4.75 3.74 1.58 

ec, 

N'" = 1 1 1 1 1 1 1 1 1 1 1 

J ST@= NA NA NA NA NA NA NA NA NA NA NA 

PTn samples were subjected to a thermal soaking period prior to testing. 
@) N = Number of samoies: STD = standard deviation: NA = Not ADDlicabIe 

B-3 



Table B- 1 (Continued). Mean Thermal Expansion Coefficients for Borehole NRG-4 

ThermaVmechanical Unit TSwl : Welded, Devitrified. Air dried: Heat-up 

Sample ID Mean CTE on Heat-up (1 ObpC) 
Depth ID Max. 25-50 50-75 75-100 100- 125 150- 175- 200- 225- 250- 275- 

I Temp. 
<“c> 9oo I 125 150 175 200 225 250 275 

Mean= 6.25 7.13 7.70 8.37 9.44 15.39 20.89 22.71 24.89 28.12 34.06 
STD“= 0.72 0.78 0.84 0.91 1.07 4.43 8.53 8.94 8.62 8.03 8.79 

ThermaVmechanical Unit TSwl : Welded. Devitrified: Air dried: Cooldown 

Sample ID I Mean CTE on Cool-down (lo*/%) 
Depth ID Max. 300- 275- 250- 225- 200- 175- 150- 125- 100-75 75-50 50-35 
(fi) Temp. 275 250 225 200 175 150 125 100 

506.C D 300 12.90 14-47 16.23 16.97 15.06 12.76 11.14 9.69 8.67 7.84 7.41 
529.0 C 300 18.62 22.26 25.38 25.32 25.40 24.00 22.80 17.72 12.04 10.50 9.67 
586.2 D 300 16.24 18.99 19.79 17.64 14.59 14.50 14.33 10.41 8.24 7.32 4.18 
610.5 D 300 15.47 18.51 20.75 21.40 23.18 25.83 36.25 26.60 11.77 9.73 8.77 
654.5 A 300 19.68 22.62 22-05 21.31 22.10 23.02 25.10 16.85 10.67 9.39 8.47 ~ 

690.6 A 300 I 17.14 20.79 23.25 26.27 34.86 27.13 17.10 11.71 10.17 9.24 8.59 
N‘” = 6 6 6 6 6 6 6 6 6 6 6 .  

ec> 

Mean= 16.67 19.61 21.24 21.48 2253 2121 21.12 15.50 10.26 9.00 785 
STDQ= 2.41 3.01 3.14 3.81 7.48 6.06 9.05 6.39 1.56 1.20 1.94 , 

N = Number of sarndes: STD = Standard deviation 
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Table B-2. Mean Thermal Expansion coefficients for Borehole NRG-5. 

ThemraVmechanical Unit TSwl: Welded, Devitrified: Air dried: Heat-up 

Sample ID Mean CTE on Heat-up (10%) 
Depth ID Max. 25-50 50-75 75-100 100- 125- 150- 175- 200- 225- 250- 275- 

(fi) Temp. 125 150 175 200 225 250 275 300 

779.8 A 300 6.93 8.15 8.65 9.05 10.04 12.40 14.61 23.44 29.90 41.14 64.54 

Mean= 6.93 8.15 8.65 9.05 10.04 12.40 14.61 23.44 29.90 41.14 64.54 

CC) 

N" = 1 1 1 1 1 1 1 1 1 1 1 

- STD'*= NA NA NA NA NA NA NA NA NA NA NA 

ThermaVmechanical Unit TSwl : Welded, Devitrified: Air driad: Cooldown 
~~~ 

Sample ID Mean CTE on Cooldown ( lO*/k) 
Depth ID Max. 1 300- 275- 250- 225- 200- 175- 150- 125- 100-75 75-50 50-35 crt> Temp. 275 250 225 200 175 150 125 100 

ec, 
779.8 A 300 26.07 35.83 40.06 33.49 33.55 17.44 14.03 12.59 11.46 10.56 10.44 

N"'= 1 1 1 1 1 1 1 1 1 1 1 
Mean= 26.07 35.83 40.06 33.49 33.55 17.44 14.03 12.59 11.46 10.56 10.44 

STD'a'= NA NA NA NA NA NA NA NA NA NA NA 

(a) N = Number of samples; 53TD =: Standard deviation; NA = Not Applicable 
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Table B-2 (continued). Mean Thermal Expansion Coefficients for Borehole NRG-5. 

TheWmechanical Unit TSW: Welded, Devitrified: Air dried: Heat-up 

Sample ID Mean CTE on Heat-up (1 0%) 
Depth ID Max. 25-50 50-75 75100 100- 125- 150- 175- 200- 225- 250- 275- 

(fi) Temp. 125 150 175 200 225 250 275 300 
ec, 

829.0 A 300 7.18 8.29 8.69 9.30 9.87 10.47 11.04 12.67 15.81 21.37 32.25 
831.8 A 300 7.35 8.39 8.78 9.32 9.85 10.32 10.74 10.93 12.58 11.97 36.46 
848.0 A 300 7.25 8.30 8.87 9.30 9.94 10.71 11.82 15.87 23.03 27.97 37.82 
852.5 A 300 6.54 8.31 8.80 9.39 9.93 10.64 12.34 15.25 19.40 25.77 37.36 
874.9 A 300 7.18 8.35 8.64 9.37 9.89 10.90 11.61 14.34 22.35 29.10 38.44 
879.6 D 300 7.35 8.58 9.16 9.73 10.42 11.14 11.83 13.75 18.58 27.21 38.68 
886.5 A 300 7.39 8.48 9.00 9.65 10.34 11.62 14.48 17.69 21.33 25.06 29.53 
892.8 A 300 7.64 8.63 8.85 9.52 10.04 10.80 11.72 13.52 18.27 27.14 39.03 
893.3 A 300 7.32 0.28 8.89 9.32 9.79 10.38 10.97 13.55 19.46 29.34 46.33 
899.5 A 300 7.16 8.62 9.03 9.41 10.11 11.08 12.34 15.75 22.09 29.41 50.20 
899.8 A 300 7.11 8.20 8.53 8.89 9.37 9.99 10.87 12.18 14.71 24.58 43.04 

Mean= 7.22 8.40 8.84 9.38 9.96 10.73 11.80 14.14 18.87 25.36 39.01 
N")= 11 11 11 11 11 11 11 11 11 11 11 

STD@)= 0.27 0.15 0.18 0.22 0.28 0.45 1.05 1.91 3.36 5.06 5.85 

ThenaVmechaniil Unit TSw2: Welded, Devitrified: Air dried: Cooldown 

Sample ID Mean CTE on Cooldown (10%) 
Depth ID Max. 125-50 50-75 75-100 100- 125- 150- 175- 200- 225- 250- 275- 

I ec> I 300 I 125 150 175 200 225 250 275 

Mean= 24.28 28.29 26.47 21.92 18.79 14.71 12.61 11.24 10.22 9.42 8.96 
STD(*)= 2.35 4.14 3.77 3.15 3.67 2.05 1.27 0.89 0.41 0.26 0.19 

(a) N = Number of samples; STD = Standard deviation 



Table B-3. Mean Thermal Expansion Coefficients for Borehole NRG-6 

ThemUmechanical Unit TCW. Welded, D e v i t W .  Vacuum saturated. Heat-up 

Sample ID Mean CTE on Heat-up (lobPC) 
Depth ID Max. 125-50 50-75 75-100 100- 125- 150- 175- 200- 225- 250- 275- 
(fi) Temp. 125 150 175 200 225 250 275 300 

ec, 
28.8 D 300 7.32 7.79 7.76 10.35 11.94 13.54 15.38 18.10 22.35 29.66 86.02 

F 200 I 7.58 7.42 8.47 11.59 12.28 14.20 16.23 NO ND ND ND 
98.1 F 300 I 6.77 7.63 7.55 1121 14.18 16.35 18.10 20.00 21.80 26.40 24.00 

111.0 G 300 f 6.70 7.64 8.56 8.20 14.28 16.73 18.24 18.86 20.00 26.21 18.95 
NO= 4 4 4 4 4 4 4 3 3 3 3 

F 200 I 7.58 7.42 8.47 11.59 12.28 14.20 16.23 NO ND ND ND 
98.1 F 300 I 6.77 7.63 7.55 1121 14.18 16.35 18.10 20.00 21.80 26.40 24.00 

111.0 G 300 f 6.70 7.64 8.56 8.20 14.28 16.73 18.24 18.86 20.00 26.21 18.95 
NO= 4 4 4 4 4 4 4 3 3 3 3 

Mean= 7.09 7.62 8.08 10.34 13.17 15.20 16.99 18.99 21.38 27.42 42.99 
STDg= 0.43 0.15 0.50 1.52 1.23 1.57 1.41 0.96 1.23 1.94 37.35 

ThermaVmechanical Unit TCW: Welded, Devitrified: Vacuum saturrtted: Cooldown 

Sample IC Mean CTE on Cool-down (lo*/%) ~ 

Depth ID Max. I 300- 275- 250- 225- 200- 175- 150- 125- 100-75 75-50 50-35 
(fi) Temp. 275 250 225 200 175 150 125 100 

!*C) 
28.8 D 300 18.78 29.72 S.48 67.23 38.15 22.0 18.09 15.42 13.95 12.76 12.06 

F 200 NO ND ND ND 14.94 14.64 13.29 11.81 11.02 10.00 12.88 
98.1 F 300 14.04 19.17 23.03 22.37 21.80 18.71 15.88 13.52 11.71 10.58 9.80 , 

111.0 G 300 11.35 17.02 25.07 21.42 20.32 18.00 15.63 13.31 11.68 9.78 8.65 
N"= 3 3 3 3 4 4 4 4 4 4 4 

Mean= 14.72 21.97 33.53 37.01 23.81 18.48 15.72 13.51 12.09 10.78 10.85 I 
STD14= 3.76 6.79 16.44 26.18 10.01 325 1.96 1.48 1.28 1.36 1.96 I 

(a) N = Number of samples; STD = Standard deviation; ND = No Data 



Table B-3 (Continued). Mean Thermal Expansion Coefficients for Borehole NRG-6 

ThermaVmechanical Units TCw (Welded, DevitriTed) and PTn (Nonwelded, Viric): Vacuum saturated: Heat-up 

Sample ID Mean CTE on Heat-up (1 O?%) 
Depth ID Max. 25-50 50-75 75-100 100- 125- 150- 175- 200- 225- 250- 275- 
(fi) Temp. 125 150 175 200 225 250 275 300 

148.4'*) A 125 4.66 5.16 2.68 -53.0 ND ND ND ND ND ND ND 
I 148.4(a) A 225 4.64 5.27 -0.90 -44.0 6.00 5.12 1.22 ND ND ND ND 

152.9'b) B 300 4.64 4.79 -1.41 -16.3 5.26 4.70 1.24 -1.79 -4.24 -5.60 -3.84 
187.0@) D 300 3-89 1.87 -6.16 -8.35 5.35 3.59 -0.54 -7.51 -15.3 -21.3 -22.1 ~ I 

N") = 4 4 4 4 3 3 3 2 2 2 2 
Mean= 4.46 4.28 -1.45 -30.4 5.54 4.47 0.64 -4.65 -9.79 -13.5 -13.0 
STD'''= 0.38 1.61 3.63 21.47 0.41 0.79 1.03 4.05 7.85 11.12 12.90 

ThermaVmechanical Units TCw (Welded, Devitrified) and PTn (Nonwelded, Viric): Vacuum saturated: Cooldown 

Sample ID Mean CTE on Coold& (lo4&) 
Depth ID Max. I 300- 275- 250- 225- 200- 175- 150- 125- 100-75 75-50 50-35 
(fi) Temp. 275 250 225 200 175 150 125 100 

ec, 
148.4'~) A 125 NO ND ND ND ND ND ND 4.94 5.53 4.65 3.04 

152.g@) 6 300 16.31 9.72 7.41 6.51 6.34 5.98 5.79 5.50 5.04 4.57 3.17 ' 

187.0@) D 300 14.84 8.52 6.99 6.27 5.90 5.70 5.55 5.21 5.20 4.99 3.98 

Mean= 15.58 9.12 7.20 6.39 6.98 6.29 5.93 5.36 5.12 4.33 1.94 
STD")= 1.04 0.84 0.29 0.17 1.51 0.78 0.47 0.36 0.34 0.84 2.93 

1&.4(a) A 225 ND ND ND ND 8.71 7.18 6.46 5.78 4.71 3.11 -2.41 

N") = 2 2 2 2 3 3 3 4 4 4 4 

'a) Based on depth this specimen is classified as a TCw T/M Unit, however, based on physical properties and 
thermai expansion behavior the sample behaved as a PTn T/M Unit and was considered as such for 
Statkstical purposes. 
These specimens are FyTn 
N = Number of samples; STD = Standard deviation; ND = No Data 
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Table B-3 (Continued). Mean Thermal Expansion Coefficieats for Borehole NRG-6 

ThermaUmhanicai Unit TSwl: Welded, Devitrified: Vacuum saturated: Heat-up 

Sample ID Mean CTE on Heat-up (1 O*fC) 
Depth ID Max. 1 25-50 50-75 75-100 100- 125- 150- 175- 200- 225- 250- 275- 

300 I 125 150 175 200 225 250 275 I Temp. 0 
I 

277.5 B 300 421 7.68 7.02 3.67 8.91 11.74 12.86 13.43 13.88 14.02 12.87 
321.1 C 300 5.45 7.97 7.00 7.37 8.64 10.18 14.71 24.66 39.34 42.50 42.27 
354.9 E 300 5.44 6.26 7.15 8.33 9.30 14.33 30.44 66.64 61.50 51.62 42.45 
392.1 F 300 6.82 7.11 7.77 6.90 11.20 17.17 27.45 49.47 62.45 53.38 46.98 
416.0 M 300 1 6.57 7.47 6.37 6.23 11-10 20.61 29.67 63.57 57.44 48.62 44.10 

458.7 A 200 7.02 8.28 6.61 6.12 10.91 15.61 23.50 ND ND NO NO . 
528.4 A 300 7.58 6.68 7.16 9.60 10.41 12.05 17.90 32.90 35.89 54.36 56.73. 
648.6 A 300 . 7.60 6.98 8.26 10.09 11.02 14.98 19.17 25.14 33.36 38.54 55.07 
693.1 A 300 I 7.59 7.33 8.32 10.96 10.86 11.82 13.13 18.76 29.25 39.05 50.02 

N'*= 10 10 10 10 10 9 9 8 8 8 8 
Mean= 6.56 7.32 6.83 6.92 10.72 14.28 20.98 36.82 41.64 42.76 43.81 

, 421.8 6 175 7.29 7.41 2.65 -0.09 14.86 ND NO ND ND NO ND 

L STD"= 1.16 0.60 1.60 3.28 1.74 3.26 7.01 20.49 17.35 13.19 13.65J 

ThermaVmechankai Unit TSwl : Welded, Devitrified: Vacuum saturated: Cooldown 

Sample ID Mean CTE on Cooklown (10%) 
Depth ID Max. I 300- 275- 250- 225- 200- 175- 150- 125- 100-75 75-50 50-35 

250 225 200 175 150 125 100 
Temp. ec> I 275 

277.5 B 300 8.29 8.63 10.00 13.04 11.78 9.22 7.88 18.45 7.01 6.20 7.74 . 
321.1 C 300 13.37 15.66 18.02 21.36 25.91 31.35 27.71 16.14 10.40 9.14 9.22 . 
354.9 E 300 11.51 12.81 16.09 25.76 26.34 34.28 54.64 29.26 11.73 9.75 8.48 

, 392.1 F 300 12.18 17.81 23.03 25.19 29.72 36.95 51.30 33.78 14.04 10.98 11.08: 
416.0 M 300 15.63 18.66 20.80 23.49 29.04 38.49 54.03 30.45 13.93 13.48 10.57, 
421.8 6 175 ND ND ND ND ND ND 18.76 16.33 11.61 10.00 8.57 . 

, 458.7 A 200 ND NO NO ND -19.45 18.84 16.17 12.67 10.18 9.12 8.36 , 
, 528.4 A 300 17.45 26.67 38.12 36.62 40.89 28.97 17.36 13.54 11.52 10.54 9.83 , 
, 648.6 A 300 1 19.82 2822 34.96 32.84 34.36 24.40 19.63 15.39 12.34 10.98 9.84, 

693.1 A 300 I 22.33 30.48 31.37 30.91 3059 17.47 14.42 12.87 11.86 11.00 9.84 
N(*= 8 8 8 8 9 9 10 10 10 10 10 

Mean= 15.07 19.87 24.05 26.15 27.57 26.66 28.19 19.89 11.46 9.92 9.35 
STD"= 4.65 7.82 9.85 7.37 8.36 9.91 18.04 8.05 2.01 1.54 1.06 

N = Number of samples; STD = Standard deviation; ND = No Data 
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Table B-3 (Continued). Mean Thermal Expansion Coefficients for Borehole NRG-6 

ThermaVmechanical Unit TSw2: Welded, Devitrified: Vacuum saturated: Heat-up 

Sample ID Mean CTE on Heat-up (1 O?%) 
Depth ID Max. I 25-50 50-75 75-100 100- 125- 150- 175- 200- 225- 250- 275- 

175 200 225 125 150 <fi> Temp. 250 275 300 

7292 A 300 7.52 8.61 8.91 5.77 10.19 11.84 13.16 16.56 22.75 36.80 63.58 
B 300 7.68 9.06 8.71 8.34 10.71 12.50 13.42 15.65 20.49 31.82 51.59 

732.6 A 300 7.13 8.51 7.68 6.65 10.22 11.65 12.72 15.85 21.08 31.99 54.96 

0 

C 300 7.72 8.89 7.77 8.32 10.51 12.20 13.16 15.36 19.80 29.24 49.15 
777.8 A 200 7.34 7.28 6.98 10.95 10.61 11.59 14.05 ND ND ND ND 
788.3 A 200 7.60 7.49 6.85 11.17 10.38 11.60 13.03 ND ND ND ND 
802.7 A 175 5.02 2.98 8.82 11.17 7.87 10.81 11.44 13.51 16.73 24.43 39.58. 
806.0 A 200 7.54 8.76 8.94 7.02 10.47 11.92 13.08 16.46 22.73 31.68 45.66 

B 300 7.22 8.40 6.72 9.14 10.03 11.58 12.63 15.30 20.65 32.62 48.19 
849.9 A 300 6.42 6.46 6.11 9.80 9.59 16.20 17.39 16.31 17.99 18.19 18.63 
886.5 A 300 6.83 4.81 5.40 12.36 9.10 9.61 10.03 10.43 10.98 11.35 12.51 
911.2 A 300 6.57 7.61 624 7.58 9.31 11.18 13.48 18.01 21.49 24.35 30.72 

6 300 7.04 8.21 7.56 6.65 9.32 10.77 12.02 14.36 15.97 17.71 20.72 
926.3 A 300 6.88 7.14 4.87 3.28 9.12 10.62 12.93 17.62 21.84 27.69 37.34 

B 300 7.42 8.80 7.56 10.19 10.19 11.65 12.70 15.02 17.61 21.77 32.57 
952.2 A 200 I 7.89 7.50 8.59 11.49 11.03 12.57 14.24 ND ND ND ND 
987.6 A 300 7.01 7.39 7.45 11.23 10.54 11.56 13.49 16.26 18.27 21.54 29.25 

1016.6 A 300 7.45 7.49 7.03 9.85 9.89 11.43 12.56 14.97 16.21 18.81 25.44 
1081.5 6 300 7.43 6.58 8.67 11.32 10.58 11.73 13.18 15.83 19.84 24.41 35.21. 

N@’= 19 19 19 19 19 19 19 16 16 16 16 
Mean= 7.14 7.47 7.46 9.07 9.98 11.74 13.09 15.47 19.03 25.28 37.19 
STDe= 0.65 1.51 1.21 2.41 0.77 1.28 1.40 1.75 3.09 6.87 14.27 

(a) N = Number of samples; STD = Standard deviation; ND = No Data 
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Table B-3 (Continued). Mean Thermal Expansion Coefficients for Borehole NRG-6 

ThermaVmechanicai Unit TSw2: Welded, Devitrified: Vacuum saturated: Cooldown 

Sample ID Mean CTE on cod-down (lO*I%) 
Depth ID Max. I 300- 275- 250- 225- 200- 175 150- 125- 100-75 75-50 50-35 
(i) Temp. 275 250 225 200 175 150 125 100 

729.2 A 300 26.58 41.03 46.65 35.48 24.60 17.17 14.44 12.65 11.49 10.41 9.85 
ec> 

B 300 29.52 39.22 35.72 24.86 18.25 15.19 13.17 11.85 11.05 10.28 9.67 
732.6 A 300 27.60 39.94 37.22 25.82 19.31 15.14 13.06 11.75 10.83 9.91 9.18 

C 300 30.14 38.77 33.91 24.22 18.14 14.87 13.15 11.93 10.97 10.17 9.62 
777.8 A 200 ND ND ND ND 14-35 13.13 11.92 10.75 10.04 9.25 8.57 
788.3 A 200 ND ND ND ND 14.43 1274 11.73 10.72 10.27 9.54 8.47 
802.7 A 175 26.75 34.91 31.17 22.07 16.99 13.69 11.97 10.94 10.23 9.47 8.67 
806.0 A 200 27.23 36.12 32.75 23.56 17.28 1429 12.72 11.42 10.54 9.87 9.40 

B 300 26.69 37.96 35.95 24.90 17.99 14.33 12.58 11.36 10.45 9.61 8.88 
849.9 A 300 12.01 12.60 13.12 14.12 14.51 15.05 16.44 19.24 9.89 8.47 7.59 
886.5 A 300 10.81 11.60 11.32 11.12 11.06 10.38 10.02 9.45 9.08 8.57 8.05 
911.2 A 300 19.05 21.80 21.75 20.77 19.53 14.89 11.95 10.54 9.34 8.36 7.81 

B 300 I 15.22 16.62 16.12 16.42 15.80 13.39 11.86 10.70 9.61 8.71 8.09 
926.3 A 300 I 21.00 26.66 25.18 22.32 21.41 14.65 11S3 10.53 3.68 8.92 8.78 

B 300 22.09 24.60 22.85 19.94 17.89 13.96 12.31 11.29 10.41 9.62 9.07 
952.2 A 200 ND ND ND ND 14.32 13.39 12.41 11.22 10.53 9.74 8.94 
987.6 A 300 19-08 20.84 19.23 17.91 17.47 14.20 12.17 10.89 10.29 9.92 9.05 

' 1016.6 A 300 16.75 18.48 17.57 15.88 1527 12.56 11.04 10.13 9.67 9.20 8.54 
1081.5 B 300 I 19.72 24-31! 24.25 21.75 20.28 14.17 12.49 :1.63 10.72 10.06 9.09 

Mean- 21.89 27.83 26.55 21.38 17.31 14.06 1249 11.52 10.27 9.48 8.81 
STD(.'= 6.16 10.36 10.01 5.70 3.07 1.38 1.32 2.00 0.62 0.63 0.62 ~ 

N" = 16 16 16 16 19 19 19 19 19 19 19 

ThermaVmechanical Unit TCW: Welded, Devitrifiid: Oven dried: Heat-up 

Sample ID Mean CTE on Heat-up (lo4/%) 
Depth ID Max. 25-50 50-75 75-100 100- . 125- 150- 175- 200- 225- 250- 275- 
(fi) Temp. 125 150 175 200 225 250 275 300 

ec> 
28.8 G 350 7.54 9.59 11.21 12.85 13.87 16.40 19.98 32.41 79.19 73.37 37.10 

G 300 6.74 8.63 10.05 11.93 11.89 13.67 15.51 17.64 21.97 30.65 121.4 
98.1 G 300 7.31 8.66 10.33 8.37 14.12 16.49 18.34 20.83 22.86 28.12 25.33 
111.0 F 300 7.27 8.88 10.66 10.98 14.52 17.09 18.92 19.25 20.63 27.83 20.83 

Mean- 7.21 8.94 10.56 11.03 13.60 15.91 18.19 22.53 36.16 39.99 51.16 
N"= 4 4 4 4 4 4 4 4 4 4 4 

i STD"= 0.34 0.45 0.50 1.94 1.17 1.53 1.91 6.71 28.70 22.29 47.32 

(a) N = Number of samdes: STD = Standard deviation: NO = No Data 
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Table B-3 (Continued). Mean Thermal Expansion Coefficients for Borehole NRG-6 

(fb Temp. 

28.8 G 350 
G 300 

<"c, 

Thermahechanical Unit TCw: Welded, Devitrified: Oven dried: Cooldown 

275 125 100 

15.58 21.70 39.94 44.94 24.85 14.49 10.39 8.78 7.98 6.88 6.62 
19.99 30.89 52.48 59.55 21.20 17.60 11.18 8.70 7.86 8.66 8.93 

Sample ID Mean CTE on -down (IoYC) 
DeDth ID Max. 1 300- 275- 250- 225- 200- 175- 150- 125- 100-75 75-50 50-35 

98.1 G 300 13.88 19.23 22.84 23.43 22.91 18.83 15.58 13.79 11.56 10.13 9.99 , 

111.0 F 300 I 12.48 18.41 26.72 22.23 20.80 18.70 15.97 13.34 11.73 10.57 8.98 
N"= 4 4 4 4 4 4 4 4 4 4 4 

Mean= 15.48 22.56 35.50 37.54 22.44 17.40 13.28 11.15 9.78 9.06 8.63 
STD'.'= 3.26 5.73 13.48 18.01 1.85 2.02 2.90 2.79 2.15 1.67 1.42 

250 225 200 175 150 

I 

152.9 C 300 I 4.57 5.89 5.60 -0.92 6.22 4.01 2.06 1.72 -1.02 -3.11 -2.46 
J 

N" = 1 1 1 1 1 1 1 1 1 1 1 

Sample ID Mean CTE on Cooldown (lo*/%) 
Depth IO Max. 300- 275- 250- 225- 200- 175- 150- 125- 100-75 75-50 50-35. 

(fi) Temp. 275 250 225 2fM 175 150 125 100 

152.9 C 300 12.29 6.85 5.15 4.57 -4.55 4.55 4.26 4.01 4.39 4.12 3.77 

Mean= 1229 6.85 5.15 4.57 4.55 4.55 4.26 4.01 4.39 4.12 3.77 

ec, 

Ma'= 1 1 1 1 1 1 1 1 1 1 1 

b STD'a)= NA NA NA NA NA NA NA NA NA NA NA 

ThermaUmeChanical Unit PTn: Nonweided, V i  Oven dried: Heat-up 

Sample ID Mean CT€ on Heat-up (1 O s k )  
Depth ID Max. I 25-50 50-75 75-100 100- 125- 150- 175- 200- 225- 250- 275- 

125 150 175 200 225 250 275 300 

Mean= 4.57 5.89 5.60 -0.92 6.22 4.01 2.06 1.72 -1.02 -3.11 -2.46 
STD'.'=NA NA NA NA NA NA NA NA NA NA N A ,  

Thermavmechanil Unit PTn: Nomnrelded, Viric: Oven dried: Cooidown 

(a) N = Number of sam~les: STD = Standard deviation: ND = No Data: NA = Not ADDiicabie 
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Table B-3 (Continued). Mean Thermal Expansion Coefficients for Borehole NRG-6 

ThermaVmechanical Unit TSwl : Welded, Devitrified: Oven dried Heat-up 

Sample ID Mean CTE on Heat-up (lo*/%) 
Depth ID Max. 125-50 50-75 75-100 100- 125 150- 175- 200- 225 250- 275- 

I I Temp. 
("C) 300 I 125 150 175 200 225 250 275 

Mean= 5.83 7.84 8.86 9.32 10.97 17.33 28.96 50.30 43.46 39.68 35.63 
STD'@= 1.59 1.09 0.71 1.44 1.53 5.13 13.99 26.35 15-53 11.73 10.14 

ThermaVmechanical Unit TSwl : Welded, Devitrified: Oven dried: coddown 

Sample ID Mean CTE on W-down (lo4/%) 
Depth ID Max. I 300- 275- 250- 225- 200- 175- 150- 125- 100-75 75-50 50-35 

275 250 225 200 175 150 125 100 
ec, I 

Mean= 13.18 15.69 20.27 20.07 25.85 28.40 32.81 22.13 11.45 9.75 9.01 
STD'.'= 1.93 2.85 5.03 5.69 9.35 10.53 19.71 11.49 2.05 1.22 1.32 

(a) N = Number of SamDIes: STD = Standard deviation: NO = No Data 
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Table B-3 (Continued). Mean Thermal Expansion Coefficients for Borehole NRG-6 

ThermaUmechanical Unit TSW: Welded, Devitrified: Oven dried: Heat-up 

Sample ID Mean CTE on Heat-up (1 0%) 
Depth ID Max. 25-50 50-75 75-100 100- 125- 150- 175- 200- 225- 250- 275- 
(fi) Temp. 125 150 175 200 225 250 275 300 

777.8 B 300 8.49 8.90 9.38 10.03 11.00 12.05 14.00 17.48 25.10 39.18 55.54, 
788.3 B 300 6.62 8.68 9.34 9.75 10.67 11.56 13.13 16.55 23.88 39.73 57.35 
789.4 A 300 2.12 7.97 9.10 9.73 10.52 11.06 12.25 14.05 19.00 28.52 47.55 
802.7 B 300 4.04 7.71 8.94 9.30 9.95 10.60 11.59 12.64 15.99 222? 36.06 
849.9 B 300 5.90 7.17 7.69 7.90 8.59 9.04 10.02 10.16 10.66 11.56 12.19 
886.5 B 300 5.77 7.85 8.50 8.92 9.81 10.42 1203 13.90 16.53 21.31 28.12 
900.4 A 300 6.56 821 8.84 9.26 9.90 10.42 11.90 13.88 18.77 34.13 69.10 

B 300 5.33 8.27 9.01 9.46 10.21 10.80 11.89 13.66 17.49 29.79 7320 
952.2 B 300 6.29 8.52 9.46 9.95 11.13 1288 16.47 21.69 26.08 30.79 39.62 
987.6 B 300 6.56 8.25 9.05 9.37 10.41 11.30 13.97 18.23 20.62 22.94 28.26 

1016.6 B 300 6.09 8.39 9.01 9.36 10.08 10.91 12.49 13.95 15.57 17.53 22.32 
1017.2 A 300 5.72 7.34 7.81 8.06 8.83 9.38 10.78 12.46 15.01 18.41 24.71 
1081.0 A 300 6.56 8.59 9.36 9.52 10.50 11.61 14.08 16.85 20.27 25.68 33.73 
1081.5 A 300 5.24 7.91 8.94 8.92 9.86 10.82 13.09 18.53 116.2 66.56 23.06 

N" = 14 14 14 14 14 14 14 14 14 14 14 
Mean= 5.81 8.13 8.89 9.25 10.10 10.92 12.69 15.29 25.80 29.17 39.34 

STDfa'= 1.44 0.50 0.55 0.63 0.72 0.99 1.61 3.04 26.35 13.47 18.57 

("C) 

(a) N = Number of samles: STD = Standard deviation 
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Table B-3 (Continued). Mean Thermal Expadon hfficients for Borehole NRG-6 

ThermaVmechanical Unit TSw2: Welded, Devitrified: Oven dried: Cool-down 

Sample ID Mean CTE on Cool-down (lo*&) 
Depth ID Max. I 300- 275- 250- 225- 200- 175 150- 125- 100-75 75-50 50-35 

Temp. 275 250 225 200 175 150 125 100 
ec, I 

6 300 19.71 26.46 40.22 39.55 22.91 15.99 13.47 12.02 10.23 9.88 9.34 
952.2 B 300 15.55 21.31 24.22 23.66 24.60 18.58 15.08 12.45 1027 9.44 9.03 
987.6 B 300 18.19 20.30 20.08 20.57 21.85 15.88 12.56 11.13 9.68 8.89 8.58 

1016.6 B 300 16.98 18.10 17.31 16.27 15.76 13.49 11.67 10.57 9.32 8.87 0.43 
1017.2 A 300 17.40 18.40 18.02 16.02 15.13 1281 10.66 9.52 8.38 7.79 7.47 
1081.0 A 300 20.53 23.49 23.24 22.03 22.20 14.55 0.97 1.03 0.40 0.14 0.38 
1081.5 A 300 I 15.93 18.97 21.08 30.10 67.16 32.45 17.66 13.78 11.03 9.32 9.40 

N"'= 14 14 14 14 14 14 14 14 14 14 14 
Mean= 19.51 24.29 25.95 2320 21.31 15.12 11.18 9.90 8.72 8.15 7.52 

STD@'= 4.77 8.49 10.58 8.45 14.56 6.47 4.74 3.49 2.77 2.47 2.42 

N = Number of samDles :  STD = Standard deviation 
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Table B-3 (Continued). Mean Thermal Expansion Coefficients for Borehole NRG-6 

ThermaVmechanical Unit TCW. Welded, Devitrified: Air dried: Heat-up 

Sample ID - Mean CTE on Heat-up (1 06fC) 
Depth ID Max. 25-50 50-75 75-100 100- 125- 150- 175 200- 225- 250- 275- 

(fi) Temp. 125 150 175 200 225 250 275 300 

28.8 G 110 2.71 5.85 8.08 ND ND ND ND ND ND ND ND 
98.1 G 110 6.85 8.43 10.00 ND ND ND ND ND ND ND ND 

111.0 G 110 5.58 7.92 9.39 ND ND ND ND ND ND ND ND 
w a ) =  3 3 3 NA NA NA NA NA NA NA NA 

Mean= 5.04 7.40 9.16 NA NA NA NA NA NA NA NA 
STD'a)= 2.12 1.37 0.98 NA NA NA NA NA NA NA NA 

ec, 

ThemraVmechanical Unit TCW: Welded, Devitrifii Air dried: Cooldown 

Sample ID Mean CTE on Cooldown (lo6/%) 
DeDth ID Max. I 300- 275- 250- 225- 200- 175- 150- 125- 100-75 75-50 50-35 

150 125 100 275 250 225 200 175 
ec, I cfi, 

28.8 G 110 ND ND ND ND ND ND ND ND 9.02 8.89 4.28 
98.1 G 110 ND ND ND ND ND ND ND ND 10.84 9.64 3.97 I 

111.0 G 110 ND ND ND ND ND ND ND ND ND ND ND 

Mean= NA NA NA NA NA NA NA NA 9.93 9.26 4.12 
N"'= NA NA NA NA NA NA NA NA 2 2 2 

STD(~)= NA NA NA NA NA NA NA NA 1.29 0.53 0.22 

ThermaUmechanical Unit Pin:, Nonwelded, V ic :  Air dried: Heat-up 

Sample ID Mean CTE on Heat-up (lo*/%) 
Depth ID Max. 25-50 50-75 75-100 100- 125- 150- 175- 200- 225- 250- 275- 
(fi) Temp. 125 150 175 200 225 250 275 300 

152.9 C 110 4.64 3.96 0.96 ND ND ND ND ND ND ND ND 

N"= 2 2 2 N A N A N A N A N A N A N A N A  
Mean= 4.57 3.83 2.12 NA NA 
STD(*)= 0.11 0.18 1.64 NA NA NA NA NA NA NA NA I 

ec, 

187.0 D 110 4.49 3.71 3.27 ND ND ND ND ND ND ND ND 

NA NA NA NA NA NA I 

N = Number of samoles: STD = Standard deviation: ND = No Data: NA = Not ADDiicable 
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ThermaUmechanical Unit PTn: Nonwe!ded. Vitric: Air dried: Cooldown 

Sample ID Mean CTE on Cool-down (106fC) 
Depth ID Max. I 300- 275- 250- 225- 200- 175- 150- 125- 100-75 75-50 50-35 
(fi) Temp. 275 250 225 200 175 150 125 100 

152.9 C 110 ND ND ND ND ND ND ND ND 6.24 5.46 2.28 
187.0 D 110 ND ND ND ND ND ND ND ND 5.93 4.45 1.19 

Mean= NA NA NA NA NA NA NA NA 6.08 4.95 1.74 
STD(4= NA NA NA NA NA NA NA NA 0.22 0.72 0.77 . 

ec, 

N"= NA NA NA NA NA NA NA NA 2 2 2 

ThermaVmechanical Unit TSwl: Welded, Devitrified: Air dried: Heat-up 

Sample ID Mean CTE on Heat-up (1 04fC) 
Depth ID Max. 125-50 50-75 75-100 100- 125- 150- 175- 200- 225- 250- 275- 
0 Temp. 125 150 f75 200 225 250 275 300 

277.5 C 110 5.33 5.26 7.95 ND ND ND ND ND ND ND ND 
321.1 C 110 4.13 6.17 6.79 ND ND ND ND ND ND ND ND 

392.1 E 110 5.45 7.62 8.52 ND ND ND ND ND ND ND ND 
416.0 L 110 6.96 7.65 8.79 ND ND ND ND ND ND NO ND 
421.8 A 300 6.50 8.26 9.16 7.86 11.24 20.45 35.64 60.54 56.39 49.02 44.23 

N"= 6 6 6 1 1 1 1 1 1 1 1 
Mean- 5.78 7.00 8.18 7.86 11.24 20.45 35.64 60.54 56.39 49.02 44.23 

STD@)= 1.02 1.10 0.84 NA NA NA NA NA NA NA NA 

ec, 

354.9 D 110 6.29 7.03 7.87 ND ND ND ND ND ND ND ND 

Thermavmecharucal a Unit TSwl: Welded, Devitrified: Air dried: Cooldown 

Sample ID Mean CTE on c o o ~ o w n  (IO~PC) 
Depth ID Max. 1300- 275- 250- 225- 200- 175- 150- 125- 100-75 75-50 9-35 

(ft) Temp. 275 250 225 200 175 150 125 100 

277.5 C 110 ND ND ND ND ND ND ND ND 8.26 7.49 4.23 
321.1 C 110 ND ND ND ND ND ND ND ND 6.29 7.48 3.76 
354.9 D 110 I ND ND ND ND ND ND ND ND 7.80 6.94 2.98 
392.1 E 110 ND ND ND ND ND ND ND ND 6.64 5.57 2.76 
416.0 L 110 ND ND ND ND ND ND ND ND 9.21 8.17 3.54 
421.8 A 300 11.94 14.30 15.83 18.02 30.33 37.63 44.43 22.47 11.15 9.64 10.43 

N'"' = 1 1 1 1 1 1 1 1 6 6 6 
Mean= 11.94 14.30 15.83 18.02 30.33 37.63 44.43 22.47 8.22 7.55 4.62 

STD"= NA NA NA NA NA NA NA NA 1.79 1.34 2.90 

ec> 

(a) N = Number of samoles: STD = Standard deviation: NO = No Data: NA = Not AoDlicable 
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Table B-3 (Continued). Mean Thermal Expansion CoeiXcients for Borehole NRG-6 

ThennaVmechanical Unit TSw2: Welded, Devitrified: Air dried: Heat-up 

Sample ID Mean CTE on Heat-up (1 O a k )  
&Dth ID Max. 1 25-50 50-75 75-100 100- 125- 150- 175- 200- 225- 250- 275- 

300 I 125 150 175 200 225 250 275 

Mean= 7.71 8.64 9.04 9.52 9.97 11.21 12.25 NA NA NA NA 
STDQ= O S 6  0.41 0.37 0.42 0.48 0.11 0.16 NA NA NA NA ~ 

ThermaVmechanical Unit TSw2: Welded, Devitrified: Air dried: Cooldown 

Sample ID Mean CTE on Cooldown (1 O * k )  
Depth ID Max. 300- 275- 250- 225- 200- 175- 150- 125- 100-75 75-50 50-35 

(e) Temp. 275 250 225 200 175 150 125 100 

729.2 C 225 ND ND ND ND 13.22 12.14 11.16 10.07 9.54 8.97 8.48 
732.6 B 225 ND ND ND ND 13.51 12.27 11-30 10.20 9.73 8.99 8.65 , 

806.0 C 225 NO ND ND ND 13-78 12.49 11.30 10.27 9.59 9.08 8.53 
911.2 C 175 ND ND ND ND ND ND 9.94 9.12 8.71 8.26 7.97 
926.3 C 175 ND ND ND ND ND ND 10.95 9.93 9.53 8.97 8.70 

N@'= NA NA NA NA 3 3 5 5 5 5 5 
Mean= NA NA NA NA, 13.50 12.30 10.93 9.92 9.42 8.85 8.47 

STD"'= NA NA NA NA 0.28 0.18 0.57 0.46 0.40 0.33 0.29 

ec, 

(4 N = Number of samdes: STD = Standard deviation: ND = No Data: NA = Not Amlikable 
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Table B-4. Mean Thermal Expansion Coefficients for Borehole NRG-7. 

Thedmechanical Unit TOM Welded, Devitrified Air dried: Heat-up 

Sample ID Mean CTE on Heat-up (1 O*&) 
Depth ID Max. 125-50 50-75 75-100 100- 125- 150- 175- 200- 225- 250- 275- 

125 150 175 200 225 250 275 300 (fi) Temp. 
ea 

18.6 A 300 7.53 8.55 9.29 10.18 11.66 13.79 15.69 18.63 22.01 29.76 55.70 
27.3 A 300 7.53 8.66 9.36 10.56 12.45 15.06 17.44 20.07 21.32 25.22 33.16 
56.8 A 300 6.96 7.76 7.84 8.81 1028 11.82 13.31 15.95 19-50 40.47 50.54 

Mean= 7.34 8.32 8.83 9.85 11.46 13.56 15.48 18.22 20.94 31.82 46.46 
STD'.'= 0.33 0.49 0.86 0.92 1.10 1.63 2.08 2.09 1.30 7.83 11.81 

N'*) = 3 3 3 3 3 3 3 3 3 3 3 

Thedmechanical Unit TCW: Welded, Devitrified. Air dried: Cooldown 

Sample ID Mean CTE on Cooi-down (lo*/%) 
Depth ID Max. 300- 275 250- 225- 200- 175- 150- 125- 100-75 75-50 50-35 
(fi) Temp. 275 250 225 200 175 150 125 100 

ec, 
t8.6 A 300 22.69 34-50 44.47 36.90 28.72 19.79 16.02 13.68 11.76 10.52 5.99 
27.3 A 300 20.11 25.54 26.55 24.82 22.47 18.49 15.23 12.72 11.03 9.77 5.43 
56.8 A 300 17.45 34.13 45.62 24.18 19.05 15.14 12.85 11.40 10.11 9.08 5.15 

Mean= 20.09 31.39 38.88 28.64 23.41 17.81 14.70 12.60 10.97 9.79 5.52 
N" = 3 3 3 3 3 3 3 3 3 3 3 

STD'4= 2.62 5.07 10.69 7.16 4.90 2.40 1.85 1.15 0.83 0.72 0.43 

N = Number of samdes: STD = Standard deviation 
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Table B-4 (Continued). Mean Thermal Expansion Coefficients for Borehole NRG-7. 

ThermaVmechanical Unit PTn: Nonwelded, Viric: Air dried: Heat-up 

Sample ID Mean CTE on Heat-up (1 Oak) 
Depth ID Max. I 25-50 50-75 75-100 100- 125- 150- 175- 200- 225- 250- 275- 
0 . Temp. 125 150 175 200 225 250 275 300 

ec) 
75.0 B 300 6.67 6.71 5.54 -33.6 8.54 7.51 3.03 -2.57 -6.88 -9.00 -9.13 
91.6 A 300 4.08 3.87 3.93 3.46 5.86 5.95 5.91 5.82 5.66 4.34 1.71 

104.1 A 300 3.95 2.66 -0.01 -6.66 5.57 4.85 5.37 6.20 6.57 6.07 4.26 
113.1 A 300 4.12 4.74 5.28 5.43 6.11 6.38 6.28 6.15 5.85 4.41 1.90 
120.9 A 300 4.44 5.05 4.94 1.11 6.59 6.17 3.53 -0.92 -6.00 -6.04 -5.16 
787.7 A 300 3.98 2.86 2.58 -3.93 6.36 4.95 -0.13 -9.33 -18.6 -25.4 -22.1 

, 248.5 A 300 4.21 3.42 2.45 -7.7 5.96 421 -0.68 -8.52 -162 -22.7 -23.7 
293.3 A 300 5.09 5.98 6.63 1.66 7.82 8.26 6.62 2.65 -3.6 -10.7 -19.5 

N")= 8 8 8 8 8 8 8 8 8 8 8 

STD'.'= 0.92 1.46 2.15 12.50 1.04 1.37 2.86 6.37 9.84 12.16 11.48 
Mean=: 4.57 4.41 3.92 -5.03 6.60 6.03 3.74 -0.07 4.15 -7.39 -8.97 

ThemVmechanical Unit PTn: Nmweidzd. Vrtric: Air dried: Cooldowa 

Sample ID Mean CTE on CoOiaawn (1 O*k) 
Depth ID Max. 300- 275- 250- 225- 200- 175- 150- 125- 100-75 75-50 50-35 
(fi) 275 250 225 200 175 150 125 100 

I ec, 
75.0 B 300 11.18 8.40 7.54 7.44 8.03 8.71 8.68 821 7.39 6.51 3.45 
91.6 A 300 9.38 7.36 6.52 6.32 6.26 6.25 5.83 5.66 5.57 4.84 2.30 . 

104.1 A 300 8.31 7.37 7.10 6.91 6.53 6.22 5.52 5.27 4.63 3.77 1.07 
113.1 A 300 10.92 8.06 6.81 6.51 6.39 6.47 6.00 5.90 5.48 5.23 2.89 
120.9 A 300 16.26 9.68 7.51 6.60 6.15 6.19 5.83 5.60 5.12 4.66 2.92 
181.7 A 300 10.20 7.69 6.69 629 621 6.04 5.69 5.50 5.12 4.61 2.10 
248.5 A 300 11.08 7.84 6.68 6.30 6.26 5.98 5.65 5.43 4.96 4.52 2.18 . 
293.3 A 300 I 14.00 9.32 7.90 7.84 8.65 9.04 8.08 7.24 6.64 5.97 3.23 

N"= 8 8 8 8 .  8 8 8 8 8 8 8 
Mean= 11.42 821 7.09 6.78 6.81 6.86 6.41 6.10 5.61 5.01 2.52 
STDta)= 2.56 0.87 0.50 0.58 0.97 1.26 124 1.05 0.93 0.87 0.77 

(a) N = Number of samdes: STD E Standard deviation 
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Table B-4 (Continued). Mean Thermal Expansion Coefficients for Borehole NRG-7. 

<“C) 
329.2 A 300 

ThermaUmechanical Unit TSwl: Welded, Devitrified: Air dried: Heat-up 

6.34 7.48 8.03 8.71 10.43 12.51 13.38 15.37 20.18 23.63 26.61 

Sample ID Mean CTE on Heat-up (1 O * k )  
Depth ID Max. 125-50 50-75 75-100 100- 125- 150- 175- 200- 225- 250- 275- 

378.9 A 300 
496.3 A 300 

I (fi) Temp. I 125 150 175 200 225 250 275 300 I 

5.69 6.54 6.99 7.55 8.59 11.18 14.91 19.80 29.55 37.97 38.07 
7.81 9.17 9.80 10.77 12.59 22.36 39.52 50.78 45.75 44.53 45.09 

608.1 A 300 
625.7 A 300 
641.0 A 300 
699.0 A 300 

ThermaVmechanicat Unit TSwl: Wetded. Devitrified: Air dried: Cooldown 

7.70 0.44 8.97 9.71 11-02 15.49 29.41 37.87 36.83 3321 35.02 
7.36 8.45 8.82 9.55 10.64 12.22 17.43 28.32 35.07 74.14 59.53 
8.13 8.63 9.08 9.69 10.54 12.05 18.89 29.11 32.90 43.51 75.58 
6.70 7.56 8.05 8.58 9.45 10.70 11.97 13.42 15.51 18.41 25.17 

Sample ID Mean CTE on Cooldown (lo*&) 
Depth ID Max. I 300- 275- 250- 225- 200- 175- 150- 125- 130-75 75-50 50-35 

I Temp. 275 250 225 200 175 150 125 100 
0 1 

Mean= 18.67 24.02 27.87 26.07 28.93 24.64 20.22 14.85 11.06 9.68 5.40 
STD@)= 3.68 9.40 14.46 8.86 10.85 9.39 8.83 4.94 2.03 1.49 0.85 

N = Number of samok. STD = Standard deviation 



Table B-4 (Continued). Mean Thermal Expansion Coefficients for Borehole NRG-7. 

ThermaVmechanicat Unit TSw2: Welded, Devitrified: Air dried: Heat-up 

Sample ID Mean CTE on Heat-up (1 O a k )  
Depth ID Max. 1 25-50 50-75 75-100 100- 125- 150- 175- 200- 225- 250- 275- 

I I Temp. 
ec> 

125 150 175 200 225 250 275 300 

I STD(.'= 0.95 0.43 0.38 0.77 1.53 1.94 1.90 2.43 3.19 5.29 10.21 

ThemraVmechanical Unit TSw2: Welded, DevitriTed: Air dried: Cooldown 

Sample ID Mean CTE on Cooldown (10%) 
Depth ID Max. I 300- 275- 250- 225- 200- 175 1-W 125- 1W75 75-50 50-35 

i 275 250 225 200 175 150 125 100 
("C) I 

I 

856.5 A 300 23.23 26.70 25.15 22.00 18.33 14.33 12.28 11.19 10.27 9.66 5.58 
867.8 A 300 28.69 36.69 31.05 21.91 16.70 13.35 12.14 11.15 10.34 9.67 5.51 
956.6 A 300 17.40 19.61 19.07 17.04 14.55 12.49 10.76 9.81 9.37 8.87 5.26 
979.2 A 300 19.76 21.99 21.75 21.68 21.64 17.14 13.83 12.10 10.75 9.78 5.55 

1187.4 A 300 15.51 17.21 18.71 16.81 13.87 12.02 10.80 10.11 9.38 8.60 4.89 
1261.8 A 300 15.52 15.23 14.48 1420 13.15 12.20 11.28 10.46 9.74 9.31 5.44 
1269.9 A 300 13.80 13.72 13.46 12.84 * 12.19 11.20 10.27 9.56 9.11 8.62 4.96 
1305.7 A 300 I 16.91 17.51 16.46 15.04 13.33 11.67 10.76 9.92 9.52 8.94 5.15 
1364.6 A 300 I 17.85 19.19 18.86 16.61 14.22 12.47 11.11 10.17 9.53 8.88 5.12 
1407.4 A 300 I 11.05 11.96 13.66 16.68 17.53 17.61 16.50 14.15 11.85 10.24 5.52 

Mean= 17.97 19.98 19.27 17.48 15.55 13.45 11.97 10.86 9.99 9.26 5.30 
N(a) = 10 10 10 10 10 10 10 10 10 10 10 

STD(@= 5.00 7.22 5.54 3.30 2.94 2.25 1-90 1.39 0.84 0.56 0.26 

(a) N = Number of samoles: STD = Standard deviation 
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Table B-5. Instantaneous Thermal Expansion Coefficients for Borehole NRG-4. 

Themravmechanical Unit PTd4: Nonwelded, Vitric: Air dried: Heat-up 

Sample ID instantaneous CTE on Heat-up (104k) 
Depth ID Max. I 50 75 100 125 150 175 200 225 250 275 300 

(fi) Temp. 
ec> 

N‘”) E 1 1 1 1 1 1 1 1 1 1 1 
450.6 D 300 4-24 -0.29 -1.42 6.8 4.03 2.62 3.31 4.53 3.74 2.46 0.31 

M e a n =  4.24 -0.29 -1.42 6.81 4.03 2.62 3.31 4.53 3.74 2.46 0.31 
STD@)= NA NA NA NA NA NA NA NA NA NA NA 

ThermaVmechanical Unit PTda): Nonwelded, Viric: Air dried: codaown 

Sample ID Instantaneous CTE on Cool-down (loa& 
Depth ID Max. I 300 275 250 225 200 175 150 125 100 75 50 

Temp. I I 
I 

450.6 0 300 I 10.01 6.70 6.36 6.20 5.11 5.72 5.29 4.73 5.21 3.78 3.41 

Mean= 10.01 6.70 6.36 6.20 5.11 5.72 5.29 4.73 5.21 3.78 3.41 
Ne’= 1 1 1 1 1 1 1 1 1 1 1 

STDtb)= NA NA NA NA NA NA NA NA NA NA NA 

(a) PTn samoies were subiected to a thermal soakina wriod orior to testina. 
@) N = Number of samoles: STD = Standard deviation: NA = Not Auokable 
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Table B-5 (Continued). Instantaneous Thermal Expansion Coefficients for Borehole NRG-4. 

ThermaVmechanical Unit TSwl : Welded, Devitrified: Air dried: Heat-up 

Sample ID Instantaneous CTE on Heat-up (1 0"PC) 
Depth ID Max. I 50 75 100 125 150 175 200 225 250 275 300 

(fi> Temp. 

506.0 D 300 6.96 7.52 8.39 7.58 9.75 11.72 13.24 15.66 16.95 17.15 17.54 
529.0 C 300 7.80 8.00 8.71 9.43 10.14 16.65 19.75 22.11 28.32 38.17 40.73 
586.2 D 300 6.37 5.66 6.26 7.07 7.05 15.19 13.74 14.16 15.79 29.84 37.67 
610.5 D 300 I 6.93 6.92 7.01 8.77 10.13 29.96 39.40 35.51 36.95 38.93 36.74 
654.5 A 300 I 7.95 8.44 8.62 8.83 12.33 24.07 21.92 23.38 24.83 32.98 43.67 
690.6 A 300 I 7.45 728 8.60 9.57 10.70 24.38 24.96 31.17 31.22 32.45 37.93 

N"= 6 6 6 6 6 6 6 6 6 6 6 
Mean- 7.24 7.30 7.93 8.54 10.02 20.33 22.17 23.66 25.68 31.59 35.71 

STD"= 0.60 0.97 1.04 1.01 1.72 6.89 9.60 8.41 8.24 7.89 9.26 

ec> 

ThetmaVmechanical Unit Tswl : Welded, Devitrified: Air dried: Cooldown 

Sample ID Instantaneous CTE on Cooldown (10%) 
Depth ID Max. 300 275 250 225 200 175 150 125 100 75 50 
(ft) Temp. 

506.0 D 300 11.35 14.50 14.70 17.81 17.49 13.62 12.18 10.44 8.72 8.27 7.12 , 
529.0 C 300 16.03 20.83 24.30 26.31 25.81 24.26 22.99 23.51 12.77 10.67 9.58 
586.2 D 300 13.69 1827 19.88 18.14 15.71 14.59 14.35 13.84 8.05 7.75 6.34 , 
610.5 D 300 15.28 16.32 19.65 20.98 22.50 25.04 31.94 29.06 11.62 9.35 9.12 
654.5 A 300 16.78 21.45 22.85 21.59 21.92 22.33 23.06 27.33 11.51 10.01 8.18 
690.6 A 300 I 14.65 18.60 23.80 24.02 31.29 34.29 21.07 13.71 10.38 9.80 8.38 

N@)= 6 6 6 6 6 6 6 6 6 6 6 .  
Mean- 14.63 18.33 20.86 21.48 22.45 22.35 20.93 19.65 10.51 9.31 8.12 

STD"= 1.93 2.64 3.60 3.31 5.65 7.62 7.07 7.95 1.82 1.10 121 

("C) 

(a) N = Number of moles:  STD = Standard deviation 
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Table B-6. Instantaneous Thermal Expansion Coefficients for BoEhole NRG-5. 

Thermal/me&anical Unit TSwl: Welded, Devitrified: Air dried: Heat-up 

Sample ID 

(fi) Temp. 

779.8 A 300 8.06 8.17 9.16 1 0 s  10.20 12.98 17.54 26.38 33.00 50.59 73.71 

Mean= 8.06 8.17 9.16 10.25 10.20 12.98 17.54 26.38 33.00 50.59 73.71 

Instantaneous CTE on tleat-ur, (1 0%3 
Depth ID Max. 50 75 100 125 150 175 200 225 250 275 300 

ec> 

N" = 1 1 1 1 1 1 1 1 1 1 1 

b STD'"= NA NA NA NA NA NA NA NA NA NA NA 

ThermaVmechanical Unit TSwl : Welded, Devitrified: Air dried: Cooi-down 

Sample ID 

(fi) Temp. 

instantaneous CTE on c00~down ( I O ~ P C )  
Depth ID Max. 300 275 250 225 200 175 150 125 100 75 50 

ec, 
I 

779.8 A 300 I 21.77 30.21 39.32 40.96 33.70 22.68 15.26 13.40 1134 10.75 9.93 
N@' = 1 1 1 1 1 1 -1 1 1 1 

Mean- 21.77 30.21 39.32 40.96 33.70 22.68 15.26 13.40 11.54 10.75 9.93 
STD"= NA NA NA NA NA NA NA NA NA NA NA . 

(a) N = Number of samoles: STD = Standard deviation: NA = Not ADoficable 
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Table 4-13 (Continued). Instantaneous Thermal Expansion Coefficients for Borehole NRG-5 

ThermaUmechanical Unit TSW: Welded, Devitrified: Air dried Heat-up 
... 

Sample ID 

(ft) Temp. 

Instantaneous CTE on Heat-up (106pC) 
Depth ID Max. 50 75 100 125 150 175 200 225 250 275 300 

ec, 
829.0 A 300 8.49 8.51 9.36 9.17 9.50 9.16 12.35 13.78 17.32 24.96 36.44 
831.8 A 300 7.88 8.41 8.49 10.21 8.99 10.03 11.44 12.67 14.54 20.74 36.21 
848.0 A 300 8.15 8.60 8.75 9.29 9.07 12.25 13.60 19.13 25.62 31.66 43.73 
852.5 A 300 8.38 7.70 9.03 9.07 9.54 11.00 13.33 16.54 20.64 30.50 45.19 
874.9 A 300 8.99 8.12 8.73 9.82 9.90 11.20 12.95 16.72 25.21 32.35 47.60 
879.6 D 300 8.22 8.57 9.86 10.20 10.52 10.37 12.03 15.57 22.11 34.39 44.34 
886.5 A 300 8.26 9.02 8.48 10.55 10.55 11.57 16.29 18.99 22.94 27.34 32.62 
892.8 A 300 8.78 7.95 9.21 10.21 9.76 11.33 1226 14.54 20.71 34.14 44.45 
893.3 A 300 8.21 8.01 8.79 9-60 10.02 10.44 1251 16.07 23.73 35.83 53.98 
899.5 A 300 7.90 8.52 10.25 10.11 10.17 11.52 13.57 20.03 24.43 35.72 64.02 
899.8 A 300 8.09 8.35 9.05 8.66 9.04 9.69 12.42 13.18 17.16 33.80 50.26 

Nta' = 11 11 11 11 11 11 11 11 11 11 11 
Mean= 8.30 8.34 9.09 9.72 9.73 10.78 12.98 16.11 21.31 31.04 45.35 

STD"'= 0.34 0.37 0.56 0.60 0.56 0.92 1.29 2.49 3.64 4.82 8.84 

ThermaUmechanical Unit TSw2: Welded, Devitrified: Air dried: Cooldown 

Sample ID Instantaneous CTE on Cooldown (los/%) 
Depth ID Max. I 300 275 250 225 200 175 150 125 100 75 50 

t i>  Temp. 

829.0 A 300 21.53 23.47 24.81 20.99 16.35 13.52 12.38 11.09 9.95 921 8.50 
831.8 A 300 19.31 22.10 2224 18.80 15.49 12.47 11.97 10.25 10.16 9.25 8.30 
848.0 A 300 22.19 27.16 26.01 21.77 25.30 18.77 13.33 11.56 10.78 928 8.50 
852.5 A 300 23.75 28.81 27.57 23.95 22.23 16.53 13.26 12.61 10.44 9.40 9.02 
874.9 A 300 18.79 24.81 26.46 24.06 23.65 19.39 15.33 14.02 11.86 9.89 8.68 
879.6 D 300 20.82 28.15 29.66 25.31 20.41 14.78 1327 11.82 10.39 9.62 8.80 

892.8 A 300 18.83 27.36 31.38 25.73 20.82 14.40 13.44 11.89 10.56 9.30 8.57 
893.3 A 300 I 19.57 30.74 34.80 27.65 22.90 14.33 12.48 11.51 10.03 9.41 8.68 
899.5 A 300 1 19.95 26.23 32.63 29.50 26.79 20.15 16.99 13.80 11.61 9.95 9.02 
899.8 A 300 I 21.31 33.23 36.43 22.15 16.33 12.54 11.65 10.95 10.47 9.35 8.37 

ec, 

886.5 A 300 1724 21.88 23.82 22.41- 21.34 17.96 15.78 12.30 10.68 9.27 8.63 

N" = 11 11 11 11 11 11 11 11 11 11 11 
Mean= 20.30 26.72 28.71 23.85 21.06 15.89 13.63 11.98 10.63 9.45 8.64 

STD"= 1.84 3.53 4.63 3.08 3.72 2.79 1.70 1.15 0.60 0.26 0.23 

(a) N = Number of samples; STD = Standard deviation 
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Table B-7. Instantanems Thermal Expansion Coefficients for Borehole NRG-6. 

Thermaf/mechanical Unit TCW: Welded, Devitrified: Vacuum saturated: Heat-up 

Sample ID 

(fi) Temp. 

28.8 D 300 7.99 7.21 4.59 10.60 12.99 13.36 15.40 18.77 26.40 35.48 207.9 

98.1 F 300 6.36 6.75 5.76 13.16 15.88 17.04 17.18 19.60 24.37 28.03 20.47 
111.0 G 300 6.68 7.56 7.94 11.44 16.84 17.01 16.74 19.08 21.58 26.22 13.95 

Mean= 7.10 7.10 6.49 12.29 14.36 15.65 16.75 19.15 24.12 29.91 80.77 

Instantaneous CTE on Heat-up (1 O?k) 
Oepth 10 Max. 50 75 100 125 150 175 200 225 250 275 300 

("c) 

F 200 7.37 6.88 7.67 13.97 11.72 15.19 17.68 ND ND ND ND 

N"= 4 4 4 4 4 4 4 3 3 3 3 

STD("= 0.73 0.36 1.59 1.54 2.40 1.75 0.98 0.42 2.42 4.91 110.1 

ThermaVmechanical Unit TCW: Welded, Devitrified: Vacuum saturated: cod-down 

Sample ID 

(fi) Temp. 

28.8 D 300 10.97 24.01 39.58 68.08 50.35 26.24 19.35 16.29 14.32 13.00 12.13 
F 200 ND ND ND ND 14.86 15.32 14.83 12.53 11.40 10.24 9.73 

98.1 F 300 11.97 16.62 22.79 22.96 21.98 20.23 17.13 14.65 12.33 10.74 9.66 
311.0 G 300 7.7$ 13.26 23.26 23.72 20.04 19.16 16.01 14.32 11.46 10.32 9.40 

N"' = 3 3 3 3 4 4 4 4 4 4 4 
Mean= 10.24 17.96 28.54 38.26 26.81 20.24 16.83 14.45 1238 11.07 10.23 

instantaneous CTE on Cooldown ( l O * k )  
Depth ID Max. 300 275 250 225 200 175 150 125 100 75 50 

!w 

STD"= 2.19 5.50 9.56 25.83 15.98 4.53 1.92 1.54 1.36 1.30 1.27 

(') N = Number of samoles: STD = Standard deviation: NO = No Data 
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Sample ID Instantaneous CTE on Heat-up (10%) 
Depth ID Max. I 50 75 100 125 150 175 200 225 250 275 300 

(ft) Temp. 
("C) 

148&) A 125 4.63 5.05 6.03 ND ND ND NO ND ND ND ND 
148.4@) A 225 4.54 5.34 -2.91 6.0 5.49 3.50 -1.50 NO ND ND ND 
152.9@) 6 300 7.50 2.25 8.00 5.0 5.77 3.07 -1.12 -3.05 -3.42 -5.65 -4.77 
187.0@) D 300 2.94 -3.48 -28.5 6.14 4.86 1.18 -5.79 -12.5 -19.2 -22.9 -20.5 

N") = 4 4 4 3 3 3 3 2 2 2 2 
Mean= 4.90 2.29 4.35 5.7 5.37 2.58 -2.80 -7.n -11.3 -14.3 -12.7 
STD@)= 1.90 4.09 16.80 0.63 0.47 1.23 2.59 6.68 11.18 12.23 11.15 

instantaneous CTE on c00~own ( IO~PC)  
- 

Sample ID 
Depth ID Max. I 300 275 250 225 200 175 150 125 100 75 50 

ift) Temp. 
ec) 

148&) A 125 ND NO ND ND ND ND ND 6.26 6.66 4.90 4.01 

Table B-7 (Continued). Instantaneous Thermal Expansion Coefficients for Borehole NRG-6. 

ThermaVmechanical Units TCw (Welded, Devitrified) and PTn (Nonwelded, Viric): Vacuum saturated: Heat-up 

ThermaVmechanical Units TCw (Welded, Devitrified) and PTn (Nonwelded, Viric): Vacuum saturate. Cooldown 

(a) Based on depth this specimen is classified as a TCw TM Unit, however, based on physical properties and 

@) These specimens are PTn 
(') N = Number of samples; STD = Standard deviation; NO = No Data 

thermal expansion behavior the sample behaved as a PTn TM Unit and was considered as such for 
statistical purposes. 

Mean= 22.00 11.08 8.25 629 6.91 5.99 5.69 5.78 5.71 4.63 3.42 
STO")= 0.71 1.65 0.07 0.22 ' 2.47 1.44 0.78 0.37 0.75 0.66 1.59 
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Table B-7 (Continued). Instantaneous Thermal Expansion Coefficients for Borehole NRG-6. 

Thermdmechanical Unit TSwl : Welded, Devitrified: Vacuum saturated. Heat-up 

Sample ID 

(ft) Temp. 

Instantaneous CTE on Heat-up (1 Ob/%) 
Depth ID Max. 50 75 100 125 150 175 200 225 250 275 300 

c"C) I 
277.5 B 300 4.15 6.30 6.40 7.30 11.44 13.70 10.85 13.89 16.22 13.70 12.09 
321.1 C 300 5.33 6.69 8.81 8.70 9.71 12.41 15.95 31.88 44.15 40.79 41.21 
354.9 E 300 6.48 6.23 11.51 8.24 10.33 20.16 43-90 91.50 45.40 51.69 36.03 
392.1 F 300 6.53 9.62 8.99 9.60 12.46 22.87 32.35 56.14 60.64 50.75 41.20 
416.0 M 300 7.12 8.32 5.19 10.49 13.59 25.31 37.63 71.44 54.20 45.22 41.78 
421.8 B 175 6.89 7.70 3.73 13.72 22.93 ND ND ND ND ND ND 
458.7 A 200 8.04 9.01 -8.30 9.70 12.42 21.02 31.82 NO ND NO NO 
528.4 A 300 7.90 6.82 14.09 11.72 11.30 14.02 22.85 33.39 43.83 62.81 47.79 
648.6 A 300 8.56 6.84 1620 12.31 10.99 18.20 19.73 34.25 37.36 44.99 58.65 
693.1 A 300 7.93 7.66 10.58 12.63 10.21 1229 14.92 23.09 40.86 41.01 55.46 

N" = 10 10 10 10 10 9 9 8 8 8 8 
Mean= 6.90 7.52 7.72 10.44 12.54 17.78 25.56 44.45 42.83 43.87 41.78 

STD"= 1.35 1.16 6.82 2.10 3.84 4.86 11.35 26.33 13.08 14.13 14.26 

ThermaVmechanical Unit TSwl: Welded, Devitrified: Vacuum saturated: Cooldown 

Sample I5 Instantaneous CTE on caoldown (10%) 
Depth ID Max. 300 275 250 225 200 175 150 125 100 75 50 

(ft) Temp. 
("C) 

277.5 B 300 8.36 8.71 9.04 12.46 12.88 8.96 8.49 7.83 7.18 6.43 7.16 
321.1 C 300 9.39 15.75 17.19 19.91 22.79 28.34 33.91 21.96 11.75 9.69 9.05 
354.9 E 300 10.00 12.22 14.31 19-60 32.50 28.61 40.16 58-09 1328 10.51 9.04 
392.1 F 300 11.22 16.81 19.61 2521 26.48 29.21 4221 61.11 17.05 11.40 10.72 
416.0 M 300 12.11 17.98 20.50 21.59 24.20 33.00 47.18 56.91 15.95 1226 11.22 

L 421.8 B 175 ND NO NO NO NO ND 16.77 20.85 12.48 10.43 9.29 
458.7 A 200 ND ND NO NO 17.12 20.61 16.48 12.86 9.95 9.31 8.08 
528.4 A 300 12.77 21.52 33.10 41.17 35.09 40.94 22.93 14.80 12.06 10.74 10.10 
648.6 A 300 17.21 25.87 33.69 32.92 35.62 27.46 20.88 17.20 1229 11.38 11.29 
693.1 A 300 I 18.56 28-65 33.48 29.17 33.96 19.68 16.20 13.87 12.34 11.77 9.74 

N" = 8 8 8 8 9 9 10 10 10 10 10 
Mean= 12.45 18.44 22.62 25.25 26.74 26.31 26.52 28.55 12.43 10.39 9.57 

. 

STD'a'= 3.66 6.68 9.61 8.98 8.22 9.05 13.27 21.21 2.77 1.66 1.33 

(a) N = Number of samoles: STD = Standard deviation: ND = No Data 
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Table B-7 (Continued). Instantaneous Thermal Expansion Coefficients for Borehole NRG-6. 

ThenaVmechanical Unit TSW: Welded, Devitrified: Vacuum saturated: Heat-up 

Sample ID Instantaneous CTE on Heat-up (1 O4k) 
Depth ID Max. 50 75 100 125 150 175 200 225 250 275 300 

Temp. 
ec, 

729.2 A 300 7.47 8.77 5.81 8.94 12.21 12.26 14.38 20.60 27.88 48.64 72.72 
6 300 8.55 10.00 4.86 9.90 12.09 13.02 14.91 17.68 24.61 40.35 56.19 

732.6 A 300 7.49 9.19 5.25 8.18 10.79 12.81 13.91 17.56 24.71 39.98 63.02 
732.6 C 300 9.29 8.67 4.69 8.72 11.54 12.12 15.06 17.31 23.13 37.82 55.52 
777.8 A 200 8.50 7.31 5.78 12.25 10.25 11.91 13.83 ND ND ND ND 
788.3 A 200 7.95 6.95 6.83 12.15 10.93 12.24 14.32 ND NO NO ND 
802.7 A 175 4.06 5.11 *- 1.67 10.02 12.09 12.57 14.24 20.49 30.87 47.60 
806.0 A 200 8.76 8.79 3.79 10.19 11.30 11.67 14.80 21.14 25.72 42.10 49.89 

B 300 8.93 8.45 3.63 8.23 11.24 12.23 13.74 17.24 25.47 40.88 45.51 
849.9 A 300 6.82 7.22 5.95 11.24 9.47 20.63 16.52 16.59 19.59 19.75 18.47 
886.5 A 300 5.88 6.59 0.97 10.61 8.39 10.44 9.74 9.86 12.27 12.13 12.15 
911.2 A 300 7.34 7.78 -2.22 8.32 9.85 12.71 16.67 20.95 22.09 28.00 34.94 

B 300 8.02 7.90 4.40 9.00 9.30 11.83 13.35 15.23 17.00 20.50 22.50 
926.3 A 300 7.83 7.52 1.54 8.46 10.02 1129 14.88 20.98 24.12 33.58 46.81 

B 300 8.51 8.91 5.70 9.28 10.78 11.78 13.52 16.95 18.06 26.47 36.93 
952.2 A 200 6.46 8.17 11.58 12.83 12.31 14.52 15.45 ND ND ND NO 
987.6 A 300 7.37 6.75 13.39 12.21 10.82 12.55 13.90 1528 19.74 24.66 33.34- 

1016.6 A 300 7.74 8.04 13.10 10.11 8.81 12.08 13.85 15.61 17.53 22.75 29.58 
1081.5 8 3cK) 7.02 6.47 21.12 12.32 10.25 12.99 14.34 17.68 21.65 27.80 40.08 

N" = 19 19 18 19 19 19 19 16 16 16 16 
Mean= 7.58 7.82 6.45 9.72 10.55 12.69 14.20 17.18 21.50 31.02 41.58 

STDQ= 1.22 1.16 5.38 2.51 1.11 2.09 1.48 2.94 4.04 9.98 16.39 

(a) N = Number of samples: STD = Standad deviation: ND = No Data 
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Table B-7 (Continued). Instantaneous T h e d  Expansion Coefficients for Borehole NRG-6. 

TheWmhanical Unit TSw2: Welded, Devitrified: Vacuum saturated: Coaldown 

Sample ID Instantaneous CTE on Cooldown (1 0”PC) 
Depth ID Max. 300 275 250 225 200 175 150 125 100 75 50 
Ci) Temp. 

729.2 A 300 21.05 32.93 45.84 43.94 29.39 19.52 15.96 13.40 12.17 10.84 9.76 
ec) 

B 300 26.62 36.95 37.70 27.96 20.25 15.21 12.85 11.83 11.41 10.13 9.52 
732.6 A 300 22.57 34.23 41.34 31.29 2121 16.01 14.12 12.66 1269 10.03 9.53 

C 300 I 24.36 38.19 38.48 28.83 20.65 15.56 14.05 12.95 11.81 10.47 9.65 
777.8 A 200 1 ND ND ND ND 14.97 13.95 13.23 10.75 9.85 9.77 8.59 
788.3 A 200 ND ND ND ND 14.68 13.45 12.59 10.66 10.17 10.09 9.05 
802.7 A 175 21.49 33.65 34.18 23.66 18.73 14.43 13.20 12.17 11.38 9.60 8.95 
806.0 A 200 22.31 32.81 37.78 27.75 19.08 15.26 14.22 12.45 11.60 9.94 9.55 

B 300 22.44 32.70 41.43 30.24 2129 15.63 13.34 12.51 11.74 9.68 9.10 
849.9 A 300 10.64 13.11 13.35 12.87 14.29 14.84 16.39 16.56 12.86 9.48 7.77 
886.5 A 300 9.17 11.73 12.10 10.61 11.44 10.44 10.72 10.13 8.41 8.94 8.31 
9112 A 300 17.45 22.35 21.74 22.11 20.60 16.97 12.93 11.19 10.62 8.52 7.87 

B 300 1 14.22 16.52 15.41 15.82 15.63 14.55 12.53 11.31 10.83 8.83 8.33 
926.3 A 300 I 17.80 24.68 26.94 23.95 22.50 17.73 13.22 11.42 10.74 8.75 9.13 

B 300 20.44 24.28 24.78 21.30 19.27 16.20 13.35 11.72 11.60 9.64 8.99 
952.2 A 200 ND ND ND ND 14.89 14.03 13.10 11.86 10.75 10.28 9.28 

I 987.6 A 300 15.87 19.60 21.00 17.88 17.07 16.47 13.69 11.24 9.87 10.09 9.42 
1016.6 A 300 13.92 18.67 19.47 15-67 16.29 13.41 12.29 10.20 9.66 9.17 8.93 
1081.5 B 300 15.82 21.36 25.22 22.21 21.94 16.47 13.27 11.59 1C.78 10.17 9.84 

Mean= 18.51 25.86 28.55 23.50 18.64 15.27 13.42 11.93 11.00 9.70 9.03 
N“= 16 16 i6 16 19 19 19 19 19 19 19 

STD‘a)= 4.97 8.67 11.00 8.29 4.06 1.92 1.24 1.43 1.11 0.63 0.61 

ThenavmeChaniil Unit TOw. Welded, Devitrified : Ovendried. Heat-up 

Sample ID InStanEaneous CTE on Heat-up (lo?%) 
Depth ID Max. I 50 75 100 125 1.50 175 200 225 250 275 300 
(fi) Temp. 

28.8 G 350 9.30 10.43 11.90 8.52 13.89 16.13 17.43 20.30 41.89 109.5 30.78 
ec, 

G 300 7.80 9.28 6.34 10.21 13.64 14.57 15.05 19.15 25.54 37.22 224.0 
98.1 G 300 8.26 8.72 8.59 12.67 15.61 17.34 18.43 20.02 26.11 29.04 19.81 
111.0 F 300 8.51 10.83 1020 12.06 17.04 18.08 17.08 19.60 22.61 28.94 14.76 

N“’= 4 4 4 4 4 4 4 4 4 4 4 
Mean= 8.47 9.82 9.26 10.87 15.05 16.53 17.00 19.77 29.04 51.17 72.33 

. sTDta)= 0.63 0.98 2.37 1.88 1.59 1.53 1.42 0.51 8.70 39.06 101.3 

(a) N = Number of samoles: STD = Standard deviation: ND = No Data 
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Table B-7 (Continued). Instantaneous Thermal Expansion Coefficients for Borehole NRG-6. 

Thedmechanii l  Unit TCw: Welded, Devitrified: Oven dried: Cooldown 

Sample ID Instantaneous CTE on Cooldown (1 0%) 
Depth ID Max. 1 300 275 250 225 200 175 150 125 100 75 50 

(ft) Temp. 

28.8 G 350 11.29 15.63 32.70 47.06 26.96 16.60 13.82 9.68 8.14 728 6.36 
28.8 G 300 14.98 27.88 39.86 71.03 27.43 21.26 15.41 9.08 7.63 7.48 8.00 
98.1 G 300 10.73 15.83 22.90 23.93 22.89 19.83 16.39 14.80 1212 10.15 9.25 I 

111.0 F 300 1125 14.41 25.35 24.77 21.22 19.18 17.24 14.33 12.42 11.40 9.35 

Mean = 12.32 19.37 30.20 41.70 24.62 1922 15.72 11.97 10.08 9.08 8.24 

ec) 

N"= 3 3 4 4 4 4 4 4 4 4 4 

STDt4= 2.32 7.41 7.67 22.30 3.05 1.95 1.47 3.01 2.55 2.03 1.39 ~ 

TheWmhaniCal Unit PTn: Nonwelded, V i :  Oven dried. Heat-up 

Sample ID Instantaneous CTE on Heat-up (1 O * h )  
Depth ID Max. 50 75 100 125 150 175 200 225 250 275 300 

(ft) Temp. 
0 

I 

152.9 C 300 I 5.70 4.73 5.15 1.11 6.24 6.95 1.84 0.25 -0.25 -221 -3.80. 
N@' = 1 1 1 1 1 1 1 1 1 1 1 

Mean= 5.70 4.73 5.15 1.11 6.24 6.95 1.84 0.25 -0.25 -2.21 -3.80 
S' ID (a)= NA NA NA NA NA NA NA NA N.4 NA NA ~ 

* 

ThermaVmechanical Unit PTn: Nonwelded, Viric: Oven dried: Cooldown 

Sample ID Instantaneous CTE on Cooldown (1 0%) 
Depth ID Max. I 300 275 250 225 200 175 150 125 100 75 50 

I 

152.9 c I 17.40 8.80 5.77 527 3.92 3.63 3.16 3.78 3.37 4.11 4.44 
Nt4= 1 1 1 1 -1  1 1 1 1 1 1 

Mean= 17.48 8.80 5.77 5.27 3.92 3.63 3.16 3.78 3.37 4.11 4.44 
STD('= NA NA NA NA NA NA NA NA NA NA NA 

(a) N = Number of samoles: STD = Standard deviation: NA = Not Amticable 
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Table B-7 (Continued). Instantaneous Thermal Expansion Coefficients for Borehole NRG-6. 

ThermaVmechanical Unit TSwl: Welded, Devitrified: Oven dried: Heat-up 

Sample ID 

(fi) Temp. 

Instantaneous CTE on Heat-up (1 O*k) 
Depth ID Max. 50 75 100 125 150 175 200 225 250 275 300 

E, 

Mean= 7.75 8.20 8.35 9.38 12.33 22.90 34.34 46.36 43.71 37.91 34.54 
STD'a'= 1.00 1.32 1.47 0.93 2.61 10.30 21.32 24.53 13.26 10.96 9.39 

ThermaVmechanical Unit TSwl: Welded, Devitrified: Oven dried: Cooldown 

Sample ID instantaneous CTE on Cooldown (lo*/%) 
Depth ID Max. 300 275 250 225 200 175 150 125 100 75 50 

(ft) Temp. 

277.5 C 300 9.14 11.53 12.58 13.90 14-09 13.15 11.13 10.84 8.99 8.54 7.55 
321.1 B 300 9.14 12.42 15.65 20.79 21.53 2621 22.58 19.82 11.00 9.14 11.08 
354.9 D 300 8.84 14.01 14.30 18.59 23-01 30.66 40.05 67.37 13.61 10.35 926 
392.1 E 300 9.20 16.09 19.18 19.30 23.74 28.48 35.81 63.15 16.38 12.55 9.06 
416.0 L 300 12.87 16.24 18.47 20.65 24.10 32.01 39.37 85.89 16.69 12.11 10.31 . 
421.8 B 300 13.86 17.49 21.33 2284 25.36 33.94 47.52 49.48 15.46 12.09 10.03 
458.7 B 300 12.64 15.84 20.01 25.80 33.34 48.92 36.03 24.73 13.32 10.98 9.08 
528.4 6 200 NO NO NO ND ND 19.85 25.73 13.71 10.62 9.45 9.04 , 

648.6 B 175 ND ND ND ND ND ND 13.90 18.53 15.15 9.16 8.18 
693.1 B 225 ND ND ND NO 15.06 12.72 12.03 10.73 9.98 9.23 8.75 

Mean= 10.81 14.80 17.36 20.27 22.53 27.33 28.41 36.42 13.12 10.36 9.23 
STD(a'= 2.20 2.20 3.23 3.70 6.06 11.27 13.13 27.59 2.81 1.48 1.03 

ec, 

N") = 7 7 7 7 8 9 10 10 10 10 10 

(at N = Number of samctk. STD E Standard deviation: NO = No Data 
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Table B-7 (Continued). Instantaneous Thermal Expansion Coefficients for Borehole NRG-6. 

ThermaVmechanical Unit TSW Welded, Devitrified: Oven dried: Heat-up 

Sample ID Instantaneous CTE on Heat-up 
Depth ID Max. 1 50 75 100 125 150 175 200 225 250 275 300 

(fi) Temp. 
ec> 

777.8 B 300 8.82 9.68 9.37 8.74 12.08 11.99 15.62 21.38 31.74 49.10 55.46 
788.3 B 300 9.30 9.85 9.17 8.27 12.95 11.02 15.01 19.86 29.09 51.48 53.60 
789.4 A 300 7.78 8.66 9.54 7.74 10.98 9.84 13.01 16.70 20.84 33.72 58.65 
802.7 B 300 6.49 8.84 7.50 7.97 10.06 10.21 12.12 15.30 18.61 26.70 45.26 
849.9 B 300 7.80 8.12 7.58 6.41 7.37 8.61 7.88 10.10 11.85 10.87 12.46 
886.5 B 300 7.01 8.66 7.91 8.15 11.09 9.97 13.56 15.53 18.51 25.19 32.86 
900.4 A 300 8.14 8.77 8.66 8.65 10.52 9.55 12.95 17.62 25.80 46.83 74.16 

B 300 8.50 9.30 8.89 7.77 11.90 10.47 13.08 16.41 20.51 46.02 67.98 
952.2 6 300 9.00 9.82 9.49 9.15 12.73 13.75 10.44 25.50 27.72 34.08 36.76 
987.6 B 300 823 9.94 8.76 8.21 11.09 10.77 16.49 20.85 21.59 25.45 31.14 

1016.6 B 300 8.58 9.00 8.75 8.44 11.10 10.70 13.66 16.03 17.09 20.00 25.59, 
1017.2 A 300 7.44 8.09 7.48 6.05 9.44 9.41 11.89 14.61 16.32 22.01 29.42 
1081.0 A 300 7.93 9.18 8.65 8.23 11.23 1127 15.87 19.63 22.53 30.06 38.97, 
1081.5 A 300 8.33 8.67 8.60 7.62 10.53 10.34 14.47 54.61 68.2 46.M 33.83 

N" = 14 14 14 14 14 14 14 14 14 14 14 
Mean= 8.15 9.04 8.60 7.96 10.94 10.57 13.86 20.29 25.03 33.40 42.58 

STD'a)= 0.71 0.61 0.72 0.84 1.41 1.25 2.51 10.54 13.55 12.64 17.35 

(a) N = Number of samoles: STD = Standard deviation 
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ThermaVmechanical Unit TSw2: Welded. Devitrified: Oven dried: Cooldown 

Sample ID 

(ft) Temp. 

777.8 B 300 19.67 3023 44.85 38.09 25.56 18.08 14.93 12.67 10.36 9.43 8.43 . 
788.3 B 300 20.31 30.51 41.73 33.40 2428 15.56 14.12 12.28 1029 10.61 9.10 
789.4 A 300 23.43 33.59 38.93 30.38 2.32 1.71 1.61 0.74 10.73 7.72 5.05 
802.7 B 300 22.20 33.24 36.39 25.65 20.06 16.93 14.00 12.58 10.98 10.79 9.60 
849.9 B 300 10.46 11.30 11.62 9.87 10.90 10.75 10.32 8.91 8.16 8.19 7.37 
886.5 B 300 15.88 20.88 15.92 15.65 15.65 14.10 11.72 11.21 9.82 8.17 9.03 
900.4 A 300 17.48 23.97 37.83 37.09 27.56 18.56 15.70 11.80 10.37 9.13 5.64 

B 300 17.82 23.06 31.72 52.62 28.38 17.82 15.02 12.89 1128 10.57 9.62 
952.2 B 300 13.55 18.11 24.08 24.49 26.47 20.50 17.10 13.29 11.48 10.46 9.22 
987.6 B 300 18.02 19.27 20.82 19.06 22.88 18.46 14.15 11.81 10.11 9.79 8.65 
1016.6 B 300 16.56 18.43 18.52 15.95 16.51 14.56 12.46 11.53 9.38 9.67 8.68 
1017.2 A 300 16.89 17.65 18.47 15.66 16.51 14.09 11.58 9.98 8.79 8.68 7.56 
1081.0 A 300 18.98 21.31 23.70 22.46 20.97 19.67 4.74 0.35 -0.04 1.02 -0.14 
1081.5 A 300 8.91 11.08 13.52 15.94 24.58 67.86 36.87 21.44 19.30 17.37 13.91 

N" = 14 14 14 14 14 14 14 14 14 14 14 
Mean= 17.15 22.33 27.01 25.45 20.19 19.19 13.88 10.82 10.07 9.40 7.98 

STD'*)= 4.05 7.31 11.26 11.73 7.27 14.79 7.86 5.19 3.91 3.35 3.11 

Instantaneous CTE on Cooldown (1O6pC) 
Depth ID Max. 300 275 250 225 200 175 150 125 100 75 50 

ec> 

(a) N = Number of samdes: STD = Smdarci deviation 
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Table B-7 (Continued). Instantaneous Thermal Expansion Coefficients for Borehole NRG-6. 

ThermaVmechanical Unit TCw: Welded, Devitrified: Air dried: Heat-up 

Sample ID Instantaneous CTE on Heat-up (106pC) 
Depth ID Max. I 50 75 100 125 150 175 200 225 250 275 300 

(ft) Temp. 

28.8 G 110 4.91 5.16 10.35 ND NO ND ND ND ND ND ND 
98.1 G 110 8.24 8.81 11.55 ND NO NO ND ND ND ND ND 

ec> 

111.0 G 110 I 8.04 7.97 10.49 ND NO ND ND ND ND ND ND 
N"' = 3 3 3 NA NA NA NA NA NA NA NA 

Mean= 7.06 7.31 10.79 NA NA NA NA NA NA NA NA 
STD")= 1.87 1.91 0.66 NA NA NA NA NA NA NA NA . 

ThermaYmechanical Unit TCw: Welded, Devitrified: Air dried: Cooldown 

Sample ID Instantaneous CTE on Cool-down (1OSpC) 
Depth ID Max. I 300 275 250 225 200 175 150 125 100 75 50 

(ft) Temp. 

28.8 G 110 ND NO NO ND ND ND ND ND 9.40 8.27 8.33 
98.1 G 110 ND ND ND ND ND ND ND ND 10.01 10.74 8.22 

111.0 G 110 ND NO ND NO ND ND ND ND NO ND ND 

Mean= NA NA NA NA NA NA NA NA 9.70 9.51 8.28 

ec) 

N"= NA NA NA NA NA NA NA NA 2 2 2 

STD(')= NA NA NA NA NA NA NA NA 0.44 1.74 0.08 

ThermaVmechanii Unit PTn: Nonwekied, Viric: Air dried: Heat-up 

I 

NA NA NA 1 

Sample ID Instantaneous CTE on Heat-up (1 O?%) 
Depth ID Max. 75 100 125 150 175 200 225 250 275 300 
(fi) Temp. 

I 

' 152.9 C 110 I 5.48 1.88 -7.65 NO NO ND NO ND ND NO ND 
J 

187.0 0 110 I 5.56 2.72 3.99 ND ND ND ND ND ND ND ND 
N"= 2 2 2 N A N A N A N A N A N A N A N A  

STD")= 0.06 0.59 8.23 NA NA NA NA NA NA NA NA I 
N = Number of samdes: STD = Standard deviation: ND = No Data: NA = Not AoDlicable 

Mean= 5.52 2.30 -1.83 N A N A  NA NA NA 
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Table B-7 (Continued). Instantaneous Thermal Expansion Coefficients for Borehole NRG-6. 

(ft) Temp. 

152.9 C 110 ND ND ND ND ND ND ND ND 5.90 6.42 4.75 , 

187.0 D 110 ND ND ND ND ND ND ND ND 5.98 5.40 3.81 

Mean= NA NA NA NA NA NA NA NA 5.94 5.91 4.28 
STD")= NA NA NA NA NA NA NA NA 0.05 0.72 0.66 

ec> 

N"= NA NA NA NA NA NA NA NA 2 2 2 

ThermaVmechanical Unit PTn: Nonwelded, Viric: Air dried: Cool-down 

(rt) Temp. 
ec, 

. 277.5 C 110 5.19 5.82 8.79 ND ND ND ND ND ND ND ND . 
, 321.1 C 110 5.69 6.08 7.91 ND ND ND ND ND ND ND ND 

354.9 D 110 7.73 6.38 9.68 ND NO NO ND ND ND ND ND 
392.1 E 110 7.83 7.37 8.85 ND ND ND ND ND ND ND ND 
416.0 L 110 8.02 7.71 8.27 ND ND ND ND ND ND ND ND 
421.8 A 300 8.47 8.17 8.16 10.78 14.44 26.60 43.22 62.11 54.94 45.80 40.90 

N" = 6 6 6 1 1 1 1 1 1 1 1 
Mean= 7.16 6.92 8.61 10.78 14.44 26.60 43.22 62.11 54.94 45.80 40.90 

STDt4= 1.36 0.96 0.64 NA NA NA NA NA NA NA NA 

Sample ID Instantaneous CTE on Cooldown (1 Ob/%) 
Depth ID Max. I 300 275 250 225 200 175 150 125 100 75 50 

ThermaVmechanical Unit TSwl: Welded, Devitrified: Air dried: Heat-up 

Sample ID Instantaneous CTE on Heat-up (IO~PC) 
Depth ID Max. I 50 75 100 125 150 175 200 225 250 275 300 

ThermaVmechanical Unit TSwl: Welded, Devitrified: Air dried: Cooldown 

Sample ID instantaneous CTE on cool-dc~n (IOY'C) 
Depth ID Max. 300 275 250 225 200 175 150 125 100 75 50 
0 Temp. 

ec, 
, 277.5 C 110 ND ND ND ND ND ND ND ND 7.48 8.07 7.57 

321.1 C 110 ND ND ND ND ND ND ND ND 6.19 7.86 5.58 
354.9 D 110 ND NO ND ND ND ND ND ND 7.35 7.84 6.44 
392.1 E 110 ND ND ND ND ND ND ND ND 6.14 5.80 5.12 

, 416.0 L 110 ND ND ND ND ND ND ND ND 9.12 9.05 7.48 
421.8 A 300 10.91 13.57 16.99 16.98 20.74 32.94 37.88 43.80 12.82 8.90 8.92 

N" = 1 1 1 1 1 1 1 1 6 6 6 
Mean= 10.91 13.57 16.99 16.98 20.74 32.94 37.88 43.80 8.18 7.92 6.85 

STD"= NA NA NA NA NA NA NA NA 2.52 1.16 1.41 

(a) N = Number of samoles: STD = Standard deviation: NO = No Data: NA = Not AoDlicable 
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Table B-7 (Continued). Instantaneous Thermal Expansion Coefficients for Borehole NRG-6. 

ThermaUmechanical Unit Tsw2: Welded, Devitrified: Air dried: Heat-up 

Sample ID Instantaneous CTE on Heat-up (1 O*fC) 
Depth ID Max. 50 75 100 125 150 175 200 225 250 275 300 

(fi) Temp. 
C"C) 

7292 C 225 7.89 8.93 9.71 9.53 11.21 11.75 13.68 ND ND ND ND 
' 732.6 B 225 9.58 8.68 9.93 10.61 11.45 10.82 13.90 ND ND ND ND 

806.0 C 225 8.92 9.07 10.63 9.45 11.40 10.85 14.72 ND ND ND ND 
911.2 C 175 7.31 8.61 8.25 8.53 9.93 ND ND ND ND ND ND 
926.3 c 175 9.02 9.06 9.01 8.78 10.53 ND ND ND ND ND ND 

N" = 5 5 5 5 5 3 3 N A N A N A N A  
Mean= 8.54 8.87 9.51 9.38 10.90 11.14 14.10 NA NA NA NA 
STD")= 0.92 0.22 0.91 0.81 0.66 0.53 0.55 NA NA NA NA 

ThermaUmechanical Unit TSw2: Welded, Devitrified: Air dried: Cooldown 

Sample ID Instantaneous CTE on c001-ciown (1 OVC) 
Depth ID Max. 300 275 250 225 200 175 150 125 100 75 50 

(ft) Temp. 

729.2 C 225 ND ND ND ND 12.85 13.33 11.00 10.62 10.02 9.58 8.87 
732.6 B 225 ND ND ND ND 13.36 11.68 11.34 10.84 10.30 8.73 8.60 , 

806.0 C: 225 ND ND ND ND 13.98 12.92 11-77 11.15 10.10 9.81 8.88 
9112 C 175 ND ND ND ND ND ND 9.76 9.55 9.74 8.44 8.37 
926.3 C 175 ND ND ND ND ND ND 11.44 10.92 9.82 10.17 9.07 

Mean= NA NA NA NA 13.39 12.64 11-06 10.62 10.00 9.34 8.76 

("C) 

N"= NA NA NA NA 3 3 5 5 5 5 5 

STD"= NA NA NA NA 0.56 0.86 0.78 0.62 0.22 0.73 0.27 

(') N = Number of samdes: STD = Standard deviation: ND = No Data: NA = Not ADDlicable 
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Table B-8. Instantaneous Thermal Expansion Coefficients for Borehole NRG-7. 

ThermaUmechanical Unit TCw: Welded, Devitrified Air dried: Heat-up 

Sample ID 

(ft) Temp. 

Instantaneous CTE on Heat-up (1 Ob/%) 
Depth ID Max. 50 75 100 125 150 175 200 225 250 275 300 

ec, 
18.6 A 300 9-10 8.00 9.71 10.49 12.50 14.29 17.41 19.90 23.79 39.31 81.37 
27.3 A 300 8.38 8.34 9.95 11.31 13.94 15.62 18.40 21.11 21.96 27.73 34.76 
56.8 A 300 7.71 6.64 7.96 9.54 11.37 12.38 14.57 17.87 21.92 62.82 37.48 

N'8' = 3 3 3 3 3 3 3 3 3 3 3 
Mean= 8.40 7.66 921 10.44 1261 14.10 16.80 19.63 22.56 43.29 5121 

STD'*= 0.69 0.90 1.08 0.88 1.29 1.63 1.99 1.64 1.07 17.88 26.16 

ThermaUmechanical Unit TCW: Welded, Devitrified: Air dried: Cooldown 

Sample ID 

(ft) Temp. 

Instantaneous CTE on Cooldown (lobPC) 
Depth ID Max. 300 275 250 225 200 175 150 125 100 75 50 

ec, 
18.6 A 300 17.52 29.74 40.03 44.63 3422 22.54 17.42 14.98 11.87 10.89 9.96 
27.3 A 300 16.57 23.24 26.46 26.62 24.30 19.92 16.36 13.36 11.64 9.85 8.97 
56.8 A 300 13.40 22.24 51.73 29.31 22.05 15.93 14.10 12.15 10.60 9.13 8.39 

N"= 3 3 3 3 3 3 3 3 3 3 3 
M e a =  15.83 25.07 39.41 33.52 26.86 19.46 15.96 13.49 11.37 9.96 9.11 

STDta'= 2.16 4.07 12.65 9.72 6.47 3.33 1.69 1.42 0.68 0.89 0.79 

(4 N = Number of s a m ~ l e ~ :  STD = Standard deviation 
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Table B-8 (Continued). Instantaneous Thermal Expansion Coefficients for Borehole NRG-7. 

ThemVmechanical Unit PTn: Nonwelded, Viric: Air dried: Heat-up 

Sample ID instantaneous CTE on tieat-up (1 o~Pc) 
Depth ID Max. I 50 75 100 125 150 175 200 225 250 275 300 

(fi) Temp. 
ec, 

75.0 B 300 7.12 5.41 4.28 7.4 9.34 5.69 0.11 -5.56 -8.31 -9.42 -9.61 
91.6 A 300 4.66 4.01 4.46 5.31 6.68 5.64 5.58 5.50 4.54 3.29 -0.49 

104.1 A 300 4.45 1.56 -1.19 5.31 5.49 4.49 6.22 6.39 6.82 5.57 1.79 
113.1 A 300 4.98 4.52 5.77 6.03 6.72 5.52 5.34 5.79 5.08 3.42 0.58 
120.9 A 300 5.39 5.18 5.31 6.49 6.23 5.46 1.20 -2.59 -7.53 -6.61 -5.21 
181.7 A 300 2.82 2.85 3.28 6.31 6.52 3.14 -4.77 -15.0 -23.5 -25.6 -23.8 
248.5 A 300 4.09 2.31 328 5.8 5.91 2.77 -4.63 -13.4 -20.2 -25.4 -22.7 
293.3 A 300 6.42 6.23 6.49 6.78 8.31 7.84 4.71 -0.75 -6.7 -13.6 -26.1 

N" = 8 8 8 8 8 8 8 8 8 8 8 
Mean= 4.99 4.01 3.96 6.19 6.90 5.07 1.72 -2.46 -6.22 -8.54 -10.7 

STD(.'= 1.34 1.63 2.37 0.73 1.29 1.61 4.51 8.46 11.42 12.46 11.79 

ThennaVmechanical Unit PTn: Nonwelded, Viric: Air dried: Cool-down 

I Temp. 
ec, 

Sample ID Instantaneous CTE on Cooldown (lO.6pc, 
Depth ID Max. I 300 275 250 225 200 175 150 125 100 75 50 

I 

75.0 B 300 I 12.49 8.92 8.37 7.32 7.39 8.05 8.89 8.16 8.27 6.51 5.85 
91.6 A 300 11.30 7.66 7.09 6.85 6.04 4.85 5.74 5.80 5.36 4.84 4.25 

104.1 A 300 8.24 8.30 8.16 6.31 6.66 6.37 6.19 5.10 5.01 3.69 2.07 
113.1 A 300 1121 8.71 7.76 7.08 5.86 6.36 5.55 5.39 5.63 5.10 4.70 
120.9 A 300 20.32 10.47 8.18 6.36 6.51 6.08 5.84 4.71 5.40 4.53 5.10 
181.7 A 300 10.96 7.84 7.26 6.25 6.20 629 5.90 4.57 5.25 4.55 3.96 
248.5 A 300 11.76 8.85 6.67 6.49 5.53 5.78 5.52 5.39 4.87 4.37 3.83 , 
293.3 A 300 17.41 11.02 7.91 7.64 7.39 9.09 8.23 6.82 6.81 6.39 5.48 

N"= 8 8 8 8 .  8 8 8 8 8 8 8 
Mean= 12.96 8.97 7.68 6.79 6.45 6.61 6.48 5.74 5.82 5.00 4.41 
STD@)= 3.92 1.19 0.60 O S 2  0.68 1-34 1.31 1.20 1.15 0.98 1.18 

(a) N = Number of samok. STD = Standard deviation 



Table B-8 (Continued). Instantaneous Thermal Expansion Coefficients for Borehole NRG-7. 

ThermaVmechanical Unit TSwl : Welded, Devitrified: Air dried: Heat-up 

Sample ID Instantaneous CTE on Heat-up (1 O * k )  
Depth ID Max. I 50 75 100 125 150 175 200 225 250 275 300 

(fi) Temp. 

329.2 A 300 7.55 7.54 7.89 8.5 11.56 12.89 13.64 18.07 22.45 25.43 27.97, 
359.1 A 300 6.20 6.43 6.44 7.20 8.50 12.39 14.73 16.88 18.13 19.10 19.33 I 

378.9 A 300 6.69 6.88 7.29 8.73 9.04 13.86 16.72 23.81 35.76 40.18 36.77 
496.3 A 300 9.16 9.06 10.03 11.97 14.33 31.92 46.60 48.82 42.02 46.78 41.20 
550.9 A 300 7.81 8.41 10.07 10.35 12.73 25.83 35.88 49.03 40.17 43.84 53.30 
606.4 A 300 8.08 8.51 8.51 9.37 10.80 14.97 22.90 28.40 29.37 29.71 37.59 
608.1 A 300 8.74 8.72 9.75 9.44 11.52 20.34 34.63 38.73 34.98 32.01 38.38 
625.7 A 300 I 8.32 7.79 9.45 10.26 11.11 12.11 23.74 29.09 50.46 84.01 40.48 
641.0 A 300 I 8.55 7.75 9.65 10.14 10.55 13.11 22.61 31.23 35.57 57.94 75.41 
699.0 A 300 I 7.04 7.26 7.78 9.31 10.09 11.70 13.21 14.40 17.46 21.39 29.28 

Mean= 7.81 7.84 8.69 9.53 11.02 16.91 24.47 29.84 32.64 40.04 39.97 
STD"= 0.95 0.84 1.29 1.28 1.69 6.92 11.20 12.44 10.76 19.68 15.41 

("C) 

NO= 10 10 10 10 10 10 10 10 10 10 10 

ThermaYmechanical Unit TSwl: Welded, Devitrified. Air dried: Cooldown 

Sample ID 

(ft) Temp. 

329.2 A 300 12.65 16.30 18.90 20.37 19.16 18.26 16.28 14.61 9.51 8.90 7.18 . 
359.1 A 300 12.16 13.50 15.36 14.82 15.67 14.76 15.52 12.19 8.36 7.39 6.54 
378.9 A 300 13.01 16.20 17.59 19.32 21.71 23.16 24.82 24.13 11.64 8.71 7.84 
496.3 A 300 14.81 20.31 25.67 26.34 30.98 44.13 40.93 41.69 17.33 13.91 11.11 
550.9 A 300 15.11 19.80 26.69 28.68 37.79 46.47 28.09 17.36 1260 10.86 9.71 
606.4 A 300 18.01 21.93 22.61 22.65 26.11 3027 2l.75 1624 t1.59 10.36 8.78 
608.1 A 300 16.80 20.81 21.66 23.49- 32.32 33.06 28.07 19.71 12.81 10.32 9.03 
625.7 A 300 18.42 29.86 59.92 50.67 34.73 23.54 15.38 13.53 11.23 10.36 9.37 
641.0 A 300 18.06 20.77 43.84 45.43 37.73 30.30 18.91 13.78 12.31 10.58 9.79 
699.0 A 300 15.45 18.84 19.50 17.46 16.72 13.81 12.90 11.44 10.33 8.77 7.93 

Mean= 15.45 20.63 27.17 26.92 27.29 27.77 22.26 18.47 11.77 10.02 8.73 
STD"= 2.34 5.23 13.99 11.91 8.56 11.31 8.50 9.00 2.41 1.76 1.37 

Instantaneous CTE on Cool-down (lo?%) 
Depth ID Max. 300 275 250 225 200 175 150 125 100 75 50 

ec) 

N" = 10 10 10 10 10 10 10 10 10 10 10 

(*) N = Number of samdes: STD = Standard deviation 
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Table B-8 (Continued). Instantaneous Thennal Expansion Coefficients for Borehole NRG-7. 

ThermaVmechanical Unit TSw2: Welded. Devitrified: Air dried: Heat-up 

Sample ID Mean CTE on Heat-up (1 O * k )  
Depth ID Max. I 50 75 100 125 150 175 200 225 250 275 300 

C 
856.5 A 300 7.46 6.47 8.81 9.21 10.31 12.14 14.45 20.29 23.77 34.26 32.78 
867.8 A 300 7.97 8.74 9.82 9.26 9.63 10.17 11.10 16.24 19.64 33.62 56.98 
956.6 A 300 8.27 8.38 9.65 9.18 9.32 10.96 12.23 13.60 18.16 21.30 29.18 
979.2 A 300 8.36 8.81 9.47 9.86 10.75 11.92 17.50 19.62 22-10 27.04 35-63 
1187.4 A 300 7.94 8.46 8.11 8.35 9.54 9.83 11.52 13.67 16.05 21.06 26.40 
1261.8 A 300 6.05 7.65 8.32 9.23 9.49 10.07 11.04 12.33 15.74 13.50 17.12 
1269.9 A 300 8.24 7.38 9.82 9.05 9.05 9.17 10.64 11.69 12.57 14.77 18.65 
1305.7 A 300 8.02 8.45 9.03 8.85 10.10 9.34 13.04 12.03 14.13 18.26 23.82 
1364.6 A 300 8.97 7.74 8.01 9.82 9.95 10.98 12.37 13.54 17.15 19.74 26.16 
1407.4 A 300 . 7.80 9.48 10.53 12.57 15.06 15.90 15.60 16.01 13.77 12.13 11.50 

N" = 10 10 10 10 10 10 10 10 10 10 10 
Mean= 7.91 8.16 9.16 9.54 10.32 11.05 12.95 14.90 17.31 21.57 27.82 

STD(*)= 0.76 0.86 0.84 1.15 1.74 1.98 2.24 3.07 3.65 7.83 12.58 

ThermaVmechanical Unit TSw2: Welded, Devitrified: Air dried: Cooldown 

Sample ID Mean CTE on Cooldown (lo6&) 
Depth ID Max. I 300 275 250 225 200 175 150 125 100 ?5 50 

Mean= 15.30 19.32 19.60 18.54 17.01 13.95 12.68 11.49 10.07 9.34 8.53 
STD("= 3.49 6.76 7.25 4.35 2.92 256 2.24 1.68 1.17 0.73 0.57 

I (a) N = Number of samoles: STD = Standard deviation 
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Table of Thermal Capacitance (pCp) for Borehole NRG-4 

Sample ID Test Conditions Thermal Capacitance (J/cm3-K) 
No Depth ID T/M LHh Testing MaxTemp 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 

545.0 1 B I S w l  WD Air-dried 300 1.537 1.554 1.573 1.593 1.614 1.636 1.658 1.681 1.704 1.727 1.751 1.774 1.797 1.820 1.842 
2 619.0 C TSwl WD Air-dried 300 1.626 1.647 1.669 1.690 1.712 1.733 1.755 1.777 1.799 1.821 1.843 1.865 1.887 1.910 1.932 

+ 3  619.9 D TSwl WD Air-dried 300 1.588 1.605 1.624 1.643 1.662 1.683 1.704 1.726 1.748 1.772 1.795 1.820 1.845 1.871 1.897 

Mean= 1.583 1.602 1.622 1.642 1.663 1.684 1.706 1.728 1.750 1.773 1.796 1.820 1.843 1.867 1.890 
Sample Std. Dev. = 0.045 0.046 0.048 0.048 0.049 0.049 0.049 0.048 0.048 0.047 0.046 0.046 0.045 0.045 0.045 

(ft) Unit State ("C) 

N -  3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 

Sample ID Test Conditions Thermal Capacitance (J/cm3-K) 
No Depth ID TIM LHh Testing MaxTemp 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 

1 545.0 B TSwl WD Air-dried 300 1.864 1.885 1.905 1.924 1.942 1.958 1.973 1.986 1.998 2.008 2.015 2.021 2.024 2.025 2.025 
2 619.9 C TSwl WD Air-dried 300 1.955 1.977 2.000 2.022 2.045 2.068 2.091 2.114 2.137 2.160 2.178 2.169 2.159 2.149 2.140 

~ 3 619.9 D TSwl WDl Air-dried 300 1.924 1.952 1.960 2.009 2.038 2.068 2.098 2.129 2.161 2.193 2.225 2.280 2.285 2.251 2.237 
N =  3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 

Mean= 1.914 1.938 1.961 1.985 2.008 2.031 2.054 2.077 2.099 2.120 2.140 2.157 2.149 2.142 2.134 
SampleStd. Dev. = 0.046 0.048 0.050 0.053 0.058 0.063 0.070 0.079 0.088 0.099 0.110 0.130 0.121 0.113 0.106 

(it) Unl State ("C) 

Sample ID Test Conditions Thermal Capacitance (J/cm3-K) 
No Depth ID T N  Lith Testing MaxTemp 175 180 185 190 195 200 205 210 215 220 225 230 235 240 245 

1 545.0 B TSwl WD Air-dried 300 2.025 2.024 2.024 2.023 2.022 2.022 2.021 2.020 2.020 2.019 2.018 2.017 2.016 2.016 2.015 
2 619.9 C TSwl WD Air-dried 300 2.131 2.122 2.114 2.106 2.098 2.090 2.082 2.075 2.068 2.061 2.054 2.048 2.042 2.036 2.030 
3 619.9 0 TSwl WD Air-dried 300 2.224 2.212 2.200 2.189 2.178 2.168 2.159 2.150 2.142 2.134 2.127 2.121 2.115 2.109 2.105- 

N =  3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
Mean = 2.127 2.119 2.113 2.106 2.099 2.093 2.087 2.082 2.076 2.071 2.066 2.062 2.058 2.054 2.050 

SampleStd. Dev.= 0.100 0.094 0.088 0.063 0.078 0.073 0.069 0.065 0.061 0.058 0.055 0.053 0.051 0.040 0.048 

(ft) Unit State ("C) 



Table of Thermal Capacitance (pCp) for Borehole NRG-4 (Continued) 
I 

Sample ID Test Conditions Thermal Capacitance (J/cm3-K) 
No Depth ID T N  LRh Testing MaxTemp 250 255 260 265 270 275 280 285 

1 545.0 B TSwl WD Air-dried 300 2.014 2.013 2.012 2.011 2.010 2.009 2.008 2.007 
2 619.9 C TSwl WD Air-dried 300 2.025 2.019 2.014 2.010 2.005 2.001 1.997 1.993 
3 619.9 D TSwl WD Air-dried 300 2.101 2.098 2.095 2.093 2.091 2.090 2.090 2.090 

(ft) Unit State ("C) 

N =  3 1 3 1  3 1  3 1  3 1  3 1  3 1  3 
Mean = 2.046 I 2.043 I 2.040 I 2.038 I 2.035 I 2.033 I 2.031 I 2.030 

Sample SM. Dev. =I 0.047 I 0.047 I 0.047 I 0.047 I 0.048 I 0.049 I 0.051 I 0.052 



Table of Thermal Capacitance (pCp) for Borehole NRG-5 

Sample ID Test Conditions Thermal Capacitance (J/cm3-K) 
No Depth ID T N  Lith Testing MaxTemp 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 

1 808.5 C TSw2 WD Air-dried 300 ~~ 1.856 1.864 1.875 1.891 1.910 , 1.932 1.957 1.985 2.014 2.046 2.080 2.115 2.151 2.189 2.226 
I 2 828.2 C TSw2 WD Air-dried 300 1.898 1.913 1.929 1.947 1.966 1.986 2.008 2.032 2.056 2.083 2.110 2.139 2.169 2.200 2.232 
,3 634.8 E TSw2 WD Air-dried 300 1.778 1.797 1.814 1.831 1.849 1,867 1.887 1.909 1.932 1.958 1.986 2.016 2.048 2.082 2.117 
4 843.5 D TSw2 WD Air-dried 300 1.914 1.930 1.948 1.968 1.988 2.009 2.032 2.055 2.080 2.105 2.131 2.157 2.184 2.212 2.240 
5 844.0 C TSw2 WD Air-dried 300 1.740 1.758 1.777 1.796 1.816 1.837 1.858 1.881 1.904 1.928 1.952 1.977 2.003 2.030 2.058 
6 864.0 C TSw2 WD Air-dried 300 1.710 1.726 1.742 1.760 1.779 1.799 1.821 1.846 1.872 1.899 1.929 1.961 1.994 2.028 2.062 

(ft) Unit State ("C) 

7 866.7 C TSw2 WD Air-dried 300 1.609 1.623 1.639 1.657 1.677 1.698 1.721 1.745 1.771 1.799 1.828 1.858 1.889 1.921 1.953 

Mean= 1.786 1.802 1.818 1.836 1.855 1.876 1.898 1.922 1.947 1.974 2.002 2.032 2.063 2.094 2.127 
SampleStd. Dev.= 0.110 0.110 0.110 0.110 0.110 0.110 0.110 0.110 0.110 0.110 0.110 0,110 0.110 0.110 0.110 

N =  7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 

Sample ID Test Conditions Thermal Capacitance (J/m3-K) 
No Oepth ID TIM Lith Testing MaxTemp 100 105 110 115 I20 125 130 135 140 145 150 155 160 165 170 

1 808.5 C TSw2 WD Air-dried 300 2.264 2.302 2.340 2,378 2.414 2.449 2.483 2.516 2.546 2.574 2.600 2.623 2.642 2.659 2.671, 
2 828.2 C TSw2 WD Air-dried 300 2.264 2.296 2.329 2.361 2.393 2.425 2.455 2.483 2.510 2.534 2.556 2.575 2.589 2.600 2.606 
3 834.8 E TSw2 WD Air-dried 300 2.1542191 2.226 2.264 2.299 2.331 2.360 2.384 2.403 2.415 2.418 2.411 2.402 2.398 2.394 
4 843.5 D TSw2 WD Air-dried 300 2.269 2.298 2.328 2.358 2.388 2.418 2.449 2.480 2.511 2.543 2.574 2.606 2.638 2.670 2.655 
5 844.0 C TSw2 WD Air-dried 300 2.086 2.115 2.145 2.175 2.206 2.238 2.271 2.304 2.339 2.374 2.387 2.379 2.372 2.385 2.359, 
6 864.0 C TSw2 WD Air-dried 300 2.098 2.133 2.167 2.200 2.231 2.260 2.285 2.305 2.320 2.329 2.330 2.323 2.306 2.293 2.285- 

I 7 866.7 C TSw2 WD Air-dried 300 1.986 2.020 2.053 2.085 2.117 2148 2.178 2206 2.232 2.255 2.275 2.292 2.244 2.214 2.191 
N= 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 

Mean= 2.160 2.194 2.227 2.260 2.293 2.324 2.354 2.383 2.409 2.432 2.449 2.458 2.456 2.457 2.452 
SampleStd. Dev.= 0.110 0.111 0.111 0.112 0.112 0.113 0.114 0.116 0.118 0.122 0.128 0.140 0.165 0.185 0.192 

(ft) Unit State ("C) 



Table of Thermal Capacitance (pCp) for Borehole NRG-5 (Continued) 

Sample ID Test Conditions Thermal Capacitance (J/m3-K) 
No Depth ID T/M Lith Testing MaxTemp 175 180 185 190 195 200 205 210 215 220 225 230 235 240 245 

, 1 808.5 C TSw2 WD Air-dried 300 2.620 2.592 2.570 2.552 2.538 2.528 2.522 2.518 2.518 2.520 2.523 2.529 2,535 2.543 2.551 , 
2 828.2 C TSw2 WD Air-dried 300 2.608 2.600 2.591 2.584 2.577 2.571 2.565 2.560 2.556 2.552 2.549 2.547 2.545 2.544 2.544 
3 834.8 E TSw2 WD Airdried 300 2.392 2.390 2.390 2.389 2.389 2.389 2.389 2.389 2.389 2.389 2.388 2.387 2.387 2.386 2.386 
4 843.5 D TSw2 WD Air-dried 300 2.615 2.588 2.569 2.559 2.554 2.555 2.558 2.564 2.572 2.580 2.587 2.594 2.601 2.606 2.611 
5 844.0 C TSw2 WD Airdried 300 2.352 2.347 2.341 2.336 2.331 2.327 2.322 2.319 2.315 2.312 2.309 2.307 2.305 2.303 2.301 
6 864.0 C TSw2 WD Airdried 300 2.279 2.273 2.268 2.264 2.260 2.256 2.253 2.250 2.247 2.244 2.241 2.238 2.235 2.232 2.229 

2.175 2.163 2.155 2.150 2.147 2.146 2.145 2.145 2.144 2.143 2.140 2.136 2.131 2.124 2.116 

(ft) Unit State (“C) 

N =  7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 
Mean= 2.434 2.422 2.412 2.405 2.400 2.396 2.394 2.392 2.391 2.391 2.391 2.391 2.391 2.391 2.391 . 

SampieStd.Dev.=, 0.182 0.175 0.170 0.167 0.165 0.163 0.163 0.164 0.165 0.167 0.170 0.173 0.177 0.181 0.186 

Sample ID Test Conditions Thermal Capacitance (J/m3-K) 
No Depth ID T/M Lith Testing MaxTemp 250 255 260 265 270 275 280 285 290 295 300 

0 .  (ft) Unit State (“C) 
&, 1 808.5 C T S S Y D  Air-dried 300 2.559 2.567 2.574 2.581 2.586 2.589 2.590 2.589 2.585 2.578 2.568. 

, 2 828.2 C TSw2 WD Air-dried 300 2.544 2.545 2.546 2.549 2.551 2.555 2.559 2.564 2.570 2.576 2.583 
3 834.8 E TSw2 WD Air-dried 300 2.386 2.387 2.389 2.392 2.396 2.402 2.410 2.421 2.435 2.452 2.473, 
4 843.5 D TSw2 WD Air-dried 300 2.615 2.619 2.623 2.628 2.635 2.646 2.661 2.681 2.709 2.747 2.795 
5 844.0 C TSw2 WD Air-dried 300 2.300 2.300 2.299 2.299 2.299 2.300 2.301 2.302 2.304 2.306 2.308 
6 864.0 C TSw2 WD Air-dried 300 2.227 2.224 2.221 2.219 2.217 2.215 2.214 2.214 2.214 2.215 2.218 
7 866.7 C TSw2 WD Air-dried 300 2.106 2.096 2.085 2.073 2.062 2.051 2.041 2.034 2.030 2.029 2.034, 

N =  7 7 7 7 7 7 7 7 7 7 7 
Mean= 2.391 2.391 2.391 2.391 2.392 2.394 2.397 2.401 2.407 2.415 2.425 

Sample Std. Dev. = 0.191 0.196 0.201 0.207 0.212 0.218 0.224 0.231 0.238 0.246 0.256 



APPENDIX D 

Thermal Conductivity Test Data 
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Sample ID 
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~ 
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0 
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. Sample ID 

NRG4W5&Wl-G 
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W O g y :  
TMU: 
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0 Hde & Depth NRG4586.2 
Lithdogy. WekledDevibifibd 
TMU: 

Sample ID weim til) bns i l y  
Saturation(%) pretest post-test average (d cc) 

N R W . 2 a N L . A  VrcUumUt 58.512 58.368 58.470 2.26 
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NRG628.8-SNL-C 
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235 

2.34 

Temperature ConducMly 
CC) (Wl(mK)) 
30.0 1m 
49.0 2-04 
69.7 1.M 
a.8 206 
40.7 206 
w2 21 1 
30.2 1.74 
4B.7 1 3 1  
w2 1.71 
30.7 1 .# 
48.7 1.70 
69.1 1.73 
110.5 1.m 
156.1 1.82 
15b.7 1 .a 
244.3 1 .a 
288.8 1 .e3 
110.4 1.71 
1 s.0 1 .Is 
19d.5 1.73 
26.1 1.86 
268.9 1.60 



NRGBB(I.l.8NL-I .IrW 59.514 59.40 58- 

NRG848.laL-I -W sasol so.* 99.483 

N W . 1 . 8 N L - I  -dry  58.433 s e a 4  58.324 

NRG448.lSNL-I 

~ 
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WOkkdtWiWiOd 

TCW 

70.0 1 *?l 
2a2 1#) 

w 49.7 
63.1 182 
m.4 1.8% 

2.31 &a 1.84 
m.2 1.m 
52.0 1 As 

231 e.4 1 A 
08.2 151 
110.3 1&2 

2.30 1- 1.65 
199.1 1- 
245.0 1.60 
268.8 1.W 
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1m.3 1.61 
244.9 1.64 
268.8 1.67 

250 

200 

1.50 

1-00 
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Sample ID I -(%I 
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N-111 M L S I  prtbl 
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0.00 

i 
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TMU: 

W.800 

58.m 

58.162 
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58.00 

80.654 80.717 

59m Sm6 

58.140 58.151 

58.127 58.148 

NR-111.0 
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2.2s 

225 

224 

2.24 

.. r w  
CC) (W/(mK)) 
29.1 ldo 
4a.2 2.00 

29.5 1.74 
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I lrn 
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68.9 I 1.41 
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288.7 1.54 
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NRG4-152.9 
V i  Namdbd 
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NR061StmL-D #411111 4s.@76 

NR06lS2mL-D - 41 .OB3 

NR06152QSNL-E *av 17.051 

NRGSl52QSNL-E *av 1- 

NR06lS2mL-E m a y  16.800 

NRG6152.SSNL-E -dry 16.351 

NR06152mNL-E m a y  16.351 

45.m 

40988 

l W 7  

18.890 
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l I m 4 /  1.37 

16s25 l a 6  

16.mO 1.34 

lW4 I I *- lS 

l- I l- I 
I I 
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CC) (w/(mK)) 
32.7 0.80 
49.5 057 
8 . 0  1 im 
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33.0 0.41 
0.1 0.e 
m.3 0.40 
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H o b a m  
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Sample ID I 
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NR06lW.MNL-F 
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30.821 

27.686 

27.46 
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2445 
288.6 
110.2 
1- 
1555 
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286.5 

(Wl(mK)) 
0.m 
0.72 
0.79 
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0.10 
0.15 
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0.11 
0.32 
0.34 
0.35 
O S  
0.36 
0.31 
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05 
0.36 
0.38 
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Sample ID 

NRW24lSSNLO 

NR06241ML-E 

NRDb241.5SNL-E 

NR0824lSSNL-E 1 

.Lw 24.742 

@-dry 24.419 

@-dry 24.128 

-* 2 3 s  

38.130 3 8 m  

24.328 24- 

24278 24- 

23.a 23611 

23.- 25.481 

NRG-6-241.5 
VibiCNamnlbd 

PTn 

1.52 

O S  

Qoo 

m.1 1 0.n 
33.8 027 
49.6 020 
6B.8 A20 
31 3 0.20 
a@ 0.18 
m.1 0.16 
110.0 0.26 
155.6 027 
1981 028 
2445 0 a  
m.1 0.30 
1085 0.24 
155.6 0.28 
1Q9.4 027 
245.2 0.28 
2m.2 0.29 

NRG4-241.5 

0.80 

0.70 

0.00 

0.50 

0.4 

am 
odo 

om 
O.'O ' 

0 50 lo0 150 200 250 JOO 

7 - 0  

i 
D-29 



HokaD6pk 
Lilhdogy: 
TMU: 

2.28 

218 

2.28 

N R G m . 5  

0b2 
305 
50.1 
a2 
108.6 
1- 
199.8 
244.4 
2m.3 
109.6 
isa 
199.8 
244.5 
22111.4 

r SampleID 

N-mL-D 

NRG8-277ML-E 

N W S 4 N L - E  

NRW277.SSNL-E 

NRWmS4NL-E 

57.871 

57.884 

57.837 

n m  

51658 

s7.m 

57.m 

57.776 

57.873 

rime 

57.793 

NREMn.5 

D-30 

1-47 
1An 
1.68 
121 
123 
124 
129 
1.18 
121 
127 
135 
1 3  
135 
15 
1.24 
1- 
1.31 
la 
1.38 



HdsbDOpUX 
ulhdcgy: 
TMU: 

I Sample ID I I 

NR06321.l-SNL-E -* 58.1(14 a139 

NRG-S321.1aL-E -by 58.125 S6.m 

NROBS1.1-WL-E -* s8.w - 

(10.446 

. .  
D-itY 1- 
(*a) rC) (wr(mK)) 

31 9 1.65 
233 a.9 1.67 

(ls.1 1.71 

219 492 1.10 
31 A im 

60.1 1 .lS 
25.8 1.W 

219 49.0 1.W 

1112 1.17 
219 lS5.9 123 

lgs.5 124 
2443 123 
289.0 12l  
111s 1-18 

W0.6 120 
2442 f.19 
m.0 1.10 

66.7 im 

218 158.0 im 

D-3 1 



HobaCkpth: 
uthdogy: 
‘IMU: 

Sample ID 
ssbwtion (%) 

1 -- 1 NRG4-354HNL-8 

NRGSS4HNL-C m b v  

~1 aD2 1 .a2 

1.10 

~1 aD2 1 .a2 

1.10 

69.3 1.20 

57.023 219 49.3 1.12 
89.1 1 5 1  
108.4 1.17 

56.93e 2 1 9  151 1.20 
199.7 1 2 0  
244.3 1.17 
280.9 1.11 
108.1 1.10 

%.@la 2.19 isa 1.12 
199.3 1.11 
244.9 1.10 
280.6 1.10 

31 b im 

N W . 9  

D-32 



Sample ID 

NR08391.19NLC 

NR-19NL-D 

NRG=W@2.14NL-D 

NR063Q21-8NL-D 

NRG6jll21SNL-D 

Hd.&apth: NRG4492.1 

TMU: m 
ulhdogy: Wdckdo.vibihd 

57.4s 

57.467 

s7m 

N R W 2 . 1  

0) 
1.34 
1.52 
1.55 
1.28 
1.20 
1 3  
1.12 
1.16 
1.20 
124 
1.27 
121 
1.15 
1.11 
1.13 
1.15 
1.12 
1-11 
1.11 

D-33 



sample ID 

NRG-Hl6.04NL3 

NRG4416.&SNLJ 

NRDCW16.DSNL-K 

NR06416.DSNL-K 

NR06416.0SNL-K 

"i" 

.. 
D.ncity T- CondudW 

1 CC) W/(mK)) 
31 a 1.4 

235 48.8 1-60 
70.0 1.S 
2ea 1 .e 

229 e.5 1.71 
BB.1 1.72 
31 1 1.33 

225 $93 1.34 
89.5 1.38 
50.1 1.43 

224 46.6 1 .a 
m.1 1.54 
lW.6 1.36 

224 155.4 1 s  
200.0 1.38 
244.4 1.28 
211D.1 1.23 
1aS.S 1s 

2.24 156.2 1 s  
198.7 1.23 
244.2 1 3  
289.0 1 s  

NRG-Ul8.0 

D-34 



NRDBS2l-L-C 

NR-1 -LO 

NRDBQlMNL-0 I 
NRDB42lMNL-D I lQB.4 

57.7l6 57.823 222 156.2 
1Q0.7 
244.2 
266.0 
2 4 1  
200.3 
l a 9  
109.1 

1 .a 
1.20 

1.00 

0.m 
0.80 I 0.4 Y 

X X 1.20 - 
1.00 - 
om - 
0.80 - 
0.4 - 

X 

1.66 
1.70 
1.30 
1s 
1.31 
1-40 
1.35 
1.38 
1.25 
1.30 
128 
1.2l 
1-17 
1.16 
1.14 
1.16 
1.1s 

D-35 



Sample ID I 

I 

f 

I 
L 

P 

NRG-6425.3 

.--.UWX-UtRy 

200 

1.80 

1 .a 
1.40 

1.m 
1.00 

0 . 0  
QW 
0.40 
aao 
0.00 

0 cx) 100 lcx) 200 250 300 

f-m 

D-36 



HdeaDbplh: 
w 
TMU: 

NRG8451.2 
WdddDOVWbd 

Tswl 

NR08451.2-SNL-A 

31 A 120 
NR0845124NL-B --dry 5%687 S3m8 s3.683 2.06 w.2 1 2  

70.0 1.24 
1w.8 1.29 

N R W l 2 - 8 N L - B  -drv 5bsb7 53.517 51537 2.06 155.3 131 
WB.8 1.34 
244.4 1.31 
20b.1 1.26 

0.20- 

0.00 4 

D-37 



HobaDepk 
Lilhdogy: 
TMU: 

NRDB6WI.l-8NL-8 
a9 1 .ol 
31.4 im 

NR065i56.14NL-B -Qv 47.e47 47m1 4?m4 l a 2  50.2 1.07 
70.0 1.00 
106.4 O M  

NRDB6WI.lSNL-B -dry 47.817 47.m 47m im lS6.l 0.W 
lOB.8 057 
2445 057 

~ 288.3 os5 



Sample ID 

NRG-WS3.1.8Nl.4 

N R W l - S N L C  

NRm.1-SNL-C 

H o b a m  
w 
TMU: 

. .  
1- canducbvrty 

1 CC) (W/(mK)) 
28.8 1.W 

251 49.8 15 
m.9 1.b5 
29.4 1.40 

2.19 51 2 15 
1 70.2 1 1.38 I 109.8 I 1 A0 

2.18 15.5 t .o 
10b.1 1-44 
244.7 1.42 
288.5 15 
2167 1.37 
24a1 7-38 
tm6 1-39 
touo 1.37 

D-39 



Sample ID 
sabmtia (96) 

NRG-6-757.O-SNL-A u#unrk 

NRW757.ML-B *by 

NRW757.WNL-B -by 

NRG-5-757MNL-B -dy 

m.3 
110.2 

s.779 s6.817 58.- 2.28 1S5.Q 
199.4 

1 245.1 
288.8 

(W/(rnlt)) 
2.18 
2.22 
2.02 
157 
153 
1 .$D 

1-48 
1 .48 
1.52 
1.81 
1 .(Ls 
1 .e 
1 .e 
1.55 



Sample ID m 
NRW778.1-8NL-A #aun.IL 

NRGS778.18NL-B *dry 

N R W 7 7 8 . 1 8 N L - B  -dry 

NRW778.1-SNL-B -dry 

H d s h W  NRG-6-778.1 
ulhdogy: WdddD.vibihd 
TMU: TSUR 

.. 
1- Conducbvdy 

CC) (W/(rnK)) 
31  1 2.30 
50.4 218 

30.1 1 .to 
sox) 137 
60.6 1.72 
50.6 1s 
40.4 1.57 
70.1 1.58 
110.3 1.71 
1S.O 1-78 
199.5 1.75 
244J 1.73 
m.0 1.67 

70.7 im 

D-41 



sample D 

N R W m H N L - 8  

NRGW07SNL-B 

NR06787.5SNL-B 

NRG6-787.5 
WddOdDWhlihd 

Tsw2 

. .  
f- 

CC) (W/(mK)) 
a2 1- 
$8.5 2.00 
68s 1.72 
30.1 130 
50.1 1.58 
Se.9 1.57 
30.6 1.48 
49.4 1.8 
70.1 1 .a 
1102 1 .a 
156s 1.64 
199.4 1.84 
245.0 1 .m 

NRG4-787.5 

D-42 



NRE6802.7 

Sample ID 

N R G 6 1 W Z f S N L C  

NRGBIKIZISNL-0 

N W 7 a N L - D  

NR08dQZ.fgNL-O 

200 
1 .eo 
1.0 

I :: 
f 

a a  

aoo 
020 

Hok&tkp(h: 
uthdogy: 
TMU: T W  

lSB.8 1 .m 
244.5 1.00 
289.2 1.63 

D-43 



Sample ID b 

H o l e a m  - 
TMU: 

NRG8809.4 
W.ldsdDdtdiOd 

TsnR 

0) 
136 
15 
1 m 
1.87 
1.m 

15 
1 4  
1.58 
1-64 
1.60 
1.70 
1 .a 
1 .a 

1.m 



HobaDspth: 
Lithdogy: 
TMU: 

sample u) 
sphxption(%) pm-test 

NR08000.+8NL-D -dry w m  

OB2 138 
30s 1 A1 

250 

200 

1.50 

1-00 

am 

0.00 

i 
D-45 



Sample ID 

NRG688SNL-D 

N R M . 3 - S N L - E  

50.63 

58.515 

E e E !  

58.124 

58.383 

!!!EE 

511.142 

58.- 

511.454 

(gkc) (%) 
2B.3 

2.a so5 
w.s 
30.2 

215 50.1 
88.7 
30.7 

2.24 49.6 
6s.4 
110.1 

2.24 155.7 
1992 
2U.8 
288.7 
2168 
2#). 1 
lSS.8 
108.9 

AEQ!EL 
2.35 
225 
2.15 
1.68 
1 4  
1.55 
1 .u 
1 A 
1.47 
1.5 
15 
1.57 
15 
¶.so 
1.62 
1.64 
1.B 
1.m 



HobaDepth: 
Lithdogy: 
TMU: 

NRG4-987.O 
W$kd[kvibicird 

. -  

N W . 0  



HokaDqJlh NRG-7-18.6 
ulhdogy: Wdd.dDOVbi%d 
TMU: TCW 

. .  sample ID wwlt @) [knoity T- ConducbvRy 
satumh(%) pm- testpost -bSt mmmge (W) CC) (W/(mK)) 

28.5 1.86 
N R G 7 - 1 8 . W l C  srmi ~1st~ srsn 298 411.9 1.81 

a . 1  1.90 
5Q.O 0.m 

NRG7-18.84NLC prtbl 60.m 80.195 60.m us 39.5 0 . 5  
88.8 0.90 
29.9 0.5 

68.7 0.94 
1102 1.5s 

N R G 7 - 1 M N L - D  m a y  60.581 BQ.523 60.542 2 s  155.8 1.61 
1Q9.4 1.00 
245.0 1 5 8  
208.6 1.56 
24&# 1.- 
m.3 1.57 
1ss.1 1.80 
109.2 1.56 

N R G ? - 1 8 . ~ N L D  -dry  m.562 60m 2.33 39.4 0.90 

D-48 



Sample ID 1 
NRG7-27.08NLA #cuunsa. 

NRG7-27.O-SNLA m 

NRG-7-27MNL-B -dy 

Hole&- 
Lithdow: 
TMU: 

235 

2.33 

2.33 

. .  
ConbCtMty 

CC) (W/(mK)) 
28.4 1 .n 
48.6 1.80 
69.1 lS3 
30.0 0.8l 
49.5 0.87 
60.8 0.m 
30.0 O S l  

' 48.5 OS7 
68.9 O S l  
1 10.0 1 .$I 
155.6 152 
199.1 1 -52 
244.7 1.9 
288.4 1.53 
246.7 1.52 
200.1 1.52 
155.6 1.52 
109.0 l.# 

NRWa.0  

D-49 



Data Summary 
NRG-766.8 

WeldedDevibiMd 
TCW 

Sample ID 

NRG7-56.8-SNLC 

NR0746.WNL-C 

NRG7-56.&SNL-D 

NRG7-56.WNL-D 54290 2.07 
109.0 
155.8 
199.3 
244.8 
2Ht.6 
245.6 
200.2 
1556 

I 

1.10 
9-16 
1.18 
1.16 



NRG-7-75.0 
V i  Noiwddd 

pin 

sample ID 

NRG-7-75.WL-C 

N R G - 7 - W N L C  

NRG-7-7S.O-SNL-O 

NRG7-7S.OWL-0 

PIbtbd 
51 507 

- 
45.338 

a415  

poot-tbs( 

51.436 

45.338 

- 
44.437 

2!?!!!E 

Sl A72 

- 
45.338 

- 
1.74 

- 
1 .R 

NRG-7-75.0 

r- 
cc) 

20.6 
49.0 
BB2 
50.0 
30.4 
30.7 
49.3 
895 
so2 
30.7 
30.9 
a 6  
W.0 
sa5 
29.9 
108.0 
lS.7 
1m.3 
245.1 
m.1 
246.2 
200.4 
155.8 
109.0 

~ 

0) 
1.W 
1.15 
120 
1.12 
1 .at 
05 
0.63 
0.W 
0.64 
Wl 
0.56 
O S  
0.80 
0.H 
0.m 
0.75 
0 . 0  
0.62 
0.83 
0 .e  
0.83 
0.80 
0. n 
0.74 

D-5 1 



Sample ID 

NRG7-31 .&SNL-C 

NRG-74l.6SNL-C 

~~ 

NRG-7-91.6SNL-D 

Hole&Depth 
Lilhdow: 
TMU: 

NRG-74 -6-SNL-D 

NRG-741.6 

NRG-7-91 B 
V i N o m W d ~ d  

PTn 

D-iw 
A!EL 

1.74 

1 .e 

1.35 

1.34 

lempershas &n&dndy - -  1 
cc) (Wl(mK)) 
30.0 0.79 
49-5 0.90 
69.5 1 .or 
19.5 0.88 
30.0 0.80 
31 A 0.47 
4s.8 O S  
m.0 0.57 
50.8 0.53 
31.3 0.48 
31 .7 0.41 
49.3 0.43 
69.7 0.u 
jo.3 0.4 
30.6 
109.7 
1- 
1992 
245.0 
288.8 
2458 
Bo. 1 
155.5 

~ 0.49 0.50 

0.47 

109.7 I 0.43 I 

D-52 



H o k  aoepth 
-. 
TMU: 

NRG-7-104.1 
VSbicNonwaWad 

pfn 

Sample ID rem-- 
A 

30.1 
4.5 
68.6 
50.5 
91.0 
31 .3 
49.7 
88.9 
50.8 
30.4 
312 
50.8 
892 
50.8 
30.2 
1102 
195.9 
199.7 
244.4 
2m.3 
246.5 
2m.6 
151.9 
1w.2 

(W/(mK)) 
0.77 
om, 
O S  
0.88 
0.60 
0.45 
052 
0.58 
0.51 
0.45 
0.34 
O S  
0.38 
0.35 
0.34 
0.32 
0.33 
O S  
0.36 
0.37 
0.36 
0.35 
0.33 
032 

NRG7-1W.lSNL-B 

am am 1.12 

~ ~ 

NRG7-1W.lSNL-C 1 .a 27.023 n.023 

NRG7-1 W.1SNL-C 27.Ol9 26.m im 

NRG-7-104.1 

D-53 



NRG-7-113.1 
VSbicNonwslded 

NRG-7-113.1SNLC 

19.7 
31.2 
31.7 

NRG-7-113.lSNL-B m a y  34.670 34.670 34.670 1.33 m.4 
6a.7 
19.3 
30.7 
109.8 

NRG-7-ll3.lSNL-B m a y  34.663 342ll 34.437 1.32 155.6 
199.2 
244.a 
288.7 
2 6 7  
m.0 
1553 
109.5 

NRG-7413.1 

D-54 

(Wl(mK)) 
O S l  
0- 
1.04 
0.99 
0.91 
0.49 
O S  
0.80 
0.54 
0.50 
0.38 
0.41 
0.42 
0.41 

0.45 
0.40 
0.49 
0.50 
0.48 
a47 
0.4 
0.45 
0.42 

0.39 



ulhoiogy: 
TMU: 

NRG-7448.5 
WNonwdded 

F7n 

Sample ID 

NRG7-248.SSNLC 

NRG7-248MLC 

NRG-7-241MSNL-D 

NRG-7-246.5-SNL-D 

pre-tbst 

43.m 

30.521 

- 
30.507 

urn 

1.30 

1.18 

1.17 

cc) 
30.1 
4a.s 
605 
50.5 
31.1 
31 A 
49.8 
8Q.1 
sa@ 
30.4 
320 
50.6 
89.8 
b0.6 
29.9 
110.3 
156.q 
190.7 
2U.4 
289.4 
2a.2 
m.4 
1558 
m9.2 

NRG7a.S 

D-55 

0) 
0.78 
0.m 
0.98 
0.5 
0. ID 
0.44 
050 
054 
0.50 
0.15 
0.35 
0.37 
0.36 
0.31 
0.96 - 
0.37 
0.36 
0.30 
0.40 
0.38 
0.37 
0.96 
0.34 



HoleLLDtpth 
Lithdogy: 
TMU: 

16.371 

De&& Tompemture conhrcbvdy' .. Sample ID WdgM (a) 
Saturation(%) pro4 & p o s t  -test average tar cc) CC) (w/( mK)) 

29.5 OS? 
NRG7493SSNLC vacuumsat. 16.410 46.33l 

40.788 

1.78 

NRG-7493.3 
\libic Nomelded 

PTn 

1.57 

30.0 

NRG7-2B3.3 

*VscuunSobrPtd.Por(iPYy&h*sb 

1.00 

0.00 

1 m 
1.13 
1 A5 
0-96 
O S 2  
OS? 
0.83 
OSB 
O m  

D-56 



Sample ID 

NRG-7-3128SNL-C 

NRG7-312.MNLC 

NRG-7-312eSNL9 

~~~ 

NRG-7-3lUCSNL-D 

140 

1.W 

1 4  

1.20 

1.00 

Odo 

0.00 I 0.40 
0.20 

0.00 

Hok&Dapth 
uthdogy: 
TMU: 

NRG-1312.8 
WddedDeWHbd 

Tswf 

~~ 

6l .115 61.113 

58.825 

NRG-74128 

81.114 2.33 

58.000 230 

59847 230 

m.4 1.63 
51.1 

49.8 0.78 
m2 0.W 
50.8 0.78 
30.2 0.74 
30.1 0.76 
49.8 0.82 
68.e 0.- 
50.6 0.83 
30.0 0.79 
io93 1.32 
158.0 1 3  
1W.S 1 .a 
2443 1 .a 
2as.n 1.41 
2162 1.10 
zms 1.59 
155.0 1.38 
109.3 1.34 

D-57 . 



APPENDIX E 

Thermal Expansion Test Data 

E-1 



This page intentionally left blank 



I 

1 

+ 

L 

f 

t 

f 

a 
t 

4 
I 

t 

8 

E-3 



0 0  $00 100 0 150.0 200.0 2SO.O 3000 

tal 
66.602 
66.43 

I 

Imm) (CUI (akcl 
6O.S 26.79 2.19 
60.9 25.79 2.19 

lnstrntrncous Cfl l  VI. Temperature 

I 

Sampb ID. 
U(h0bgV 
TMU: 

Tort conditbn: 
swnpk 8h.: 

Sampb Dot.: 

pro-tort: 
poBt-to8t: 

Temp 

26 
60 
76 
1 0 0  
126 
1 6 0  
176 
200 
226 
260 
276 
300 
300 
276 
260 
226 
200 
176 
1 6 0  
126 
1 0 0  
75 
60 
36 

Th.rmrl 
S t r h  
Iumlml 

1-85 
166.87 
333.80 
623.64 
729.34 
959.97 
1233.60 
1641.67 
100S.72 
2313.38 
2736.49 
3168.48 
3323.73 
3001.34 
2639.63 
2233.83 
1809.63 
1433.12 
1114.06 
036.60 
693.34 
376.68 
180.79 
esse 

NRQ4606.O-SM-D 
W0td.d DevltrHkd 
TSwl 

AIR ORE0 
2' Ill x 1' ldl 

+ I -  12.6 C +I- 2.6 C 
Man 
Cl€ 

IPPMIC) ... 
6.16 
7.11 
7.60 
8.23 
9.23 
10.96 
12.32 
14.67 
16.31 
16.92 
16.08 
12.90 
14.47 
16.23 
16.97 
16.06 
12.78 
11.14 
9.69 
0.67 
7.64 
7.41 
0 . .  

h a t .  
CTE 

IPPMIC) *.. 
6.96 
7.62 

7.66 
S.76 
11.72 
13.24 
16.66 
16.96 
17.16 
17.64 
11.36 
14.60 
14.70 
17.81 
17.49 
13.62 
12.18 
10.21 
0.72 
8.27 
7.12 

13.39 

e.. 

Mean 
Temp 
ec, 

37.6 
62.6 
87.6 

1 1  2.6 
137.6 
162.6 
187.6 
212.6 
237.6 
262.6 
287.6 
287.6 
262.6 
237.6 
21 2.6 
187.6 
162.6 
137.6 
112.6 
07.6 
82.6 
42.6 



I 1 
I I pt. kmvny 

Sampk I D  
Lithobgy: 
TMU 

l e e t  condition: AIR DRIED 
smpk Iyn: 2' (I) x 1' Id) 

Sampk Data: m u *  kngth dum. doneity 
Y tmml (eel ldwl 

63.878 60.06 26.77 2.00 pr.-t.e1: 
poet-toet: 63636 60.00 26.70 2.00 

temp 

26 
60 
76 
100 
126 
160 
176 
200 
226 
260 
276 
Joo 
Joo 
276 
260 
226 
200 
176 
160 
126 
100 
7s 
60 
36 

Thormal 
8 W h  
(wnlml 

1 .08 
100.01 
303.24 
m.02 
033.71 
1083.62 
1424.16 
1880.66 
2380.02 
Jojl.07 
3096.13 
4006.04 
6674.29 
6100.82 
4862.47 
3b1a.00 
3206.10 
2660.10 
2oso.11 
1400.11 
1037.18 
730.34 
473.@1 
320.74 

+I* 12.6 C +I- 2.6 C 
Mom lmt. 
CTE CTE 

lpPMlCl IPPMIC) ... b.. 

7.18 7.00 
0,13 0.00 
8.70 0.71 
8.32 8.43 
10.30 10.14 
13.23 18.86 
17.02 18.76 
20.46 22.11 
28.01 20.32 
34.80 30.17 
40.40 40.73 
10.82 18.03 
22.28 20.03 
26.30 24.30 
2S.32 28.31 
26.40 26.81 
24.00 24.20 
22.00 22.80 
17.72 23.61 
12.04 12.77 
10.60 10.67 
a.87 0.60 **. * e *  

Maen 
Temp 
t C l  

37.6 
82.6 
87.6 
112.6 
137.6 
182.6 
107.6 
212.6 
237.6 
202.6 
287.6 
207.6 
282.6 
237.6 
212.6 
107.6 
182.6 
137.6 
112.6 
07.6 
82.5 
42.6 



I Inrt.ntmrarr CTE VI. Temperature 

400 
so0 
5000 
8 0 0  
1000 
1100 
10 00 
$00 
000 

E 

0 50 100 150 mo wo m 
7- 0 

Sampb ID: 
Lithokgy: 
T W  

Tent conditbn: 
bmmpk Sita: 

Sampk 0.18: 

Initi.1: 
Fhrrf: 

Tamp 

26 
60 
76 
100 
126 
1 60 
176 
200 
226 
260 
276 
300 
300 
276 
260 
226 
200 
176 
160 
126 
100 
76 
60 
36 

Therm.l 
Str.h 
bmlm) 

2.06 
128.26 
276.69 
432.78 
0 1  .oo 
708.47 
1066.32 
1402.19 
1742.06 
2113.00 
2603.09 
3441.72 
4063.10 
3647.21 
3172.42 
2677.73 
2236.63 
1871.98 
1-52 
1161.17 
890.09 
604.77 
601.87 
397.38 

A R  ORE0 
2' (11 x 1' (dl 

m8r8 I bnath I ~bnw i denrlv 
lot I rmml I f ccl I fPlCCI 

63.961 I 50.83 I 26.76 I 2.10 
63.813 I 60.83 I 

+I- 12.6 C 
Wan 
CTE 

tPpMIC) ... 
6.06 
5.89 
0.29 
6.73 
7.42 
10.79 
13.83 
13.69 
14.04 
19.60 
33.66 
10.24 
18.09 
19.79 
17.64 
14.68 
14.60 
14.33 
10.41 
8.24 
1.32 
4.18 
e.. 

+ I -  2.6 C 
hat .  
CTE 

IPpMIC) ... 
6.37 
6.66 
6.26 
7.07 
7.05 
16.19 
13.74 
14.16 
16.79 
29.64 
37.67 
13.69 
18.27 
19.88 
18.14 
16.71 
14.69 
14.35 
13.04 
8.06 
7.76 
0.34 
0 . .  

26.76 I 2.09 

W a n  
Temp 
C°C, 

37.6 
62.6 
87.6 

112.6 
137.6 
102.6 
187.6 
21 2.6 
237.5 
262.5 
287.6 
287.6 
202.6 
237.8 
212.6 
tb7.5 
162.6 
137.6 
11 2.6 
87.6 
02.5 
42.5 

Won CTr'r M e.lculmtod o m  26 d q m  rmgar. 10 thmt tho 
v.hr In tho t&b forth. nnga h np0tt.d at tho md of tho rmga. 
For oxnnph. Um vahm for tho rmam 26 - 60. k g h n  In th. 60 mw. 



I a 
€ 
f 
H 

c 

E 

- 
I 

si 

P 

8 

i a 
8 z 
i 
i 
f 
P 

0 

E-7 



p.88 6-q 

NROI664.6-SNL-LL Sampk ID: 
Litllobgy: welded 0.Vwllfkd 
TMU: TSWl 

Tart condition: AIR ORE0 
Sampb Sire: 2- In x 1- (di 

Samvk Data: mrra I bnoth I whmr I denrkv 

pfO-tert: 
port-test: 

Temp 

26 
60 
76 
100 
126 
160 
176 
200 
226 
260 
276 
300 
300 
276 
250 
226 
200 
176 
160 
126 
100 
76 
60 
3s 

fhrrmrl 
Straln 
Iumlm) 

1.38 
166.6s 
366.73 
661 .e8 
781.62 
1032.67 
1601.06 
2108.07 
2662.21 
3242.40 
3983.67 
4963.92 
6606.62 
6194.60 
4829.22 
4078.00 
3646.36 
2992.96 
2417.61 
1790.10 
1368.84 
1102.16 
867.46 
740.36 

Id (mm) Icc) IPlCC) 
66.227 60.85 26.77 2.18 
65.706 60.88 26.78 2.16 

+I- 12.6 C +I- 2.6 C 
Mean 
CTE 

lppMIcl  ... 
6.67 
7.64 
8.20 
8.80 
10.04 
21.14 
21.88 
21.77 
23.81 
29.05 
39.21 
19.68 
22.62 
22.06 
21.31 
22.10 
23.02 
25.10 
16.85 
10.67 
9.39 
8.47 
0..  

ht .  h M  
CTE Temp 

IPWICI  Pc, 
0 . .  

7.95 37.6 
8.44 62.6 
8.62 87.6 
8.83 11 2.6 
12.33 137.6 
24.07 162.6 
21 .92 187.6 
23.38 21 2.6 
24.83 237.6 
32.98 262.6 
43.67 287.6 
16.78 287.6 
21.46 262.6 
22.06 237.6 
21 .69 212.6 
21.92 187.5 
22.33 162.6 
23.06 137.6 
27.33 112.6 
11.61 87.6 
10.01 62.5 
8.18 42.6 
0 . .  



Sample ID NRO46g0.6-8NL.A 
L l h O k g Y :  welded 0.Vftrffkd 
TMU: TSwl 

Tart condition: Am ORE0 
S m p h  Sko: 2' (0 X 1' (dl 

Smnpb Data: mar8 I h q t h  I volunw 

pro-tart 
port-tart: 

Tamp 

2s 
SO 
75 
100 
1 2s 
1 SO 
176 
200 
225 
250 
275 
300 
300 
2715 
250 
22s 
200 
176 
1 so 
12s 
100 
7s 
so 
3s 

tal tmml lccl 
46.847 60.77 26.73 
46.631 60.8 25.74 

+I- 12.6 C +I- 2.6 C 
h8t. Mean 
CTE Tamp 

I W C I  ecl 
.I. 

Iumlml IPPMIC) ... 2.68 
167.78 6 . 0  
350.87 7.32 
552.93 0.m 
775.68 8.91 
1023.56 9.92 
1430.79 16.61 
2030.47 23.67 
2751.01 28.82 
3635.42 31.30 
4323.53 31 .S2 
6212.87 36.67 
1813.07 17.14 
63w.M) 20.7s 
4864.70 23.25 
4283.40 28.27 
3626.72 34.86 
2755.24 27.13 
2076.93 17.10 
1049.48 11.71 
1366.68 10.17 
1102.30 9.24 
871.46 8.59 
742.17 * * *  

danrity ' I 

7.45 
7.28 
8. 60 
9.57 
10.70 
24.38 
2436 
31.17 
31.22 
32.45 
37.93 
14.66 
1 8 . 0  
23.80 
24.02 
31.29 
34.29 
21.07 
13.71 
10.38 
9.80 
8.38 
0..  

37.5 
02.6 
67.6 

11 2.5 
137.5 
162.5 
187.5 
212.5 
237.5 
262.1 
287.5 
267.6 
282.6 
237.5 
212.5 
167.5 
162.5 
137.5 
112.5 
67.6 
62.5 
42.5 



Data Summaries for NRG5 

E-10 



8000 

, ww 
8000 
(000 
s0.W 
2000 
low 
ow 

0 100 180 Zoo lsb 300 

'rrr*mhnrrC) 

Sampk I): )(AO-II-779.8-8)Nl-A 
1)thOkgy: welded DlvlM(bd 
TW: TSwl 

Tart condition: 
Smnpk Sire: 

AIR DRIED 
2' 1) I 1' (d) 

p f U - t O B t  
post-tal: 

Temp 

26 
60 
75 
100 
126 
160 
176 
200 
226 
250 
276 
30 
300 
27s 
260 
226 
200 
175 
160 
126 
100 
75 
60 
35 

+I- 12.6 C +I- 2.6 C 
mnnrl Mom 
strain CTE 
lumlml IPWIC) ... 7.00 
181.03 0.93 
384.70 8.16 
601.02 8.66 
027.27 9.06 
1070.21 10.04 
1388.09 12.40 
1763.31 14.61 
2339.29 23.44 
3086.83 29.90 
4116.46 41.14 
6729.02 64.64 
7122.02 26.07 
6470.17 36.83 
6674.41 40.08 
4672.01 33.49 
3736.63 33.66 
2896.67 17.44 
24W.70 14.03 
2110.02 12.10 
1795.10 11.46, 
1600.66 10.66 
1214.68 10.44 
1om.a ..* 

hBt. 
CTE 

1PPMICl 

0 . .  

8.08 
0.17 
9.16 
10.26 
10.20 
1230 
17.64 
26.30 
33.00 
60.69 
73.71 
21.77 
30.21 
39.32 
40.96 
33.70 
22.68 
16.26 
13.40 
11.64 
10.76 
9.93 ... 

Ma8n 
Tow 
f t l  

37.6 
62.6 
07.6 

11 2.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
202.6 
267.6 
207.6 
262.5 
237.6 
212.1 
187.6 
102.6 
137.6 
112.6 
87.6 
62.6 
42.6 



Thermal Straln m Temperature 

8ooE-a 
7.ooE-a 
eooE-03 
8OOE-a 
4QIE-a 
3OOE-a 
2ooE-a 
1ooE-a 

OOOE+W 

i 

000 5000 10000 15000 10000 moo 30000 39000 

T U I I ~ ~ ~ U N  

I 
Mean CTC vs. Temperrture 

lndantrmour CTE vs. Temprraturo I 
n m  

Sampk 10: 
Lith6bgy: 
TMU: 

Sampk Data: 

pn-tort: 
mat - tor t  

26 
60 
75 
100 
1 26 
1 60 
176 
200 
226 
250 
276 
300 
300 
276 
250 
226 
200 
176 
1 so 
126 
100 
76 
60 
36 

Thomrl 
Straln 
lumlm) 

1.29 
180.89 
308.24 
(105.60 
838.08 
1064.83 
1346.68 
1622.66 
1939.38 
2334.67 
2868.97 
3676.23 
4166.10 
3603.36 

2396.17 
1044.16 
1671.43 
1240.39 
948.93 
684.07 
436.78 
207.96 
76.66 

2949.33 

AIR DRED 
2' n, x 1' td) 

mma bnath wkmw donrlty 
la) (mm) (cc) (alee) 

58.302 60.88 26.78 2.26 
67.977 60.88 26.78 2.26 

+I- 12.6 c +I- 2.6 c 
Maan hit. 
CTE CTE 

IPPMlCl l P w I C )  *.. ... 
7.18 8.49 
8.29 8.61 
8.69 9.36 
9.30 9.17 
9.07 0.60 
10.47 9.16 
11.04 12.35 
12.67 13.78 
16.81 17.32 
21.37 24.96 
32.26 36.44 
23.27 21.63 
26.16 23.47 
22.13 24.81 
18.06 20.99 
14.91 16.36 
13.24 13.62 
11.66 12.36 
10.69 1l.W 
9.89 9.96 
9.15 9.21 
8.76 8.60 *.. ... 

37.6 
62.6 
87.6 

112.8 
137.6 
162.6 
187.6 
21 2.6 
237.6 
262.6 
287.6 
287.6 
262.6 
237.6 
212.8 
187.6 
162.6 
137.6 
11 2.6 
87.6 
62.S 
42.6 



4000 
as00 
3000 
1500 
2000 
1S00 
10 00 
500 
000 

0 0  500 1000 160 0 mo 5000 

pot. S U n r m ~  

Lithokgy: Woldd bVftrHbd 
mu: t5w2 

Tort condkbn: AIR DRIED 
S.mPk sir.: 

NRO-6-831,O-SNL-A Sompk ID: 

2' (1) I 1' Id) 

Sompk Dot.: mroo bwth wkrm denrky 
19) fm) ICC) folcd 

68.742 60.88 26.78 2.28 
68.448 60.86 26.77 2.27 

pm-tart: 
port4a.t 

Tomp 

26 
60 
76 
100 
126 
160 
176 
200 
226 
260 
276 
300 
300 
276 
260 
226 
200 
176 
160 
126 
100 
76 
60 
36 

nmmol 
Shah 
lumlml 

2.26 
186.84 
395.81 
616.37 
848.33 
1084.60 
1362.62 
1620.86 
1084.16 
2208.60 
2507.90 
3418.27 
3801 .04 
3373.98 
2814.04 
2286.23 
1878.34 
1644.06 
1238.66 
861.26 
706.45 
46S.96 
240.62 
108.68 

+I- 12.6 C +I- 2.6 C 
Meon krrt. 
CTE ClE 

IPPMICI IPPMIC) 

0. .  e.. 

7.36 7.88 
0.39 0.41 
0.78 8.49 
8.32 10.21 
8.86 8.89 
10.32 10.03 
10.74 11.44 
10.83 12.67 
12.68 14.64 
11.87 20.74 
36.46 36.21 
21.08 18.31 
22.40 22.10 
20.76 22.24 
16.64 10.80 
13.41 16.48 
12.22 12.47 
11.09 11.97 
10.18 10.26 
8.62 10.16 
8.01 5.26 
0.74 e m  
*.e 0 . 0  

37.6 
62.6 
87.6 

11 2.6 
137.6 
162.6 
187.6 
212.6 
237.6 
262.6 
287.1 
287.6 
282.1 
237.6 
212.6 
107.6 
162.6 
137.6 
112.6 
07.6 
62.5 
42.6 

* Mom C W o  om arkul.1.d ovor 26 d q m  rmgoo, w that tho 
v o b  In tho tablo fartho ring. h npoftd at tho md of thr mongo. 
Foroxompl., tim v.hr forthorongo 26 - bo, h &onk thm Bomw. 



T w 
P 

Mean C T I  VI. T.mplrrturo 

4000 
5500 

f :: 
E :: J 10.00 

sm 
000 

00 SO0 1000 150 0 2W.O 250.0 So0.0 

T W -  tc) 

Sompk ID: 
Lithobgy: 
TMU 

Tort aondkbn: 
S m p h  sit.: 

srmpk Dora: 

26 
60 
76 
100 
126 
160 
176 
200 
226 
260 
276 
mo 
300 
276 
260 
2 26 
200 
176 
160 
126 
100 
76 
60 
3s 

2.00 
183.85 
391.36 
613.19 
846.69 
1094.10 
1 361.76 
1667.34 
2084.16 
2629.82 
3329.09 
4274.49 
49W.16 
4324.37 
3660.32 
3063.18 
2496.36 
1M18.88 
1612.08 
1201 3 6  
927.u) 
676.62 
442.98 
308.69 

A R  DRIED 
2' (I) x 1' (dl 

more kngth velum donrity 
tal (mm) (aa) tglac) 

67.198 60.85 26.77' 2.22 
66.996 I 60.85 I 

+ I -  12.6 C +I- 2.6 C 
Moan 
CTE 

IPPMICl ... 
7.26 
8.30 
8.87 
9.30 
9.94 
10.71 
11.82 
16.87 
23.03 
27.97 
37.02 
26.43 
26.66 
23.89 
22.71 
24.26 
16.07 
12,4l 
1036 
10.09 
9.31 
8.96 ... 

bWt. 
CT€ 

I r n / C )  ... 
8.16 
8.60 
8.76 
9.29 
9.07 
12.26 
13.60 
19.13 
26.62 
31.66 
43.73 
22.19 
27.16 
26.01 
21.77 
25.30 
10.77 
13.33 
11 .66 
10.78 
9.28 
8.60 
b.. 

26.77 I 2.21 

37.6 
62.6 
87.6 

11 2.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
262.6 
287.6 
287.6 
262.6 
237.6 
212.6 
187.6 
162.6 
137.6 
11 2.6 
87.6 
62.6 
42.6 

" .+ 

Wan ClE'r I(. adculatd o m  26 doam m g o o .  so thmt UIO 
v d w  In tho trbl. forth. r o .  b m o d  at th. md of th. rmgo. 
F o r r x n p k .  th. VJU for tho r o .  26 - 60, k gluon In tho 60mw. 



I I 

Mean Cl8 VI. Temprcrturo I 

Data lunnuty 

Sampb K): 
LithObgY: 
TMU: 

Tart condltbn: 
Sampb Site: 

NR03-8S2.6-8Nl-A 
WaMd 0.Vitrlfbd 
TSw2 

AIR ORED 
2' 0 x 1' W) 

marr bwth volumo danrity 
!Q) tmm) (Cot tQ/CC) 

67.913 60.86 26.77 2.26 
67.762 60.86 26.77 2.24 

Tamp 

26 
60 
76 
100 
126 
1 60 
176 
200 
226 
260 
276 
300 
300 
276 
260 
226 
200 
176 
160 
126 
106 
76 
60 
36 

+I* 12.6 c + I -  2.6 c 
Thrmd Mean 
Stfdn CTE 
tumlm) IPPMIC) 

0 . .  2.82 
166.17 6.64 
373.82 8.31 
693.86 8.00 
828.68 9.39 
1076.96 8.93 
1343.06 10.64 
1661.63 12.34 
2032.W 16.26 
2617.93 19.10 
3162.28 26.77 
4006.30 37.36 
4864.64 27.17 
4186.10 28.49 
3473.06 26.61 
2832.93 22.37 
2273.77 19.31 
1790.96 14.87 
1419.00 12.44 
1108.04 11.14 
829.69 10.31 
671.91 9.62 
333.82 9.16 
198m * * *  

tnat. 
CTE 

tpPMIC) 

* * *  
8.38 
7.70 
9.03 
9.07 
9.64 
11.00 
13.33 
16.64 
20.64 
30.60 
46.19 
23.76 
28.81 
27.67 
23.96 
22.23 
16.63 
1 3.26 
12.61 
10.44 
9.10 
9,02 
* .e  

37.6 
62.6 
87.6 

11 2.6 
137.6 
162.6 
187.6 
212.6 
237.6 
262.5 
287.6 
287.5 
262.1 
237.6 
21 2.6 
187.6 
162.6 
137.6 
112.5 
87.6 
62.6 
42.6 

wen m'r a n  ckulotod o m  26 doom rmgor, w that tho 
vohm k tho tabh fortho r r g .  b nporhd ot tho ond of tho -0. 
Foroxomph. tho value for tho rmoo 2s - 60, is ohm, h tho 60 row. 



Sampb 10: NRa-bd74.9lNL-A 
1-v: woklad bvlhlllad 
TMU: fsw2 

TON condkfon: AIR DRIED 
Sampb S W  2- o x  1- 

pro-toot: 
pod-tort: 

Tamp 

26 
so 
76 
100 
126 
160 
176 
200 
226 
260 
276 
300 
300 
276 
250 
226 
200 
176 
160 
126 
100 
76 
so 
35 

(9) [mm) (Ocl (alee) 
67.762 60.83 26.76 2.24 
67.465 60.86 26.77 2.23 

+ I -  12.6 c +I- 2.6 c 
lhamal Mean 
S t t h  CTE 
Iwnlm) (PPMICI ... 1.67 
181.00 7.18 
388.73 8.36 
805.71 8.64 
840.07 9.37 
1087.23 8.68 
1369.64 10.80 
1648.89 11.81 
2OOB.U 14.34 
2667.07 22.36 
32S4.64 28.10 
4266.62 38.44 
6128.48 22.64 
4662.37 26.85 
3918.16 26.67 

2673.88 21.88 
2126.90 16.73 
1708.64 14.43 
1347.84 13.21 
1017.66 10.86 
743.00 9.71 
601.20 9.08 
364.98 * * *  

326i.m 23.12 

h o t .  
CTE 

(PPMlCl ... 
8.88 
8.12 
8.73 
8.82 
8.90 
11.20 
12.96 
16.72 
26.21 
32.36 
47.80 
18.79 
24.81 
26.46 
24.06 
23.85 
18.38 
16.33 
14.02 
1 1.86 
s.89 
8.68 ... 

M a n  
Tamp 

37.6 
62.6 
87.6 

112.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
282.6 
267.6 
287.6 
262.6 
237.6 
212.6 
181.6 
162.6 
137.6 
112.6 
87.6 
82.8 
42.6 



Tort conditbn: A R  DRIED 
Sompb Sho: 2' 1 8  1' Id) 

S8mpb DOtb: 

pn-tort: 
pea-tort: 

Tomp 

26 
60 
76 
100 
125 
160 
176 
200 
226 
250 
276 
am 
300 
276 
250 
226 
200 
176 
160 
125 
100 
76 
60 
36 

2.28 
186.02 
100.62 
629.63 
872.96 
1 133.63 
141 2.03 
1707.79 
2051.68 
2616.04 
3196.39 
41 63.39 
4829.38 
4192.31 
3474.78 
2807.62 
22u.M) 
1800.32 
1461.38 
1161.74 
876.67 
626.89 
382.96 
248.26 

mrrr I bnoth I wlum I donrlv 
u (mm) (co) lakc) 

69.013 60.88 25.78 2.29 
68.864 60.88 26.78 2.28 

tI- 12.6 C + I -  2.6 C 
Morn 
CTE 

lPPM/O ... 
7.36 
8.68 
9.16 
9.73 
10.42 
11.14 
11.83 
13.76 
16.68 
27.21 
38.0 
26.46 
28.70 
26.69 
22.62 
17.77 
13.98 
11.99 
1032 
10.11 
9.72 
8.11 
e.. 

hot. 
CT€ 

IPPMIC) ... 
8.22 
8.17 
9.W 
10.20 
10.62 
10.37 
12.03 
16.67 
22.1 1 
34.39 
44.34 
20.82 
28.16 
29.66 
26.31 
20.41 
14.78 
13.27 
11.82 
10.39 
9.62 
6. eo 
..e 

37.6 
62.6 
87.6 

11 2.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
262.6 
287.6 
287.1 
262.6 
237.6 
212.6 
187.5 
162.5 
137.6 
112.6 
87.6 
62.6 
42.6 

Mom C W r  y. cokd.1.d owr 26 dogm ranger, (0 thot tho 
vdrwh ch. toblo lor tho nngo h rmpwtod at th.ondof th. rango. 
F~rx f fnpk ,  th. VABO forth.trg. 28- 60, h ohm, h th. 60 IIIW. 



T- 
i 

Mean CTE VI. Temperature 

lndmtrnrour C f f  VI. Temperature I 

t I I I I I 

t I I I I I 

WR~-lglO.S-SM.-A 
WakJed D.v*rHM 
t5w2 

AIR ORED 
2' 10 x 1" ldl 

Sampb Date: 

Temp 

26 
60 
76 
100 
126 
160 
176 
200 
226 
260 
275 
300 
300 
276 
260 
225 
200 
176 
160 
125 
100 
75 
60 
36 

IO) lltUl3l Ice) (olccl 
68.242 60.72 25.70 2.27 
67.896 60.72 26.70 2.26 

+I- 12.6 C 
wan 
CTE 

IPPMIC) 

0.83 
185.72 
387.63 
022.71 
863.84 
11 22.33 
1412.86 
1774.76 
2216.92 
2760.10 
3376.85 
41 14.86 
4606.38 
4076.60 
3507.07 
2824.1 7 
2373.80 
1662.66 
1428.56 
1077.29 
706.28 
531.31 
302.37 
1 70.26 

... 
7.39 
8.48 
9.00 
8.65 
10.34 
11.62 
14.48 
17.69 
21.33 
26.06 
28.63 
20.44 
22.74 
23.32 
22.01 
20.46 
17.38 
14.06 
11.60 
10.16 
0.16 
0.81 ... 

+I- 2.6 C 
hot. 
CTE 

IPPMIC) ... 
8.26 
9.02 
8.40 
10.66 
10.66 
11.67 
16.28 
18.98 
22.94 
27.34 
32.62 
17.24 
21.88 
23.82 
22.41 
21.34 
17.86 
15.78 
12.m 
10.60 
9.27 
0.63 
.e.  

h e n  
Temp 
Pa 

37.6 
62.6 
87.6 
112.5 
137.6 
162.6 
187.6 
212.5 
237.6 
262.5 
287.6 
287.5 
262.6 
237.5 
212.5 
167.6 
162.6 
137.5 
112.6 
67.5 
62.5 
42.5 

Meen ClE'e um cokulrtod o w  26 dogroo rangor. ao thrt the 
vduo In the trM. forthe m g o  h nportod at the md of the rmge. 
Foroxrmplr, the value forth. rmgo 26 - 60, h ghmn h thr SOmw. 



I 

lrmpwr(un 

pato 6umnmq 

Sampb tD: NRO-6-8S2.OdNL-A 
Lithdogv: weldad 0.vi tdM 
mu: TSw 2 

Tart conditkn: 
S m p b  Ske: 

AIR DREO 
2' (0 x 1' ld) 

Sampk Data: marr bngth vokmw danrity 
(9) lml tC0) Inlcc) 

67.191 50.17 26.42 2.26 
66.813 50.17 26.42 2.23 

pn-teat: 
port-tart: 

Tamp 

26 
60 
76 
100 
126 
160 
176 
200 
226 
260 
276 
3m 
300 
275 
250 
225 
200 
176 
166 
126 
100 
76 
so 
36 

+I* 12.6 c +I. 2.5 c 

... 0.71 
lS1.71 7.64 
407.43 8.63 
828.67 8.86 
868.67 S.62 
1117.73 10.04 
1387.79 10.80 
1680.71 11.72 
2018.83 13.62 
2476.47 18.27 
3163.06 27.14 
412S.77 39.03 
4629.73 24.28 
4223.12 31.39 
3438.34 2s.00 
2713.30 22.72 
2145.22 17.36 
1711.43 13.03 
1363.26 12.20 
1060.24 10.03 
706.11 10.10 
130.39 S.46 
283.80 8.86 
1eo.sr * * *  

hat.  
ClE 

tmlcl  ... 
8.76 
7.96 
8.21 
10.21 
s. 76 
11 3 3  
12.26 
14.54 
20.71 
34.14 
44.46 
10.83 
27.36 
31.38 
26.73 
20.02 
14.40 
13.44 
11.89 
10.16 
1.30 
8.67 
0 . 0  

Moan 
Temp 
COCl 

37.6 
62.6 
87.6 

112.5 
137.5 
162.6 
187.5 
21 2.6 
237.6 
262.5 
287.6 
267.6 
262.6 
237.6 
212.5 
187.6 
162.5 
137.5 
112.6 
07.6 
82.6 
42.6 

Man, ClE'a om c.ku(otad o w  25 d.gm ranger. ro that tho 
v r k r  hth. trblr forthe r m  lo npwtd ot the d of the range. 
Forexmnpb, th. vrkr  (ortho m g a  25 - Sa, la g h m , h  tho Wmw. 



Mean ctt vs. Temperature 

m.00 

50.00 

40.00 

30.00 

20.00 

10.00 

am 
0 

S8mpb I& 
Lithokgy: 
TMU: 

Tart condition: 
S8mpb Sb: 

NRO-5.093.3-SNL-A 
w0ld.d 08Vihitbd 
TSw2 

AIR DREO 
2" 11) x 1' Id) 

Tamp 

26 
60 
7s 
100 
126 
150 
175 
200 
22s 
250 
275 
300 
300 
276 
250 
225 
200 
175 
160 
126 
100 

60 
3s 

m 

Th8nn.l 
Strain 
lumlml 

2.83 
185.78 
392.80 
615.09 
648.10 
1092.89 
1362.46 
1626.74 
1966.42 
2452.02 
3165.55 
4343.72 
6168.33 
4526.27 
3700.76 
2917.61 
230S.60 
1BOO.20 
1461.24 
1169.37 
e0S.w) 
832.43 
397.30 
266.64 

m8rr bwth whm donrity 
U Imml ICCl (OICC~ 

57.046 50.68 25.78 2.21 
66.69 60.9 25.79 2.20 

+ I -  12.5 C +I- 2.6 C 
M8M 
ClE 

IWCl ... 
7.32 
8.28 
8.69 
9.32 
9.79 
10.38 
10.97 
13.66 
19.46 
29.34 
46.33 
26.72 
32.98 
31.33 
24.48 
20.22 
13.56 
12.07 
10.91 
10.14 
9.10 
8.78 
e.. 

Inat. 
CTE 

IPPMICI ... 
8.21 
8.01 
8.79 
9.80 
10.02 
10.44 
12.61 
16.07 
23.73 
35.83 
63.98 
19.57 
34.74 
w.80 
27.66 

14.33 
12.48 
11.61 
10.03 
9.41 
8.66 

22.m 

0. .  

W a n  
Temp 
1°C) 

37.5 
62.6 
87.6 

11 2.6 
137.5 
162.5 
187.6 
21 2.5 
237.5 
262.5 
287.5 
287.6 
262.5 
237.6 
212.5 
187.5 
162.6 
137.6 
112.6 
87.5 
82.6 
42.6 



Mean CTE w. Temperature 

WOO 

:: 
I 1000 

6 
2000 

000 
0.0 do0 100 0 1900 8 0 0  mo m0 

T-mtum (c) 

1 

I 

Sompb 10: 
W b V :  
TMU: 

Test tondhkn: 
Sompk Sir.: 

Tamp 

26 
60 
76 
100 
126 
150 
175 
200 
226 
250 
276 
300 
300 
276 
250 
226 
200 
176 
160 
126 
100 
76 
60 
36 

Th.mrl 
stfttrin 
lumlml 

1 .97 
181.07 
398.48 
622.22 
857.39 
11 10.08 
1387.00 
1686.48 
20089.26 
2641.68 
3376.73 
4631 .80 
6662.64 
6089.43 
431 7.30 
3610.89 
2813.94 
2233.88 
1771.1 7 
1388.60 
1oe6.w 
812.18 
666.76 
426.61 

moor bngth Mkm donolty 
fa1 lltlml IC01 lokcl 

67.664 60.9 26.79 2.23 
67.263 60.93 26.81 2.22 

+I- 12.6 C +I- 2.6 C 
Maan 
c1E 

(PPMICI ... 
7.16 
8.62 
9.03 
9.41 
10.1 1 
11.0s 
12.34 
16.76 
22.09 
28.41 
60.20 
23.73 
30.08 
32.28 
27.08 
23.20 
10.61 
14.91 
12.47 
10.89 
9.86 
9.34 
0. .  

hot. 
ClE 

lPPMIcI 

a * .  

7.90 
8.62 
10.26 
10.11 
10.17 
11.62 
13.67 
20.03 
24.43 
36.72 
64.02 
19.96 
26.23 
32.63 
29.60 
26.79 
20.16 
16.98 
13.80 
11.61 
9.815 
s.02 ... 

Won 
Temp 
ec, 

37.6 
62.6 
87.5 

112.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
262.6 
287.6 
287.6 
262.6 
237.6 
212.6 
187.6 
162.6 
137.6 
11 2.6 
87.6 
62.5 
42.6 



lhrrmal Strain VI. Tamperrlure 

000 6000 10000 Is000 20000 25000 30000 uow 
Tanpomlun 

Mean CTE VI. Tcmperoturo 

Smpb ID: NRIRal-8@9.bdNL-A 
Llthokg~: welded DaViMw 
TMU: TSw2 

Test conditkn: AIR DRIED 
S m p h  She: 2' 111 x 1' Id1 

Sompb Dam: 7 I 721: I d:;; 

pro-test 66.056 60.47 25.57 
post-tett: 66.676 60.47 26.67 2.18 

+I- 12.6 C +I- 2.6 C 
Maan Th0nn.l Mom htt. 

CTE Temp 
(umlrnl (PPMIC) (PPMIC) PC) 

Temp Strain CTE 

26 
M) 
76 
100 
126 
160 
176 
200 
226 
250 
276 
300 
300 
276 
260 
226 
200 
176 
160 
126 
100 
76 
60 
36 

1.62 
179.26 
384.24 
697.47 
819.73 
1oM.OS 
1303.96 
1676.63 
1880.26 
2248.03 
2662.62 
3938.49 
404.67 
3987.36 
3091.36 
2361.67 
1686.72 
1637.66 
1227.70 
941.67 
676.66 
427.36 
193.61 
69.69 

... ... 
7.11 8.09 37.6 
8.20 8.36 62.6 
8.63 9.06 87.6 
8.69 8.66 11 2.6 
9.37 9.0) 137.6 
9.99 9.89 162.6 
10.67 12.42 187.6 
12.18 13.18 21 2.6 
14.71 17.16 237.6 
24.68 33.80 262.6 
43.04 60.26 287.6 
27.69 21.31 287.6 
36.84 33.23 262.6 
29.69 36.43 237.6 
18.80 22.16 21 2.6 
13.97 16.33 187.6 
12.39 12.64 162.6 
11.44 11.66 137.6 
10.84 10.96 11 2.6 
9.93 10.47 87.6 
9.35 9.35 62.6 
8.92 8.37 42.6 ... ..e 

Mow, C W r  om cakutotod over 26 d.gm renoem, oo thot tho 
vakw In tho trbh fortho -0 h npartod ottho ond of tho rage. 
Forexnnpk, tho vdw fortho rmge 26 - 60.11 g h n  h tho 60rnw. 



Dmtm Summaries for NRGd 

(Vacuum Saturated) 

E-23 



g.18 8UmrUQ' 

NRO-6-28.8-ONL-D Smpb ID: 
Lkhokgy: Welded bv l t r i fbd 
TMU TCW 

0 50 

Mean CTC VI. T8mpature 

0.0 50.0 100.0 150.0 200.0 250.0 300.0 
lampmlun (C) 

lnrtrntrnrour CTE VI. Temperrtur8 1 
25000 

10000 

15000 

10000 

so00 

000 
0 0 I00 150 am 250 

Tn*mtuf- 

lest condition: vacuum-saturated 
Smnpb she: 2' (I) x 1' Id) 

S8mpb DMa: mare bngth volume denrly 
I d  (mm) tcc) (glee) 

pro-teat: 80.56 50.82 26.76 2.35 
port-tart. 69.06 60.82 26.76 2.29 

+I- 12.6 C +I- 2.6 C 
Mean Thannd Mean Inrt. CTE Temp 

lumlm) IPPMIC) j. (pw/C) 0 '  

Temp Strain CTE 

HOIt-Up 25 
60 
76 
100 
125 
1 60 
176 
200 
225 
260 
276 

-1.45 
161.67 
376.32 
670.24 
829.10 
11 27.63 
1466.18 
1860.60 
2303.06 
2861.74 
3603.29 

... *.. 
7.32 7.89 37.6 
7.7s 7.21 62.6 
7.76 4.59 87.6 
10.36 10.60 11 2.6 
11.94 12.99 137.6 
13.64 13.36 162.6 
15.38 16.40 187.6 
18.10 18.77 21 2.6 
22.36 ~ 26.40 237.6 
29.66 35.48 262.6 

300 6763.83 86.02 207.89 287.6 
Cool-down 300 7933.16 18.78 10.97 287.6 

276 
260 
226 
200 
176 
160 
126 
100 
76 
60 
35 

7463.74 
6720.83 
6408.84 
3728.W 
2774.30 
2210.16 
1767.96 
1372.48 
1023.71 
701.87 
623.73 

29.72 24.01 
62.48 39.68 
67.23 68.08 
38.16 60.36 
22.67 26.24 
18.09 19.36 
16.42 16.29 
13.95 14.32 
12.76 13.00 
12.08 12.13 

0 . .  ... 

262.6 
237.6 
21 2.6 
187.6 
162.6 
137.6 
11 2.6 
07.6 
02.6 
42.6 

M.m ClE'r M c.lcul.1.d over 26 dag- ranger, w that tho 
v.hr in tho tabla for tho range h ropocted ot tho ond of tho rrqe. 
For oxrmpk, tho v r h r  for tho rongo 26 - bo, in gluon In tho 60 row. 



I 

I 
Mean CTE vs. Tmperalure 

1800 
16 00 
1400 
1200 

I 

g l:: 
I :: 

200 
0.00 

0 0  ma 400 600 bbo 1000 1200 1400 1600 1mo 2000 

I 
Instantaneous CTE vs. Temperaturo 

1800 
1600 
14 00 

; 12.00 
I000 
800 
600 
400 
200 
000 

0 20 10 w m 100 120 140 160 1w 200 

Test conditkn: 
Sample Size: 

Snmpk Date: 

p ra - t e r t : 
port-tart: 

NRO-6-28.84Nl-f 
Welded D.vitrifbd 
TCw 

ma88 bngth vdumo dendty 

60.63 60.80 26.74 2.36 
69.21 60.83 26.78 2.30 

(PI (mm) (oat (Q lC3  

+I. 12.6 C +I- 2.5 C 
Thmnal W a n  Init. Moon 

Temp Strain ClE ClE Temp 
(umlmt t m / c ~  (PPWCI ~ C I  

..e * * e  Heat-up 26 -0.80 
60 188.64 7.68 7.37 37.6 
75 374.24 7.42 6.88 62.6 
loo SBs.98 8.47 7.07 87.6 
126 876.71 11.69 13.97 112.6 
160 1182.81 12.28 11.72 137.5 
176 1637.73 14.20 16.19 162.6 
200 1943.37 16.23 17.68 187.6 

Cool-down 200 2064.07 14.94 14.86 187.6 
176 1690.60 14.64 16.32 102.6 
150 1324.61 13.29 14.83 137.6 
126 992.44 11.81 12.53 112.6 
100 697.26 11.02 11.40 87.6 
76 421.76 10.00 10.24 62.6 
60 171.76 12.88 9.73 42.6 

.e. 36 -21.62 * * *  

Wan CfE'o am cakfculatd over 26 deem rangaa, 80 that tho 
V I I W  in tho tabb for *I. rmgo I8 nported at the ond of tho range. 
For exrmpb. th. vahw for th. range 26 - 60. la given in tho 60 mw. 



Thermal Strain VI. Temperature 

4OoE-aY 

2 W a 3  
1 mE-03 
ODOEIOD 

0 50 100 150 200 250 500 350 
T r g n ( u n  

Mean CTE VI .  Temperature 
3000 I I I I I 3 

0 0  100 0 (500 2000 2500 5000 

1-u- 

I 
lnrtrntrnraus CTE VI. Tempefature 

3000,  

0.00 1 I I I I I 

0 w 100 I50  200 250 500 
Tnpwaum (Cl 

I 

SHnpb ID: NRO-O-~.l-SNL-F 
LbholoqY: welded Dovkdfied 
TMU: TCw 

Teat condltbn: Vocuwn-Soturated 
Sample Size: 2' Ill x 1" (dl 

Temp 

Heat-up 26 
60 
76 
100 
126 
160 
176 
200 
226 
250 
276 
300 

Cool-down 300 
276 
250 
226 
200 
176 
160 
126 
100 
76 
60 
36 

Io) (olcc) (mm) (cc) 
69.76 60.72 25.70 2.33 
68.17 50.72 26.70 2.26 

I_D %* 

+I-  12.6 C +I- 2.6 C 
Themrl Mean h a t .  Mean 
Straln CTE CTE Temp 
h / m l  ( W I C I  ( W I c )  f'a 
0.87 

170.16 
380.89 
649.71 
829.86 
1184.26 
1692.97 
2046.62 
2646.64 
3090.67 
37-31 
4360.4s 
4494.118 
4143.93 
3664.68 
3068.86 
2629.66 
1984.64 
1616.79 
11 19.86 

489.20 
224.73 
77.72 

781 .so 

... 0 . .  

6.77 6.38 37.6 
7.63 6.76 62.6 
7,56 ~ 6.74. 87.6 
11.21 13.16 11 2.6 
14.18 16.88 137.6 
16.36 17.04 162.6 
18.10 17.18 187.6 
20.00 19.60 212.6 
21.80 24.37 237.6 
26.40 28.03 262.6 
24.00 20.47 
14.04 11.97 
19.17 18.62 
23.03 22.79 
22.37 22.96 
21.80 21.98 
18.71 20.23 
16.88 17.13 
13.12 14.66 
11.71 12.33 
10.68 10.74 
9.80 9.66 
# e #  * * b  

287.6 
287.6 
262.6 
237.6 
21 2.6 
187.6 
162.5 
137.0 
112.6 
87.6 
62.6 
42.6 

MOM ClE'a ua c.lculotod over 26 degree rmgar, 00 thot the 
vdue intha trbk forth. rmge h npofted rttha a d  of the range. 
For oxmnpk. th. velum f o r t h  rmge 26 - 60. h g h n  h the 60 mow. 



Thermal Straln VI. Temperature 

(ma3 
3oOE.a.3 
2ma 
IQIEOS 

OmEIQo 
0 50 100 I50 100 256 3w Js1 

T*npntum 

f 
Moan CTE VI. Temperature 

3000 

1 :: 
I S 0 0  

c 'OW 
s.OO 

000 1 I I I I I I 
00  SO0 1000 'SO0 2060 2SOO 3000 

T v u m  fc) 

30.00 

f zs.00 

f _  
0.00 

Inshntrneous CTE vs. Temperature 

0 SO 100 'SO 200 m, Joo 
fC) 

Data S u m  

Sampb ID: NRO-6-lll.OdNl-0 
UthOkgY: welded D.vMfled 
TMU: TCW 

Teat condklon: Vlcwm-Satunted 
Sampb Sea: 2' (1) x 1' (d) 

Sampb Dota: mare bngth vohmm daneity 
(01 fmml (ccl falccl 

pmteet: 69.12 60.m 26.78 2.29 
poet-tart: 68.89 60.88 26.78 2.20 

+ I -  12.6 C + I -  2.6 C 
hlld WM h t .  Mean 

Temp Strain CTE ClE Temp 
(urnlml IPf'MIc) fPPM/c) Ioci 

Heat-up 26 
bo 
76 
100 
126 
160 
176 
200 
226 
260 

1.17 0. .  e * .  

8.88 168.87 8.70 
369.81 7.64 7.66 
673.60 8.68 7.94 
778.39 8.20 11.44 
1136.28 14.28 18.84 
1663.63 18.73 17.01 
2009.82 18.24 18.74 
2481.03 18.66 19.08 
2981.06 20.00 21.68 

37.6 
02.6 
87.6 

11 2.6 
137.6 
182.6 
187.6 
212.6 
237.6 

276 3836.24 26.21 26.22 262.6 
300 4110.01 18.96 13.96 287.6 

Cool-down 300 4178.97 11.36 7.78 287.6 
276 
260 
226 
200 
176 
160 
126 
100 
76 
bo 
36 

3896.34 17.02 13.28 282.6 
3469.87 26.07 23.28 237.6 
2813.00 21.42 23.72 212.6 
2307.38 20.32 20.04 107.6 
1799.28 18.00 19.18 162.6 
1349.26 16B3 18.01 137.6 
968.66 13.31 14.32 112.6 
626.72 11.66 11.48 07.8 
333.82 9.78 10.32 62.S 
89.19 8.66 9.40 42.6 
-40.60 * * *  ... 

Wan C n ' r  am cabu)otd ovor 26 dog- rm@oa, w that th. 
v r b  In the trbb for th. rmg. h npoort.d at the ond of tho m e .  
For oxmnpb. tho v h  forth. r w o  26 - SO, h g1-n h tho 60 row. 



Thermal Strain VI. Temperature 

1 .  I I I I I I 
I I I 

Mean CTC vs. Tempercltwe I 

tnstantrmour CTE VI, Temperature 
7.00 

f :: 
4.00 1 ::: 
1.00 

' Thio Oampk wao identified a0 ohown &ow, but It0 boh8vfor 
8pWMm to bo typkrl of 0 mnwelded vlb(c ormpb. 

Toot condition: Vmwm-Saturated 
Sampb Sire: 2' (I) x 1' td) 

pn-tert: 
port-toot 

S8Wb D8t8: maor bngth volume denolty 
tal tmml (cc) fO/CCl 

47.49 60.06 26.78 1.04 
30.30 60.00 26.74 1.49 

,_ .  

Haat-up 26 
60 
76 
100 
126 

CooCdown 126 
100 
76 
60 
36 

... ... -0.16 
116.46 4.66 4.63 
246.63 6.16 6.06 
312.46 2.66 6.03 

-1013.79 -63.05 * * *  
-1026.31 4.94 6.26 
-1149.78 6.63 'd.66 
-1288.11 4.65 4.90 
-1404.40 3.04 4.01 
-1460.06 ' * *  ... 

37.6 
62.6 
07.6 

11 2.6 
112.6 
07.6 ,* x 

62.6 
42.6 

Mean CTE'e w. cakul8t.d owr 26 d w m  ranger, w th8t the 
vahn k, th8 trbb for th8 range Io reported 8t tho end of the r q o .  
For oxarnpb. tho v.hw for tho range 26 - 60, la olwn &I the 60 row. 



Mean CTE VI. Temperature I 

4000 ' ^  

0 0  PO 400 mo ea0 1000 120.0 1400 id00 imo 2000 

I l m p n t u n  (e) 

- hratmtancous CTE w. Temprrrture I 
1000 

8.00 

a00 

4.00 

2.00 

0.00 

300 

pat. S u m n r ~  

S8mpb ID: NRB-Cl4&4-SNl-A 
Lithology: 
T M :  Tcw 

Thli 88mpb W48 Identlfbd as rhown above, but It8 behavlor 
eppeam to bo typical of a nonwefded vltrk rampb. 

WeIdd Devitrlfbd 

Tort condltlon: v8CuUms8tUfOtd 
Sampb Sire: 2" 11) x 1' (d) 

ma80 bngth wluma denrlty 

47.33 60.86 26.77 1.84 
38.19 60.77 26.73 1.48 

Sampb D8tr: 

pn.te8t: 
(a) (mm) (cc) Clcc) 

po8t-tO8k 

+I- 12.6 C +I-  2.6 C 
l b t m ~ l  Meen Ins. Mean 

Temp Strain ClE ClE Temp 
1um/m) ( ~ ~ M I c )  IPPMIC) t'c) ... +.* Heat-up 26 0.00 

60 116.W 4.64 4.64 
76 247.82 6.27 6.34 
100 226.28 -0.90 -2.91 
126 -874.62 43.99 6.01 
150 -724.46 8.00 6.49 
176 -696.48 6.12 3.60 
200 -688.92 1.22 -1.60 

Cool-down 200 -963.82 8.71 9.66 
176 -1171.83 7.18 7.63 
160 -1361.04 6.46 6.43 
126 -1612.W 6.78 6.85 
100 -1867.02 4.71 6.b1 
76 *1774.66 3.11 3.83 
60 -18132.31 -2.41 1.08 
36 -1816.14 *" 0 . .  

37.6 
62.6 
87.6 

112.6 
137.6 
162.6 
187.6 
187.6 
182.6 
137.6 
112.6 
87.6 
62.6 
42.6 

Mean Crr'8 Cd~oUlatd O W  26 dw- f0nge8.W that th, 
velw In the tabla fof the rmgo la mported at th. end of ttm range. 
For exrmpk, tha vahm for the rango 26 - 60, I8 given In th. 60 mw. 



Thermal Straln VI. Temporature 
lOOE-03 

fmeux 

f" 
ma3 

I 

P w 
0 

Mean CTE us. Temperature 
2000 
15 00 

i l:: 

i! :: 1 .lo00 
-1500 
-2000 

00 wo loo 0 1w 0 2000 2500 3oQO 
Tmpmturo (C) 

1.00 

20.00 

15.00 

10.00 

5.00 

0.00 

4.00 

-10.00 

Instantaneous CTE VI. Temperalure 

U 

Sampb w): 
LIthO(0g~: 
TMU: 

lest condhbn: 
Sampb Sire: 

Sampb Dot.: 

pn-tort: 
post-test: 

Temp 

25 
60 
76 
100 
126 
160 
176 
200 
226 
260 
276 
300 

Cookdown 300 
276 
260 
225 
200 
176 
160 
126 
100 
76 
60 
36 

NR~-6~162~@-8Nl-B 
Nonweldd vitric 
pfn 

Vacuum Saturated 
2' 0 x 1. tdl 

mrsr I b w t h  I volume I denrltv 
tat (mm) lcct Ialcct 

44.82 60.72 26.70 1.74 
34.21 60.72 26.70 1.33 

-1.06 
114.96 
234.72 
199.68 
-207.37 
-76.94 
41 .66 
72.66 
27.87 
-78.22 
-218.30 
-314.34 
-810.86 
-1218.68 
-1461.68 
-1646.61 
-1809.67 
-1 968.1 3 
-2117.68 
-2282.34 
-2399.86 
-2626.95 
-2640.23 
-2887.72 

... ... 
4.84 7.60 
4.79 2.26 
-1.41 8.00 

-18.26 4.98 
6.26 6.77 
4.70 3.07 
1.24 -1.12 
-1.79 -3.06 
-4.24 -3.42 
-6.60 -6.66 
4.64 4.77 
16.31 22.61 
9.72 12.26 
7.41 8.29 
e.61 6.13 
6.34 6.64 
6.98 6.44 
6.79 6.77 
6.60 6.38 
6.04 6.33 
4.67 4.98 
3.17 3.92 ... ... 

37.6 
62.6 
07.6 

1 12.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
262.6 
287.6 
287.6 
262.6 
237.6 
212.5 
187.6 
162.6 
137.6 
112.6 
87.6 
62.6 
42.6 

* Morn CTE'r om cakulded over 26 dog- r.nger, 00 that tho 
vdus In tho tabk for tho rme la npofted rt th. ond of tho range. 
For exrmpk, tho vehm for tho ronge 26 - 60, h o k n  In the 60 row. 



Thermal Straln v8. Temperature 
1.OOE-03 

, o.OOE+m 

! -1oDE.m 

-2.m.m 

JOOEOS 

-1OOE-03 

-soo~-03 J I I I I I I I 
50 100 150 200 250 JOO 550 0 

lampomtun 

Mean CTE VI, Temperature 
1s 00 
1000 

f :: 
-:: I .lS.00 
-2OW 
-29 00 

0 0  50.0 1000 150 0 200.0 2500 5000 
Tmpntun  (C) 

p.1. sumrury 

Srmpb ID: MRRO-6-187.O-SNL-D 
lkhob@Y: Nonwelded Vltric 
TMU: PTn 

Teat comlitbn: VlCUUm-Satur~.d 
Sempb Size: 2" (1) x 1' fd) 

pro-test: 
pod-telt: 

Temp 

26 
so 
76 
100 
126 
160 
176 
200 
226 
260 
276 

Sampb 0.t~ mrrr bwth volurrm denrity 
(mm) fccl falca) 

36.88 60.93 26.81 1.43 
24.29 60.72 26.70 0.96 

fa) 

+I- 12.6 c +I- 2.6 c 

340 
Cookdown 300 

276 
260 
226 
200 
176 
160 
126 
100 
76 
60 
36 

Thermrl 
Strain 
lumlml 

-0.63 
98.60 
143.34 
-10.77 

-219.44 
-86.76 
3.89 
-9.72 

-197.63 
-681.11 

-1 114.21 
-1666.30 
-21 21 .eo 
-2492.74 
-27oS.86 
-2800.70 
-3Q37.44 
-3164.94 
-3327.66 
-3466.21 
-3696.64 
-3726.60 
-3851.32 
-3910.98 

Maan 
CTE 

fPPM/Cl 

0 . .  

3.89 
1.87 
-6.16 
-8.36 
6.36 
3.69 
-0.64 
-7.61 
-16.34 
-21.32 

Inrt. 
CIE 

tPPMICl 

0 . .  

2.94 
-3.48 
-28.62 
6.14 
4.86 
1.18 
-6.79 
-12.60 
-19.23 
-22.96 

-22.08 -20.64 
14.W 21.60 
8.62 9,Bl 
6.99 8.20 
6.27 6.44 
6.90 4.66 
6.70 4.91 
6.66 4.87 
6.21 6.86 
6.20 4.94 
4.99 4.99 
3.98 4.w 

- 

0 . .  .e. 

Morn 
Temp 
ec, 

37.6 
62.6 
87.6 

112.6 
137.6 
182.6 
187.6 
212.6 
237.6 
262.6 
267.6 
287.6 
262.6 
237.6 
212.6 
187.6 
162.6 
137.6 
112.6 
87.6 
82.6 
42.6 



Mean CTC vs. Temperature 
lorn 
1800 
16 Q) 

I 

f 
10.00 
am 

000 J I I I I I I 
00 800 1000 180 0 1000 2500 3000 

T-uf- (C) I 
lnrtrntrneour CTE VI. Temperature I 

Sampb 10: 
LichokqY: 
TMU: 

NAO-6-277.6 -6NL-B 
Welded bvitrlfied 
TSWl 

Teat condltkn: vcuum-saturat.d 
Snmpb Sire: 2' (I) x 1" Id) 

Sampb Data: 

pn-toot: 
poet-toot: 

maso bqth volume danoky 
(0) (mm) bc) (olcc) 

60.21 60.76 26.72 2.34 
67.66 50.76 26.72 2.24 

Temp 

+I- 12.6 C +I- 2.6 C 
TRennoI Moan Inat. Mean 
Strain CTE CTE Temp 
tum/m) (PpMIC) tpPM/C) C'C) 

26 
60 
76 
100 
126 
160 
176 
200 
226 
260 
276 
300 

Cool-down 300 
275 
250 
226 
200 
176 
160 
126 
100 
75 
60 
36 

3.41 
108.76 
300.76 
476.1 3 
667.81 
790.49 
1083.97 
1406.46 
1741.1 2 
2080.2f 
2438.83 
2760.48 
2859.98 
2652.72 
2438.99 
2188.88 
1860.81 
1688.19 
1336.72 
1138.77 
677.44 
602.26 
347.24 
269.89 

... ... 
4.21 4.16 
7.60 6.30 
7.02 6.40 
3.67 7.30 
8.91 11.44 
11.74 13.70 
12.88 10.86 
13.43 13.89 
13.88 'far22 
14.02 13.70 
12.87 12.09 
8.29 8.36 
8.63 8.71 
10.00 9.04 
13.04 12.46 
11.78 12.88 
9.22 8.96 
7.00 8.49 
18.46 7.83 
7.01 7.18 
6.20 6.43 
7.74 7.16 
0..  0.. 

37.6 
62.6 
87.6 

11 2.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
262.5 
287.6 
207.6 
262.6 
237.6 
21 2.6 
187.6 
162.6 
137.6 
112.6 
87.5 
62.6 
42.6 

Mom CTE'r em crlcclloted over 26 dogma rmgan, w thot the 
vrluo h the tabb for the rmgo h mpotted ot the end of the range. 
For axmplo. the vrhw forthe rmg. 26 - 60, In g k n  kr the SOrow. 
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Thermal Straln vs. Temperature 
7ooEos 1;: 
jz 
OooEIoo 

0 50 100 1m 200 250 500 J5( 

Tanpwmtun 

Mean CTE VI. Temperature 
400 
4000 

f E: g 
i ::: 

SO0 
000 I I I I I I 

00 500 100 0 150 0 2000 2500 3000 
Tmpntun  (C) 

I 

Sampb 10: NRO-6-321.16M-C 
Lithobgy: Welded 0.vMfkd 
TMU: TSwl 

Teat oonditbn: Vacuum Saturated 
Sampb She: 2' (I) x 1' (d) 

Sampb Data: merr bngth volumo denrky 

pm-tO8t: 60.83 25.76 2.27 
PO8t-tOrt 64.20 60.88 26.78 2.10 

68.34 (0) (mml (cc) (OlCC) 

+ I -  12.6 C +I- 2.6 C 
Thennal Mean Inrt. M a n  

Tamp Strain CTE ClE Temp 
(umlm) ( ~ I c )  (ppM/c) tc) 

Heat-up 26 
60 
76 
100 
126 
160 
176 
Mo 
226 
260 
276 
300 

Cool-down 300 
276 
250 
226 
200 
176 
1 60 
126 
100 
76 
60 
36 

0.72 
136.96 
336.11 
61 1.07 
696.39 
911.39 
1 166.02 
1633.76 
21 60.18 
31 33.64 
41 96.06 
6262.78 
6766.12 
6430.92 
6039.31 
4688.91 
W 6 . 0 3  
3407.26 
2623.62 
1930889 
4827.43 
1267.40 
1038.86 
ggO.61 

0 . .  ... 
6.46 6.33 
7.87 6.69 
7.00 8.81 
7.37 8.70 
8.64 9.71 
10.18 12.41 
14.7t 16.96 
24.66 31.88 
39.34 44.16 
42.60 40.79 
42.27 41.21 
13.37 9.39 
16.66 16.76 
18.02 17.19 
21.36 19.91 
26.91 22.78 
31.36 28.34 
27.71 33.91 
16.14 21.96 
10.40 t1.76 
9.14 9.69 
9.22 9.06 

- 

e.. ... 

37.6 
62.6 
87.6 

112.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
282.6 
287.6 
287.6 
262.6 
237.6 
21 2.6 
187.6 
162.6 
137.6 
112.6 
0 7 5  
62.6 
42.6 

Mom CWr a n  cakulated ovor 26 dogma rawas, (10 that tho 
velw In the tabb for tho r a g a  la reportsd at tho end of tho m e .  
For exmpk, ttm v r l u  for tho ronge 26 - 60, is ahnn In tho 60 row. 



Thermal Strain vs. Temperature 

1: ooE.03 

OooE+oo 
0 50 100 1 0  200 280 300 350 

r*npm(un 

Mean CTE VI. Temperature 
7000 

6000 

ii :: 
g 3000 
I 

10.00 

0.00 
00  0 0  100 0 150 0 200.0 M O O  5000 

l rnpntum IC) 

pat8 8UmnUQ 

Sampb ID: NROd-384.9-SNlE 
LIttlOkgy: welded DoviMtbd 
mu TSwl 

Tart conditbn: 
Sample Size: 

VACUUM SATURATED 
2' (1) x 1' (d) 

Sampb Dot.: mrrr bngth volume denrlty 
( I  t I 

67.88 60.88 26.78 2.26 
Iplcc) mm cc 

Temp 

Hert-up 25 
60 
75 
100 
126 
160 
176 
200 
226 
260 
276 
300 

Cool-down 300 
276 
260 
226 
200 
176 
160 
126 
100 
76 
60 
36 

63.47 I 60.98 I 

' + I -  12.6C + I -  2.6C 
Thermal Mean hat. 
Strain CTE CTE 
l m l m l  IPPMIC) tPPMICI 

2.14 
138.13 
294.62 
473.32 
681.66 
913.96 
1272.26 
2033.17 
3699.06 
6236.64 
6627.06 

... ..a 

6.44 6.48 
8.26 6.23 
7.16 11.51 
8.33 8.24 
9.30 10.33 
14.33 20.16 
30.44 43.90 
66.64 91.60 
61.60 45.M 
61.62 61.69 

7606.28 
8066.60 
7778.85 
7458.69 
7056.32 
641 2.31 
6763.73 
4896.82 
3530.88 
2799.46 
2506.1 1 
2262.26 
21 36.1 3 

- 42.46 36.03 
11.61 10.00 
12.81 12.22 
16.09 14.31 
26.76 19-60 
26.34 32.60 
34.28 28.61 
64.64 40.16 
29.26 68.09 
11.73 13.28 
9.76 10.61 
8.48 9.04 
.e .  ... 

26.83 I 2.07 

Mean 
Temp 
IOCI 

37.6 
62.6 
97.5 , 

1 12.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
262.6 
287.6 
287.5 
262.6 
237.6 
21 2.6 
187.6 
162.6 
137.6 
112.6 
87.6 
62.6 
42.6 

M e n  C W r  M cJculoted owr 26 dogma ranges. 10 that ttm 
vakw in thm tabto for thm rmgo Is mpocted at tha end of ttm r w o .  
For axampto. thm v r h r  forth. range 26 - bo. h ohm, in thm bo row. 



Mean CTe vs. Temperature 
70 00 

0 0 0  c :: 
g 5000 

I 
10 00 

000 
00 500 1000 150 0 2000 25QO 3000 

T*npntun  (e) 

7000 

E 1: i. 
000 

0 50 100 150 100 250 rm 
1- (CI 

Tort condltbn: Vwuum Saturated 
Sampk Sire: 2' (1) x 1' (dJ 

marr bngth volume dsnrlty Sompk Data: 

pro-tort: 69.67 60.85 26.77 2.31 
port-tort: 68.86 6030 26.79 2.10 

(01 (mm) lccl folcct 

+I- 12.6 C +I- 2.6 C 
Mean Thermal Mom krt. 

Temp Strain C?'E CTE Temp 
lum/mI IPPWCI tm/c)  PCI 

H~at-up 26 
60 
76 
100 
126 
160 
176 
200 
226 
260 
276 

... ... -1.68 
188.88 6.82 6.63 
348.66 7.11 9.62 
640.86 7.77 6.99 
713.47 6.90 9.60 
993.44 11.20 12.46 
1422.62 17.17 22.87 
2108.97 27.46 32.39 
3346.81 49.47 66.14 
4907.04 62.46 60.64 
6241.66 63.38 60.76 

37.6 
62.6 
87.6 

112.6 
137.6 
162.6 
187.6 
212.6 
237.6 
262.6 

300 7416.28 46.98 41.20 287.6 
Cool-down 300 7905.31 12.18 11.22 287.6 

276 7000.93 17.81 16.81 262.6 
260 7166.77 23.03 19.61 
226 0580.0% 26.19 26.21 
200 6950.30 29.72 26.48 
176 6207.37 36.96 29.21 
160 4283.60 61.30 42.21 
126 3001.69 33.78 61.11 
100 2166.69 14.04 17.06 
76 1805.70 10.98 11.40 
60 1631.28 11.08 10.72 
36 1366.14 ' * *  ... 

237.6 
21 2.6 
187.6 
162.6 
137.6 
11 2.1 
87.6 
62.6 
42.6 

' Mean cTL'8 are cokulatad o w  26 dogw rmqer. H) thrt tha 
vahm In tha tabla for tha range h nportod at tha ond of tha rango. 
For exampla. tha VBIW for tha rmga 26 - 60, Io glvm in tha 60 row. 



Mean CTE VI. Temperature 
70.00 I 

0 0 0  

15 :: 
3000 

i 
10 00 

000 I I I I I I 
0 0  so0 100 0 1% 0 2000 2500 3 W O  

Trr*mtum (e) 

I 

. lnrta(rmous C T l  VI. Temperature 
8000, I I 1 I I 1 

$000 
4000 I fI 
000 

0 W 100 180 200 m 300 

Test condltbn: Vlcuum-Saturatad 
Sample Size: 2" (I) x 1' Id) 

Sampb Data: ma88 I bnath I volunm 

Heat-up 25 
60 
76 
100 
126 
160 
176 
200 
226 
260 
276 
300 

Cool-down 300 
276 
260 
226 
200 
176 
160 
126 
100 
76 
60 
36 

-+ 66.89 60.93 25.81 

denrky 
falcc) 
2.32 
2.20 

I '  

+I- 12.6 C +I- 2.6 C 
fh.nnd Mean Inst. Mean 
Strain CTE CTE Temp 
fwnlm) f m / C )  ~PPMICI cot) 

-1.86 
162.43 
349.29 
608.63 
664.22 
941.67 
1466.91 
2198.67 
3787.89 
6223.91 
6439.37 
7641.66 
8097.21 
7706.37 
7239.93 
0719.04 
6132.87 
6406.69 
4444.36 
3093.61 
2332.22 
1983.88 
1696.94 
1638.42 

... ... 
0.67 7.12 37.6 
7.47 8.32 62.6 
6.37 6.19 87.6 
6.23 10.49 11 2.6 
11.10 13.59 137.6 
20.61 26.31 162.6 
29.87 37.63 167.6 
63.67 71.44 212.6 
67.44 64.20 237.6 
48.62 46.22 262.6 
44.10 41.78 
16.63 12.11 
18.66 17.98 
20.m 20.60 
23.49 21.69 
29.04 24.20 
38.49 33.00 
64.03 47.18 
30.46 . 66.91 
13.93 16.96 
11.48 12.26 
10.67 11.22 

- 

... ... 

287.6 
287.6 
262.6 
237.5 
21 2.6 
187.6 
182.6 
137.6 
11 2.6 
07.6 
62.6 
42.6 

Mean C E ' s  a n  coku(ated o w  26 dog- ranger, 80 that the 
vatw In tho trM. for th. r o .  Is np0rt.d at tho ond of tho ronge. 
For examplo. tho vahm fw tho range 26 - SO, h ghm, In th. 60 row. 



Thmnrl Straln vs. Temperature 
e0oE.a 
6OoEa3 
4 a . a  

3 a a 3  
2OoEm 
1 ma3 
OooLI#) 
-1 WE05 

000 2000 40.00 6000 woo 10000 12000 14000 16000 160Q 
fnprrtun 

Mean CTE vs. Temperature 
2000 
1800 
1600 

[ E 

000 
-100 

0.0 200 400 a00 800 1000 1200 1400 

Inrt.ntrneous CTE VI. Temperature 

NRt3-6421.8-SNLd 
welded osvihifbd 
TSw 1 

v.cuum-satwated 
2' (I) x 1" {dl 

Tort condkbn: 
Sampb Size: 

Sample Data: 

pm-tea: 
port-tart 

marc bngth volunu denrky 
tal fmm) ICC) Ialcc) 

69.16 60.96 25.82 2.29 
66.01 60.93 26.81 I 2.17 

+I- 12.6 C + I -  2.6 C 
Thermel Mean bet. 

Temp Straln CTE CTE 
lumlm) tPPMIC) IPPMICl 

Heat-up 26 
60 
76 
100 
126 
160 

Cool-down 160 
126 
100 
76 
60 
36 

- 

-1.88 0. .  

180.39 7.29 
366.73 7.41 
432.03 2.66 
429.81 -0.09 13.72 
801.33 14.86 22.93 
1116.17 18.78 16.77 
646.19 16.33 20.06 
237.97 11.61 12.48 
-62.22 10.00 
-302.18 8.67 
-430.70 * * *  

10.43 
9.29 ... 

e.. 

6.89 
7.70 
3.73 

37.6 
62.6 
87.6 

112.6 
137.6 
137.6 
112.6 
87.6 
62.6 
42.6 

Mean CTE'r am cakulotod o w r  26 degm ranger, oo thot t k  
vrlw In tho t r b b  lor tho range lr mpomd at the end of tho rmgo. 
For oxampk, tha v.(cl. for tho rwrgo 26 - 60. Ir aiwn In tho 60 mw. 



Thermal S t r h  VI. Temperaturr 

12 
OooEIoo 

00  500 100 0 150 0 2000 2500 
?-Urn 

Uean CTE vs. Temperature 
25.00 

20.00 r 1100 

i lo.w 

1 5.00 

0.00 
0.0 20.0 40.0 boo 80.0 100.0 120.0 140.0 160.0 180.0 100.0 

Tmpntum IC) 

I Instantaneous CTE vs. Temperature 

0 20 40 bo 80 loo 120 140 100 lbo mo 
T-mnhm ICl 

Sample 10: NRO-64bB.7-IINL-A 
LRhokgy: W S U d  DevlMfbd 
TMU: TSWl 

Test condition: VACUUM SATURATED 
Sample She: 2" It) x 1' Id) 

Sampk Data: 

pro-test: 
port-test: 

mass I bnoth I volume I denritv 
I d  Imm) [ccl Iplcc) 

66.08 60.06 26.82 2.13 
60.43 60.96 26.82 1.96 

+I- 12.6 C +I- 2.6 C 
hnnd Maan hat.  Wan 

Temp Strain CTE CTE Temp 
Ium/mI IMICI IPPMICI ~ C I  ... ... Heat-bp 26 1.98 

60 177.63 7.02 8.04 37.6 
76 384.47 8.28 9.01 62.6 
100 649.72 6.61, -8.30 87.6 
126 702.84 6.32 9.70 11 2.6 
160 976.48 10.91 12.42 137.6 
176 1366.79 16.61 21.02 182.6 
200 1963.34 23.60 31.82 187.6 

Cool-down 200 2260.40 10.46 17.12 187.6 
176 1783.30 16.84 20.61 182.6 
160 1312.34 16.17 18.48 137.6 
126 908.12 12.67 12.86 11 2.6 
100 691.20 10.18 9.96 87.6 
76 336.76 9.12 9.31 82.6 
50 108.67 8.36 8.08 42.6 
36 -18.67 * * *  e.. 

h M  Crr'S 8M C r k d O t d  owr 26 drgroe r.nges. SO th.t th8 
valw kr th8 t8bb for th8 range b faportad 8t tho end of Ww range. 
For exrmpl., the vdus forthe mg. 26 - 60, Is olvon In Ww 60 mw. 
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lhermrt Stroln VI. Temperrtun 

0 50 100 150 200 150 500 350 
T r n p n t u ~  

Smnpb ID: NRa-6-648.6dNl-A 
Llthokgy: welded 0.vltIitkd 
TMU: TSw 1 

Teat conditkn: V.cuUn-S.hnatd 
S m p b  Sire: 2" Ill x 1' (dl 

dsnrity 
(olccl 
2.18 
2.00 

,+ 61.66 60.88 26.78 pro-test: 
port-tort: _ _ _ ~  

Mean CTE VI. Temperature 
60.00, +I- 12.6 C +I- 2.6 C 

Morn Thermrl Morn Inst. 
S t r h  ClE CTE Temp 
tumlm) tPPM/C) (PPMICI ea ... 0 . .  -0.14 

f :: 
3000 

1 =m 
1000 

000 
0 0  500 loo 0 1500 2000 2500 5000 

Heat-up 26 
60 
76 
100 
126 
160 
176 
200 
226 
250 
276 

189.98 
364.41 
670.90 
823.14 
1098.80 
1473.1 9 
1962.38 
2680.97 
3416.02 
4378.40 

7.60 8.66 3 
6.98 6.84 6 
8.26 16.20 8 
10.09 12.31 11 
11.02 10.99 13 
14.98 18.20 16 
19.17 19.73 18 
26.14 34.26 21 
33.36 37.36 23 
38.64 44.99 26 

7 
2 
I 
2 
7 
2 
7 
2 
7 
2 

'.6 
1.6 
'-6 
!.6 
'.6 
'.6 
'.6 
'.6 , . , .,, _.. .,,--. 
'.6 
'.6 

Tmp.ntun (e) 

Inst8ntmrour CTE VI. Temperature 
300 5766.08 66.07 68.66 287.6 

Cool-down 300 6613.08 19.82 17.21 287.6 
60.00 

50.00 

40.00 

30.00 

26.00 

1000 I 000 

278 
260 
226 
200 
176 
160 
126 
100 
76 
so 
36 

61 17.48 
641 1 .B7 
4638.01 
3717.00 
2857.89 
2247.78 
1767.00 
1372.27 
1063.66 
789.28 
641.67 

28.22 26.87 262.6 
34.96 33.69 237.6 
32.84 32.92 212.6 
34.36 36.62 187.8 
24.40 27.46 162.6 
lB.63 20.88 137.6 
16.39 17.20 112.6 
12.34 12.29 87.6 
10.98 11.38 62.6 
9.84 11.29 42.6 
0 . .  0 . .  

M8.N1 m'8 
v d w  In tho tabla for tho rmgr Ir reported at tho o d  of th range. 
Foroxompk, tho value for tho rrnge 26 - SO, h o i ~ n  h th. SO tow. 

C 8 k u l r t . d  OW 26 d . g m  ranger. 80 that tha 



m 
b 
)-L 

Moan CTE VI. Trmprrrturo 
6000 

I 
I I I I I 

p:: 
g 30.00 
I 

1000 

000 J I I I I I I 
00  500 too 0 150 0 Zoo0 2600 SOOO 

T m p n t u n  (C) 

I 
I 

6000 

ow 1 I I I I I 
0 80 loo 150 1Q) 250 300 

7-6) 

I 

Sample K): 
Lithokgy: 
TMU: 

Tart conditbn: 
Sample Ske: 

Sample Data: 

pm-mot: 
port-tart. 

NRQ-6-693.1-SNL-A 
Welded Devitrified 
TSWl 

Vacuum-Saturated 
2' (1) x 1" (d) 

maor length volume dmrity 

69.90 60.66 26.77 2.32 
67.37 60.85 26.77 2.23 

lot (mm) tcc) fflkc) 

+ I -  12.6 C +I- 2.6 C 
Thatma1 Maan Inrt. Mean 

Tamp Strain C E  Cl€ Temp 
(um/mt (WMICI IPPMICt ("C) 

neat-up 26 
60 
76 
100 
126 
160 
176 
200 
225 
260 
276 

-0.98 e.. 0 . .  

7.93 188.79 7.69 
372.16 7.33 7.66 
680.23 8.32 10.68 
864.17 10.96 12.63 
1126.76 10.86 10.21 
1421.30 11.82 12.29 
1749.46 13.13 14.92 
2216.40 16.76 23.09 
2848.62 29.26 40.86 
3826.78 39.06 41.01 

37.6 
82.6 
87.6 

11 2.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
282.6 

300 6178.39 60.02 65.46 287.6 
Cool-down 300 6827.76 22.33 18.56 287.6 

275 6260.67 30.46 28.66 
260 4607.66 31.37 33.48 
226 3723.44 30.91 29.17 
200 2860.68 30.69 33.88 
176 2185.84 17.47 18.68 
160 1748.10 14.42 16.20 
125 1388.67 12.87 13.87 
100 1066.78 11.86 12.34 
16 770.37 11.00 11.77 
60 496.39 9.84 9.74 
36 347.72 .*' 0.. 

262.6 
237.6 
212.6 
167.6 
162.6 
137.6 
11 2.6 
87.6 
62.6 
42.6 

Moan CTE'r WI colcdatod o w  26 dogm range#, oa that th. 
valw In tho tabb far tho rcmgr Ir mportd et the end of tho rcmge. 
For rxwnpk, tho vohm far tho rmge 26 - 60. h #Ivan In tho Bo raw. 



1 I 

Sampk ID WRa.6-72S.25NLA 
Litholagy: Weldrd Dovihifiid 
TMU: t5w2 

.*'Thm rampk ia part of pak tooted for anni.obopv.** 
Tho other ramp* io: Wla4.72S.24NL-B 

Ta.1 condition: Vocuum-Satwatad 
Sampk Sim: 2' (1) x 1' Id) 

Simp* Data: mars I knath I vatma I iion*itv 

pro-tart: 
wt-tnt: 

Temp 

Hart-up 26 
60 
76 
100 
126 
160 
176 
200 
226 
260 
276 
300 

C o O l . d o ~  300 
- 

276 
260  
226 
200 
176 
160 
126 
100 
76 
60 
36 

lo) I I mm) lccl I Ia/cc) 
00.24 I 60.99 I 26.79 1 2.34 
69.04 I 60.99 I 

+f 12.6 C + I -  2.6 C 
Thermal Mam Imt. 
Stram CTE CTE 
l m l m l  IPPM/CI IPPMICI ... ... 0.92 
199.82 7.62 7.47 
404.N 9.61 9.77 
020.72 9.81 6.91 
770.84 6.77 9.84 
1026.08 10.18 12.21 
1321.71 11.94 12.26 
1060.03 13.10 14.39 
1064.63 10.60 20.60 
2033.29 22.76 27.99 
3663.20 39.90 48.04 
6142.63 03.60 72.72 
9408.30 20.60 21.06 
6744.79 41.03 32.83 
4718.- 49.66 48.94 
3662.74 36.49 43.94 
2006.76 24.90 28.38 
2060.97 17.17 18.62 
1021.03 14-44 16.80 
1290.84 12.06 13.40 
844.40 11.48 12.17 
0 8 7 . 1 ~  10.41 10.94 
389.99 a.96 8.70 
24e.18 ..I 

26.79 I 2.26 

. o s  , -  

Mean 
Temp 
I"Cl 

37.6 
02.6 
97.6 

11 2.6 
137.6 
192.6 
197.6 
212.6 
237.6 
202.6 
297.6 
287.6 
202.6 
237.8 
212.6 
197.6 
102.6 
137.6 
112.6 
97.6 
02.6 
42.6 



+ 

E43 



I I 

m n r  
lml 

6B.66 
67.08 

0 I loo tm m 2M )oo 

C) 

length uolume domity 
lmml lccj lo/ccl 
50.93 26.70 2.33 
60.63 26.76 2.24 

Sample I D  NRQ4-732.UNLA 
Lithobgy: W d  hvitrifiid 
TMU: t5w2 

*"Thm sample is part ol a pak tooted for anisotropy*** 
fhr othw aampk b: MO4.732.6.SNl-C 

feet aondition: 
Sampk 9in: 

Temp 

Heat-up . 26 
60 
76 
100 
126 
160 
176 
200 
226 
260 
276 
300 

cool.down 300 
276 
260 
226 
200 
176 
160 
126 
100 
76 
60 
36 

- 

+I- 12.6 C +I- 2.6 C 
Thrrmal Mom 
Strdn CTE 
(umlm) IPPMIC) 

0.. 2.16 
180.37 7.13 
393.24 9.61 
686.36 7.60 
761.70 8.66 
1007.30 10.22 
1289.47 1 1 .66 
1610.46 12.72 
2012.63 16.96 
2638.01 21.09 
3339.41 31.89 

hat. 
CTE 

(PPMICI ... 
7.48 
8.18 
6.26 
9.19 
10.78 
12.91 
13.81 
17.60 
24.71 
38.69 

4713.43 64.86 63.02 
56SO.St 27.80 22.S7 
8008.90 
4010.63 
3080.12 
24Y.69 
111.77 
1673.18 
1240.66 ' 

B63.00 
062.20 
434.60 
286.04 

38.94 34.23 
37.22 41.34 
26.82 31.29 
19.31 21.21 
16.14 16.01 
13.06 14.12 
11.76 12.00 
10.93 12.68 
8.81 10.03 
e.10 9.63 ... .e. 

MeM 
Tamp 
PCI 

37.6 
02.6 
67.6 
112.6 
137.6 
162.6 
107.5 
212.6 
237.6 
262.B 
267.6 
267 5 
262.6 
237.6 
212.6 
197.6 
162.6 
137.6 
112.6 
07.6 
62.6 
42.6 



Dmh k t m u ~  

Srmpk ID: NftO4-732.0dEIlC 
L i i b g y :  Wrldsd Drvitrifid 
TMU: t5w2 

.**This mrmpk N part of e pow tertrd for rnbobopV**. 
The other ramp* k: NRo4-732.0.8Nt-A 

ow 1 I I I I I I 
0 0  I O  1w 0 1m.o 1000 M O O  W O O  

f-v--un IC) 

fort condition: 
Srmpk Sin: 

Srmpk Orto: 

prr-tort: 
port.trst: 

Temp 

Hrrt-up 26 
60 
76 
100 
126 
150 
176 
200 
225 
260 
276 
300 

coocdown JOO 
276 
260 
226 
200 
176 
160 
126 
100 
76 
60 
36 

Vacuum-Srturrtrd 
2' (I1 x 1' (d) 

mrrr kngth vohr 
tal imml ICCl 

60.43 60.77 26.73 I 2.36 
69.26 I 60.80 I 26.74 I 2.26 

+ I .  12.6 c +I. 2.6 c 
Thermrl Mrm Imt. 
Strain CTE CTE 
l w l m l  (PPMICI IPPMICI 

-0.01 ... ..e 

193.09 7.72 8.29 
416.43 8.99 8.67 
609.78 7.77 4.68 
917.69 8.32 9.72 
1090.40 10.51 11.64 
1396.31 12.20 12.12 
1714.26 13.16 11.06 
2OS9.29 16.30 17.31 
2693.35 18.80 23.13 
3324.48 28.24 37.92 
4663.20 48.16 66.62 
6627.42 30.14 24.30 
4873.96 39.77 39.19 
3 0 . 7 0  33.91 39.49 
W6.91 84.22 29.83 
2461.48 18.14 20.66 
1996.01 14.97 16.66 
1626.26 13.16 14.06 
1287.43 11.93 12.96 
999.16 10.97 11.91 
724.87 10.17 10.47 
470.76 9.02 8.66 
326.62 * * *  ... 

Mrrn 
Temp 

tCI  

37.6 
62.6 
97.6 

112.6 
137.6 
162.6 
187.6 
212.6 
237.6 
262.6 
297.6 
297.6 
262.6 
237.6 
212.6 
187.6 
162.6 
137.6 
112.6 
87.6 
62.6 
42.6 

MOM C W s  wr cebdrtrd owr 26 drgms rrng.r, oo thrt ch 
v r h  in tha trbk for tha rang. N roporhd .t r)w end of tha tmp. 
For exmpk. tha v r l u  for ths rrng. 26 - SO. k ginn in tha W my. 



I 
Thermal Straln VI. Temperature 

E: 

0 100 150 200 

E 
OooEIoo 

Tmpntum I 

Mean CTE VI. Temperature 

1600 
11 00 

f ;:: 
i!! ;; 
I 400  

200 
000 I I I I I I I I I 

0 0  200 400 800 800 1000 1200 1400 1800 1WO 2000 

Trnpntum (e) 

Samph ID: 
Ltthobgy: 
TMU: 

Tort conditbn: 
S m p b  She: 

Sample Data: ma88 ,bl?gth WhlftlO donatty 

pM-tO8t: 
pO8t-tO8t 

(a) (mm) (cc) (a/ca) 
60.07 60.86 26.77 2.33 
67.84 60.86 26.77 2.24 

H00t-u~ 

+ I -  12.6 C + I -  2.6 C 
Mean Thermal Mean Inat. 

Temp Strain CTE CTE Tamp 
(umlm) (ppM/c) tppM/c) (OC) ... ... 26 -1.18 

60 . 182.39 7.34 8.60 37.6 
76 364.37 7.26 7.31 62.6 
100 638.81 6.98 6.78 87.6 
126 812.63 10.95 12.26 11 2.6 
160 1077.60 10.61 10.26 137.6 
176 1367.66 11.69 11.91 162.6 
200 1718.71 14.06 13.83 187.6 

Cool-down 200 1006.63 14.36 14.97 107.6 
176 1446.66 13.13 13.96 162.6 
160 1118.61 11.92 13.23 137.6 
126 820.40 10.76 10.76 11 2.6 
100 661.66 10.04 9 . S  87.6 
76 300.64 9.26 9.77 62.6 
60 89.40 8.67 8.69 42.6 
36 -69.10 * * *  ... 

WM Cn'8  m 0bkd.t.d O w  26 d - w  ranga8,aO that th. 
v d w  In the to& for thr r m e  la mported at the end of tho range. 
For axmpk. the vrhn forth. rang. 26 - 60. la given h the W row. 



m 
b 
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thermal Strrln VI. tomperlure 

Tmp.n(cm I 
Meen CTC VI. tempwaturo 

00 mo 400 do0 do0 lo00 1200 1460 lea0 1600 zoo0 

f.npwnum (C) 

Inda(rmour CtE VI. temperrturo 

NRO-6-788.3-SNl-A Srmpb ID: 
lithology: Welded Devitrifbd 
TMU: TSw2 

Tort condition: Vwawm-Saturated 
Smnpb Sire: 2' (11 x 1. td) 

Srmpb Oatr: mrrr length volumo denrity 

pm-tort: 69.44 60.80 26.74 2.31 
port-toot: 66.81 60.77 26.73' 2.21 

tal Imm) (aal lokal 

Temp 

Hert-up 26 
50 
75 
100 
126 
160 
176 

+I- 12.6 C 
Thorn.( Mom 
Strrln C E  
(umlml IppMIC1 ... 0.65 
190.65 7 . 0  
377.86 7.49 
649.01 6.65 
828.33 11.17 
1007.85 10.38 
1377.94 11.60 

+I- 2.6 C 
Inrt. 
CTE 

lPwlCl  

e.. 

7.96 
6.95 
6.83 
12.16 
10.93 
12.24 

Morn 
Temp 
I"C1 

37.6 
62.6 
87.6 

11 2.5 
137.6 
162.6 

200 1703.62 13.03 14.32 167.6 
Coal-down 200 1793.82 14.43 14.68 167.6 

176 1432.79 12.74 13.46 162.6 
160 1114.40 11.73 12.69 137.5 
125 821.06 10.72 10.66 t 12.6 
100 663.02 10.27 10.17 87.6 

62.6 76 296.38 9.64 10.09 
42.6 SO 67.83 8.47 9.66 

36 -6D.24 ** '  ... 
Mom CWr M crkdrt.d o w  26 doom rmgor, MI th.1 the 

u a b  in the trbk lor the r w o  10 nportad at th. ond of thr r q e .  
For oxompie. th. vdw for tho r m g .  25 - SO, h ~ I W N  &I the 60 row. 



M 
b 
00 

mas* 
If#) 

60.21 
68.08 

r 

bwth vobnw denrlty 
tmml Ice) tolcc) 
80.90 26.79 2.33 
80.W 26.79 2.25 

I Thormrt Wraln vs. Twnperrture 

Mean CTE VI. Temperature 

lndrntrneous CtlE vs. Temperature I 

Heat-up 

Sample 10: 
Llthabgy: 
TMU: 

Tart conditlon: 
S m k  sir.: 

Sample Dot.: 

Temp 

26 
60 
76 
100 
126 
1 60 
176 
200 
226 
260 
276 
300 

Cool-down 300 
276 
250 
226 
200 
176 
160 
126 
100 
76 
60 
36 

Th.md 
Strrln 
Iwnlml 

-1.86 
123.62 
198.19 
418.72 
698.04 
894.67 
1164.81 
1450.86 
1788.55 
2206.70 
281 7.66 

NRO-6B02.tdNL-A 
welded Dovttrifbd 
TSw2 

3806.97 
4811.60 
4142.76 
3269.97 
2490.69 
1938.91 
1614.07 
1171.79 
872.64 
599.02 
343.29 
108.47 
-23.63 

Mean 
ClE 

IPwICt 

0 - 0  

6.02 
2.98 

11.17 
7.81 
10.81 
11.44 
13.61 
16.73 
24.43 

e.82 

IPPMICI ... 
4.06 
6.1 1 

1.67 
10.02 
12.09 
12.67 
14.24 
20.49 
30.87 

... 

39.58 47.80 
26.76 21.49 
34.91 
31.17 
22.07 
16.99 
13.69 
11.97 
10.94 
10.23 
9.47 
8.67 ... 

33.66 
34.18 
23.66 
18.73 
14.43 
13.20 
12.17 
11.38 
9.80 
8.96 
0 . 8  

37.6 
62.6 
87.6 

112.6 
137.6 
162.6 
187.6 
212.6 
237.6 

287.6 
287.6 
262.6 
237.6 
212.6 
187.6 
162.6 
137.6 
112.6 
67.6 
62.6 
42.6 

2e2.s 

Mem C n ' r  YI cakuloted owr 25 da~gno rawor. no thot tho 
v d w  In tho tabb for tho r g o  ir npottod ot tho ond of tho rmqo. 
For axnnph, tho value for tho m g a  26 - SO, h glwn k, tho bo row. 



Thermal 8tmln w. Tompnrun 

I 1- 

I)rm CTE us. Tornprnhtn 
9 0 0  
05 00 
4000 :: 

E 2 
4 ::: 

500 
ow 

0 0  $80 9 0 0  0 1w 0 too0 2900 moo( 
GI 

smplo ID: W-6-80&0*SNl-A 
Uthdw: 
TMU: TSw2 

*"* This rmpla is port of I par tu td  for misotropy**o* 
Tho othr rmpio ir: WJgO6.0-SNL-8 

Woldd h i t t i t id  

fort condition: V.cuumS8tur.td 
snpk Size: 2' lit x 1. Id1 

smplo D*tr: mwr Imgth vdumo dmsjty 

pfttort: 60.36 50.85 25.77 2.34 
pobt-tmst: 58.47 50.85 25.77 2.27 

10) Im) Ice) lplcc) 

HON-UP 25 
50 
75 
100 
125 
150 
176 
200 
225 
250 
275 
300 4608.16 45.66 49.89 287.6 

Codedown 300 5324.48 27.23 22.31 207.5 

.*. 0. .  1 .e4 
190.37 7.W 8.78 37.5 
409.26 8.76 0.79 62.5 
632.80 8.94 3.79 87.5 
808.35 7.02 10.19 11 2.5 
1070.08 10.47 11.30 137.5 
1368.13 11.92 11.67 162.5 
1695.01 13.08 14.80 187.5 
2100.48 16.46 21.14 11 2.5 
2674.72 22.73 25.72 237.5 
3466.74 31.08 42.10 202.5 

275 
250 
225 
200 
175 
150 
125 
100 
75 
50 
35 

4643.75 36.12 32.01 
3740.74 32.75 37.78 
2922.00 23.56 27.75 
2332.94 17.28 19.08 
1900.89 14.29 15.26 
1543.70 12.72 14.22 
1225.07 11.42 12.45 
940.30 10.54 11.60 
676.71 9.87 9.94 
429.04 9.40 9.55 
288.91 *.. ..e 

262.5 
237.5 
21 2.5 
187.5 
162.5 
131.5 
11 2.5 
87.5 
62.5 
42.5 

Man CfEo m crlCu(rtod ovu 25 dogroo r r r g u ,  so thrt the 
d u o  in tho t.b(o fa tho r q o  is rrporld m~ tho d d tho rmga 
F a  ox@. tho wJuo for the r q o  25 - 10, w giwm in tho 50 row, 



I I 
I I 

-0 bum*ry 

SUIlpfb ID NnQ-6J)OI.O-SNLI 
Lithology: WJdd Wiifid 
TMU. TSw2 

** '* T h i ~  Dmplo ir p r t  of 0 pdf tntd fa mioobopyoDo* 
The othr s m p l b  ir: URQ.6-BM.O-SM-A 

VKwmsbtUurbtbd 
2' tll x 1' tdl 

T i t  cadition: 
srrpk &b: 

pctrt: 
post-t*at 

Tmp 

Hbat-UP 25 
50 
75 
100 
125 
150 
175 
200 
225 
250 
275 

(01 fmnl (cd (afccl 
60.40 50.85 25.77 2.35 
58.40 50.85 25.77 2.27 

+I- 12.5 C +I- 2.5 C 
Thwmd Mom hat. Mom 
SC*n CTL CTE T m p  
tudrn) IP~MICI IOC) 

2.82 0.. 

393.35 8.40 
561.36 6.72 
789.94 9.14 
1040.74 10.03 
1330.32 1 1 A8 
1846.18 12.03 
2028.70 15.30 
2545.03 20.M 
3360.55 32.62 

te3.33 7.22 
e ? ?  

8.93 
8.45 
3.63 
8.23 
11.24 
12.23 
13.74 
17.24 
25.47 
40.88 

37.5 
62.5 
87.5 

11 2.5 
137.5 
162.5 
187.5 
21 2.5 
237.5 
262.5 

300 4565.22 48.19 45.51 287.5 
C o d - d m  300 5202.84 26.09 22.44 2e7.5 

275 
250 
225 
200 
175 
150 
125 
100 
7s 
50 
35 

4595.06 
3046.71 
2147.69 
21 25.39 
1675.60 
1317.32 
1002.73 
718.60 
457.51 
217.37 
84.20 

37.90 32.70 262.5 
35.95 41.43 237.5 
24.90 30.24 21 2.5 
17.99 21.29 187.5 
14.33 lS.83 162.5 

137.8 12.58 13.34 
11.36 12.81 112.5 
10.45 11.74 87.5 
9.61 0.68 62.5 
8.88 9.10 42.5 ... ... 



I ~ __-  - 

I Mean CTE VI. Temmraturr 
1000 
1800 

;:: 
g 1000 

1 :: 
12 00 

800 

2w 
000 

00 500 1mo 1500 2000 MO 3 W O  
T*npntun (el 

Inrtmc.nrous CTE vs. Tmpumure I 
a00 

f 10m E 1500 I $:E 
om + I I I I I J 

0 50 100 150 200 250 300 

T m p m ( u n  (C) 

Inrtmc.nrous CTE vs. Tmpumure 
a00 

f 10m E 1500 I $:E 
om 1 I I I I I 

0 50 100 150 200 250 300 

T m p m ( u n  (C) 

Sample ID: 
Lhhakgy: 
TMU: 

for t  conditbn: 
Sample S&e: 

NRI-664$.9dNL-A 
Welded Oovlhlfkd 
n w 2  

Sample Data: mala length volume denrhy 
tat (mmt lcct falcc) 

pm-test: 60.30 60.03 25.81 2.34 
67.34 60.83 26.76 2.23 polt-tOB1: 

Temp 

26 
so 
76 
100 
125 
1 60 
176 
200 
226 
260 
276 

+I- 12.6 C +I- 2.6 C 
Thermal MOM Inot. Mean 

CTE Temp StrJn CTE 
lumlm) IpPMIct (WC) I"CI 
-0.34 

160.26 6.42 6.82 37.1 
321.67 0.40 7.22 02.6 
474.30 6.11 6.06 87.6 
710.43 0 . 0  11.24 11 2.6 
050.18 0.60 0.47 137.6 
1364.17 16.20 20.63 162.6 
1798.84 17.39 10.62 187.6 
2200.64 16.31 16.60 21 2.6 
2666.27 17.09 18.60 237.6 
3110.98 18.19 19.76 262.6 

0 0 0  0 0 .  

300 3676.07 18.83 18.47 287.6 
Caol-dowti 300 3728.70 12.01 10.64 287.6 

276 
260 
225 
200 
176 
160 
125 
100 
76 
60 
36 

3428.62 12.60 13.11 
3113.71 13.12 13.35 
2786.60 14.12 12.87 
2432.62 14.61 14.20 
2060.03 16.06 14.84 
1603.72 10.44 16.30 
1282.81 10.24 16.60 
8ol.so 0.80 12.86 
654.64 8.47 9.48 
342.66 7.69 7.77 
228.75 .** 0 . .  

262.6 
237.6 
21 2.6 
187.6 
162.6 
137.6 
11 2.6 
87.6 
62.6 
42.6 



r ) m n a l  Straln vs. Temperature I 
1ooEQs 
7.ooE.03 
6ooE.03 
5ooE.03 
4ooE.03 
3.ooE.03 
2ooE.03 
looE.03 
OOOEIoo 

0 150 200 250 300 350 

1.cnpncUW I 

pl x 

I Maan CTE w Temperature I 
12.00 

10.00 

1.00 

6.00 

4.00 

2.00 I I I I I 

0.00 I 
0.0 W.0 loo 0 1WO 2W.0 2500 3000 

Tmp.ntum (C) 

I 1 
I Inr(.ntrmour C'IE w Temperature I 

Sample 10: NRO-8-886.6-SNL-A 
LithOkgY: welded DevHrHbd 
TMU: TSW2 

Teat conditbn: v~uum-sat watd 
Sempb Size: 2' 11) x 1' fdl 

Sample Oat.: mmm bngth voluma denaity 
fol Imm) Icc) tolcd 

pN-tOclC 60.10 48.82 24.74 2,39- 
pOaPte8t: 68.88 48.82 24.74 2.30 

Hart-up 2s -3.09 
bo 167.67 
76 287.00 
lo0 422.87 
126 731.81 
160 969.33 
176 1190.64 
200 1460.37 
226 1711.26 
260 1985.77 
276 2260.62 

.e. 

6.83 
4.81 
6.40 
12.38 
0.10 
0.81 
10.03 
10.43 
10.98 
11.36 

... 
6.88 
6.69 
0.07 
10.61 
8.39 
10.44 
9.74 
9.88 
12.27 
12.13 

37.6 
62.6 
87.6 

112.6 
137.6 
182.6 
187.6 
21 2.6 
237.6 
282.6 

300 2682.38 12.61 12.16 287.6 
Cool-down 300 2666.22 10.81 0.17 287.6 

276 2396.01 11.80 11.73 282.6 
260 
226 
200 
176 
160 
126 
100 
76 
60 
36 

2108.05 
1823.07 
1645.06 
1288.62 
1000.24 
768.12 
622.41 
2eS.63 
81.33 
-39.38 

11.32 12.10 
11.12 10.61 
11.06 11.44 
16.38 10.44 
10.02 10.72 
0.45 10.13 
9.08 6.41 
8.67 8.94 
8.05 8.31 
DW. 0 . .  

237.6 
21 2.6 
187.6 
162.6 
137.6 
11 2.6 
87.6 
82.6 
42.6 

Mom CWr u. celculeted over 26 dogma rangea, eo that tha 
v.lrw Inthe trM. lor the rmga I* fepoltd at the .nd 01 the rDnga. 
Forexrmpk, tho vduo lor tho range 26 - 60, h olvn In tha 60 mw. 



n 
P - 
i 

E-53 



L I 

I Lat*llu*M cn w. 10- 

Somph I D  
Lithobgy: 
TMU: 

NR04.Bll.2JM-B 
Welded hvitrifiid 
T8w2 

"*Thir rompk ia port of I, poir tostod for m*otropy*** 
Tha O ~ I  oompk m: NR04611.2blW.A 

Tort condition: 
Somph Sin: 

Samph Doto: 

pro-toot! 
port-tort! 

VOOUWVI-SO~U~I,~O~ 
2' Ill x 1' rm 

mom iongth wtumo &neity 
imml lccl Ia/ecl 

61-08 80.83 26.76 2.37 
68.61 60.83 26.76 2.27 

1a1 

+I- 12.6 C +I- 2.6 C 
Thotmol Moan Imt. Moon 

Temp Stroin CTE CTE Tomp 
(um/m) I W I C \  (PpMICI ~ C I  

H * o W ~  26 
60 
76 
100 
126 
180 
176 
100 
226 
260 

*.. ... 1.21 
177.10 7.04 0.02 
382.66 S.21 ?.SO 
671.49 7.66 4.40 
737.70 6.66 8.00 
S70.61) S.32 9.30 
1230.S3 10.17 11.03 
1640.42 12.02 13.35 
1088.30 14.30 16.23 
229S.46 1637 17.00 

37.6 
62.6 
07.6 

11 2.6 
137.6 
162.6 
167.6 
212.6 
237.6 

276 2741.27 17.71 20.60 262.6 
300 3269.33 20.72 22.60 287.6 

C d - d o ~ n  300 36SO.67 16.22 14.22 267.5 
276 
260 
226 
100 
175 
160 
126 
100 
76 
60 
36 

3170.10 16.62 16.62 
2164.17 16.12 16.41 

1841.31 18.80 16.03 
1646.23 13.3B . 14.56 
1211.40 11.#1) 12.63 
Bl6.09 10.70 11.31 
847.61 S.61 10.03 
407.22 0.71 0.03 
188.60 6.- 0.33 
68.21 * * *  ... 

231.6s 16.42 m a 2  

262.6 
237.6 
212.6 
187.6 
162.6 
137.6 
112.6 
07.6 
62.1) 
42.6 



P t r  Summoq 

Sompk ID: MO4-920.3-SNl-A 
lithobgy: Woldad Davitnfiid 
TMU: TSWZ 

* * *  Thia ormpk ia port of a pok toslod tor ~iaotropy... 
lha 0th WI&O *: M04-*26.3-SNl-~ 

Tort condition: Vacuum-Saturated 
Sompk 8in: 2' PI X 1' Id) 

Slmpk Dalb: 

pr..torc 
pat-tort: 

m u r  kngth valumr damity 
frl Imml loel lrlccl 

sa.ee w.a3 25.u 2.32 
1313.45 60.~13 21.01 2.1a 

+ I .  12.5 c + I -  2.s c 
Tharmrl Mom Imt. Mom 

Tomp Strain CTE CTE Tomp 
tumlml I P ~ M I C )  IFWIC) I'C) 

Hool-up 

... 
e m  733 37.6 
7.14 7.62 62.6 
4 3 7  1.64 07.6 

1123 3.za e.46 
137.6 9.12 10.02 

10.82 11.28 162.6 
12.63 14.00 o t . 6  
17.62 mea 212.6 
2 1 . ~  24.12 237.6 
n.sa 33.6e 2112.6 

1.60 
113.48 
311.87 
473.61 
666.67 
783.63 
1040.a1 
1372.1 7 
1e12.7~ 
236e.01 
-1.11 

2s 
so 
76 
100 
126 
160 
1 76 

caocdown 200 
22s 
260 
276 

300 474a.78 21.00 17.80 287.6 
300 3ae4.10 37.34 46.et 287.6 

276 
260 
22s 
200 
1 76 
160 
126 
100 
76 
60 
36 

4223.61) 
3667.20 

2344.00 
1008.30 

1 l U . 0 7  

2e27.66 

i u 3 . w  

6ei.ee 
e3e.e~ 
416.50 
2e4.ee 

26.e6 24.m 262.6 
=.la 26.U 2375 
23.92 23 .e~  212.6 
21.41 22.60 1w.s 
14.66 17.73 182.6 
1 l . M  13.22 137.6 
10.63 11.42 112.6 
*,eo 10.74 87.6 

e m  e.13 42.S 
#.e2 e x  e2.s 

.e. 0.. 

MOM CTE'r o m  cokulated o w  26 dawea rmg.r, w that h 
valw in iha tobk for tha fmg.  b npwtrd at iha end of iha mnga. 
For oxunpk. tha vatu fw th rmg. 2S - 60, ia #wn in tha 60 row. 



Sampk ID: NRQI-SrO.3.sNL6 
Lithobgy: We1d.d DovitrHird 
TMU: f-2 

.g*Thh rempk k pM of e p& coated for mbotropy*" 
7h. other r m p k  io: NRQI-SrO.3dNL-A 

Qmpk Date: man kngth volume d.mity 
((It tmml (url (deet 

ptr-tork 80.87 60.85 28.77 2.36 
port.1eat: 67.77 60.88 26.77 2.24 

+I- 12.6 C +I- 2.6 C 
Thrrmel Meen hat. 

Temp Strain CTE CTE 
lumlmt IPPMICI IPPMICI 

0.. ... Hert-up 26 3.48 
60 188.tO 7.42 8.61 
76 409.04 8.80 9.81 
100 667.98 7.56 6.70 
126 862.66 10.18 8.28 
160 1107.62 10.18 10.78 
176 1398.82 0.66 11.78 
XI0 1716.31 11.70 13.81 
225 2081.78 16.02 16.86 
260 2632.04 17.01 18.00 
276 3070.30 21.77 26.47 
300 38bo.69 32.67 30.83 

Cool-down 300 4638.48 22.08 20.44 
276 3887.18 24.60 24.28 
260 3372.12 22.86 24.78 
226 2W.87 18.84 21.30 
200 2302.41 17.88 18.27 
175 1865.16 13.W 16.20 
160 1606.18 12.31 13.36 
125 1188.46 11.2I 11.72 
100 916.21 10.41 11.60 
76 666.60 8.62 8.84 
60 416.28 9.07 8.88 
36 278.26 * * *  ... 

Mer, CTE'O Yo 6rhdeted o w  26 &grW rMg... (10 that th 
vahn in the tab* for th r ~ g a  k nported rt chr end of thm r g . .  
Foreurnpie. th. u J u  for th. t.ny 26 - SO, kghmnin th. Wocow.  



Morn CTC VI. Tmp.c.luro 

1600 
1400 
l? 00 
1000 
600 
600 
400  
200 
000 I I I I I I I I I I 

0 0  zoo 400 wo boo 1000 1200 0400 1600 t o o  Zoo0 

Sample ID: NRa8482.28NL-A 
lithology: weldad D.vitlifffl 
TMU: TSw2 

V.cuUm-Smnatd 
2' (I) x 1' Idl 

Tort oondltbn: 
Sample She: 

Sampk Data: mars length v o h  density 
tal (mrn) Ice) (olcc) 

69.78 60.93 26.81 2.32 pm-tert 
port-tart: 

Temp 

Heat-up 26 
60 
76 
100 
126 
160 
176 

66.83 I 60.83 I 

+ I -  12.6 C 
Thrnnrl Mean 
Strain CTE 
Iumlml (PPMICI *. 0 -3.70 
193.66 7.68 
381.00 7.60 
695.63 8.69 
882.88 11.49 
1168.64 11.03 
1472.86 12.67 

+I- 2.6 C 
Inrt. 
CTE 

IPPMICI .*. 
6.46 
8.17 
11.68 
12.83 
12.31 
14.62 

200 1828.76 14.24 16.46 
Cool-down 200 1939.09 14.32 14.89 

176 1676.13 13.39 14.03 
1 6  1240.41 12.41 13.10 
126 930.23 11.22 11.88 
100 649.88 10.63 10.76 
76 386.68 9.74 10.28 
60 143.10 834 0.28 
36 8.88 * n e  *.. 

26.81 I 2.21 

Mea0 
Temp 
I°Cl 

37.6 
62.6 
87.6 

11 2.6 
137.6 
162.6 
187.6 
187.6 
162.6 
137.6 
112.5 
87.6 
62.6 
42.6 



M.8n CTe VI. Temperature 
5000 

:: 
1500 

I low 
500 

000 

tfl 
VI 
00 

00 B O  im o (50 0 2000 2500 3000 

tmp.n(un 
L 

Instantaneous CTE VI. Temperature 

0.00 1 I I I I I I 
0 W 100 150 80 250 500 

T*nprmun(cl 

Sempb 10: NRO*8-#)7.8-SNl-A 
Weldod Dovitrifbd Lithology: 

T W :  TSw2 

Test condhkn: V8cuumSrtureted 
Smnpb Sizo: 2' (I) x 1' (dl 

Smnpb bate: mere bwth volumr denrlty 

pn-tart: 61.00 60.90 26.79 2.37 
poet-mot: 68.32 60.90 25.79 2.26 

(9) lmml kcl (olccl 

+I- 12.6 C +I- 2.6 C 
Wrmel Maen Inot. Meen 

Temp Strain CTE CTE Temp 
lum/m) (PPMICI (m/c )  PCI 

Heet-up 25 
60 
76 
100 
126 
160 
176 
200 
225 
250 
276 
300 

Caol-down 300 
276 
260 
226 
200 
176 
160 
126 
100 
76 
60 
3s 

1 .s4 
176.76 
361.68 
647.79 
828.68 
1092.17 
1381.27 
1716.47 
21 26.04 
2681.89 
31 20.43 
3851.67 
4244.72 
3767.77 
3246.81 
2785.98 
2318.11 
1881.29 
1526.23 
1221.90 
S48.61 
692.24 
444.36 
308.67 

0 . .  ... 
7.01 7.37 
7.39 6.76 
7.45 13.39 
11.23 12.21 
10.64 10.82 
11.66 12.66 
13.49 13.90 
16.26 16.28 
18.27 19.74 
21.64 24.66 

37.6 
62.6 
87.6 

11 2.6 
137.6 
162.6 
187.6 
212.6 
237.6 
262.6 

29.2s 33.34 287.6 
19.08 16.87 287.6 
20.84 19.60 262.6 
19.23 21.00 237.6 
17.91 17.88 212.6 
17.47 17.07 187.6 
14.20 16.47 162.6 
12.17 13.89 137.6 
1O.a 11.24 112.6 
10.28 9.87 87.5 
9.92 10.09 62.6 
9.06 9.42 42.6 ... ... 

Mom CTE'e am orlcdatd o w  26 dogm nng.e. mo that thr 
vduo In tho tablo for tho range b nportod at tho ond of tho r-0. 
Forexmpk. th. v. lu  for tho mrg. 26 - 60. h ghun kth. 60mw. 
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00 500 1000 150 0 1000 2500 Jo0.o 

I InrClntrmaus CTE vs. Temperature 

Sample D: 
W h y :  
TMU 

Tort condition: 
Sampb Size: 

Sample Dot.: 

pn-teat: 
port-teat: 

NRQI-1016~6-8NL-A 
Woldod Dev(hifbd 
TSw2 

Vocwm-Saturated 
2” IO x 1’ Id) 

moa0 length V O ~  dsnaky 
(MI (ccj ( a h )  

60.79 60.88 26.78 2.36 
67.96 60.88 26.70 2.26 

(01 

+I- 12.6 c +I-  2.6 c 
l’hotmal Meen Inrt. Meon 

Temp Strain C E  CTE Tomp 
tum/m) IPPM/CI ~PPMICI ~ C I  

HOat-Up 2s 
60 
76 
100 
126 
1 6 0  
176 
200 
226 
260 
276 
300 

Cool-down 300 
276 
260 
226 
200 
176 
160 
1 26 
100 
76 
60 
36 

... 0 . .  0.09 
7.74 166.23 7.46 

373.39 7.49 8.M 
670.40 7.88 13.10 
816.76 9.85 10.11 
1063.98 9.m 8.81 
1340.72 11.43 12.08 
1663.81 12.66 13.86 
2038.05 14.97 1S.61 
2443.36 18.21 17.63 
2913.84 18.81 22.76 
3649.63 26.11 
3841.91 18.76 
3423.M 16.48 
2061.11 17.57 
2621.90 16.88 
2124.86 16.27 
1743.11 12.68 
1420.23 11.04 
1163.12 10.13 
6B9.76 0.67 
667.96 9.20 
427.6B 8.64 
299.73 .** 

29.68 
13.92 
18.67 
19.47 
16.67 
16.29 
13.41 
12.29 
10.20 
0.66 
9.17 
0.93 

- 

b s b  

37.6 
62.6 
87.6 

112.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
262.6 
287.5 
287.5 
282.6 
237.6 
212.6 
t87.6 
162.6 
137.6 
1 12.5 
87.6 
62.6 
42.6 

Mom C W r  am crkulotod owr 26 dqgm rangom, w thot th. 
v.kw In tho tablo forth. r q o  Is np0tt.d at th.0nd of tha r o o .  
for oxampk, tho v.lur for tho rmgo 2S - 60, h alwn In tha Bo row. 
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Data Summaries for NRG6 

(Oven-Dried) 

E-61 



0 50 loo 150 tdo m m 350 I T n p n h l n  

1Zo.oo 

100.00 

(0.00 

(0.00 

40.00 

20.00 

Tolt condition: 
s-0 Size: 

S a w l o  Dot.: 

m-a-28.8-8NL.Q 
W 4 d  0.vitrifid 
TCw 

OVEN DRm, 
2' Ill I 1 tdl, 

morr longth vdunw density 
la1 lmnl lccl lalccl 

59.18 50.85 25.77 2.30 
59.10 50.98 25.78 2.29 

+ I .  12.5 C +I- 2.5 C 
T h n d  Mom ha. Mom 

Trnp Strdn CTE CTE Trnp 
IudmI IWCI I W C I  1% 

HObt-Up 25 
50 
75 
100 
125 
1 50 
176 
200 
225 
250 
275 
300 
325 8714.82 34.97 54.40 31 2.5 

C d d m  325 9202.17 10.75 0.03 31 2.5 

b 8 0  0 .0  2.84 
191.40 7.54 9.30 37.5 
431.20 9.59 10.43 62.5 
711.38 11.21 11.90 87.5 
1032.73 12.85 8.52 11 2.5 
1379.44 13.87 13.89 137.5 
1789.35 10.40 10.13 102.5 
2288.86 19.96 17.43 107.5 
3099.10 32.41 20.30 21 2.5 
5078.79 79.19 41.89 237.5 
6912.98 73.37 109.46 202.5 
7840.82 37.10 30.78 287.5 

300 
275 
250 
225 
200 
175 
150 
125 
100 
75 
50 
35 

8993.33 15.56 11.29 287.5 
8003.74 21.70 15.03 202.5 
8041.28 39.94 32.70 237.5 
7062.83 44.94 47.06 21 2.5 
6939.32 24.85 20.90 187.5 
5318.17 14.49 10.00 102.5 
4955.91 10.39 15.82 137.8 
4690.20 8.78 9.68 1 12.5 
4476.68 7.98 8.14 87.5 
4277.15 0.88 7.28 62.5 
4105.09 6.62 0.36 42.5 
4005.74 * * *  ... 
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b 

OVEN DRIED 
2' (I) x 1' (d) 

Teat conditbn: 
Sampb Size: 

mass 1 bngth Sampb Dot.: 

I I pro-tort: 
post-test: 

Mean CTC vs. Tempmture I 

000 1 I I I I I I 

I 00  500 io0 o 150 0 m0 250.0 

Temp 

Heat-up 26 
60 
76 
100 
126 
160 
176 
200 
226 
260 
276 
wo 

Cool-down 300 
276 
250 
226 
200 
17s 
160 
126 
100 
75 
50 
35 

- 

+I- 12.5 C +I- 2.6 C 
Thermal Mean Inrt. 

CTE stnth ClE 
(umlmt ( W I C I  (PPMICt 

-0.46 . 
1 82.20 
398.69 
666.96 
880.13 
1219.14 
1631.31 
2089.76 
2610.80 
31 82.22 
3866.20 

.e.  ... 
7.31 8.26 
8.66 8.72 
10.33 8.69 
8.37 12.67 
14.12 16.61 
16.49 17.34 
18.34 18.43 
20.83 20.02 
22.86 26.11 
28.12 29.04 

4618.62 
4670.69 
4323.63 
3812.96 
3271.88 
2686.13 
21 13.39 
1642.71 
1263.33 
9oe.80 
61 9.69 
368.34 
216.60 

26.33 18.81 
13.88 10.73 
19.23 16.83 
22.84 2230 
23.43 23.93 
22.91 22.89 
11.83, 19.83 
16.68 16.39 
13.79 14.80 
11.66 12.12 
10.13 10.15 
9.99 9.26 
0 . .  ... 

volume I density 

26.76 I 2.26 

37.6 
82.6 
87.6 

112.6 
137.6 
162.6 
187.6 
212.6 
237.6 
262.6 
287.6 
287.6 
262.6 
237.6 
21 2.6 
187.6 
102.6 
137.6 
11 2.6 
87.6 
82.6 
42.6 



Thermal Strain VI. Temperature 

1 OoE-03 
OOOEIOO 

0 100 150 200 150 300 55( 

T ~ u I ~  

Mean CtC VI. trmperrture 

f :: 
4 ::: 

500 

000 
0 0  500 100 0 150 0 2000 3000 

T*nprmun 
~~ 

Instantaneous CtE VI. temperature 
3000 I_ 10 00 

000 1 I I I I I 

0 SQ 100 1% 200 250 300 

1-n 

Haat-up 

Cool-down 

Data 8 u m ~  

Sample IO: NRO-Cl11.0-8Nl-F 
Lithology: 
TMU: TCW 

Welded Devitrifbd 

Test condition: OVEN DRIED 
2' (0 I 1. (d) Sample Size: 

Sample Data: mare length volume denaity 
(9) (mm) bc) (olcc) 

66.46 60.83 26.76 2.19 
66.36 50.83 26.76 2.19 

pm-ta*t: 
port-teat: 

Temp 

26 
50 
76 
100 
126 
160 
176 
200 
226 
250 
276 
300 
300 
276 
250 
225 
200 
176 
160 
126 
100 
76 
50 
35 

Thetlllal 
Straln 

(umlm) 

0.42 
181.38 
403.48 
689.86 
B44.39 
1307.60 
1734.78 
2207.73 
2688.93 
3204.71 
390.63 

+I- 12.6 C +I- 2.6 C 
Mean 
ClE 

IPPMIC) ... 
7.27 
8.88 
10.86 
10.98 
14.62 
17.W 
18.92 
19.26 
20.63 
27.83 

hst. 
ClE 

I r n / C )  

..e 

8.61 
10.83 
10.20 
12.06 
17.04 
18.08 
17.08 
19.80 
22.61 
28.94 

4421.21 10.83 14.76 
4600.72 12.48 11.26 
4188.70 18.41 14.41 
3728.40 26.72 26.36 
3060.33 22.23 24.77 
2604.62 20.80 21.22 
1984.86 18.70 19.18 
1617.22 16.97 17.24 
1117.96 13.34 14.33 
704.61 11.73 12.42 
491.29 10.67 11.40 
226.97 6.98 9.36 
137.20 e * *  0 . .  

Mean 
Tamp 
t C l  

37.5 
62.6 
87.6 

11 2.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
262.6 
287.6 
287.8 
262.6 
237.6 
212.6 
187.6 
162.6 
137.6 
112.6 
87.6 
62.6 
42.6 

Mam C W e  m cdculrtd owr 26 dag- ranger, so that tha 
vI)u. In th. tablo forth r g e  h nportd et tha end of tho r g a .  
For exmnpk. th. vahm for tho rmge 26 - Sa. h glven hth. 60mw. 



0 50 100 150 200 250 500 350 
trnpntum 

Mean CTC! VI. Temperature 
I400 
1200 

[ I:: 
f :: 
1 :: 

-200 
400 

0 0  500 too 0 1500 2000 2500 sa00 
Trnpntum (C) 

lnrtrntrmaur CTE VL Temperature I 
I I I I 1 1 g 15.00 

1 10.00 

4 z 

Sampb ID: 
Lkhokgy: 
TMU: 

Teat condkion: 
Sampk Size: 

Sample D8t8: 

NRO-6- 162.B-SNL-C 
Nonwbtdd Vitrlc 
PTn 

OVEN DRIED 
2' (1) * 1' (d) 

me** bnoth vohtnu denrity 
tal (mm) (eel lalcc) 
34.24 60.22 26.46 1.35 
33.69 60.14 26.41 1.33 

+ I -  12.6 C +I-  2.6 C 
Therm.( Man Inat. 

Temp Strain C?E CTE 
twnlmt lPPMlCl (PPMlCl 

25 
50 
76 
1 0 0  
126 
160 
176 
m 
226 
260 
276 

2.85 
117.14 
264.30 
$04.26 
381.27 
636.69 
637.00 
08.69 
731.70 
706.13 
628.29 

..e *.. 
4.67 6.70 
6.89 4.73 
6.60 6.15 
-0.92 1.11 
6.22 6.24 
4.01 6.95 
2.06 1.64 
1.72 0.26 
-1.02 -0.26 
-3.11 -2.21 

300 666.91 -2.46 -3.80 
CooEdown 300 44.96 12.29 17.48 

276 
260 
226 
200 
175 
160 
126 
100 
75 
60 
35 

-262.18 
-433.64 
-662.32 
-670.67 
-790.29 
-901.09 
-1010.68 
.lllO.W 
-1 220.67 
-1323.66 
-1 380.16 

6.86 
6.16 
4.67 
4.56 
4.66 
4.26 
4.01 
4.39 
4.12 
3.77 ... 

0.80 
6.77 
6.27 
3.92 
3.63 
3.16 
3.78 
3.37 
4.11 
4.44 *.. 

Mean 
Temp 
(OC) 

37.6 
62.6 
07.6 
112.6 
137.6 
162.6 
107.6 
21 2.6 
237.6 
262.6 
287.6 
287.6 
262.6 
237.6 
21 2.6 
187.6 
162.6 
137.6 
11 2.6 
87.6 
02.6 
42.6 

h e n  ClE'r m crkulmtd o w  26 degm rmg.8, 10 that the 
vohm in the tabb forth. rmgo h npottd atth. end 0 t h  vmgb. 
Fof exampk. the v.kw for the range 26 - 60, I) olvrn In the 60 row. 
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Thermal Straln VI. Temperature 

2mE.03 

OOC€(oo 
0 50 100 150 200 150 300 SJO 

Tnpmtun 

Mean CTE VS. Tempwature 
4000 
3500 

f El g tom 
1s m 
1000 
100 
000 

00  500 1000 1500 2000 1500 ma 
Tmp.n(un (C) 

Inst8ntaneous CW vs. Temperature 
a00 

f E: !i 
000 

0 100 150 200 250 m 

Sompb 1D: 
Lithology: 
YMW 

Yeat condltbn: 
Sompb Sire: 

Sample Data: 

pre-tea: 
port-teat: 

NRO-6-321 .l-SNL-B 
Welded Devitrified 
TSwl 

OVEN DRIED 
2" 111 x 1' (dl 

mar8 bwth volumo den8ity 

66.21 60.70 25.69 2.16 
101 (mm) (cc) Ialcc1 

66.20 I 60.72 I 26.70 - I 2.16 

+ I -  12.6 C +I- 2.6 C 
Thermal Mean Inrt. 

Temp Stroln CTE CTE 
(umM ~PPMICI ~PPMICI 

Meon 
Temp 
cocl 

26 
60 
76 
100 
126 
160 
176 
200 
226 
260 
276 

12.68 
116.79 
267.89 
446.32 
686.69 
894.36 
1149.67 
1464.66 
1878.76 
2643.61 
3809.74 

0 . .  b e e  

4.16 7.31 
6.04 6.00 
7.10 6.12 
9.66 7.73 
8.31 9.07 
10.21 11.73 
12.60 12.09 
16.67 19.91 
30.69 40.40 
38.65 36.70 

300 4527.69 36.71 36.68 
Cool-down 300 4976.93 12.11 9.14 

276 
260 
226 
200 
176 
160 
125 
100 
76 
60 
36 

4674.08 
4340.74 
3931 .El@ 
3408.02 
209.80 
2172.24 
1663.40 
1290.86 
1042.66 
789.48 
893.79 

13.33 12.42 
16.35 16.66 
20.96 20.79 
23.94 21.63 
26.49 26.21 
20.361 22.68 
14.80 19.82 
9.83 11.00 
9.73 9.14 
7.05 11.08 
0. .  0.. 

37.6 
62.6 
87.6 

112.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
282.6 
287.6 
287.6 
262.6 
237.5 
212.6 
187.6 
162.5 
137.6 
11 2.6 
87.6 
62.6 
42.6 

Mom CTE'a H. crkulatad o w  26 dwm rangor, 10 that tho 
v a h  In tha tobh fortha range b npottod at tha end of tho range. 
Forexompb. t h m  vr)u for tho range 26 - SO, h o h  In tha W row. 



Thermal Strrln VI. Temperature 

7mQ5 T 

oooE*oo' ' I I I I I 
0 80 100 150 260 280 500 3!m 

Trnpntun 

~. I 
Mean CTE VI. Temperature 

w00 
I 

moo 

f :: 
i! :: 
1 2000 

(0 00 
000 

00 800 100 0 150 0 2 4 ) O  2500 -0 

I T n p . n t w  fc) 

Toot condttbn: OVEN ORE0 
Sampb Size: 2" 111 x 1' Id) 

Sampb Doto: maso bngth wlumo denotty 
(01 (mm) (ccl lalccl 

pro-toot: 62.11 60.90 26.79 2.02 
port-toot: 62.09 61.00 26.84 2.02 

+I- 12.6 C +/- 2.6 C 
Th.nnal Meon lnot. Mean 

Temp Strain CTE CTE Temp 
1um/m) (PPMICI ~PPM/CI ("CI 

H ~ ~ t - u p  26 
60 
76 
100 
1 26 
160 
176 
200 
226 
260 
276 
300 

Cool-down 300 
276 
260 
226 
200 
176 
160 
125 
100 
76 
so 
36 

3.29 
112.86 
258.32 
473.86 
764.88 
1017.91 
1480.43 
2416.04 
4389.27 
5783.6s 
6932.19 
7969.39 
8304.07 
8102.66 
7769.32 
7053.69 
9791 37 
61 28.65 
6302.29 
3871.82 
3067.62 
2768.69 
2612.32 
2344.12 

e.. ... 
4.38 6.38 
6.82 6.98 
8.62 8.16 
11.24 9.70 
10.62 12.27 
18.60 29.36 
37.38 39.24 
78.97 85.32 
66.78 47.04 
46.94 43.00 
41.09 39.20 
11.26 8.84 
13.33 14.01 
28.63 14.30 
10.49 18.69 
29.61 23.01 
33.06 30.66 
67.22 40.05 
32.67 67.37 
11.96 13.61 
9.86 10.36 
11.21 9.26 ... ... 

37.6 
62.6 
87.6 

11 2.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
262.6 
287.6 
287.6 
292.6 
237.6 
21 2.6 
187.5 
162.6 
137.6 
11 2.6 
87.6 
62.6 
42.6 

Moon CTE'a om calculated owr 26 dearno renqeo, w that tho 
vohw In tho trbb for tho rmgo h nported at tho end of thm rmgo. 
For rxrmpk, tho vahw lor thm rmgo 26 - bo, h o l ~ n  In thm 80 row. 



I 
Therm81 Strain VI. Temperature 

BOOEW 
6OOE-03 
7OOE-03 
6OOE-03 
SOOEQS 
4.OOE-03 
3oE-03 
2ooE-03 
1 OOEW 

OOOE*Qo 
0 80 100 154 200 2s 300 350 

I lallpmlun 
~~ 

Mean CTE VI. Temperrture 

I I I I I I 

S8mpb ID: 
LithObIJY: 
TMU: 

NR0-6-~2.14NL-E 
Welded Dovttdfbd 
TSWl 

Teat condition: 
Sample She: 

OVEN DRIED 
2" (I) x 1' Id) 

S8mpb Dot& mrrr bngth volume denrlty 
(m) Imm) (cc) ' folcc) 

66.03 50.85 26.77 2.17 
66.98 50.93 26.81 2.17 

Temp 

26 
60 
76 
100 
12s 
150 
176 
200 
226 
250 
276 

4.88 
147.34 
344.38 
668.78 
790.40 
1060.88 
1698.07 
2406.30 
3661.26 

+I- 12.6 C 
Mom 
CT€ 

IPPMICt ... 
6.70 
7.88 
8.98 
8.88 
10.42 
21.92 
32.26 
49.84 --. _. 

6028.66 66.10 
6203.10 46.98 

300 
Cool-down 300 

276 
260 
226 
200 
176 
160 
126 
100 
76 
60 
35 

7320.06 
8899.20 
6423.80 
6878.23 
622B.W 
4436.10 
3183.80 
2266.18 
1898.94 
1626.69 
1480.76 

+I- 2.6 C 
lnrt. 
CTE 

W M I C )  

Mern 
Temp 

COC, ... 

40.39 
13.41 
16.83 
19.01 
21.03 
26.93 
31.76 
50.00 
37.14 
14.33 
10.81 
9.73 ... 

8.09 
7.62 
6.36 
9.40 
13.88 
28.69 
38.70 
64.85 
61.96 
42.85 
37.20 
9.20 
16.09 
19.18 
19.30 
23.74 
28.40 
36.81 
63.16 
16.31) 
12.66 
9.06 ... 

37.6 
62.6 
87.6 

11 2.6 
137.6 
162.6 
107.6 
21 2.6 
237.6 
262.6 
287.6 
287.6 
282.6 
237.6 
21 2.6 
187.6 
162.6 
137.6 
11 2.6 
87.6 
62.15 
42.6 

h 8 n  C n ' r  em cdculolod o m  26 drgno rmger. w thol tha 
v d w  Intho trM. fortherengo k reported at the end of the rmgo. 
For exunpk, the vehm fw the range 26 - 60, h ohnn In the 50 mw. 
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Thermrl Strrln vs. Temperature 
OOOE-03 
8OOE-03 
7ooE-03 

OOOE400 
0 100 150 100 250 300 550 

lmpm(un 

Mean CTE VI. Temperature 

0.00 
moo 
6000 
50.00 
10.00 
30.00 
2000 
10 00 

ma, 
6000 

50m 

10m 
3000 

tow 
ow 1 I I I I I 

0 50 100 i50 100 m 500 
I 

60.00 

50.m / \  
10.m ' / I \ /  \ /  

0.00 1 I I I I I 

0 50 100 i50 100 m 500 
I 

pet8 6~mn~rl[  

S8mpb D: NRO-6421.8.dNl-II 
Weldd bvltrlflod Lithology: 

TMU TSw 1 

Test conditbn: oVSn-01kd 
Sempb Sitr: 2' 0 x 1" Id) 

Sempk Dets: mess I kngth I volumo I density 

pm-test: 
post-tart: 

Temp 

Heet-up 26 
60 
76 
100 
126 
160 
176 
200 
226 
260 
276 
300 

Cool-down 300 
276 
260 
226 
200 
176 
160 
126 
100 
76 
60 
36 

(at I Immt I ( cct I Iakct 
66.96 I 60.88 I 26.78 I 2.17 
66.80 I 60.98 I 

+I- 12.6 C +I- 2.6 C 
lh0nn.l 
Strain 
(umlml 

-0.94 
164.89 
368.41 
602.00 
846.64 
1143.83 
1686.41 
2708.76 
4607.66 
67U.76 
6899.62 

8160.74 
7670.76 
7097.64 
6601.88 
6746.24 
4733.39 

' 3408.u 
2732.20 
2394.14 
2107.28 
1868.87 

Mean 
CTE 

IPPMICI 

8 8 8  

6.23 
8.64 
9.34 
9.79 
11.89 
21.70 
40.89 
71.96 
49.49 
46.10 

hot .  
CTE 

~PpMICl 

e * *  

8.22 
9.30 
9.63 
8.42 
14.22 
30.14 
63.01 
61.32 
49.36 
46.71 

43.63 41.17 
16.06 13.86 
19.60 17.49 
22.93 21.33 
23.83 22.84 
30.27 26.36 
40.47 33.94 
63.00 47.62 
27.06 49.46 
13.62 16.46 
11.47 12.09 
9.89 10.03 
..8 8 8 8  

26.83 I 2.16 

37.6 
62.6 
87.6 

112.6 
137.6 
162.6 
187.6 
212.6 
237.6 
262.6 
287.6 
287.6 
262.6 
237.6 
212.6 
187.6 
162.6 
137.6 
112.6 
87.6 
62.6 
42.6 

Mean C W s  M c.lCJrtod o m  26 dog- r ~ g r e ,  so that ww 
v r k r  htha tmbk fortha rang. h npoitod atthm end of WW range. 
For o x ~ n p k ,  the v d u  tortha ram@ 2S -SO, h o h  h thm SO mw. 
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I 
Thermal Straln VI. Temperature 

O W E 4 3  
8ooE.03 
7ooE.03 

2ooE.03 
1 ooE.03 

OWEIOO 
000 2000 4000 woo ~ 0 0  10000 12000 14Oao la000 1w00 no00 

T-UN 

Moan CTC VS. Temperature 
2500 

E lSW 

i! 1000 

1 600 

oooJ I I I I I I I I J 
Tmpm(- 

00 mo mo wo wo two 1100 1400 iwa isoa 

Instantamour CTE VI. Temperature 

t I I I I I I 
I I I 

pat. s u m -  

Sampk 10: NRO-6-628.4-SM-6 
Lltholog~: Welded Dovitrlfhd 
TMU TSw 1 

Tart condition: OVEN DRIED 
2" (1) I 1' Id) Sampb Sir.: 

Sampk Data: 

pn-tart: 
poet-tart: 62.05 I 60.86 I 

ti- 12.6 C +I- 2.6 C 
Th.ffd Mean he t .  

Tamp Strain CTE CTE 
tumlm) tPPMICI IPPMIC) 

Hoot-up 26 4.20 
60 186.66 
75 408.66 
100 647.16 
126 906.08 
150 1188.43 
176 1608.01 

Cool-down 176 2170.66 
150 1666.36 
126 1108.77 
100 813.98 
76 672.24 
60 347.11 
36 216.37 

... 
7.30 
8.88 
9.64 
10.36 
11.29 
16.78 
24.17 
18.26 
11.83 
9.67 
9.00 
8.72 

- 

... 

... 
8.40 
9.09 
9.61 
10.43 
12.63 
36.68 
19.86 

13.71 
"25.73 

10.62 
9.46 
9.04 
0 . .  

26.77 

Mean 
Temp 
ec, 

denrky 
(a/cc) 
2.02 
2.02 

37.6 
62.6 
87.6 

112.6 
137.6 
162.6 
162.6 
137.6 
112.6 
87.6 
62.6 
42.6 

Wan CWs am calculated over 26 dogma rangor, so that the 
volw In the tabb forth. rango lo nported at tho ond of th. range. 
For axampk. th. value for tho rango 26 - So, h given In th. 60 row. 
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Thermal Wraln VI. Temperature 
0.01 

Mean CIE VI. Temperalure 

1600 
1400 

I 
;:: 

E :: ( 4 - N R o a s e j  1 . w - q  j 4.00 
200 
000 

0 $0 100 

1np.mtun (C) 

I hstantamour CTE VI. Temperature I 
16 00 

[ :::: 
E 8.00 1 i; 

16 00 

[ :::: 
E 8.00 1 i; 
".I - . 

0 50 100 150 

Sampb 10: 
Lkhobgy: 
T W :  

Tart condltbn: 
Sampb Sir.: 

Sampk Oat.: 

NRO-6193.llNLd 
welds8 hvhdfbd 
TSw 1 

OVEN DRIED 
2' (d x 1' (dl 

*< 55.30 60.85 25.77 

+I- 12.6 C + I -  2.6 C 
n'lOmd WNl h B t .  

Temp Strain CTE CTE 
(umlm) (PfWC) lPPMlCl 

* * *  ... HO8t-up 25 0.98 
60 193.89 7.71 8.28 
76 411.46 8.71 9.20 
100 638.82 9.09 9.35 
125 876.38 9.60 10.14 
160 1129.38 10.12 10.40 
175 1408.16 11.16 11.62 

Cool-down 200 1643.26 14.86 16.06 
176 1471.81 12.60 12.72 
150 1169.36 11.22 12.03 
126 878.83 10.15 10.73 
1 0 0  625.16 9.40 9.98 
76 390.22 8.W 9.23 
so 170.17 8.42 8.76 
36 43.91 

200 1730.90 13.07 16.98 

0..  ... 
Mean CTE'a m cakdated over 26 degree ragem, ao that the 

value In tha tabk fortha rmgo k np0rt.d at the end of tho range. 
For oxampk. tha v h  for tho ruqa 26 - 60, h giwn h tha 60 row. 



I Thermal Straln vs. Tempwature y ;E: 
OooE.03 
SOOE-03 
4OOE.03 
3ooE.03 
2ooE-03 
I ooE.03 
Omloo 

00  500 loo0 Is00 2000 250.0 3000 3500 

lrnpntun 

i 
I 

~ 

Mean CTC vs. Temperature 
8 0 0  

5000 

4000 

3000 

2000 

1000 

000 
0 0  500 loo 0 1500 2000 2500 3000 

l*npmtun (C) 
~ 

)nr(mUneous CTC vs. Temperature 

0.00 I I 1 I I 1 I 
0 80 100 150 ?m 2 s  300 

'--m 

Sample ID: 

TMU: 
Litholo(ly: 

Tart conditbn: 
Sample Size: 

Sample Data: 

pro-test: 
poet-teet: 

Temp 

Hent-up 26 
50 
76 
100 
126 
160 
176 
200 
226 
260 
276 
300 

Cool-down 300 
276 
250 
226 
200 
176 
150 
126 
100 
76 
60 
36 

NRO-6-777.86NL-8 
Welded Devitrified 
t5w2 

OVEN DRIED 
2" (1) x 1' (dl 

(0) (mm) (cc) ' (alcc) 
68.11 60.83 26.76 2.26 
68.04 60.86 26.77 2.26 

+I- 12.6 C +I-  2.6 C 
Thermai Mean hot. Mann 
strain cl€ C E  Temp 

(um/m) (PPM/CI ( m / c )  Ioc) ... ... 3.60 
216.91 8.40 8.82 
438.36 8.90 0.M 
672.07 0.38 0.37 
023.63 10.03 8.74 
1108.60 11.00 12.08 
1400.00 12.06 11.00 
1840.08 14.00 16.82 
2206.08 17.48 21.38 
2014.48 26.10 31.74 
3893.07 30.18 40.10 
6282.67 66.64 66.46 
6078.19 24.60 10.67 
6463.26 38.00 30.23 
4403.32 43.40 44.86 
3408.27 31.66 38.00 
2610.32 22.04 26.66 
2088.31 16.00 18.08 
1666.98 13.78 14.03 
1321.41 11.30 12.67 
1036.67 0.71 10.36 
703.73 8.37 9.43 
684.68 8.34 8.43 
468.48 * * *  0 . .  

37.6 
62.6 
87.6 

112.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
282.6 
287.6 
287.6 
262.6 
237.5 
21 2.6 
187.6 
162.6 
137.6 
11 2.6 
87.6 
62.6 
42.6 

Mom C E ' r  am calculated over 26 degmo ragas. oo that the 
vahm In tlm tabb for tha rnngo h nported .t ttw ond of ttm m a .  
For axampb, tho value for thr rango 26 - SO, Ir olm, In tho 60 tow. 



Thomat Stnln vs. Tompwrtun I 

l o s t  condition: Oven-Rid 
Smpl. birr: 2" Ill x 1' Id1 

p*tort: 
post-tort: 

HbSt-Up 25 
50 
75 
1 0 0  
125 
150 
175 
200 
225 
250 
275 

mn) I I cc) 
57.25 I 50.93 I 25.81 I 2.22 
57.16 I 60.93 I 

+I- 12.6 C +I- 2.5 C 
T h u d  Wen Inst. 
Strdn CTE CTE 
twnlm) ( W C I  I W C I  

0.09 
ie5.4e 
3e2.53 
81 6.09 
859.72 
11 28.67 
1415.57 
1743.83 
2167.53 
2754.43 
3747.64 

e.. e.. 

6.62 9.30 
8.68 9.85 
9.34 9.17 
9.75 8.27 
10.67 12.95 
11.66 11.02 
13.13 15.01 
ie.55 1 9 . ~ 6  
23.88 29.09 
39.73 61.48 

300 5181.41 57.35 63.60 
Cod-down 300 6872.95 25.61 20.31 

275 
250 
225 
200 
1 76 
1 50 
125 
100 
75 
60 
35 

5232.79 
4269.74 
3297.08 
2592.48 
2085.37 
1703.34 
I 382.03 
10~7.2e 
827.30 
673.62 
441 .m 

38.62 30.51 
38.91 41.73 
28.18 33.40 

15.28 is.sg 

11.39 12.28 
io.eo 10.29 

20.20 24.28 

12.85 14.12 

10.11 10.61 
8.84 9.10 ... e.. 

25.81 I 2.21 

Moan 
frnp 
IOCI 

37.5 
62.5 
87.5 

112.5 
137.5 
182.5 
187.5 
21 2.5 
237.5 
282.5 
287.5 

262.5 
237.5 
21 2.5 
187.5 
182.5 
137.5 
11 2,s 
87.6 
62.6 
42.5 

287.6 



0000 

e :: 1 :: 
io  m 

OW 

I 0 100 1% 100 150 lo# 
T n p r r r u r O  

Sunpla ID NRQ-6-789.4-SNlA 
Uthdogy: w a d  D.vitIi(id 
TMU: TSw2 

*'*This rmpla ia p r t  of a p*r t a t t d  fa m i a o t r w * * *  
Tha othr ampla ia: IYRoJ-788.3-Sll-ll 

Tart condition: 0 V E N - MII E 0 
Smp(a Sira: 2' Ill x 1' ldl 

pa-tatt: 
port.1wt: 

Srmpla Data: m a  Iw th  vdunn d*rd(V 
tal Imn) l e d  t d c o l  

56.45 60.80 25.74 2.19 
56.37 50.83 25.70 2.19 

+ I -  12.5 C +I* 2.5 C 
Thrnul  M u n  Inst. Mar, 

Tamp Strain CfE CTE T a w  
l u d d  IPPMlCl ~PPMICI IOCI 

Homt-up 25 
50 
75 
100 
125 
150 
175 
200 
225 
250 

0. .  1.18 
54.26 2.12 
253.47 7.97 
481.00 9.10 
724.37 9.73 
997.38 10.52 
1203.99 11.08 
1670.38 12.25 
1921.65 14.05 
2396.48 19.00 

275 3109.52 28.52 
300 4298.29 47.55 

Cool-d- 300 5597.19 26.51 
275 
250 
225 
200 
175 
150 
125 
100 
75 
50 
35 

4934.41 24.95 
4310.84 19.72 
3817.43 14.09 
3465.23 1.24 
3434.34 1.39 
3399.67 1.00 
3373.26 3.54 
3284.84 5.75 
3140.96 8.52 
2927.91 5.57 
2844.29 .** 

... 
7.78 37.5 
8.66 02.5 
9.54 67.5 
7.74 112.5 
10.98 137.6 
9.84 162.5 
13.01 187.6 
18.70 21 2.5 
20.04 237.5 
33.72 202.5 
88.65 287.6 
23.43 287.5 
33.59 262.5 

- 
38.93 237.5 
30.38 21 2.5 
2.32 187.5 
1.71 162.5 
1 .e1 137.5 
0.74 1 12.5 
10.73 87.5 
7.72 02.5 
5.m 42.5 
0.0 



Thermal Straln VI. Temperature 
dooeos 

OaoEIoo 
00 SO0 100 0 150 0 2000 ls00 3000 3SOO 

1mp.rrtun 

NR0-6g02.7-8NL4 Sampb ID: 
Lithology: Welded Devltrifiid 
TMU: TSw2 

Tart conditbn: OVEN DRIED 
Sample Sire: 2" (1) x 1" Id) 

Sampb Data: maas I tenottt I v01un# I dsniltv 

pm-teat: 
poet-tort: 

Temp 

Haat-up 25 
60 
76 
100 
126 
160 
176 
200 
225 
260 
276 
360 

Cool-down 300 
276 
260 
226 
200 
1 76 
160 
126 
100 
76 
50 
36 

- 
to) I t mm) fccl I lolcc) 

68.12 I 50.93 I 26.81 I 2.25 
58.04 I 50.93 I 

+ I -  12.6 C + I -  2.6 C 
lbemal Mean hat .  
Strak CTE CTE 

lumlml tPF'MICI W W C )  

-1.46 
99.69 
292.46 
616.96 
748.62 
997.38 
1262.34 
1562.02 
1667.86 
2267.62 
2824.42 
3726.97 
6228.34 
4572.66 
3710.41 
2876.97 
2268.68 
161 2.02 
1431.79 
1106.67 
81 2.31 
661.70 
306.46 
163.32 

... ... 
4.04 6.49 
7.71 8.84 
8.94 7.60 
9.30 7.97 
9.96 10.06 
10.60 10.21 
11.69 12.12 
12.64 16.30 
16.99 18.61 
22.27 26.70 
36.06 46.26 
26.16 22.20 
34.49 33.24 
33.34 36.39 
24.42 26.86 
18.18 20.06 
16.21 18.93 
13.06 14.00 
11.73 12.68 
10.42 10.98 
9.81 10.79 
9.64 9.60 ... ..e 

26.81 I 2.26 

Maan 
Tam(, 
tC ,  

37.6 
62.6 
87.6 

112.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
262.6 
287.6 
287.5 
262.6 
237.6 
212.6 
187.6 
162.6 
137.6 
112.6 
87.6 
62.6 
42.6 

Mem CTE'a em cokulated owr 26 dogme rmqeo. w that th. 
vduo in tho tab(. forth. rmge Io mpofted at the ond of the rmge. 
For ex.mpk, the vduo for th. ronge 26 - 50, h ghrm In th. 60 row. 



Sampb ID: 
lithobgy: 
TMU: 

Teal conditbn: 
Sampb Size: 

Sampb Data: 

ne.t-up 26 
60 
76 
100 
126 
160 
176 
200 
226 
260 
276 
300 

bol-down 300 
276 
260 
2 26 
200 
176 
160 
126 
100 
76 
60 
36 

NRO-6-849~S)-(LNL-B 
Welded Devltdfkd 
TSw2 

OVEN DRIED 
2' fl) x 1" Id) 

Thermal 
Strain 
lumlm) 

-0.38 
147.14 
326.37 
618.68 
716.00 
930.72 
1166.77 
1407.18 
1661.30 
1927.76 
2216.78 

mama kwth wlum density 

66.87 60.90 26.78 2.29 
68.90 60.90 26.78 2.28 

(0) Imrn) (cc) (OlCC) 

2362.73 
2073.62 
1806.38 
1648.43 
1281.66 
1022.99 
704.44 
663.18 
367.31 
180.93 
76.04 

+I- 12.6 C +I- 2.6 C 
M e a  hat. Mean 
CTE CTE Temp 

lPPMIC) lPPMICI coo 
e.. ... 
6.90 7.80 37.6 
7.17 8.12 62.6 
7.68 7.68 87.6 
7.90 6.41 112.6 
8.69 7.37 137.6 
9.04 8.61 162.6 
10.02 7.88 187.6 
10.16 10.10 21 2.s 
10.68 11.86 237.6 
11.66 10.87 262.6 
12.19 12.46 287.6 
10.77 10.46 287.6 
11.17 11.30 262.6 
10.68 11.62 237.6 
10.32 9.87 21 2.6 
10.87 10.80 1w.6 
10.36 10.76 162.6 
9.W 10.32 137.6 
8.85 8.81 112.6 
7.83 8.18 67.6 
7.46 8.19 62.6 
8.99 7.37 42.6 ... e.. 



I 
I 

I Trnpmcun 

Mean CTE VI. Temperature 
3000 

[ :: 
1500 

I low 
500 

000 
00 mo loo 0 150 0 2000 2500 so00 

TrnDmtun (C) 

I Inwtantanrour CTE v c  Temperature 
3500 

30.00 

25.00 

20.00 

15W 

1o.w 

600 

OW 

Srmpb )D: 
uthology: 
TMU: 

NR0-6486.6-8Nl..8 
WsUod Dovitrifbd 
TSw2 

Tort conditbn: Oven-OW 
Sampk Sire: 2' (I) x la fdl 

Sampb 0.tr: 

pro-tort: 
port-tort: 

Temp 

(0)  Imm) (cc) fokct 
69.01 60.86 26.77 2.29 
68.92 60.88 26.78. 2.29 

+I- 12.6 C +I- 2.6 E 
hrmd Mean hrt. Mean 
Strain CT€ CTE, " Tsmp 

26 
60 
76 
100 
126 
1 60 
176 
200 
226 
260 
276 

lumlml 

1.33 
146.49 
341.64 
664.03 
777.07 
1022.26 
1282.79 
1683.81 
1931 .OB 
2344.37 
2877.08 

(PPMIC) 

0 . .  

6.77 
7.88 
18.60 
8.92 
9.81 
10.42 
12.03 
13-90 
16.63 
21.31 

IPPMIC) ... 
7.81 
8.68 
7.91 
8.16 
1 1 ,os 
9.97 
13.66 
16.63 
18.61 
26.1 9 

300 
Cool-down 300 

276 
260 
226 
200 
176 
160 
126 
100 
76 
60 
35 

3707.02 
3328.23 
2942.63 
2666.36 
21M.49 
l876:M 
1606.19 
1362.21 
1147.66 
949.46 
832.87 

28.1 2 
14.98 
16.16 
16.43 
16.OS 
14.83 
12.70 
10.83 
9.76 
8.66 
7.93 
7.77 ... 

20.88 
16.92 
16.66 
16.86 
14.10 
11.72 
11.21 
9.82 
8.17 
9.03 ... 

37.6 
62.6 
87.6 

112.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
262.6 
287.6 
287.6 
262.6 
237.8 
21 2.6 
167.6 
162.6 
137.6 
112.6 
87.6 
62.6 
42.6 



Moan CTE n. Tomponhm 
7000 

6000 

I 

E :: 
E =a 
I 

10.00 

000 
00 500 loo 0 1500 1000 m0 - 0  

I 
I 

Imtm(lmour CTE n. Tompmnhn 
m00 

:: 
6 4000 

5000 

f tf 
ow 

0 50 loo 150 100 m m 
T n p h . .  (cl 

Tost condition: 
smplo si,.: 

Smplo Doto: 

pr*tost: 

Ovm-oIid 
2' Ill x 1' (d) 

u 
54.73 

poot.tost: 54.71 60.85 I 

2.17 .a. e.. 28 
50 100.21 0.50 8.14 
75 371.47 8.21 8.77 
100 592.42 8.84 8.00 
125 823.83 9.20 8.65 
150 1071.30 9.90 10.52 
175 1331.92 10.42 9.55 
200 1029.33 11.90 12.95 
225 1970.23 13.88 17.02 
250 2445.39 18.77 25.80 
275 3298.50 34.13 40.83 
300 5020.04 00.10 74.10 

Cod-d- 300 6203.38 20.29 17.48 
275 5750.18 29.91 23.97 
250 5008.52 37.07 37.83 
225 4006.83 32.90 37.09 
200 3244.37 21.50 27.50 
175 1705.40 10.92 18.W 
150 2282.30 13.38 1S.70 
125 1947.78 11.30 11.80 
100 1003.80 9.72 10.37 
75 1420.95 7.57 9.13 
10 1231.08 5.03 5.64 
35 1147.22 ' * *  ... 

+ I .  12.5 C + I -  2.5 C 
Thorrml Mom Inst. 

T m p  Stain CTE CTE 
lumlml t W C I  W C I  

37.5 
02.5 
87.5 

11 2.5 
137.5 
101.5 
187.5 
21 2.5 
237.1 
262.5 
287.5 
287.5 
262.5 
237.5 
21 2.5 
187.5 
102.5 
137.5 
11 2.5 
87.5 
62.5 
42.5 



Wan CTE vs. TrmpHIhrrn t01 
57.53 
57.47 

P 

(mnl (ccl tdcc) 
10.80 25.74 2.23 
50.83 25.78 2.23 

r 

nsrt-up 

WRO-s-900.4-s)wL.I 
Wddd DwWid 
t5w2 

'This smpls is pat of a pa& trrtd fu ~ O W o p i *  * * 
Tho othw sm9Io is: NRQI-900.4-SNL-A 

Tort condition: 
Smpl. sir.: 

25 
50 
75 
100 
125 
150 
175 
200 
225 
250 
275 
300 

Cod-down 300 
275 
250 
225 
200 
175 
150 
125 
100 
75 
50 
35 

OVEN OWED 
2' tII x 1' Id1 

T h d  
S t a n  
tudml 

20.52 
153.85 
380.41 
585.79 
822.21 
1077.48 
1347.54 
1044.89 
1988.28 
2423.53 
31 88. i a 
4998.30 
5888.37 
5373.83 
4712.13 
3700.88 
2717.98 
2145.21 
1745.44 
1408.68 
1 108.06 
852.27 
805.22 
485.18 

+I- 12.5 c 
Mom 
CTE 

t W C I  ... 
8.33 
8.27 
9-01 
9.46 
10.21 
10.80 
1 1 .a9 
13.88 
17.49 

+I- 2.5 C 
Inst. 
CTE 

t M C I  ... 
8.50 
9.30 
8.89 
7.77 
1 1.90 
10.47 
13.08 
18.41 
20.51 

29.79 48.02 
73.20 87.98 
19.71 17.82 
28.48 
40.22 
39.55 
22.91 
15.99 
13.47 
12.02 
10.23 
9.88 
9.34 ... 

23.06 
31.72 
52.82 
28.38 

15.02 
12.89 
11.28 
10.57 
9.82 

i 7 . a ~  

... 

37.5 
82.5 
87.5 

112.5 
137.5 
182.5 
187.5 
21 2.5 
237.5 
262.5 
287.5 
287.5 
282.5 
237.5 
212.5 
187.5 
182.5 
137.5 
112.5 
87.5 
82.5 
42.5 

Mnn C f E o  u o  ulculotd ovu 25 dwr rmgu, w M tho 

F a  0x40, ths vJuo f a  tho t w o  25 - 50. ia givm in tho 50 raw. 
V J U I i n  tho trbls tor th0mg.h r r p a ( d  n tho *d d tho rrrgs. 



Sample ID: NRO-6-962.2-8NLB 
LithOkgY: Welded OavitdfM 
TMU: TSw2 

Oven-Qded 
2' 111 SI 1' 1d) 

Tart conditbn: 
Sample Size: 

S m p b  Dot.: maor bngth whmw denrlty 
(PI (mm) lccl Irlcc) 

63.50 50.80 26.78 2.08 
63.43 50.88 25.78 2.07 

pre-tart: 
port-tea: 

Temp 

Heat-up 26 
w 
76 
100 
126 
150 
176 
200 
226 
250 
276 

+I* 12.6 C +I- 2.5 C 
h n n a l  Wan Init. Moan 
Strain CTE CTE Temp 
tum/m) (PpMICj 1pPMlc) tocj 
4.80 s.. 0 . .  

162.05 6.29 8.00 37.6 
376.17 8.62 9.82 82.6 
811.74 9.46 9.49 87.6 
860.38 9.96 9.16 112.6 
1138.68 11.13 12.73 137.6 
140.63 12.88 13.76 162.6 
1872.32 16.47 18.44 187.6 
2414.60 21.69 25.50 212.6 
3066.68 26.08 27.72 237.6 
3836.46 30.79 34.08 262.6 

300 4827.02 39.62 36.76 287.6 
Cool-down 300 MS2.38 16.56 13.66 287.6 

276 
260 
225 
200 
176 
150 
125 
100 
76 
bo 
35 

- .  

5063.66 21.31 18.11 282.6 
4630.70 24.22 24.08 237.6 
3926.12 23.68 24.49 212.6 
3333.67 24.60 26.47 187.6 
2718.79 18.68 20.50 162.6 
2264.31 16.08 17.10 137.6 
1877.28 12.46 13.29 1 12.6 
1665.83 10.27 11.48 B7.6 
1309.17 8 . U  10.46 62.6 
1073.23 9.03 9.22 42.6 
937.79 * * *  0.. 

Mom ClE'r am cek(culeted over 26 degm rangar. w thot the 
vakw h the teblo forth. range h mp0rt.d at the end of the rmge. 
For ox.mpb, the vduo for th. ronge 26 - SO, io g t m  h th. bo mrv. 



I 

T-um I 

Mean CTE VI. Tamperaturo 
r)00 

g :: 
IS00 

I 
so0 

000 
00  500 I00 0 150 0 1000 ? o O  - 0  

Drtr Sumuty 

Srmpk 10: 
Lithokgy: 
TMU: 

Tort condition: 
Simple Slte: 

Srmpk Drti: 

pro-tart: 
port-test: 

OVEN DRIED 
2’ 01 x 1” Id) 

*+ 68.28 60.93 

+I-  12.6 C + I -  2.6 C 
Thermal Moon Inrt. Moan 

(um/m) ~PPM/C) ~PPMIC) ~ C I  

C x  , Temp -, . -+“..I Tomp Stroln CTE 

... ... 26 -0.03 
60 163.88 6.66 8.23 
76 370.01 6.26 9.94 
100 698.18 9.05 8.76 
126 830.61 9.37 8.21 
160 1090.69 10.41 11.09 
176 1373.29 11.30 10.77 
200 1722.49 13.97 16.49 
226 2178.18 18.23 20.85 
260 2693.67 20.62 21.69 
276 3267.08 22.94 26.46 
300 3973.64 28.26 31.14 

Cool-down 300 4348.93 18.19 18.02 
276 3894.14 20.30 19.27 
260 3386.71 20.08 20.82 
226 2884.81 20.67 19.06 
200 2370.67 21.85 22.88 
175 1824.32 16.88 16.46 
160 1427.40 12.58 14.16 
126 1113.46 11.13 11.01 
100 836.17 9.88 10.11 
76 683.11 8.89 9.79 
60 370.96 8.68 8.66 
36 242.24 * * *  ... 

37.5 
62.6 
87.6 

11 2.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
262.6 
287.6 
287.6 
262.6 
237.6 
21 2.6 
187.6 
162.6 
137.6 
112.5 
87.6 
62.6 
42.6 

Mom CTE’r om cokulstod over 26 dogma ronger. SO thrt th. 
v r k r  Inthe 1.M. forth. rmgo h nportd ot t h e d  of the range. 
For erompk. the v d w  fw th. rmgo 25 - 60. h ahmn h tho 60 mw. 



I Moan CTE w. Tomp.n(un I 

I I 

M I - 0.00 5 7  I I I 
S I  00 50.0 100.0 150.0 2600 WO.0 m.0 I 

I 

1 

wRo-a-lO1a.a.sNL-B 
Wddd Dovitrifiod 
t5w2 

**.fhia amplo ia pwt of 0 p.h toatad fa miaotr#y*** 
Tho othr  amplo  ia: wRo~8~1017.2dly-A 

Toat condition: 
s.n*Jo si20: 

Smpla Dotr: 

petaat: 
port-toat 

OVEN OWED 
2" Ill x 1' Id) 

mm mth v d w M  dmoitv 

58.74 50.83 25.70 2.28 
58.03 50.83 25.76 2.28 

I d  Iml Ice) Ip/scl 

+ I -  12.5 C +I. 2.5 C 
fhrmrl Mun Inat. Mom 

T*np Stdn CTE CTE T*rp 
b d m t  IWCI IPPWC~ taCl 

25 
50 
75 
100 
125 
150 
175 
200 
225 
250 
276 
300 

Cod-dom 300 
275 
250 
225 
200 
175 
150 
125 
100 
75 
50 
35 

0. .  ... 6.27 
168.02 6.09 8.58 37.5 
308.43 8.39 9.00 02.5 
593.73 9.01 8.75 87.5 
827.06 9.36 8 .U  11 2.5 
1079.00 10.08 11.10 137.5 
1352.46 10.01 10.70 162.5 
1004.72 12.49 13.66 187.5 
2013.59 13.95 16.03 21 2.5 
2402.87 15.57 17.09 237.5 
2841.11 17.63 20.00 202.5 

3707.11 16.98 10.50 287.5 
3282.53 18.10 19.43 202.5 
2930.03 17.31 18.52 237.5 
2397.32 1 e . n  15.95 21 2.5 

1590.42 13.49 14.66 162.5 
1259.21 11.07 12.46 137.5 
907.43 10.57 11.53 11 2.5 
703.30 9.32 9.38 87.5 
470.37 9.87 9.67 02.5 
248.55 8.43 8.68 42.5 
122.14 * * *  

3399.18 22.32 25.59 201.5 

1990.47 15.70 10.51 i e73  

... 
Moon CTE'a e0 dculotd wu 25 d q o o  rmgoa, oo tha tho 

vdur in tho I d 0  fa tho r-0 h r rpard  ot tho rd of tho rmga. 
F a  r e a ,  tho vduo for tho r . n g .  25 - 50, ir givrn k, tho 50 row. 



Wan CTE vs. Tompmtun 
2500 

2000 

15 do 

1 0 0  

5.00 

000 
0.0 50.0 100 0 150.0 100.0 mo sa 

2000 

15 do 

1 0 0  

5.00 

0.00 1 I I I I I I 
0.0 50.0 100.0 150.0 100.0 m.0 sa 1.0 

I 1- (ct I 

smplr N): #KI*6-1017.2IIL-A 
lithdogy: W a d  Drvitrifid 
T M U  tsw2 

Ovm-Rid 
2' Ill x 1. ldl 

Taot condition: 
smplr ma: 

m a s  lmgth vdwrn danoitv Smple Odr: 
u (mnl (ccl (plccl 

PWWl: 56.92 50.72 26.70 2.21 
POd.tm#t: 56.81 60.72 25.70 2.21 

H@#l-VP 25 
50 
75 
100 
125 
150 
175 
200 
225 
250 
275 

-0.19 - 0 .  0 .0  

142.84 5.72 7.44 

521.69 7.81 7.48 
723.19 8.06 6.05 
943.88 8.83 9.44 
1178.31 9.38 9.41 
1U7.69 10.78 11.89 
1759.22 12.46 14.61 
2134.53 15.01 16.32 
2694.88 18.41 22.01 

526.43 7.34 8.09 

300 3212.56 24.71 29.42 
Cod-d- 300 3603.81 17.40 16.89 

275 3168.72 18.40 17.65 
250 2708.82 18.02 18.47 
225 2258.22 16.02 15.66 
200 1857.84 15.13 16.51 
175 1479.55 12.81 14.09 
150 1159.37 10.66 11.58 
125 892.85 9.52 9.98 
100 654.80 8.38 8.79 
75 445.31 7.79 8.88 
50 250.48 7.47 7.56 
35 138.41 * * *  0.0 

37.5 
62.6 
87.6 

11 2.5 
137.5 
162.5 
187.5 
21 2.5 
237.5 
202.5 
287.5 
287.5 
262.6 
237.5 
21 2.5 
187.5 
162.5 
137.5 
11 2.5 
87.6 
62.5 
42.5 



Hsat-up 

P.r. 

Sample ID: IYR(I-ClW1 . O I M A  
Lithdagv: W d d  k i t r i f i d  
T W  TSw2 

"This ump)e ir put of plic tntd f a  m i s o t r w * * *  
The o t h r  ample is: M#J-lW1.5-MI.A 

Test condition: 
Snp(0  sits: 

OVENMPEO 
2' Ill x 1 " Id) 

Sample Data: 

pI*tut: 
po.lt.t.st 

Id (m) lccl I Idccl - 
56.77 50.83 25.76 I 2.20 
56.68 50.83 25.76 I 2.20 

25 
50 
75 
100 
12s 
150 
175 
200 
221 
250 
275 
300 

Cool-down 300 
275 
250 
2 25 
200 
175 
1 50 
125 
100 
75 
60 
35 

T h u d  
Strain 
ludm) 

-1.95 
161.99 
376.74 
610.110 
848.84 
11 11.33 
1401 5 7  
1753.52 
21 74.84 
2681.62 
3323.68 

+I- 12.5 C 
MOW 
CTE 

1-c) ... 
6.56 
8.59 
9.36 
9.52 
10.50 
11.61 
14.08 
16.85 
20.27 
28.88 

+I- 2.5 C 
)net. 
CTE 

1-c) ... 
7.93 
9.18 
8.65 
8.23 
11.23 
11.27 
15.87 
19.63 
22.53 
30.W 

4167.00 33.73 
4760.61 20.53 
4247.24 23.49 
3660.09 23.24 
3079.14 22.03 
2528.36 22.20 
1973.33 14.55 
1609.47 0.97 
1585.28 t.03 
1559.46 0.40 
1549.37 0.14 
1545.86 0.38 
1540.1 0 '** 

38.97 
18.98 
21.31 
23.70 
22.46 
20.97 
19.67 
4.74 
0.35 
-0.04 
1.02 
-0.14 

- 

0.. 

37.5 
62.5 
87.5 

11 2.5 
137.6 
162.5 
187.5 
212.6 
237.5 
262.5 
287.5 
287.5 
262.5 
237.5 
21 2.5 
187.6 
162.5 
137.5 
1123 
87.5 
62.5 
42.8 



OVEN WED 
2' Ill x 1' Id1 

Tost condition: 
snpl. azo: 

smplo Doto: moss I q t h  vdumo drnoiry 
(PI I d  (eel lplce) 

pr*tow. 56.15 50.85 25.77 2.18 
p 0 S t . t ~  56.10 50.93 25.81 2.17 

+I. 12.5 c +I- 2.5 c 
Thud Mom Inst. Moon 

T m p  Strh CTE CTL T m p  
( d m l  IPPMICI IPPMIcI (%I 

HOO~*IJP 25 
50 
75 
100 
125 
150 
175 
200 
225 
250 
275 

19.69 .** 
150.74 5.24 
348.61 7.91 
572.22 8.94 
795.30 8.82 
1041.78 9.86 
1312.28 10.82 
1639.56 13.09 
21 02.85 18.63 
5007.33 116.18 
6671.43 66.56 

e.. 

8.33 
8.67 
8.60 
7.62 
10.57 
10.34 
14.47 
54.61 
68.21 
46.00 

37.5 
62.6 
87.5 

11 2.5 
137.5 
162.5 
187.5 
212.5 
237.5 
262.5 

300 7248.02 23.08 33.83 287.5 
Cod-down 300 7697.50 15.93 8.91 287.5 

275 
250 
225 
200 
175 
1 50 
125 
lo6 
75 
50 
35 

7299.26 
6825.03 
6298.1 2 
5545.51 
3 8 6 6. 6 7 
3055.46 
2614.07 
2269.62 
1993.78 
1760.69 
1619.75 

262.6 18.97 11.08 
21.00 13.52 237.5 
30.10 15.94 21 2.5 
67.16 24.58 187.5 
32.45 67.86 162.5 

137.5 17.66 30.87 
13.78 21.U 11 2.5 
11.03 19.30 07.6 
9.32 17.37 62.5 
9.40 13.91 42.5 ... ... 



Data Summaries for NRG-6 

(Air-Dried) 

E-91 



Thermal Straln VI. Temperature 
1 ooE-03 

~ s o o E a 4  1::: 
-1 ooE.03 

0 20 40 a 80 100 
Tm#nrun 

mar. 
U 

69.21 
69.22 

Mean CTE v c  Temperature 

10 00 
900 

I 
f %I 
E E 
i x.: 

1.00 
000 I I I I I I I I 1 

0 0  100 ZOO 300 U J O  SO0 bo0 700 bo0 (00  

T*np.n(um (C) I 

bngth volunw denrky 
(mml (ccl (akcl 
50.83 25.76 2.30 
W.E3 26.76 2.30 

. Instantamour CTE VI. Temperature I 
12.00 

10.00 

8.00 

8.00 

4.00 

2.00 

0.00 
o i o  B 50 10 IIO a TO eo 90 io0 

T r r * r m u n  (CI 

t i !  I I I I 1 I I I 

Heat-up 

Sampb ID: 
uthokgy: 
TMU: 

NRO.CZ8.8-SNL-0 
Welded Oevitrlfkd 
TCw 

Teat condkbn: A h - 0 ~  
2' (I1 x 1' (dl Srmpb Size: 

Sampb Data: 

pm-test: 
pat-tort: 

Thermal 
Temp Strain 

(umlml 

26 -1.08 
Sa 86.67 
76 212.86 
100 414.89 

Cookdown 100 327.41 
76 101.88 
60 -120.26 
35 -227.16 

+I- 12.6 C +I- 2.6 C 
Morn Inrt. 
CTE CTE 

lPPMlCl ~PPMICI ... ... 
2.71 4.91 
6.85 6.16 
8.08 10.36 
9.02 9.40 
8.89 8.27 
4.28 8.33 ... ... 

Mean 
Temp 
PO 

37.6 
62.6 
87.6 
87.6 
62.6 
42.6 

Maan CTE'n am crtculated over 26 drgme rrngar, MI that tho 
vdw In tho tmbb for the range h mportad at the end of tho range. 
For exampb. the vahm for tho r-0 26 - Sa, Is given In th. 60 mw. 



Thormal Strrln VI. Toinprraturo 
oooE-04 
7ooE-04 8: i 
1OS-04 
3 ~ . o i  

-5 ooE-04 
ow woo 10000 12000 

T*npmtun 

f 

Moan CtE vs. Tempcroturm 

12 m 
~ 0 0 0  

f 800 

600 

1 ' O 0  
200 

om I I I I I I I I I 
0 0  100 m.o 300 400 500 wo mo 80.0 900 

Tmp.mun tCJ 

Instantamour CTE VI. Tempcraturm 
12 w 

f l::: 

800 

4.00 i 200 

NRO-6-08.1-8Nl-0 Sampb ID: 
Lithobgy: Welded Devltdfkd 
TMU: TCw 

Tort condition: Ab-Dv 
Sample Size: 2' 111 II 1" Id) 

Sampb Drta: mrtr kngth volume denaity 
lo) IllWl) CC) talccl 

plU-tOBt: 58.61 50.83 25.78 2.28 
port-test: 58.41 60.82 25.75 2.27 

+ I -  12.5 C +I- 2.5 C 
Thermal Mean hot. Mean 

Temp Strain Cn CTE Temp 
Iumlml IPPMICI WWC) f'c) ... ... Heat-up 26 -0.90 

60 170.30 6.115 8.24 37.5 

Cool-down 1 0 0  480.54 10.84 10.01 87.6 

76 381.22 8.43 8.81 62.6 
1 0 0  631.29 10.00 11.55 67.5 

76 189.53 9.64 10.74 62.6 
5O -51.~0 3.97 8.22 42.6 
36 -160.67 *'* ... 

Mean C E ' r  am oekuleted over 25 dqmo ranger, ro th.1 tho 
vrluo In tho tabb for the rango 11 mpotted ot the and of tho ran~o. 
For examplo. tho v.hn for th. range 25 - 60, Io givan In tho 60 mw. 



Thermal Straln vs. Temperature 
1ooE.03 

j.,ooEm 

OooE+W 
0 10 40 el W 100 126 

Tunpmtum 

it-. 

0 0  100 100 300 400 500 do0 700 1 0  SO0 

T*ngmcum c )  

I h S b n t 8 M o u S  CTE vs. Tomperrture 

I I I I I I I I I I I 

Sampb ID: ma-0.11 1.0-8WL-a 
lithobgy: Welded DovHdfbd 
TMU: TCw 

Tart conditbn: A h - 0 ~  
2' 1 x 1' Id) Sample Sko: 

meor bngth volume denrky Sampb Data: 
tal Imm) (ccl lmlccl 

pm-tart: 66.91 50.90 25.79 2.21 
port-tort: 66.76 I 60.88 I 

+I- 12.5 C +I- 2.'6 C 
Themal Mean lnrt. 

Tamp Strain CTE ClE 
lumlm) IPPMIC) IPPMIC) 

0 . 0  0 . .  tieat-up 25 -0.37 
60 139.06 6.68 8.04 
75 336.93 7.92 7.97 
100 571.74 9.39 10.48 

76 
60 
36 

C o o l - d o ~  100 0 .  0 .  .. 
0 .  .e .* 
.* 0 .  .. 
0 .  .. .. 

26.78 I 2.20 

Mean 
Temp 
ecl 

37.6 
62.5 
87.6 
87.5 
62.6 
42.6 

Mean C W r  am cekulrted ovor 25 degm ranger. 80 thrt thr 
value ln tha tabh for tho rmqo h reported at the end of the rmqe. 
For exwnpb, the v d w  for the nngo 26 - 60. la glwn k tha 60 mw. 

No data la proranted for tho cool-down on thlr rnnpb bocwr 
the tart pmgrm crarhd dwing thio range. 



Themat Strrln VI. Temperature 
1 ooE-03 

i(- 

OOOEIOO 
0 20 40 00 80 100 120 

T*npnlun 

Mean CTE VI. Temperature 

1000 
BOO 
1100 
100 
600 
500 
400 
300 
200 
100 
000 

00  100 200 500 400 500 000 700 M O  WO 

T r n p n l u n  (C) 

lnrtrntrncous CTE v a  Temperature 

pat0 8UnnUq 

NRO-8-111.0.(INL-O Sempb w): 
Ltthabgy: Welded DoVitrl(ird 
TMU: TCw 

Ted condttbn: Air-Dy 
Sampb Sho: 2" (1) x 1' (dl 

Sampb Data: 

pn-teat: 
poet-teot: 

+ I -  12.6 C + I -  2.6 C 
Thmnrl Mean Ind. 

Temp Streln CTE CT€ 
tumlml IF'PMIC) WMIC) 

0.. ... Heet-up 26 -0.37 
so 139.06 6.68 8.w 
76 336.93 7.92 7.87 
100 671.74 9.39 10.49 

76 
60 
3s 

Coot-down 100 0 .  0 .  .. .. 0 .  e. 

0 .  .. .. 
0 .  .. O b  

7,";" I d;;:; 

26.79 2.21 
26.78 2.20 

Mean 
Temp 
t0CI 

37.6 
82.6 
87.6 
87.6 
62.5 
42.6 

mkm C n . 8  m c.lcul8ted o w  26 degree r8nge8,rO th8t thr 
V O b  tn tho tabk for the r-0 is npofted at thr end of tho rang.. 
Fw oxunpk, tho v h  for tho rango 26 - SO, tr g h n  In tho SO row. 

* *  No d.to h pmsontd for tho cootdown on Wo eampk k c w r  
tho tort program crrrhod duhg tMo rmnge. 



P 

I 
MeJn CTE VI. Temperature 

Heat-up 

Sampb ID, 
Lithokgy: 
TMU: 

Tort conditbn: 
Sempb Slze: 

Sampb Data: 

pm-toot: 
port-toot: 

NRO-6-162IBNL-C 
Nonwakld Vhlk 
PTn 

marr bngth v o t m  denrity 
to) lrnml (Ec) Iolcc) 

34.93 60.24 26.46 1.37 
34.66 60.23 26.46 - 1.36 

+I- 12.6 C +I- 2.6 C 
Thermal Mean Inot. Mean 

Temp Strain CTE CTE Temp 
(um/m) IPPMIC) IPPMIC) ('0 ... ... 25 -3.72 

60 112.38 4.64 S.46 
76 211.43 3.96 1 .e0 

37.5 
62.6 

100 235.46 0.96 -7.66 
Cool-down 100 -46.66 6.24 6.90 

87.6 
87.6 

76 -202 .0  6.46 6.42 62.6 
60 -339.09 2.28 4.76 42.6 ... 36 -396.10 * * '  

Moan CTE'o ww crlculotod owr 26 dqma rmger. 00 that the 
vahm In the t.bk tor tho rmge k mportod at the end of the range. 
For rxampb, th. vahm for tho r a ~ o  26 - 60, Io glwn In the 60 row. 



Thermal Strain VI. Temperature 

I= 4OM-04 2.oOE44 

f OQXIOO 
-2 OM44 
-4OM-04 
d-44 
dOM-04 
-1 0OE-w 

0 20 40 do 120 

I T m p n ( u n  

W a n  CTE VI. Temperature I 
f 
E 

600 

500 

100 

300 

200 

100 

000 I I I I I I 
0 0  100 200 300 400 $00 do0 700 do0 800 

I Instantamour CTE VI. lemprature 

Dat8 Sunmuff 

S8mpb ID: 
LkhOlogY: 
TMU: 

NRO-6- 187.0-(INL-D 
Nonwelded Vkdc 
PTn 

Tart condkbn: 
Sample Size: 

pro-teat: 
port-tart: 

Temp 

maar bngth volunm denriry 

26.41 60.83 26.76 0.89 
25.35 60.83 25.78 0.98 

(9) (mml (cc) (olcc) 

+I- 12.6 C +I- 2.6 C 
l'harmd Maan hot. k a n  
Strain CTE CTE Temp 
(umlm) (PPMIc) (WIc)  PCI 

Hert-up 26 -13.12 
W 89.08 4.49 
76 181.71 3.71 

e.. 

6.66 37.6 
2.72 62.6 

100 273.58 3.27 3.89 87.6 
Cool-down 100 70.81 6.83 6.88 87.6 

76 -77.35 4.46 6.40 62.6 
60 -188.56 1.18 3.81 42.6 ... 35 -218.42 '* '  

MOM Cn' r  8m cakul8t.d over 26 degree rmnger. eo that tho 
vrhn in tho trbk for tho rmge io reported at the end of tho rmge. 
For axampb, tho vduo forth. range 26 - 60. 10 ohnn In tho 60 row. 



Thermal Strain VI. Tempwatura 

f' 6fmE44 

j::: 
OOOE*oo 

0 40 bo w 100 12C 
l m p n l u n  

000 1 I I I I I I I I 
0 0  100 200 300 400 500 boo too boo 000 

1-u- 

m888 

68.00 
67.99 

tat 

900 
I 

f :: 
600 

000 

bwth volume dendty 

60.82 26.76 2.26 
60.82 26.76 2.26 

(mm) bc)  ' Ialcct 

Sample ID: 
Lithology: 
TMU: 

Teat comlitbn: 
Srmpb Sire: 

Sampb Data: 

NRO-6-277.6-SNL-C 
WeMd OeVitrHied 
TSwl 

Ak-Dy 
2' ti) x 1' td) 

+I- 12.6 C + I -  2.6 C 
MOM Thermal Warn Inst. 

Temp Strrin CTE CTE Temp 
tum/mt IppM/Ct (PPMIC) ect ... ... He8t-Up 26 -1.26 

60 131.89 5.33 6.19 
263.69 6.26 6.82 75 

37.6 
62.6 _ _ _  ._ 

100 462.27 7.96 8.79 87.6 
Cool-down 100 466.91 0.26 7.48 07.6 

76 260.44 7.49 8.07 62.5 
7.67 42.6 63.24 4.23 60 

36 -42.46 ' * *  0 . .  

Moan CTE'8 M o.lcu(8t.d owr 26 dogma r.ngec. 00  that tho 
value in tho tablo for the range 1. mportd at tho end of the rmnge. 
For exrmpb, tho valw for th8 r a g e  26 - 60. I8 giwn in thn 60 (ow. 



Mean CTE VI, Temperrturo 

P 
v) 
v) 

00 100 ZOO 300 400 S O  do0 700 a o . O  90.0 
Trmpntun(C) 

8.00 
7.00 
8.00 
s.OO 
4.00 
3.00 
2.00 
1.00 
0.00 

NRQ-6-321.1-8NL-C Simple 10: 
llthokgy: Waldd Devitcifbd 
mu TSwl 

Tart condition: Alr-Dy, 
Sample Size: 2" Ill I 1' M) 

Sompb Dot.: 

pm-toot: 
port-tart: 

moor bngth volumo denrity 
la) (mm) lac) (alccl 

64.32 60.83 26.76 2.11 
64.29 60.83 26.76 2.11 

+ I -  12.6 C + I -  2.6 C 
Thonnol Won Inot. Maon 

Temp Stroh CTE CTE Tamp 
(um/m) t m / C )  (PpMIC) l Q ~ r  

e.. ... Ha0t.up 26 2.79 
60 105.97 4.13 6.69 37.6 
76 260.26 6.17 6.08 62.6 
100 429.99 6.79 7.91 87.6 

Cool-down 100 360.17 6.29 6.18 87.6 
76 202.94 7.48 7.88 62.6 
60 16.M 3.78 6.68 42.6 
36 -78.08 **. ... 

M o n  CTE'r om cdculoted o w  26 dogno rangor. 00 thot tlm 
vokn In tho tobk for Um rmoo h mported ot tho end of tho mongo. 
For oxmnpk, tho v d w  for tho range 26 - 60. Io glwn In tho 60 rew. 



thrrmrl Shah VI. Ternmature Pat. 8-q 

Sampb ID: NRB-6-JM.9.6NL-D 
LithobQv: Welded Davfttifkd 
TMU: TSw 1 

0 20 40 60 80 100 120 
Tmp.n(un 

Moan CTE VI. Temperature 

8.00 
7.00 

[ :: 
E ;: I 2.00 

1.00 

0 0  100 200 500 400 500 600 700 mo 900 
T ~ t u n  (C) 

lndmtrnoous CTE VI. Temperature 
10.00 
9.00 
8.00 
7.00 
6.00 
5.00 
4.00 
5.00 
2.00 
t.00 
0.00 

Toot condltbn: Air-Dry 
Sample Size: 2" (I) x 1' fdl 

Sample Data: maor bngth volunw donritv 
U (mm) (cc) talcd 

62.18 60.91 25.80 2.02 
62.16 60.92 26.80 2.02 

Dn- tO#k  

+ I -  12.6 C + I -  2.6 C 
Thermal Mean hot. Wan 

ClE Temp 
tum/m) ( ~ I c )  WMICI (OC) 

Tomp Strain CTE 

... ... Heat-up 25 -4.70 
60 162.87 8.29 7.73 37.6 

6.38 62.6 75 328.42 7.03 ~~ - 
100 626.10 7.87 9.68 87.6 

Cool-down 100 488.72 7.80 7.36 87.6 
76 293.82 6.94 7.84 62.6 

120.38 2.98 6.44 42.6 60 
36 46.76 .. 0 ... 

' Mean ClE'o am calculated owr 26 degme ranger, oo thd tho 
v a b  In tha tabb for ttm range b mported at the and of tho range. 
For oxunph. ttm vrlw for tho rang. 26 - 60, io aiwn In thr 60 row, 



Thermal Stnln VI. Temperature 
1 QoE41 

j803€4M 

'6ooEo( 

4.ooE.04 

ZoOEol 

OQlEIoo 
0 20 do W 100 120 

Tanpomlun 

I 
Mean CTe VI. Tomprrature 

#OO 
8OO 

[ ;: 
E :: 
1 E 

( 0 0  I 

0.00 I I I I I I I I I 
0 0  100 200 500 400 500 do0 700 W.0 WO 

Tm#nlum (C) 

I Instantamour Gn! VI. Temperature 

Data Summary 

Sampb ID: NRO-6-392.18NL-E 
Welded Davktiflsd Uthobgy: 

TMU: TSwl 

h o t  oonditbn: Ak-bv 
Sampb Site: 2' 111 II 1" td1 

Sampb Date: maor length volume denolty 

66.30 60.66 25.77 2.18 pn-toot: 
poet-toot 66.07 60.86 26.77 2.18 

fa) (mml C C l  fa/ccl 

+I- 12.6 C +I -  2.6 C 
Thermal Maon (not. Mean 

Temp Strain C E  CTE Temp 
lum/m) IPpM/c) ~PPMICI too 

e.. ... Heat-up 26 3.27 
60 139.66 6.46 7.63 37.6 
76 330.14 7.62 7.37 62.6 ~- 
100 643.14 8.62 8.86 87.6 

Cool-down 100 470.94 6.64 6.14 87.6 
76 304.89 6.67 6.80 62.6 
bo 166.66 2.76 6.12 42.6 
36 96.76 e.. ... 

' Mean CT"a I(. orkJatd over 26 dagne ranger, w th.1 the 
valur In the tebb tor the range Is reported ot the end of tha range. 
For axampk, tho vahm tor the ran#. 26 bo, lo olwn in tho bo row. 



I I 
I Thermal Straln vs. lrcnperrture I 

0 10 40 8 80 100 1% I 
I lmprrtun I 

Mean CTE VI. Temprrrture 

0.U S U n U M Q  

Sampk ID: 
Llthoboy : 
TMU: 

Te8t tendltbn: Air-Dry 
Sarnpk Sire: 2' (11 I 1" ldl 

S.mple Data: 

pm-test 
poot-tert: 

mor8 bngth w h  denelty 

56.48 50.88 26.78 2.15 
56.10 50.07 25.78 2.14 

(01 (mml C C )  lolccl 

+ I -  12.6 C +I-  2.6 C 
Wan Thermal Meon Inat. 

Temp Strain CTE CTE Temp 
lum/rn) (PpMIC) iPpM/cl (OCI 

Heat-up e.. ... 25 -6.42 
50 167.88 8.98 8.02 37.6 
75 368.89 7.88 7.71 62.6 
100 678.67 8.79 8.27 87.5 

Coal-down 100 441.48 9.21 9.12 87.5 
76 211.24 0.17 9.06 82.6 
60 7.06 3.64 7.48 42.6 
36 -81.47 '" _ I  

... 
Wan CTE'8 am cdcul8ted owr 25 dwme ranger, 00 that tho 

volw In tho tobb lor th. rango Io nported 8t the and of th. rage. 
For ormpk,  tho vlhw for tho rmge 26 - SO, I8 Oiwn In th. SO tow. 
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Mean C T I  VI. lemperaturo 

0000 

f :.: i! so00 4 20.00 

woo 
000 4 I I I t I I 

00 SO0 loo 0 1500 2000 W Q O  3000 

Tmpmum (C) 

Instantaneous C T I  VI. Temperlture 

0.00 1 I I I I I I 

T88t conditkn: 
SHnpk Size: 

NRO-6421 .84NL-A 
Welded D8vltrifbd 
TSwl 

AIR DRY 
2' (It I 1' (d) 

mass bngth vohnna deniity 
tat (mmb (cct talccl 

66.09 60.88 26.78 2.18 
65.66 60.96 26.82 2.15 

+ I -  12.6 C + I -  2.6 C 
Thonnd Wen kst. M a n  

Temp Straln ClE Cl€ Temp 
tumlmt lPpMlCt tmm ea ... * * *  26 4.79 

60 167.34 6.60 8.47 37.6 
76 373.05 8.26 8.17 62.6 
100 602.76 9.16 8.16 87.6 
126 799.21 7.88 10.78 11 2.6 
160 1080.30 11.24 14.44 137.6 
175 1691.68 20.46 26.60 162.6 
200 2482.69 36.64 43.22 187.6 
226 3996.12 60.64 62.11 21 2.6 
260 6406.88 66.39 64.94 237.6 
276 6631.30 49.02 46.80 262.6 
300 7737.01 44.23 40.80 287.6 

Cool-down 300 8178.S8 11.94 10.01 267.6 
276 7877.98 14.30 13.67 262.6 
260 7620.47 16.63 16.99 237.6 
226 7124.71 18.02 16.98 212.6 
200 6674.17 30.33 20.74 187.6 
176 6915.92 37.63 32.94 162.6 
150 4976.21 44.43 37.88 137.6 
126 3864861 22.47 43.80 112.6 
100 3302.82 11.11 12.82 87.6 
76 3024.13 9.64 8.90 62.6 
60 2783.26 10.43 8.92 42.6 
36 2626.77 ' * *  0 . .  
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Thermal Slraln VI. Tempcraturo 

ZooE43 
1 8OE.03 
1-43 
1-43 
1 2oE.03 
1 ooE.03 
8ooE-04 
OoaE-04 
IooE-04 
2ooE-04 
0ooEm 

000 im m 1m 00 too00 moa 
I lqmalure 

I 
I 

Me8n CTE VI. Temperature 

0.0 m.0 40.0 60.0 m.0 100.0 1m.o 140.0 1m.o 1800 

l m p n l u n  (C) 

Inrtmntmrour CTE VS. Trmperaturo 

s8mpb 0: NRO-6-729.2-SNL-C 
Llthobgogy: welded Dsrnfkd 
tMU: TSw2 

Tell  condttbn: 
Sompb Size: 

A l r - D lk d 
2' (1 x 1' (dl 

Sarnvh Data: ma88 b w  VO~WIW donrky 
u (mml (CCJ (alccJ 

68.70 60.90 25.79 2.28 
68.36 60.88 26.78 2.26 

+I- 12.6 C + I .  2.6 C 
Tham\.l Maan hat. MOM 

Temp Strain CTE CfE Temp 
(um/ml I W C I  ~PPM/cI ~"CI 

.e. ... Hl8t-Up 25 0.27 
60 192.43 7.69 7.89 37.6 
75 419.79 8.81 8.93 62.6 
100 639.06 9.06 9.71 87.6 
125 078.80 S.69 9.63 112.5 
160 1133.32 10.18 11.21 137.6 
175 1410.41 1 1 . 0  11.76 162.6 
200 1712.97 12.10 13.68 187.6 

Coot-down 200 1760.83 13.22 12.85 187.6 
176 1430.32 12.14 13.33 162.6 
160 1126.91 11.16 11.00 137.6 
125 847.81 10.07 10.82 11 2.5 
100 696.06 9.64 10.02 87.6 
76 357.68 8.97 9.68 62.6 
60 133.46 8.41) 8.87 42.6 
35 8.31 e.. ..e 

' Mean CTE'r om c8kd8ted over 26 degm r8nge0, W that th. 
v o h  h th8 t8bb for tho rmgr b nportd at thr end Of th. rmwe. 
For exampb, thm v h  for *w t-0 26 - 60, k o h  h th. 60 IOW. 
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Thermal Strain VI. Temper.tw. 

3m-m 
{2sc€43 

::: 
1OoE-m 
sm.04 

aamm 
000 5000 100W 15000 WOW 

l rnpntun  

Mean CTE VI. Temperature 

00  zoo 400 do0 aoo io00 1100 1400 10.0 moo ma 
Tm#ntun (C) 

I 
I Instantane0111 CTE VI. Temperature 

pair summrq 

Sample ID: 
Lithalog y: 
TMU: 

NR0-6-732.6-SNL-B 
Welded Devitrified 
TSw2 

Tort condkkn: AM-DRIED 
Sampb Sire: 2" x 1' ld) 

He.t.up e.. ... 26 0.16 
SO 168.71 7.64 9.60 

100 639.04 9.20 9.93 

160 1143.72 10.17 11.46 
176 1426.60 11.27 10.82 
200 1731.21 12.23 13.90 

Coal-down 200 1776.69 13.61 13.36 
176 1438.93 12.27 11.68 

76 409.08 e.81 em 
125 8e9.67 10.02 10.61 

160 1132.10 11.36 11.34 
126 849.72 10.20 10.84 
100 694.62 9.73 10.30 
76 361.40 8.99 8.73 
SO 126.64 8.85 8.80 
35 -3.18 . * e  ... 

Sample Data: 

Temp 

mass bwth volume denrity 
Id (mml k c )  ' IP1CC) 

68.11 60.85 26.77 2.26 
67.86 60.85 26.77 2.26 

+I- 12.6 C +/- 2.6 C 
Thermal Wan Inat. Moan 
Strain CTE CTE Temp 
lum/m) I ~ C )  l w / c l  f ' ~  

37.6 
62.6 
87.6 

11 2.6 
137.6 
162.6 
187.6 

162.8 
137.6 
11 2.6 
87.6 
82.6 
42.6 

1 ~ 7 . 6  

Mean CTE's are cdcdrtd over 26 d q n a  rmger, so that ths 
value kr tho tabh for th. rmgo h rmportd ot th. and of the rango. 
For rxampb, the v.hw for ttu nnge 28 - 60, io g h n  In th. 60 row. 



I Mean CTE vs. Temperature 1 
14 00 
12 00 
10 00 
800 
600 

400 

200 
ow 

00 200 400 0 0  0 0  lo00 1200 1400 100  100 lbbo 

frnpmtun fct 

Pbtr SUmrrmd 

Sampb ID: NRO-6BOI.O-SNL-C 
Lithology: Welded Devkdfkd 
TMU: TSw2 

Tart condltbn: Ah-Dtbd 
Sampb Size: 2' (1 )  x 1' fd) 

Sompb Data: y I 7:: volt$ d y h y  f Iccl 
pro-tart: 68.63 60.90 26.79 2.27 
port-tart: 68.46 60.90 26.79 2.27 

+ I -  12.6 C + I -  2.6 C 
llwrmel Mean h o t .  &an 

Tamp Strain CTE CTE Temp 
(um/mI (WIG) fW/c I  ~ C I  

e.. 0 . .  HeOt-tkQ 26 0.69 
60 213.87 8.63 8.92 37.6 
76 434.24 8.82 8.07 62.5 
100 664.99 9-23 10.63 87.6 
126 903.68 8.66 8.46 11 2.6 
160 1182.41 10.36 11.40 137.6 
176 1444.63 11.29 10.85 162.6 
200 1766.16 12.42 14.72 187.6 

Cool-down 200 1813.72 13.78 13.98 187.6 
176 1469.28 12.49 12.92 162.6 
160 1167.00 11.30 11.77 137.6 
126 874.63 10.27 11.16 11 2.6 
100 617.94 9.69 10.10 87.6 
76 378.15 8.08 8.81 62.6 
60 161.14 8.63 8.80 42.6 
36 23.12 ..e **. 

Moan ClE'r rn calculated owr 26 degree roger, so that the 
vduo In the tabb for the rango h mp0rt.d at tha and of the range. 
For exampb, Um vafw fot tha range 26 - 60, la Olrnn tn tho 60 row. 
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Thermal Straln VI. Temperature 

1 ma3 
1OOE43 
8ooE.04 
6WOl 
4ooE.04 
2ooE.04 
OmE1(10 

0 20 40 W m 100 120 140 1m 1M 

lrr*mtun 
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Mean CTE VI. Temperature 

1000 
so0 
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100 
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I I I I I I 
I I I I 1 

00 200 400 800 800 1w 0 120 0 1400 

I Instantaneous CTP: VI. Temperature 
10 00 
900 
800 
700 
600 
500 
400  
100 
ZOO 
1 .00 
000 

0 20 40 W m 100 120 140 lse 

pat. 8umruq 

Sample ID: 
Lithobgy: 
TMU: 

Tart conditbn: 
Sample Sire: 

Sample Data: 

pre-tert: 
DOBt-teBt: 

Temp 

26 
60 
76 
100 
126 
160 

Cool-down 160 
125 
100 
76 
60 
36 

NRO-6-811.28NL-C 
Welded Devltdfbd 
t5w2 

mar8 bngth volume denrity 
(a) (m) tcc) lakc) 

69.38 60.88 26.78 2.30 
69.20 50.88 26.78 2.30 

+1-12.6C +1-2.6C 
?henna1 Mean lnrt. &an 
Strain CTE CTE Temp 
tum/m) (PPM/C) IppM/cI ~ C I  

4.16 
174.25 
372.07 
662.44 
803.83 
1032.62 
1073.48 
824.87 
596.89 
379.13 
172.68 
63.05 

..* .** 
8.88 7.31 
7.81 8.61 
8.42 8.26 
6.06 8.63 
8.16 8.83 
9.94 9.78 
8.12 8.66 
8.71 8.74 
8.28 8.44 
7.97 8.37 * * *  ... 

37.5 
62.6 
87.6 

11 2.6 
137.5 
137.5 
11 2.5 
87.5 
62.5 
42.6 

* Mean CTE'B am cakulated over 26 degne ranger, 00 that ttu 
valw In the tobb for tho range h mpofid at thr end of ttu range. 
For exempb, tho vrkn for ttu range 26 - 60. Ir glwn h ttu W row. 
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Thermal Straln vs. lemperatura 

8ooE-04 
6ooE-04 
4m-a 
2ooE-04 I I I I I I I 
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Trnpmum I 
Mom CTE vs. lamperrturc 
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l rnpntun (e) 

I Instantarnous CTE VI. Temperature 
12 00 

10.00 

8.00 

600 

4.00 

100 

0.00 
0 20 40 m W 100 120 140 1Q I (cl 

J I I I I I I I I 

Sampb ID: 
Lithobgv: 
TMU: 

Toot conditbn: 
S m p k  Sir.: 

Sampb Data: 

pro-tart: 
port-tart: 

NRO4626.34Nl-C 
Welded Devlttifkd 
Tsw2 

Ak-drkd 
2’ UI x 1” (dl 

marr bngth votuma denrlty 

67.62 60.86 26.77 2.24 
u Imml I cc I (plccl 

67.44 ~0.83  26.70 2.23 

+/- 12.6 C +I- 2.6 C 
Thbmrrl Mean hot. Wan 

Temp Strain CTE CTE Temp 
Ium/m) IP~MIC) (PpM/c) PCI 

..e 0 . .  26 0.47 
60 195.20 7.79 9.02 
76 416.49 8 . S  9.06 
100 649.60 9.32 9.01 
126 889.73 9.67 8.70 
160 1138.67 9.99 10.63 

Cool-down 160 1176.04 10.96 11.44 
126 902.23 9.93 10.92 
100 Bs4.01 9.63 B.82 

60 191.56 8.70 9.07 
36 61.00 

76 416.83 0.97 10.17 ... ..e 

37.6 
62.6 
87.6 

11 2.6 
137.6 
137.6 
112.6 
87.6 
62.6 
42.6 

* Maan CWr m cllculatod over 26 degm rangas, m that tho 
valw k, tho tJk for tho range Ir nportd at the ond of tho range. 
For exampb. ttm vrhrr for tha range 26 - 60. I# Olven In tha 60 row. 
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Thermal Strrln VI. Temperature 

000 100 00 20000 30000 40000 
T.cnpH.lun I 

Mean Cllt  VI. Temperature 

jom 
2000 

000 
00  SO0 im o 150 0 2000 ;MOO 3001 

T*npntun (C) 

Heat up 

Sample 10: 
Lkhoogy: 
TMU: 

Tart condkbn: 
Sample Sire: 

Sample 0atr: 

Initial: 
Fin.(: 

NR~-7-18.6-SNL-A 
welded lh3vitriM 
TCW 

AIR DRIED 
2' 11) x 1' (d) 

mare length voluma density 

59.64 60.88 26.78 2.31 
69.69 6O.W 26.79 2.31 

(9) (mm) (cc) Wee) 

+I- 12.6 C +I- 2.6 C 
Thermal Mean lnst. Mean 

Temp Straln CTE CTE Temp 
(um/m) t m / c )  tm/c)  C"C) 

.Ob ...* 1 25 1.74 
50 
75 
100 
126 
160 
175 
200 
225 
250 
275 

189.99 
403.74 
636.02 
890.65 
1182.15 
1626.96 
191 9.1 2 
2384.79 
2934.96 
3679.07 

7.63 9.10 
8.66 8.00 
9.29 9.71 
10.18 10.49 
11.66 12.60 
13.79 14.29 
16.89 17.41 
18.63 19.90 
22.01 23.79 
29.76 39.31 

300 6071.66 66.70 81.37 
Cooldown 300 6693.20 22.69 17.62 

276 
250 
225 
200 
176 
160 
125 
100 
76 
60 
35 

026.93 
6163.61 
4051.66 
31 29.17 
2411.13 
1916.36 
1616.83 
11 73.88 
879.79 
616.82 
467.W 

34.60 29.74 
44.47 40.03 
36.90 44.63 
28.72 34.22 
19.79 22.64 
16.02 17.42 
13.68 14.98 
11.76 11.87 
10.52 10.89 
6.99 9.96 ... ... 

37.5 
62.5 
87.6 

11 2.6 
137.6 
162.6 
167.6 
212.6 
237.6 
262.6 
287.6 
287.6 
262.6 
237.6 
212.6 
187.6 
162.6 
137.6 
11 2.6. 
87.6 
62.6 
42.6 

Mean CTE'a are calculated o w  26 dog- rmgrr, 00 that the 
vmlue In tlm trbk for the r.nga h mpoctd rt thr d of th. range. 
For oxample, the valw for tho range 26 - 60, h g h  h the 60 row. 



Thermal Straln VI. Temparature 

400€43 
3OoE.03 1 ;{: 

0 00 
1mp.mIun 

I I 

Wan CtE vs. Temperatura 

0 
Tanpnlun(C) 

I 

Insbntrmour CTC va  Temperature 

3500 
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8 0 0  
1000 
15 00 
10 00 
500 
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0 m 100 1 0  200 250 300 

Tmpncun (C) J 

Data S u m ~ q  

Sample 10. NRO-7-27.3dNL-A 
Lithology: Welded Devltrlfbd 
TMtJ: TCw 

AIR DRIED 
2" Ill x 1' (d) 

Tort condition: 
Sample Sit.: 

ma88 I bwth I volume I denrity S8mpb D8t8: 

lnklak 
Final: 

U (mm) (cc) Qlcc) 
60.23 S0.m 26.74 2.34 
80.18 60.80 26.74 2.34 

+I-  12.6 C +I- 2.6 C 
fhennal Morn inst. k a n  

Temp Strain CTE CTE Temp 
tumlm) (PpMIC) (PpMIC) Pc) 

Hart up 26 
60 
76 
100 
126 
160 
176 
200 
226 
260 
276 
300 

Cooldown 300 
276 
260 
226 
200 
176 
1 60 
126 
100 
7s 
60 
36 

- 

0.46 
188.69 
406.29 
639.26 
803.26 
1214.47 
1890.97 
2027.06 
2528.80 
3061.84 
3692.36 
4621.27 
SW7.62 
4604.72 
3866.22 
3202.63 
2681 3 7  
2020.27 
1668.06 
1177.24 
859.29 
683.66 
339.32 
203.67 

... ... 
7.63 8.38 
8.66 8.34 
9.36 9.96 
10.66 11.31 
12.46 13.94 
16.06 15.62 
17.44 18.40 
20.07 21.11 
21.32 21.96 
26.22 27.73 
33.16 34.78 
20.11 16.67 
26.64 23.24 
26.66 28.46 
24.82 26.62 
22.47 24.30 
18.40 19.92 
16.23 16.38 
12.72 13.36 
11.03 11.64 
s.77 0.85 
6.43 8.97 
..e ... 

37.6 
62.6 
87.6 

11 2.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
262.6 
287.6 
287.6 
262.6 
237.6 
21 2.6 
187.6 
162.6 
137.6 
11 2.6 
87.6 
62.6 
42.6 

Mean CTE'r calculatrd over 26 dagrem ranger, oo that tho 
vrlw in tho tabb for tho rmgr la npomd at tho end of th. f8ge. 
For armpb, the v8hm for tho rrge 26 - SO, ir given In th. SO row. 



I Thermal Strain vs. Temperrture 

4ooE.03 

000 10000 Zoo00 

I l m p n t u m  

Mean CTC VI. Temperature 

6000, I I I I I 

pet. sumrwq 

Swnpb 10: NRO-7-66.8BNL-A 
Litholagv: Welded Devlttifbd 
TMU: TCW 

Tort condition: AIR DRIED 
Sampb Size: 2' (I) x 1' Id) 

initial: 
Final: 

meor length vohnne denritv 
(0) Iltlm) Iccl talcct 

63.28 50.88 26.78 2.07 

Sampb Da8: I 

26.78 2.06 I 63.21 I 60.88 I 

Temp 

Hsli up 26 
60 
76 
100 
126 
160 
176 
200 
226 
260 
276 
300 

Cooldown 300 
276 
260 
226 
200 
176 
160 
126 
100 
76 
60 
36 

+ I -  12.6 C +I- 2.6 C 
Thermal Man Inst. 
Strain C E  Cl€ 
Iumlmt I W C )  IPPMIC) ... ... 0.36 
174.38 6.98 7.71 
368.30 7.78 6.64 
664.40 7.84 7.98 
784.68 8.81 9.64 
1041.62 10.28 11.37 
1337.07 11.82 12.38 
1669.78 13.31 14.67 
2068.63 16.96 17.87 
2666.98 19.60 21.92 
3667.63 40.47 62.82 
4831.03 60.64 37.48 
6267.43 17.46 13.40 
4831.12 34.13 22.24 
3977.78 46.62 61.73 
2837.40 24.18 29.31 
2232.79 19.06 22.06 
1766.46 16.14 16.93 
1377.86 12.S 14.10 
1066.66 11.40 12.16 
771.68 10.11 10 .0  
618.87 9.00 9.13 
291.80 6.16 8.39 
163.11 .** ... 

37.6 
82.6 
87.6 

112.6 
137.6 
182.6 
187.6 
212.6 
237.6 
262.6 
287.6 
287.6 
262.6 
237.6 
212.6 
187.1 
182.6 
137.6 
112.6 
87.6 
62.6 
42.6 

Moan CTE's arm oekulrtod owr 26 d.gm ray).., oo that tho 
valw tn tha tobk for tlu r a g .  Io reported rt tho ond ot tha renge. 
For ~xrmp(r, tho vrhw tot tha r-0 26 - 50, h 01- h tho 60 IOW. 
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Thermal Straln VI. Temperature 

1 2=.03:. I j;:::- ----A 

-2QIE.03 * 
000 10000 10000 sa000 4ooa 

T*np.ntun 

Mean CTE vs. Tempwature 

0 0  S0.0 1000 150 0 2000 m0 JOOO 
T m p ~ a u n  (C) 

I Inr(mtrmaus CTC VI. Temperature I 
1200 
10 00 
100 
OW 
400  
200 
000 
-2 00 

E 

0 50 (00 150 100 m 300 

T w u m  (Cl I I 

NRO-741.6-SNL-A Sample IO: 
-hlogy: NonweYad ViMc 
TMU: PTn 

Teat condkbn: AIR DRKD 
Sample She: 2' I I 1' Id1 

Sample Data: In808 I bngth I Mhma I dOn8ky 

Inkirk 
Find: 

(0) (mml (cc) IPlCCI 
34.29 60.70 26.69 1.33 
34.16 60.67 26.67 1.33 

He8t Up 25 
60 
75 
100 
126 
150 
176 
200 
226 
260 
276 
300 

Cooldown 300 
276 
260 
226 
200 
176 
160 
125 
100 
76 
60 
35 

6.16 
107.19 
204.04 
302.33 
388.82 
635.36 
684.03 
831 .81 
977.23 
1118.72 
1227.26 
1270.02 
850.74 
61 6.23 
432.26 
269.26 
111.21 
-46.27 
-201.44 
-347.20 
-488.77 
-627.91 
-746.64 
-806.42 

... ... 
4.00 4.66 
3.87 4.01 
3.93 4.46 
3.46 6.31 
6.86 6.88 
6.96 6.64 
6.81 6.58 
6.62 6.60 
6.66 4.64 
4.34 3.29 
1.71 -0.49 
9.38 11.30 
7.36 7.66 
6.62 7.09 
6.32 6.86 
6.26 6.04 
6.26 4.85 
6.83 6.74 
6.66 6.80 
6.67 6.36 
4.84 4.84 
2.30 4.26 * * *  * * *  

37.6 
62.6 
87.6 

112.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
262.6 
287.6 
287.6 
262.6 
237.6 
212.6 
187.6 
162.6 
137.6 
11 2.6 
87.6 
62.6 
42.6 



Th.rmrl Slfrln VI. Temperature 1 
2.ooE-05 1 l.So€rn] I 

1 
1nstmt.nrout CTE VI. Temperature 

1000 
800 
600 
400 
200 
000 
a00 

0 100 150 200 250 500 
Tawiotum (e) 

pat8 8UmrUQ 

Sampb ID: NRO-7-104.14Nl-A 
Lithology: NonwaYad Vittia 
TMW PTn 

Tart condition: AIR DRIED 
2' (I) x 1' (d) S m p b  Size: 

Sampb Data: mara bngth volunw denrity 

Initl.l: 
(0)  (mm) (cc) t0lce) 

23.91 60.83 26.76 0.93 

+I- 12.6 C +I- 2.5 C 
Thermal Mean Inat. 

(umlm) (PPMIC) (PPMIC) 
Temp Strain C E  CTE 

Heat up 26 
60 
75 
100 
126 
1 60 
175 
200 
226 
260 
275 

0.01 
98.71 
165.17 
164.90 
-1 5 6  
137.76 
269.1 1 
393.26 
648.34 
71 2.48 
864.16 

... 0 . .  

3.95 4.46 
2.66 1.66 
-0.01 -1.19 
-6.66 6.31 
6.67 6.49 
4.86 4.49 
6.37 6.22 
6.20 6.39 
6.67 6.82 
6.07 6.67 

300 970.69 4.26 1.79 
Caoldown 300 766.16 8.31 8.24 

276 
260 
225 
200 
175 
160 
126 
100 
76 
60 
35 

~ e . 4 1  
364.27 
186.76 
13.91 

-149.35 
-304.79 
-442.61 
-674.62 
-690.32 
-784.61 
-81 1.2e 

7.37 8.30 
7.10 8.16 
6.91 6.31 
6.63 6.66 
6.22 6.37 
5.62 6.19 
6.27 6.10 
4.63 6.01 
3.77 3.69 
1.07 2.07 
*.e ... 

25.73 I 0.92 

Wan 
T m P  
tC1 

37.6 
62.6 
87.6 

112.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
262.6 
287.6 
267.6 
262.6 
237.6 
212.6 
187.6 
162.6 
137.6 
112.6 
87.6 
62.6 
42.6 

Wan C"r era calculetod owr 26 d q m  rangor, oo thet th, 
vehm In the tebk tor th, r q a  10 npoctod et th, ond of tha rmgo. 
For ax.mpl., th. value for th. r m g .  26 - So, h g h m  A tha 60 mw. 



Thermal Straln VI. Temperature 

Mean CTE m Temperature 

1200 

E l:: g e00 

I 200 

400 

000 
00 500 1000 150 0 1000 2500 3ooP 

T m p n t u n ( C )  

Heat up 

Sempb D: 
m h Y :  
TMU 

NRO-7-113.1.ONL-A 
Nonwelded Vitda 
PTn 

laat condition: AIR DRIED 
Sampb Size: 2' (I) x 1" (d) 

S8mpb Data: 

Initirl: 
Fin&. 

mass length volume density 
10, (mml ICC) Ckct 

32.90 50.76 25.72 1.28 
32.73 I 60.72 I 25.70 I 1.27 

26 
60 
76 
100 
126 
160 
1 76 
200 
226 
260 
276 
300 

Cooldown 300 
276 
260 
226 
200 
176 
160 
126 
100 
76 
60 
36 

Th0nn.l 
S t t h  
tumlml 

7.86 
110.81 
229.31 
361.42 
497.19 
649.91 
809.40 
966.39 
1 120.07 
1266.32 
1376.67 

+ I -  12.6 C +I- 2.6 C 
Mban 
CTE 

(PPMIC) 

e.. 

4.12 
4.74 
6.28 
6.43 
6.1 1 
6.38 
6.28 
6.16 
6.86 
4.41 

hat. 
CTE 

(PPM/C) ... 
4.98 
4.62 
6.77 
6.03 
6.72 
6.52 
6.34 
6.79 
6.08 
3.42 

1424.1 8 
S74.68 
701.88 
600.21 
329.96 
167.11 
7.49 

-164.38 
-304.36 
-461.84 
-60.76 
-719.41 
-7D1.66 

1.90 0.68 
10.92 11.21 
8.06 
6.81 
6.61 
8.39 
6.47 
6.00 

6.48 
6.23 
2.89 

6.90 

.e. 

8.71 
7.76 
7.08 
6.86 
6.36 
6.66 
6.39 
6.63 
6.10 
4.70 
*.a 

Mean 
Temp 
ec, 

37.6 
62.6 
87.6 

11 2.6 
137.6 
182.6 
187.6 
212.6 
237.6 
262.6 
287.6 
287.6 
262.6 
237.6 
21 2.6 
187.6 
162.6 
137.6 
112.6 
87.6 
82.6 
42.6 

Morn C W a  cakul8t.d o w  26 dwgm rmgor, .o that the 
V8hm h tho trbb for thr rongo h npoftod at th8 ond of the r-0. 
For ex.mgk. thr V ~ U O  forth. range 25 - 60. h g l ~ m  k th. 60 row. 
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Thermal Strain VI, Temperature 

-2 ODE43 
-3oQ-03 
-4oQ43 
-5 oQ-03 

0 

Tmpntum 

Mean CTE VS. Temperature I 

00 500 100 0 1500 2000 ?so0 so00 
t m p m u r o  (C) 

Instantamour CTE VI, Temperature 

2OW 
10 w 
ow 

E 
f Y  

-50 00 
0 50 100 150 200 250 500 

Tlcnpncum (C) 

pat. sumnn2 

NR(II-7-1SI .I-SNL-A S m p b  1D: 
Lkhobgy: Nonwakled Vkdc 
TMU: PTn 

Test conditbn: AIR DRIED 
Sampb Size: 

Sampb Datm: 

2' (I) x 1" ldl 

mas. I bnath I M I U ~  

Initial: 
Final: 

Temp 

HII t  Up 26 
60 
76 
100 
126 
150 
176 
200 
226 
250 
276 
300 

Cooldown 300 
276 
260 
2 26 
200 
176 
160 
126 
100 
76 
SO 
35 

to) I I mm) (cc) 
27.84 I 61.00 I 26.84 
27.01 I 60.80 I 

+I- 12.6 C + I -  2.6 C 
lhemal Mean Inst. 
Strain CTE CTE 
lum/m) IPPMIC) tPPMICl ... 0 . .  0.M 
100.36 3.88 2.82 
171.83 2.86 2.85 
236.23 2.68 3.28 
138.02 -3.93 6.31 
296.81 6.36 6.62 
420.70 4.86 3.14 
417.61 -0.13 -4.77 
164.26 -9.33 -16.06 
-281.91 -18.66 -23.48 
-918.16 -26.45 -26.61 

-1469.66 
-2628.27 
-2783.30 
-2076.64 
-3142.83 
-3299.86 
-3466.10 
-3606.26 
-3748.46 
-3885.87 
-401 3.70 
-41 29.16 
-4181.67 

- -22.06 -23.80 
10.20 10.06 
7.69 7.84 
6.68 7.26 
6.28 6.26 
6.21 6.20 
6.04 6.28 
6.69 6.90 
6.60 4.67 
6.12 6.26 
4.61 4.66 
2.10 3.06 
0 . .  ... 

25.74 

densitv 
IP/CCi 
1.08 
1 .os 

Mean 
Temp 
I0O 

37.6 
62.6 
87.6 

112.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
262.6 
287.6 
287.6 
262.6 
237.6 
212.6 
187.6 
162.6 
137.6 
112.6 
87.6 
82.6 
42.6 

MOM ClE'r m cekuleted over 26 degm ranger, m that tha 
Vdue In the tabh for the rmge h npotted rt the ond of the rmge. 
For oxampk, the vrhw for the rmge 26 - SO, lr & e n  In the lio row. 
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P 
Y 
k 
0 

Themul Striln VI. Temperrturr 

-1 0E-m 
-2 0E-m 

0 00 

0 

Ijl 

DItrlwmwrr 
Sunpk 10: RRO-7-2#3.3-6WL-A 
Lithobov: Nonmldod VItrlC 
TMU: PTn 

Tolt condkbn: 
Simpk S&o: 

AIR DRLD 
2' A I 1' (d) 

26.74 I 1.38 

Hart up 26 
60 
76 
100 
12s 
150 
176 
200 
226 
250 
276 
300 

Coddown 300 
276 
260 
22s 
200 
1 76 
160 
126 
100 
76 
so 
35 

- 

3.69 
130.99 
280.62 
446.26 
487.71 
683.19 
889.61 
1056.19 
1121.44 
1032.64 
783.99 
276.66 

-1003.06 
-1353.89 
-1688.93 
-1784.41 
*1980.36 
-21 98.66 
-2422.a 
-2624.12 
-2806.63 
-2971.60 
-31 20.70 
-3201.43 

0 . 0  0 . .  

6.08 6.42 
6.98 "1:23- 
6-83 6.49 
1.68 6.78 

8.28 7.81 
6.62 4.71 
2.66 4.76 

7-82 8.31 

-3.66 -6.74 
-10.76 
.W.M 
14.00 
9.32 
7.90 
7.81 
8.66 
m.04 
8.09 
7.24 
6.64 
6.87 
3.23 
0,. 

-13.66 
-26.1 1 
17.41 
1 1.02 
7.91 
7.64 
7.39 
9.08 
8. 23 
6.12 
6.81 
6.99 
1.48 

- 

..e 

37.6 
62.6 
87.6 

112.6 
137.6 
182.6 
187.6 
21 2.6 
237.6 
282.6 
287.6 
287.6 
262.6 
237.6 
21 2.1 
187.6 
162.6 
137.11 
112.6 
87.6 
62,' 
42.6 

Mom CTr'o M colculotod o m  26 dogm rmgoo. WJ hat tho 
v o h ~ ~ h t h o  tobh for tho m o  ir m a d  o t h m d  of tho rmgo. 
Foroxmnpk, th. vJU forth rmgr 25 - SO, k gluon h tho SO mw. 



Thermal Strrln VI. Temperature 

3w43 

OW 10000 10000 

Tampmmtum 

Mean CTE VI. Tmrp.rature 

4 

0.0 500 100 0 1500 2000 2500 3Wc 

Tampmmtum (C) 

E 

f8 
Inatantanrws CTC VI. Temperature 

3000 

2800 

1000 

1s 00 
10 00 

600 

000 I I I I I I I 
0 50 100 180 100 250 50(1 

7-m ICl 

Sempb Ib: 
Lithokgy: 
TMU: 

Test condition: 
Sempk Site: 

Sempk Date: 

Initial: 
Finel: 

NAO-7-329.2-SM.-A 
Welded Devitrillad 
TSwl 

AIR DRIED 
2" (I) x 1' Id) 

mas8 bnoth volumo density 
191 lmml (cc) Iglccl 

69.17 60.88 26.78 2.30 
69.17 60.88 25.78 2.28 

+ I -  (2.6 C +I- 2.6 C 
Th.nnel Mean Inst. Mean 

Temp Straln CTE CIE Temp 
tum/m) Im/c) IPPWCI Cot) 

Heat up ... .e. 26 4.26 
50 162.84 6.34 7.65 
76 349.71 7.48 7.54 
100 650.62 8.03 7.88 
126 768.32 8.71 8.51 
160 1029.09 10.43 11.56 
176 1341.73 12.61 12.89 
200 1676.23 13.38 13.64 
226 2060.38 16.37 16.07 
250 2564.82 20.18 22.45 
276 3166.70 23.63 26.43 
300 3821.04 26.81 27.97 

Cooldown 300 4216.45 16.78 12.65 
276 3821.83 18.16 16.30 

226 2874.64 19.78 20.37 
200 2380.17 18.69 18.16 
176 1815.62 16.76 18.26 
160 1498.49 14.75 16.28 
126 1127.80 12.06 14.61 
100 826.67 9.32 8.61 
76 583.62 8.58 8.90 
60 384.78 4.m 7.18 
36 268.87 * e *  .e. 

250 3367.72 18.72 i8 .m 

37.6 
62.6 
87.5 

11 2.6 
137.6 
162.6 
167.6 
21 2.6 
237.5 
262.6 
287.5 
267.6 
262.6 
237.6 
21 2.6 
187.6 
162.6 
137.6 
1121 
87.6 
62.6 
42.6 

Maw CTE'a om c.lculated owr 25 doom r q r s ,  so that thm 
value In the tobk forth. rmga h raportad at the end of the range. 
For oxamgk. tho vdur for thm rmgo 26 - SO. k ghmn In the M) mw. 



I 
Thmnal Sltrln VI. Temperature 1 z: 

5006.03 
4006.03 
3006.03 
2wE.03 
1 006.03 

0wE- 
000 10000 loo00 30000 

Tmp.ntun 

i 
Mean CTE VI. Temperature 

2000 
1600 
1600 
#a, 
1200 
1000 
800 
600 
400 
200 
000 I I I I I I 

00 50.0 100 0 1500 2000 2500 ma 

Sampb ID: 
Lithokgv: 
TMU: 

Tort condkbn: 
Sampb Size: 

Sample Data: 

Initla): 
Final: 

NAO-7469.1 -OW-A 
Welded Devitrlfkd 
TSwl 

AIR DRIED 
2' (1) x 1" (dl 

mars bngth volume denrity 
Id Imm) (cc) falccl 

63.02 60.90 26.79 2.06 
62.99 I 60.90 I 26.79 I 2.06 

+I- 12.6 C +I- 2.6 C 
Thermal Mom Inrt. 

Tomp Strdn ClE ClE 
Iumlm) IPPMICI (PPMIC) 

Heat up 26 
60 
75 
100 
126 
1 60 
176 
200 
226 
260 
276 
300 

Cooldown 300 
276 
260 
226 
200 
176 
160 
126 
100 
76 
6 0 .  
36 

e.. 1.46 
142.06 6.62 
296.90 6.27 
467.81 6.76 
646.66 7.11 
862.09 8.26 
1106.92 10.19 
1434.02 13.08 
1830.76 16.87 
2264.91 18.17 
2761.02 19.04 
3236.27 18.97 
3468.38 13.08 

0 . .  

6.20 
6.43 
6.44 
7.20 
8.60 
12.39 
14.73 
16.88 
18.13 
19.10 
19.33 
12.16 
- 

3139.43 
2791.20 
2418.20 
2037.84 
1666.31 
1263.62 
924.74 
673.41 
470.67 
290.66 
191.36 

13.93 13.60 
14.92 16.36 
16.21 14.82 
16.30 16.67 
16.67 14.76 
13.66 16.62 
10.06 12.19 
8.11 6.36 
7.20 7.39 
3.97 6.64 ... 0 . .  

37.6 
62.6 
87.6 

11 2.6 
137.6 
162.6 
187.6 
212.6 
237.6 
262.6 
287.6 
267.6 
262.6 
237.6 
212.6 
187.6 
162.6 
137.5 
11 2.6 
87.6 
62.6 
42.6 

k a n  ClE'r M caku1.t.d owr 26 d e g m  rmgoa, 80 thot th. 
v r k r  In th. trbh for tha rango h npotted at th. ond of the rango. 
For oxmph, th. vrhw tor tho r ~ g e  25 - 50, Is a i m  In thr 60 row. 



+ 
+ 

i‘ 
Y 

d 

t 

If c 
8 
8 

8 
0 

P 
c’ 

i 

ii 

E 
e 
L “i 
c 

0 

sii 

1 

E-123 



I Maan CTE VI. Temperature 

Smpb ID: NRO-7-37&@-SNl-A 
Lithoto@y: Welded Wvitllfbd 
TMU: TSW 1 

Tert conditbn: AIR DRIED 
Sample She: 

Sample Data: 

2" (I) x 1' (dt 

Final: 64.67 I 60.85 I 

Heat up 26 
60 
76 
100 
126 
160 
176 
200 
226 
260 
276 
300 

boldown 300 
276 
260 
226 
200 
176 
160 
126 
100 
76 
60 
36 

+I- 12.6 C 
Theflll81 h8ll 
Strain CTE 
lumlm) lPPMlCl ... 1.29 
143.62 6.69 
307.02 6.64 
481.75 8.99 
670.64 7.66 
885.26 8.69 
1161.87 11.18 
1637.82 14.91 
2032.62 19.80 
2771.37 29.65 
3720.87 37.97 
4672.32 38.07 
6373.10 16.20 
4993.07 16.04 
4672.15 18.81 
4101.97 20.77 
3682.64 23.11 
SO4.96 24.60 
2302.63 26.01 
1767.20 17.87 
1320.52 10.31 
1062.81 (1.78 
843.31 4.60 
728.34 

+I- 2.6 C 
Inat. 
CTE 

lPPMlCl 

e.. 

6.69 
6.88 
7.29 
8.73 
9.04 
13.86 
18.12 
23.81 
36.76 
40.18 
36.77 
13.01 
16.10 
17.69 
19.32 
21.71 
23.16 
24.82 
24.13 
11.64 
8.71 
7.61 ... 

26.77 I 2.12 

Moan 
Temp 
CCI 

37.6 
62.6 
87.6 

112.6 
137.5 
162.6 
187.6 
21 2.6 
237.6 
262.6 
287.6 
287.6 
262.6 
237.6 
21 2.8 
187.6 
162.6 
137.6 
112.6 
87.6 
62.6 
42.6 



Thermal Stnln VI. Temperature 
1 OoE-02 

8OoE-03 

8OoE-03 

4OoE-03 

2OoE-03 

OooEcoO 
0 

Tw-tum 

Mean CTE VI. Temperature 

0 50 1w 150 zoo Mo 
T-.tum (C J 

Sample 10: NRa-7496.3-8NL-A 
Lithology: welded bvitrified 
TMU: TSwl 

Test condklon: Am ORE0 
Sample Sire: 2' (I) x 1" Id) 

Sample Data: mas8 bwth volumo denrity 
fa1 (mml (eel (alee) 

Initial: 64.64 60.85 26.77 2.13 
Final: 64.40 60.90 26.79 2.11 

Temp 

+I- 12.1 C +I* 2.6 C 
Thorrnll Mean Inst. Mean 
strain CTE ClE Temp 

fumlmi fppM/ci (pPM/ci r"c1 ... ... 2.78 
196.01 7.81 9.16 
427.28 9.17 9.08 
672.36 9.00 10.03 
941.62 10.77 11.97 
1266.34 12.69 14.33 
1816.29 22.36 31.92 
2803.30 39.62 46.00 
4072.84 80.78 48.82 
6216.67 46.75 42.02 
6329.84 44.53 46.78 

Heat up 26 
60 
76 
100 
126 
1 60 
176 
200 
226 
260 
276 -._ - 
300 7467.16 46.08 41.20 287.5 

Cooldown 300 8061.04 17.84 14.81 287.6 
276 7635.02 22.44 20.31 262.6 
260 7074.05 26.86 26.67 237.5 
226 6427.67 28.00 28.34 212.6 
200 6727.61 36.11 30.98 167.6 
176 4774.78 43.14 44.13 162.6 
150 3696.32 41.68 10.93 137.6 
126 2866.76 27.28 41.69 11 2.6 
100 1974.84 16.72 17.33 87.6 
76 1681:76 12.40 13.91 62.6 
SO 1266.84 6.76 11.11 42.6 
36 1087.83 * * *  ... 

Mom ClE'e m orlcdatod over 26 d-mo rmge~, oo that tho 
valur fn tfm t.bk for tho rrnoe Is nportrd rt tho snd of tha range, 
For exmnpk, tho v.kw tor tho r w e  26 - SO, h givrn In tho SO row. 

37.6 
62.6 
87.6 

11 2.6 
137.6 
162.6 
167.6 
212.6 
237.6 
262.6 



Thermal Strrln VI. Temperature 

Mean CTE VI. Temperature 

Sampb 10: NAQ-7-6~.9SNL-A 
LlthObg~: welded D.vkrifkd 
TMV: TSwl 

Ted condkbm AIR DRED 
Sampb Sire: 

Sammle Data: mrSB I bmth I volume I denrkv 

2" 11) x 1' Id) 

- 
(PI fmm) IC01 fakc) 

46.56 60.86 25.77 1.77 
46.35 60.00 26.70 1.76 

+ I -  12.6 C +I-  2.6 C 
lltennrl Mean Inrt. &Wl 

Temp L)tlrtIl CTE CTE Temp 
(um/m) IPPMIC) tppM/c) foe) 

Hart Up 25 
60 
76 
100 
125 
150 
176 
200 
225 
250 
276 
300 

Cooldown 300 
275 
250 
226 
200 
176 
1 60 
126 
100 
76 
60 
3s 

-3.16 
180.08 
403.91 
631.20 
881.78 
1160.00 
1608.16 
2365.38 
3634.70 
4619.38 
6822.87 

7216.77 
6617.86 
6900.72 
6120.13 
3040.66 
3070.30 
2499.73 
2120.26 
1832.79 
1671.28 
1420.61 

... 0 . .  

7.73 7.81 
8.66 8.41 
0.00 10.07 
10.02 10.36 
11.17 12.73 
17.80 26.83 
20.80 36.88 
47.18 40.03 
43.36 40.17 
40.13 43.84 
47.47 63.30 
18.25 16.11 
23.B6 10.80 
28.60 26.69 
31.22 26.68 
47.16 37.79 
34.81 46.47 
22.82 28.09 
14.82 17.36 
11.116 12.60 
10.18 10.86 
6.03 8.71 
0 . .  - 0 .  

37.6 
62.6 
87.6 

11 2.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
262.6 
287.6 
287.6 
282.6 
237.6 
21 2.6 
187.6 
162.6 
137.5 
11 2.6 
87.6 
82.6 
42.6 
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Thermal Strain vs. Temperature 
t.oac.cl3 

1 :"" 
4.oQE43 
3-43 
2ooE-03 
la43 

OWE- 
000 10000 100.00 30000 

T*np.n(- 

I 
Mean Clt VI. Temperature I 

5500 

[ ,": 
2000 
1600 1 1000 
600 
O W J  1 I I I I I 

00 500 100 0 1500 2QOO 2600 3000 
T r n p n t w  (el 

I inst8ntacour Cm VI. Temperature 
4000 
3600 
3000 
3 0 0  

I 

y 
tow 
100 
000 

0 50 100 150 100 260 
T--(ct 

Heat up 

CQOI down 

Oat. Summary 

Sample ID: 
Lithokgy: Welded Devitrlfkd 
TMU: TSwl 

Tort condition: AIR DRIED 
S m p b  Size: 

Sample Data: maim I length 

NR0*7-W.l-(INL-A 

2' Ill x 1' (dl 

tal Imml ...... 
Initial: 
Flnrl: 

+I-  12.6 C +I-  2.6 C 
Themat Mean lnrt. 

Temp Strain 
hmlrnl 

26 4.O) 
60 192.46 
76 403.67 
100 627.79 
126 870.64 
160 1146.07 
176 1633.36 
200 2268.08 
226 3216.28 
260 4135.96 
216 4966.34 
300 6641.69 
300 6432.73 
276 6961.62 
250 6400.62 
226 4642.14 
200 4179.01 
176 3323.32 
160 2676.44 
126 1976.67 
100 1681.62 
76 1292.97 
SO 1044.03 
35 901.74 

ClE 
(PPMICl 

e b b  

7.70 
8.44 

. 8.97 
9.71 
11.02 
16.49 
29.41 
37.87 
36.83 
33.21 
36.02 
19.26 
21.72 
22.68 
26.62 
34.23 
29.91 
23.95 
16.80 
11.66 
9.96 
6.67 
e.. 

CTE 
IPPMICI 

..e 

8.74 
8.72 
9.76 
9.44 
11.62 
20.34 
34.63 
36.73 
34.98 
32.01 
38.38 
16.80 

21 .66 
23.4s 
32.32 
33.00 
28.07 
19.71 
12.01 
10.32 
9.03 

2o.w 

e.. 

d;;tv 

26.72 1.91 
26.74 I 1.90 

Maan 
Temp 
ecl 

37.6 
62.6 
87.6 

112.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
262.6 
287.6 
281.6 
262.6 
237.6 
21 2.6 
187.6 
162.6 
137.6 
112.6 
87.6 
62.6 
42.6 

Mom CTE'r om calculatd owr 26 d q n o  r.ngor, w that tho 
v.kw In the trbk for tho rango k nportod at tho ond of tho rango. 
For oxrmpk, th. vohm tor tho rango 26 - 60, h given in ttm 60 row. 



Therm4 Strain VI. Temperature 

f i! 
soaE-03 
4-a3 
3-43 
2w03 
looE-03 
00OEIoo 

000 100 00 20000 4 W W  
Tmpn(un 

i 
Mean Ctc  VI. Tempermure 

moo 
7000 

f :: 
4000 

E 
10 00 
000 

00  500 100 0 1s 0 2000 2500 ma 
T r n p n r v n  (C) 

I 

Inr(.ntmrous CTE w. Temperrtun 1 
8000 
moo 

- 5000 
2000 
10 00 
000 

0 100 150 200 250 3#1 
T- (c) 

If Iii 

eat. 6umnuq 

Sampb ID: NRO-7-626.7-6NL-A 
Lltholog~: Welded Devkrifbd 
TMU: TSwl 

Tea condition: 
Sompb Sire: 

Sample Data: mote I kwth I volume I denrltv 

AIR DRIED 
2" (I) x 1" (d) 

to) (mm) (cc) w c c i  
initirl: 62.73 60.85 25.77 2.05 
Finol: 62.70 60.88 26.78 2.04 

+ I -  12.6 C + I -  2.6 C 
hrmd Moan Inat. Mean 

CTE Temp Temp Strdn CTE 
(um/m) I ~ I M  (PPM/C) (OCI 

Hoot up 26 
60 
75 
100 
126 
1 60 
176 
200 
226 
260 
276 
300 

Cooidown 300 
276 
250 
226 
200 
176 
1 60 
126 
100 
76 
60 
36 

2.40 
188.61 
387.88 
618.46 
(K7.10 
1 123.00 
1428.48 
1064.26 
2572.31 
3448.97 
6302.48 
6790.63 
7173.11 
6637.66 
8421.87 
3931 3 7  
2918.40 
2104.67 
1666.12 
1307.62 
996.64 
720.38 

' 461.23 
31 2.86 

... 
7.30 
8.45 
8.82 
9.66 
10.64 
12.22 
17.43 
28.32 
35.07 
74.14 
68.63 
26.42 
U.63 
69.62 
40.62 
32.66 
17.94 
13.94 
12.48 
11.01 
1037 
6.94 
. e *  

... 
8.32 
7.78 
9.46 
10.26 
11.11 
12.11 
23.74 
29.08 
60.46 
84.01 
40.48 
18.42 
28.86 
68.92 
60.67 
34.73 
23.64 
16.38 
13.63 
11.23 
10.36 
9.37 
e.. 

37.6 
82.6 
87.6 

112.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
262.6 
287.6 
287.6 
262.6 
237.8 
212.6 
187.6 
162.6 
137.6 
11 2.6 
87.6 
62.6 
42.6 



600E-W 

400E-W 

2.00EQ3 

0 - a  
f 

~~ .__ 

Mean CTE VI. Temperature I 

~ ~~~ ~ _ _ ~  

I Instantaneous CTE VI. Temperature 

Heat up 

Sampb ED: 
Lithology: 
TMU 

Tart conditbn: 
Sampb Size: 

Sampb Qna: 

tnitiak 
Fin&. 

Temp 

26 
60 
75 
100 
126 
160 
176 
200 
226 
260 
276 
300 

Cooldown 300 
276 
260 
226 
200 
176 
160 
126 
100 
76 
60 
36 

- 

N A ~ - 7 - ~ l . O - S N L - A  
Wokled bvitdfkd 
TSw 1 

AIR ORE0 
2' tll x 1' td) 

mare I bngth I volume I density 
(0) I I mmb I t cc) I fakc l  

61.63 I 61.28 I 26.98 I 1.00 
61.46 I 61.31 I 

+I- 12.6 C +I- 2.6 C 
Thermal Mean 
Strain CTE 

tumlml (PPMIC) 

-2.91 * - * * e  

200.39 8.13 
416.02 8.63 
643.10 9.08 
B81i.34 9.69 
1148.90 10.64 
1460.03 12.05 
1922.22 18.80 
2649.99 20.11 
3472.48 32.90 
4660.16 43.61 
6440.78 
761 2.04 
7036.67 
61 28.60 
4930.72 
3917.96 
3027.28 
2427.35 
2033.29 
1703.10 
1411.44 
1147.64 
096.78 

76.68 
23.02 
36.32 
47.91 
39.31 
36.83 
24.00 
15.70 
13.21 
1 1.67 
10.65 
6.07 
e.. 

h8t. 
CT€ 

IPPMIC) ... 
8.66 
7.76 
9.66 
10.14 
10.65 
13.11 
22.81 
31.23 
36.67 
67.94 
76.41 
18.06 
28.77 
43.84 
46.43 
37.73 
30.30 
18.91 
13.76 
12.31 
10.68 
9.79 

- 

0 . .  

26.00 I 1.08 

Mean 
7.W 
tC, 

37.6 
62.5 
87.6 

11 2.6 
137.6 
162.6 
187.6 
21 2.6 
237.5 
262.6 
287.6 
287.6 
262.6 
237.6 
212.6 
187.6 
162.6 
137.6 
112.6 
07.5 
62.6 
42.6 

Mean CTE's ON cdculotad over 26 d e g m  rmges, m thn th. 
v d w  in the tabk for the rmge h reported It thm ond of the range. 
For exampk, the vahm for t h m  rongr 26 - bo, h gluon k the bo mw. 



I Thermal Strain VI. temperature 1 s: 
eooE.03 
4w.a 
3ooE.03 
2ooE-m 
1.ooE.03 
OooEIoo 

000 10000 20000 30000 
l m p n t u r .  

f 
Mean Cte VI. Temperature 

So00 - 2500 

I 

it, 
E lSo0 

t0 00 

100 

000 
00 500 l W 0  1500 2000 2800 3001 

Hort up 

SNnpk to: 
LithologY: 
TMU: 

Tort conditkn: 
Srmpk Slzo: 

S8mPb 0.18: 

Initirl: 
Finrk 

Temp 

26 
60 
75 
100 
126 
160 
176 
200 
226 
260 
276 
300 

Cooldown 300 
- 

276 
260 
226 
200 
176 
160 
126 
100 
76 
w) 
35 

A R  DRIED 
2' (I) x 1' tdl 

mot8 I bngth I uolunw I donritv 
u I 1 mm) I 1 CC) I fa/ce) 

55.46 I 60.83 I 26.81 I 2.16 
66.28 1 60.83 I 

+I- 12.6 C 
fh.rmrl Morn ha. 
Strrln CTE CTE 
twn/ml tPPM/Cl t W C t  

+I- 2.6 C 

... **. 0.26 
167.72 6.70 7.04 
366.66 7.66 7.26 
657.88 8.05 7.76 

1008.73 8.46 10.08 
1276.21 10.70 11.70 
1676.38 11.87 13.21 
1010.81 13.42 14.40 
2208.64 16.61 17.46 
2768.81 18.41 21.38 

772.44 e.50 8.31 

3388.11 26.17 29.28 
3821.86 18.12 16.46 
3me.m 18.20 1e.m 
2068.6s 18.19 18.60 
2434.21 16.20 17.46 
2020.24 14.38 16.72 
1669.39 13.26 13.81 
1337.88 12.08 12.90 
1036.86 10.86 11.44 
762.16 9.78 10.33 
617.32 8.78 8.77 
287.06 4.68 7.83 
176.60 * * '  ... 

26.81 I 2.14 

37.6 
62.6 
87.6 

112.6 

162.6 

21 2.6 
237.6 
262.6 
287.6 

262.6 
237.6 
21 2.6 
167.6 
162.6 
137.6 
11 2.6 

62.6 
42.6 

1~7 .6  

107.6 

207.6 

07.6 

Mom ClE'r om cdcul8tod owr 26 dag- rmgoe, eo thet tho 
v8h.m in tho trbk for tho rmgm h mportod et tho m n d  of tha rrngo. 
For oxrmpk, tho vrkw for tho tongo 26 - 60, h g k n  In tho 60 row. 



I 
I Thermal Straln VI. Temperature 

Mean CTE VI. Temperature 

ow 1 I I I I I I 
00  500 - 1000 1500 200.0 250.0 so01 

1-u- &I 

Instantaneous CTE VI. Temperature 

Data Sunwnty 

Sompb ID: NRO-7966.6-8NL-A 
Lhhobgy: WeWd Davkrifbd 
TMU TSw2 

Toot condition: AIR DRIED 
Sompk Sk.: 

Srmpb Dot.: moor I bwth I w l m  I denoity 

2' (I) x 1' tdl 

tnit1.l: 
Finrl: 

25 
60 
76 
100 
125 
1 50 
176 
200 
225 
260 
275 
300 

Cooldown 300 
276 
260 
225 
200 
176 
160 
126 
100 
76 
60 
36 

- 

Th0nn.l 
Strein 

lumlml 

12.77 
163.61 
368.64 
600.30 
826.36 
1081.32 
1360.46 
1698.36 
2144.47 
2694.67 
3309.80 
4266.36 
4670.72 
3089.80 
3322.43 
2603.66 
2143.64 
1666.20 
1327.03 
1020.06 
740.20 
483.56 
241 .@4 
102.36 

to) I t mm) I t cc) I tp lccl 
67.66 I 50.86 I 25.77 I 2.23 
67.61 I 60.85 I 26.77 I 2.23 

+I- 12.6 C +I- 2.6 C 
Maon hot. 
CTE CTE 

t r n 1 C l  tPPMlCl ... *.. 
6.03 7.46 
8.21 6.47 
8.87 8.81 
0.44 9.21 
10.20 10.31 
11.63 12.14 
13.16 14.46 
17.84 20.29 
22.00 23.77 
28.21 34.26 
s .26  32.78 
23.23 17.88 
26.70 26.47 
26.16 26.24 
22.00 23.11 
18.33 20.89 
14.33 16.15 
12.20 12.49 
11.10 11.76 
10.27 10.37 
0.88 9.60 
6.68 8.98 
0. .  ... 

37.6 
62.6 
87.6 

11 2.6 
137.6 
162.6 
187.6 
212.6 
237.6 
262.5 
267.6 
287.6 
262.6 
237.6 
21 2.6 
187.6 
162.6 
137.6 
11 2.6 
87.6 
62.6 
42.6 

Moon CTE'o am c.hU(otod o w  26 degm rr.~gma, oa th.1 tha 
vdue in tha tobl. fw tha tango h nparted at th. ond of tha r w o .  
For oxrmpk, tho vrkw for tha rongm 26 - SO, h glwn h tha 60 row. 
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Mean CTE vs. Tempwature 
5000 
4sw 
4000 y :: 

E :: 
I E 

SO0 
o w l  I I I I I I 

0 0  500 100 0 1soO 2000 moo 3att 

Inrcantancaus CTE VI. Temperature 

so00 

llii 10 00 

000 
0 so 100 lso 100 

7- 

Heat up 

Sompb 1D: 
lithobgy: 
TMU: 

Test oonditbn: 
Sompb She: 

Sampb Doto: 

Initial: 
Finol: 

NRO-7d67.8-SNL-A 
Welded Devitrified 
TSw2 

AIR ORE0 
2' Ill x 1' Id) 

merr bwth volume denaity 
U Imm) (eel ~alccl 

64.10 48.26 24.46 2.21 
63.66 48.26 24.46 2.20 

+I- 12.6 C +I-  2.6 C 
lhemrl Mean Inrt. Maon 

Temp Strdn CTE ClE Temp 
Iumlrn) I ~ I C )  ( M I C I  I'C) 

26 
50 
76 
100 
1 2s 
1 60 
176 
200 
226 
260 
276 
300 4224.63 46.63 68.98 287.6 

Cooldown 300 5027.26 28.69 22.70 287.6 
276 4310.10 36.69 34.84 262.6 

... ... 2.00 
182.89 7.24 7.97 
397.65 8.69 8.74 
615.08 6.70 9.82 
818.26 9.33 9.26 
1096.84 9.90 9.63 
1366.08 10.41 10.17 
1633.81 11.11 11.10 
1872.46 13.66 16.24 
2401.43 17.16 19.64 
m8.68 26.29 33.62 

37.6 
62.6 
87.6 

11 2.6 
137.6 
162.6 
187.6 
212.6 
237.6 
262.6 

260 
225 
200 
176 
160 
126 
100 
76 
60 
36 

3392.97 31.05 38.18 
2616.73 21.91 27.23 
2068.93 16.70 19.40 
1651.63 13.36 13.69 
1317.86 12.14 12.66 
1014.30 11.16 11.84 
736.66 10.34 10.36 
476.96 9.87 9.81 
236.17 6.61 9.16 
97.31 ... ... 

237.6 
21 2.6 
187.6 
162.6 
137.6 
11 2.5 
87.6 
62.6 
42.6 

Mom CTE'r w. c.lculrtod o w  26 d.gw rmgor, w that th. 
v d w  In tho tobh forth. range h nportod at tho end oftho rmga. 
For exompb, th. vohm for th. roqo 26 - 60, h g k n  h tho 60 row. 



Wan CTE VI. Temperature 

Sampb 1D: 
LlthOkfJV: 
TMU: 

NRO-7-S66.6-SNL-A 
Wekted DevltrHbd 
TSw2 

1e.t condltlon: 
Sampb Size: 

s@lnpb Data: 

InltlJ: 
Final: 

Temp 
lhannel 
Straln 

lumlm) 

26 
60 
76 
100 
1 26 
150 
176 
200 
226 
260 
276 

3.46 
186.40 
400.13 
622.71 
858.01 
1 106.08 
1368.36 
1850.60 
1070.37 
2356.78 
2830.02 

300 
Cooldown 300 

276 
260 
225 
200 
176 
160 
125 
100 
76 
W 
36 

AIR DRIED 
2' (1) x 1' td) 

mars I bngth I volume I denrltv 
191 I t mm) bc) I la/cc) 

56.52 I 47.90 I 24.27 I 2.33 
56.32 I 47.90 1 

+I- 12.6 C +I- 2.6 C 
Mean 
CTE 

IPWIC) 

..e 

7.32 
8.66 
8.90 
9.41 
9.02 
10.41 
11 3 7  
13.16 
16.06 
10.33 

hrt. 
CTE 

lPw/CI  ... 
8.27 
8.38 
8.65 
9.18 
0.32 
10.06 
12.23 
13.60 
18.18 
21.30 

3481.60 
3860.16 
3434.661 
2043.72 
2467.04 
2011.00 
1677.33 
1386.20 
1096.16 
850.83 
616.66 
304.87 
263.38 

26.70 
17.40 
19.61 
10.07 
17.04 
14.66 
12.40 
10.76 
0.81 
9.37 
8,07 
6.26 
0 . 0  

29.18 
14.41 
- 
10.26 
20.01 
18.37 
16.11 
13.28 
11.26 
10.20 
8.74 
8.07 
8.10 
0 . .  

24.27 1 2.32 

Mean 
Temp 
I0C) 

37.6 
62.6 
87.6 

112.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
262.6 
287.6 
287.6 
262.6 
237.6 
212.6 
187.6 
162.6 
137.5 
112.6 
87.6 
62.6 
42.5 

Mom CTE'r am calculated owr 26 dogm rmoeo, w that tho 
v b  In tho tdb lor th. r-0 h mportad ot th. 0Rb el th. rage. 
For orompk, tho vahm forth. rmge 26 - 60, b glwn In the 60 row. 



Thomul Stnln VI. Trmperrture 
, 1OoE.m 

BOoE.03 
, 5.boE.03 

4OoE05 
3OoE.03 
2WEQ3 
1OoE.03 

O W E I o o  
0 

I 

I T*npn(un 

1 
3500 

3000 

P :: 
i; 1500 1 1000 

$00 

000 
00 500 I00 0 I50 0 1500 3000 

Meat up 

pot0 t u m ~ q  

Sampb 0: NR~-7-#78.2-SNL-A 
Lithology: Welded Davitdfbd 
TMU: TSw2 

Ted condkbn: AIR MIKO 
Sampb Sizo: 

Sample Oota: mar8 I bnath I w h  I denrltv 

2' (1) x 1' (d) 

Initial: 
Final: 

Temp 

U Imm) (cc) (alee) 
67.66 60.90 26.79 2.23 
67.40 60.W 26.79 2.23 

+I- 12.6 C +I- 2.6 C 
h m a l  Mean Inrt. &an 
shah CTE CTE Tomp 
(urnlm) (PpMIC) (m/c )  

26 
60 
76 
100 
126 
160 
176 
200 
226 
260 
276 

4.70 
184.91 
398.81 
626.12 
806.26 
1 126.24 
1419.67 
1 780.27 
2234.74 
2766.91 
3362.69 

... ... 
7.21 8.36 
8.66 8.81 
9.06 9.47 
9.61 9.66 
10.44 10.76 
11.73 11.92 
14.43 17.50 
18.18 19.62 
20.85 22.10 
24.27 27.04 

37.5 
62.6 
87.6 

11 2.6 
137.6 
162.6 
187.6 
212.6 
237.6 
262.6 

300 
Cooldown 300 

276 
260 
226 
200 
176 
160 
126 
100 
76 
60 
36 

4147.68 
4746.67 
4261.67 
3701 3 2  
3168.1 2 
2816.00 
2074.97 
1646.69 
1300.72 
998.1 1 
729.32 
484.70 
346.83 

31.40 36.63 287.6 
19.76 17.07 287.6 
21.99 21.27 262.6 
21.76 21.73 237.6 

212.6 21.68 21.67 
21.64 21.78 187.6 
17.14 19.18 162.6 
13.83 16.05 137.6 
12.10 12.82 11 2.6 
10.75 10.71 87.15 
9.78 ' 10.11 62.6 
6.86 9.18 42.6 
0 . .  e.. 

Morn CTE'r m cakulotod ovor 26 doom rmgor. ao thot tho 
vakw In tho tobb for tho -0 h nportod ot tho ond of tho rang.. 
For rxrmpb. tho v.krC, for tho rango 26 - 60, h a h n  In tho 60 row. 



nHtmrl Strain vs. Tampwaturo 

4mE.03 
3ooEo3 
ZmE.03 
1 -43 

O m E I o o  
ow 100 00 moo 4w00 

Tullpmtun 

i 
bate s u m y  

Sample ID: NRa-7-1187.4dNL-A 
Lkhobgy: welded bvkrimd 
TMU: 15w2 

l o a  condkbn: AIR DRIED 
Smpb Size: 2' 0) x 1' Id) 

Sampb Data: ma88 bngth volume denrity 

Initial: 
la) lmm) (cc) Ialcc) 

64.66 6033 26.81 2.12 

+I- 12.6 C + I -  2.6 C 
h n n a l  Won hat. 

Temp Strain CTE CTE 
lumlm) (PPMIC) IPPMIC) .*. .** Heat up 26 9.64 

60 172.02 6.W 7.94 
76 369.28 7.89 8.46 
100 674.67 8.22 8.1 1 
126 792.36 8.71 8.36 
160 1023.39 9.24 9.64 
176 1274.36 10.04 9.83 
200 1641.73 10.70 11.62 
226 1846.06 12.13 13.67 
260 2205.88 14.42 16.06 
276 2646.41 17.69 21.06 
300 3214.36 22.78 26.40 

Cooldown 300 3661.84 16.61 14.13 
276 3164.21 17.21 16.4s 
260 2734.06 18.71 18.02 
226 2266.29 18.81 18.82 
200 1646.13 13.87 16.88 
176 1499.26 12.02 12.68 

126 928.66 10.11 1O.U 
100 876.73 9.38 9.43 
76 441.36 8,OO 8.70 
60 226.42 4.m 7.86 
3s 104.23 * * *  

iw 1198.63 1o.m 11.84 

0 .0  

26.81 I 2.11 

Wan 
Temp 
tC1 

37.6 
62.6 
87.6 

112.6 
137.6 
162.6 
187.6 
212.6 
237.6 
262.6 
287.6 
287.6 
262.6 
237.6 
21 2.6 
187.6 
162.6 
137.5 
11 2.6 
87.6 
62.6 
42.6 

Mom ClE'r M c.)culatod owr 26 dogm range@, 00 that tho 
voluo In tho tabk for tho nngr le nported .t the ond Of tho rmgo. 
For oxompk, tho voluo for tho rmgo 26 - 60, b alwn h tho 60 row. 
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I Thermal Strrln VI. Temperature 

I ;; 
OOOEIoo 

om io0 m moo 
T W U N  

Mean CTC VI. Temperature 

p.18 8UmnUn 

Sampb ID: NRO.7-126l.&SNL-A 
LithOlogY: Welded Devihifbd 
TMU TSw2 

Tort condition: AIR DRIED 
Sompb Sire: 

Sampb 0.18: 

2" lll x 1" (dl 

m.88 I bwth I VOlUf#lO I denrky 

Inki.l: 
Final: 

Temp 

Hart up 25 
50 
75 
100 
125 
150 
t 76 
200 
225 
250 
275 
300 

Cooldown 300 
276 
250 
225 
200 
175 
1 60 
126 
100 
76 
60 
35 

- 

Ttmrmrl 
Strain 
lumlml 

1.82 
109.70 
298.40 
609.35 
734.04 
975.46 
1232.38 
1496.17 
1791.43 
2120.22 
2486.66 

tal I t mm) I (ccl I lalccl 
59.70 I 50.90 I 25.79 1 2.32 
59.63 I 50.90 I 25.79 I 2.31 

+I- 12.6 C +I- 2.5 C 

2916.54 
3331.80 
2943.71 
2563.03 
2200.99 
1845.96 
1517.14 
121 2.17 
930.29 
868.88 
425.42 
192.74 
66.68 

Mean 
CTE 

W M I C )  ... 
4.32 
7.55 
8.44 
8.99 
9.66 
10.28 
10.58 
11.79 
13.16 
14.66 

h8t .  Mean 
CTE Temp 

lPpMlCl 1°C, 

a.. 

6.05 37.6 
7.65 62.5 
8.32 87.5 
9.23 11 2.5 
9.49 137.5 
10.07 162.6 
11.44 187.6 
12.33 21 2.5 
16.74 237.5 
13.50 262.6 

17.t6 17.12 
15.62 13.64 
15.23 13.63 
14.48 12.40 
14.20 16.35 
13.16 13.46 
12.20 12.67 
11.28 11.92 
10.46 11.32 
9.74 9.71 
9.31 9.12 
6.44 8.70 ... *.* 

287.5 
187.5 " 
262.6 
237.5 
21 2.6 
187.5 
162.6 
137.6 
11 2.6 
87.6 
62.5 
42.6 

.,.**, . I 

Meon ClE'r om colcu(8ted over 26 d.gm r.ngao. 00 that the 
V d W  In th8 t8bb for th8 ronga I8 mpoftd 8t the end Of th. fang.. 
For exompb, the vahm for the range 25 - 60, I8 g k n  In tho 60 row. 



I Thermal Straln VI. Temperature 

I 1 

Moan CTE VS. Temperatun 
1600 
(400 

E 
E :: I 4m 

200 
ow 1 I I I I I 

00 900 100 0 150 0 2000 2500 so00 

T*npntun (et 

I 

Heat up 

pato Oummaq 

Sample D: NRO-7*126S.SdNl-A 
LkhOlogY: Weldad 0.Vitrifbd 
TMU TSW2 

Tart condkbn: AIR DRKO 
Sampte Size: 2' (I) x 1" (d) 

Sample Data: 

Inkial: 
Final: 69.63 I 60.83 I 

+I- 12.6 C +I- 2.6 C 
Thermal Mean hat.  

Temp Strain CTE CTE 
lumlml ~ W C I  tPPM/C) 

26 
60 
76 
lo0 
126 
160 
176 
200 
225 

..e e.. 3.63 
171.62 6.72 8.24 
368.06 7.86 7.30 
679.21 8.46 9.82 
861.08 8.87 9.06 
1036.37 9.37 S.06 
1283.74 9.93 9.17 
1646.68 10.47 10.81 
1833.21 11.61 11.69 

260 2144.40 12.46 12.67 
276 248B.W 13.81 14.77 

hs ta tmrous  CTE vs. Temperature 300 2882.63 16.72 18.66 
2000 Cooldown 300 2991.69 13.80 12.83 

276 2648.81 13.72 16.30 
1500 260 2303.71 13.46 13.62 

226 1967.26 12.64 13.61 
1000 200 1646.19 12.19 13.33 

176 1341.47 11.20 11.00 
160 1061.69 10.27 10.83 500 

126 004.66 S.66 S.97 000 

76 338.26 0.62 8.66 
Trr*mcm(c)  60 122.78 4.96 7.76 

36 -1.16 

0 bd 100 (50 200 250 100 s66.m 0.11 9.18 

e.. 0 . .  

26.76 

Mean 
Tamp 
tC) 

denrky 
Wee) 
2.32 
2.32 

37.6 
62.6 
87.6 

1 12.6 
137.6 
162.6 
187.6 
21 2.6 
237.6 
262.6 
267.6 
287.6 
262.6 
237.6 
212.6 
187.6 
162.6 
137.6 
11 2.6 
(17.6 
62.6 
42.6 

Mean CTE'a M cdculeted over 26 dqme ranger, mo thet tha 
volw in the tabla for tha raqo Io mpomd et the end of tha rmga. 
Foroxemph. tha vatue for tho renge 26 - 60. h glum In tho 60 row. 



Thermal Straln VI. Temperature 
Sample ID: NRO-7-1306.7-SNL-A 
Lithology: WeYod Devitrified 
TMU: TSw2 

Teet condition: AIR DRED 
Sample Sire: 

Sample Data: 

2" (I) x 1' (d) 

mar8 I lenath I volume I denritv 
la1 tm& IC01 (a/cc) 

Initirl: 58.93 60.85 25.77 2.29 
Final: 68.77 60.05 25.77 2.28 

+I- 12.5 C +I- 2.5 C 
Thermal Mean Inat. Mean 

Temp Strain CTE C n  Temp 
(umlml I W / C )  IWMICI c"C1 

Heat up 26 
60 
75 
100 
126 
150 
175 
200 
225 
250 

2.46 
178.87 
387.00 
604.26 
836.28 
1078.36 
1335.67 
1611.05 
1926.51 
2272.34 

... ... 
7.06 8.02 37.6 
8.33 8.45 62.6 
8.69 9.03 87.6 
9.24 8. 05 112.6 
9.72 10.10 137.5 
10.29 9.34 162.6 
11.06 13.04 187.5 
12.59 12.03 21 2.6 
13.83 14.13 237.5 

275 2607.02 16.59 18.26 262.6 ~ - .- ~- 
300 3203.13 20.64 23.82 287.5 

Cooldown 300 3457.99 16.91 14.26 287.6 
276 
250 
226 
200 
175 
150 
125 
100 
75 
50 
35 

3036.16 
2597.32 
2105.78 
1809.70 
1476.43 
1184.77 
Q16.92 
667.86 
429.91 
206.37 
77.61 

17.61 17.92 
16.46 17.39 
15.04 15.59 
13.33 16.31 
11.67 11.74 
10.78 11.46 
9.92 10.60 
9.52 9.57 
8. #4 e.02 
6.16 8.39 ... ... 

262.6 
237.6 
21 2.6 
197.6 
162.6 
137.6 
11 2.6 
97.5 
62.6 
42.6 

Moan C W r  am cokulatod owr 26 dogma ranger, 80 that tha 
vakr h tho tabk for tho rmao Ir mportod ot tho o d  of tho rmgo. 
For oxampk, tha v d w  for tha range 25 - 60, I8 glwn In tha bo row. 



I Thermal Straln VI. Temperature gat. sumrmq 

Srmpb ID: 
LithologY: 
TMU: 

6ooE-03 
SOOEQS 
4.ooE-03 
3ooE-03 
2.ooE-03 
1 ooE-03 

OooEOE100 

1 

Mean CTC VI. lemperrturo 
no0 

1000 f (500 

E 1000 

I 500 

0.00 
00 600 1000 150 0 Z W O  2800 300.1 

trrp.rrt-m 

Test condition: 
Ssmpb She: 

Sample Dato: 

Inkirk 
Find 

NRO-7- 13W.8SNl-A 
Welded Devitrified 
TSw2 

AIR DRIED 
2' (1) x 1. Id) 

moor length volums density 

69.30 49.73 26.20 2.36 
69.09 48.73 26.20 2.34 

(0) tmm) (ccl ~olccl 

+I- 12.6 C +I- 2.6 C 
Moon Th.nnd Moon Inst. 

Temp Strdn CTE CTE Temp 
(umlm) I ~ I C I  (PPMICI t°Ct 

0. .  0 . .  Heat up 26 4.18 
60 179.73 7.02 8.97 
76 390.81 8.44 7.74 
100 610.76 8.00 8.01 
126 843.65 9.32 9.82 
160 1093.66 10.00 9.96 
176 1364.92 10.86 10.96 
200 1648.69 11.36 12.37 
226 1866.02 12.66 13.64 
260 2339.0) 14.96 17.16 
276 2788.24 17.97 19.74 
300 3371.76 23.34 26.16 

Cwldown 300 3708.74 17.86 16.42 
276 3262.61 18.19 18.69 
250 2782.81 18.80 18.06 
226 2311.32 16.61 17.46 
200 1896.07 14.22 16.24 
176 1640.62 12.47 12.86 
160 1228.70 11.11 11.40 
126 960.04 10.17 10.44 
100 896.60 9.63 9.72 

60 236.32 6.12 7.83 
36 108.23 * * *  0 . .  

m 468.24 8.m 8.60 

37.6 
62.6 
87.6 

112.5 
137.6 
182.6 
187.5 
212.6 
237.6 
262.6 
287.6 
287.6 
262.6 
237.6 
212.6 
187.6 
162.6 
137.6 
112.6 
87.8 
62.6 
42.6 

Mean CTr'o m crkul.1.d o w  26 dagm ranger, m that tho 
v r k r  In tho tabl. for tho rango h reported ot the and of tho range. 
Foroxompb, th. v.kw lor tho -0 26 -60, h olvm in tho 60 mw. 



I 
Thermal Strain vs. Temperature 

4ooE.03 
3 - a  
ZooE-03 
looE.03 

OooEloo 
000 10000 10000 40000 

Tmpmtun I 

I 
Mean CTE VI. Temperature 

18 a, 
le00 

E 
':: 

1 :: 
200 
000 

00 500 1Qo 0 1500 ZOO0 2500 
Tmp.ntun (C) 

I Instantaneous CTE VI. Temperature 
20.00 

11.00 

10.00 

3.00 

0.00 

Sampb 10: 
Lfthobgy: 
TMU: 

Test condition: 
Sampb Size: 

Sampk Dot.: 

Initial: 
Final: 

Temp 

Heat up 26 
60 
76 
100 
126 
160 
176 
200 
226 
250 
276 
300 

Cooidown 300 
276 
250 
226 
200 
176 
160 
126 
100 
76 
60 
36 

c_. 

NRO-7-1407.4411-A 
welded 0.Vitrlw 
TSw2 

AIR ORED 
2' 0 x 1' (dl 

mart bngth volume denrity 
(0 I hll) (cc) tolccl 

67.06 50.76 26.72 2.22 
66.37 I 60.75 I 26.72 I 2.19 

+I- 12.6 C +I- 2.6 C 
Thermal Mom hot. 

CTE Strain CTE 
lumlml (PPMIC) lPPM/CI 

Mean 
Temp 
PC, 

1.70 
192.82 
416.33 
658.06 
044.62 
1307.77 
1710.11 
2120.70 
2604.67 
1876.44 
321 2.84 
3613.06 
3690.64 
3314.41 
301 6.32 
2673.73 
2266.84 
1818.0 
1378.31 
066.76 
812.11 
316.86 
60.86 
-76.1 1 

... ..e 

7.63 7.80 
0.03 0.40 
0.69 10.63 
11.47 12.67 
14.62 16.06 
16.46 16.80 
16.06 16.80 
16.36 16.01 
14.06 13.77 
13.38 12.13 
12.04 11.60 
11.06 0 . 0  
11.06 11.30 
1 3 . 0  12.36 
16.88 14.10 
17.63 17.80 
17.81 17.38 
18.W 18.08 
14.16 16.67 
11.85 12.03 
10.24 10.76 
6.62 0.12 
.e.  0 . .  

37.6 
62.6 
87.6 

11 2.6 
137.6 
162.6 
187.6 
212.6 
237.6 
262.6 
287.6 
287.6 
262.6 
237.6 
212.6 
167.6 
162.6 
137.6 
112.6 
67.6 
62.6 
42.6 

Mean CTr'r am c.lCul.1.d over 26 dog- ranger, 00 that the 
vahw In the tabb for the range h nponed at the and of tho rage. 
For orampb, the v d w  for the range 26 - 60. h given h tha bo row. 
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Heat Capacity Test Data 
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NRG-4-545.0-SNL-B 
Qawammw 
Sample ID 
Borehole USW-NRG4 
Depth (fi) 545.0 
W o g y  Welded Devitrified 
T/M Unit TSwl 

Saturation State Air Dry 

225.35 g 
simfw2- 
Initial Mass 
%al M a s s  224.68 g 
;ample Size 49.58 mm OD 10.49 mm ID 58.93 mm Len 
;amplevolume 108.68 cc 
Sample Density 2.07 glcc 

1.25 

1.20 

1.15 

1.10 
P 
&I 1.05 
2 
g 1.00 
P 
0 0.95 - = g 0.90 
v) 

0.85 

0.80 

0.75 

0.70 
0 50 100 150 200 250 300 

Temperature PC) 

25 to 169 Cp = -9.0717E-08xF + 1.9782E-05xT2 + 8.2616E-WxT + 0.71073 
P = 0.98 

170 to 300 Cp = -2.4663E-07Xy + 3.4208E-05xT + 0.97969 
? = 0.80 

Originel Data Curve-tit Data 

23.7 0.73 
P G  

0.74 1.54 
29.0 0.75 
34.3 0.76 
39.9 0.76 
45.7 0.75 
51.4 0.80 
56.9 0.82 
62.3 0.82 
67.7 0.63 
73.1 0.86 
78.6 0.85 
84.1 0.85 
893 0.91 
94.7 0.89 
1002 0.90 
105.7 0.91 
1112 0.93 
116.6 0.93 
122.0 0.94 
127.4 0.93 
132.7 0.95 
137.9 0.97 
1432 0.97 
148.6 0.96 
1542 0.97 
159.8 0.99 
165.3 0.98 
170.9 1.00 
176.4 0.95 
182.0 0.98 
187.6 0.98 
193.1 0.99 
198.5 0.98 
204.0 0.97 
209.5 0.99 
215.0 0.97 
220.6 0.96 
226.1 0.98 
231.6 0.96 
237.1 0.97 
242.6 0.97 
248.1 0.97 
253.5 0.98 
259.0 0.99 
264.4 0.96 
269.9 0.98 
275.4 0.97 
280.8 0.97 
286.3 0.98 
291.7 0.96 
297.2 0.96 

30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 
165 
170 
175 
180 
185 
190 
1 95 
200 
205 
21 0 
21 5 
220 
225 
230 
235 
240 
245 
250 
255 
260 
266 
270 
275 
280 
285 
290 
295 

0.75 1.55 
0.76 157 
0.n 1.59 
0.78 1.61 
0.79 1.64 
0.80 1.66 
0.81 1.68 
0.82 1.70 
0.83 1.73 
0.85 1.75 
0.86 1.77 
0.81 1.80 
0.88 1.82 
0.89 1.84 
0.90 1.86 
0.91 1.88 
0.92 1.90 
0.93 1.92 
0.94 1.94 
0.95 1.96 
0.95 1.97 
0.96 1.99 
0.97 2.00 
0.97 2.01 
0.97 2.02 
0.98 2.02 
0.98 2.02 
0.98 2.02 
0.98 2.03 
0.98 2.02 
0.98 2.02 
0.98 2.02 
0.98 2.02 
0.98 2.02 
0.98 2.02 
0.98 2.02 
0.98 2.02 
0.98 2.02 
0.98 2.02 
0.97 2.02 
0.97 2.02 
0.97 2.02 
0.97 2.02 
0.97 2.01 
0.97 2.01 
0.97 2.01 
0.97 2.01 
0.97 2.01 
0.97 2.01 
0.97 2.01 
0.97 2.01 
0.97 2.01 
0.97 2.01 
0.97 2.00 

300 0.97 2.00 

F-3 



USW-NRG-4 
61 9.9 
Welded Devitrified 
TSWt 

NRG-4-619.9SNL-C 
Q a a l m m Y  
Sample ID 
Borehole 
Depth (fl) 
m o w  
TiM Unit 

Saturationstate AirDty 

218.01 g 
srlmRwm 
initial Mass 
Final Mass 217.20 g 
Sample Size 49.56 mm OD 10.54 mm ID 
Sample Volume 103.44 cc 
Sample Density 2.11 g/cc 

56.16 mm Len 

1.25 

1 2 0  

1.15 

1.10 
P 
3 
$j 1.00 

0 0.95 

0.90 

0.85 

0.80 

0.75 

0.70 

& 1.05 

I" - 
I 

rn 

0 50 100 150 200 250 

Temperature PC) 

25 to 149 Cp = 7.6690E-07~9 + 1.9814E-03~T +0.72050 
= 0.97 

150 to 300 Cp = 2.2372E-06~9 - 1.6239E-03xT + 1.2257 
P = 0.76 

F-4 

Original Data Curvefit Data 

22.1 0.76 25 0.77 1.63 
Temp c, T M P  CP PCP 

27.5 0.79 
332 0.81 
38.8 0.79 
44.5 0.80 
50.1 0.78 
55.6 0.85 
61.0 0.84 
66.4 0.85 
71.7 0.88 
76.9 0.89 
82.4 0.87 
88.0 0.90 
93.6 0.90 
99.1 0.94 
104.5 0.93 
109.9 0.95 
115.3 0.95 
120.5 1.01 
126.0 0.97 
131.4 1.02 
136.8 0.99 
142.3 1.03 
147.8 1.01 
153.3 1.04 
158.8 1.04 
164.3 1.01 
169.7 1.03 
1752 0.99 
180.7 1.01 
1862 0.99 
191.7 1.03 
1972 0.99 
202.7 0.96 
2082 0.97 
213.7 0.96 
219.3 0.97 
224.8 0.98 
230.3 0.97 
235.8 0.96 
241.4 0.98 
246.9 0.97 
252.4 0.96 
257.9 0.97 
263.5 0.95 
269.0 0.96 
274.5 0.96 
280.0 0.94 
285.6 0.96 
291.1 0.93 
296.7 0.92 

30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
105 
110 
115 
120 
1W 
130 
135 
140 
145 
150 
155 
160 
165 
1 70 
1 75 
180 
185 
190 
195 
200 
205 
210 
215 
220 
225 
230 
235 
240 
245 
250 
255 
260 
265 
270 
275 
280 
285 
290 
295 

0.78 
0.79 
0.80 
0.81 
0.82 
0.83 
0.84 
0.85 
0.86 
0.87 
0.88 
0.89 
0.91 
0.92 
0.93 
0.94 
0.95 
0.96 
0.97 
0.98 
0.99 
1 .oo 
1 .Ol 
1 .02 
1.03 
1.03 
1.02 
1.02 
1.01 
1.01 
1.01 
1 .oo 
1 .oo 
0.99 
0.99 
0.99 
0.98 
0.98 
0.98 
0.97 
0.97 
0.97 
0.96 
0.96 
0.96 
0.96 
0.95 
0.95 
0.95 
0.95 
0.95 
0.94 
0.94 
0.94 

1.65 
1.67 
1.69 
1.71 
1.73 
1.76 
1.78 
1 .80 
1.82 
1-84 
1 .87 
1.89 
1.91 
1.93 
1.95 
1.98 
2.00 
2.02 
2.05 
2.07 
2.09 
2.1 1 
2.14 
2.16 
2.18 
2.17 
2.16 
2.15 
2.14 
2.13 
2.12 
2.1 1 
2.1 1 
2.10 
2.09 
2.08 
2.07 
2.07 
2.06 
2.05 
2.05 
2.04 
2.04 
2.03 
2.02 
2.02 
2.01 
2.01 
2.01 
2.00 
2.00 
1.99 
1.99 
1.99 

300 0.94 1.98 



NRG4-619.9-SNL-D 
USW-NRG4 
61 9.9 
Welded Devibified 
TSWl 

saturation state 

5 i a m w u a  
Initial Mass 
Final Mass 
Sample Size 
Sample Volume 
Sample Density 

Air Dry 

229.34 g 
228.44 g 

49.58 mm OD 10.41 mm ID 57.84 mm Len 
106.75 cc 

2.15 dcc 

1.25 

120 

1.15 

1.10 
E & 1.05 
3 - 1.00 8 
I 
0 0.95 = g 0.90 
u) 

0.85 

0.80 

0.75 

0.70 

25 to 154 Cp = -5.4079E-09xp + 7.2200E-06XT2 + 1.2555E-03~T + 0.70257 
8 = 0.99 

155 to 300 Cp = 5.6298E-W~p - 3.1584E-03xT + 1.4149 
? = 0.80 

Original Data Curve-fit Data 

25.5 0.74 25 0.74 1.59 
Temp c, T emp cp PCP 

31.0 0.75 
36.5 0.75 
42.0 0.Z’ 
47.4 0.76 
52.7 0.80 
58.0 0.80 
632 0.80 
68.4 0.82 
73.6 0.86 
789 0.03 
84.4 0.86 
89.8 0.86 
952 0.88 
100.5 0.90 
105.8 0.90 
111.0 0.93 
116.1 0.94 
121.4 0.95 
126.9 0.96 
132.3 0.99 
137.6 0.99 
142.8 1.02 
148.0 1.02 
153.2 1.05 
158.4 1.07 
163.7 1.03 
169.1 1.03 
174.3 1.04 
179.4 1.03 
184.6 1-03 
189.9 1.03 
195.2 1.04 
200.6 1.02 
206.1 1.02 
211.7 0.97 
217.2 0.98 
222.4 0.98 
227.6 0.98 
232.9 0.98 
236.1 0.97 
243.4 0.99 
248.6 0.97 
253.8 0.99 
259.0 0.98 
264.2 0.98 
269.4 0.98 
274.6 0.98 
279.8 0.97 
285.1 0.97 
290.3 0.96 
295.5 0.98 

30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 
165 
1 70 
1 75 
180 
185 
190 
1 95 
200 
205 
210 
21 5 
220 
225 
230 
235 
240 
245 
250 
255 
260 
265 
270 
275 
280 
285 
290 
295 

0.75 
0.76 
0.76 
0.77 
0.78 
0.79 
0.80 
0.81 
0.82 
0.84 
0.85 
0.86 
0.87 
0.88 
0.89 
0.91 
0.92 
0.93 
0.95 
0.96 
0.98 
0.99 
1 .Ol 
1.02 
1.04 
1.06 
1.05 
1.05 
1.04 
1.03 
1.03 
1.02 
1.02 
1.01 
1.01 
1 .00 
1 .00 
1 .00 
0.99 
0.99 
0.99 
0.98 
0.98 
0.98 
0.98 
0.98 
0.97 
0.97 
0.97 
0.97 
0.97 
0.97 
0.97 
0.97 

1.61 
1.62 
1 .a 
1.66 
1-68 
1.70 
1.73 
1.75 
1 .n 
1.80 
1.82 
1 .84 
1.87 
1.90 
1.92 
1.95 
1.98 
2.01 
2.04 
2.07 
2.10 
2.13 
2.16 
2.19 
223 
228 
2.27 
2.25 
2.24 
2.22 
2.21 
2.20 
2.19 
2.18 
2.17 
2.16 
2.15 
2.14 
2.13 
2.13 
2.12 
2.1 1 
2.1 1 
2.10 
2.10 
2.10 
2.09 
2.09 
2.09 
2.09 
2.09 
2.09 
2.09 
2.09 

300 0.97 2.09 

F-5 



5-808.5-C 

NRG-S-808.5-SNL-C 
Jhtmmmm 
Sample ID 
Borehole USW-NRGQ 
Depth (ft) 808.5 

Welded Devitrified 
TSW2 

W o g y  
TIM Unit 

Saturation State Air Dry 

252.82 g 
safmkwa 
Initial Mass 
Final Mass 251.01 g 
Sample Sue 49.56 mm OD 1059 mm ID 59.00 mm Len 
Sample Vdume 108.62 cc 
Sample Density 2.33 glcc 

0.70 0.75 5 300 
0 50 100 150 200 250 

Temperature (%) 

Inteml and 

25 to 170 Cp =-1.5870E-07Xp + 4.827lE-05xTZ- 1.6165E-03xT + 0.80931 
? = 0.98 

171 to 300 Cp = -2.1604E47xp + 1.5982E-O4X? - 3.8721E42~1+ 4.1635 
? = 0.40 

Original Data Curvefit Data 

27.2 0.80 25 om 1.86 
Temp GI T emP CP P c ,  

32.7 0.78 30 
38.1 0.84 35 
43.4 0.81 40 
48.7 0.82 45 
54.0 0.84 50 
592 0.88 55 
64.6 0.86 60 
70.1 0.89 65 
75.6 0.86 70 
81.1 0.90 75 
86.4 0.94 80 
91.6 0.95 85 
96.9 0.95 90 
102.3 0.97 95 
107.5 0.99 100 
112.9 1.01 105 
118.1 1.04 110 
123.3 1.05 115 
128.4 1.07 120 
133.7 1.08 125 
139.1 1.11 130 
144.4 1.10 135 
149.7 1.11 140 
155.0 1.13 t45 
160.2 1.14 150 
165.4 1.13 155 
170.6 1.15 160 
175.9 1.11 165 
181.3 1.11 170 
186.5 1.10 175 
191.8 1.10 180 
197.1 1.07 185 
202.4 1.07 190 
207.7 1.12 195 
213.0 1.06 200 
218.3 1.10 205 
223.6 1.09 210 
228.8 1.09 215 
234.1 1.08 220 
239.5 1.06 225 
244.9 1.08 230 
250.2 1.08 235 
255.5 1.12 240 
260.8 1.10 245 
266.3 1.10 250 
271.7 1.13 255 
2n.1 1.12 260 
282.5 1.12 265 
288.0 1.10 270 
293.4 1.09 275 
298.6 1.10 280 

285 
290 
295 
300 - 

0.80 
0.80 
0.81 
0.82 
0.83 
0.84 
0.85 
0.86 
0.88 
0.89 
0.91 
0.92 
0.94 
0.96 
0.97 
0.99 
1 .00 
1.02 
1.04 
1.05 
1.07 
1.08 
1 .os 
1.10 
1.12 
1.13 
1.13 
1.14 
1.15 
1.12 
1.11 
1.10 
1.10 
1.09 
1.09 
1.08 
1.08 
1.08 
1.08 
1 .OB 
1.09 
1.09 
1.09 
1.09 
1.10 
1.10 
1.10 
1.11 
1.11 
1.11 
1.11 
1.11 
1.11 
1.11 
1.10 - 

1.86 
1 .E8 
1 .E9 
1.91 
1.93 
1.96 
1.98 
2.01 
2.05 
2.08 
2.12 
2.15 
2.19 
223 
226 
2.30 
2.34 
2.38 
2.41 
2.45 
2.48 
2.52 
2.55 
2.57 
2.60 
2.62 
2.64 
2.66 
2.67 
2.62 
2.59 
2.57 
2.55 
2.54 
2.53 
2.52 
2.52 
2.52 
2.52 
2.52 
2.53 
2.54 
2.54 
2.55 
2.56 
2.57 
2.57 
2.58 
2.59 
2.59 
2.59 
2.59 
2.59 
2.58 
2.57 - 

F-6 



9 

NRG-5-828.2-SNLC 

8282 
Welded Devitrified 
TSW2 

luasmmm 
SampieID . 
Borehole USW-NRG3 
Depth (rt) 
uthdow 
TlM Unit 

Saturation State Air Dry 

saJmum 
Initial Mass 250.80 g 
Final Mass 249.05 g 
Sample Size 49.61 mm OD 10.57 mm ID 58.95 rnm Len 
Sample Volume 108.78 cc 
Sample Density 2.30 g/cc 

1.25 

1 20 I I I 1 I I 
1.15 

1.10 
E 
&I 1.05 
7 
Y 

1.00 

0.95 
Q1 

- = 
$ 0.90 n 
v) 

0.85 

0.80 

0.75 

0.70 7 1 

0 50 100 150 200 250 300 

Temperature 

25 to 174 Cp = -6.7444E-lOxp + 1.343OE-07X~ + 3.0995E-06~1~ + 8.6536E-WxT 
+ 0.79993 
R = 1.00 

175 to 300 Cp = 5.6847E96x? - 2.7903E43~T + 1.4483 
?=SO22 

Original Data Curvefit Data 
PCP 

0.83 1.90 23.1 0.82 25 
28.3 0.84 
33.4 0.84 
30.6 0.85 
43.8 0.85 
49.3 0.83 
54.8 0.88 
60.1 0.89 
65.4 0.90 
70.6 0.91 
75.8 0 2  
812 0.95 
86.7 0.95 
92.1 0.95 
97.6 0.97 

102.9 1.00 
108.3 1.00 
113.5 1.02 
118.8 1.02 
124.0 1.04 
129.1 1.07 
134.3 1.09 
139.6 1.08 
144.9 1.09 
1502 1.12 
155.3 1.14 
160.5 1.12 
165.8 1.14 
171.0 1.12 
176.2 1.13 
181.4 1.14 
186.6 1.14 
192.0 1.13 
197.4 1.12 
203.0 1.07 
208.3 1.16 
213.5 1.12 
219.0 1.09 
224.4 1.10 
229.6 1.11 
234.8 1.08 
240.0 1.10 
2452 1.11 
250.4 1.11 
255.6 1.12 
260.8 1.11 
266.0 1.11 
271.1 1.13 
276.4 1.11 
281.7 1.11 
286.9 1.11 
292.0 1.11 

30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
loo 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 
165 
170 
175 
1 80 
185 
190 
1 95 
200 
205 
210 
215 
220 
225 
230 
235 
240 
245 
250 
w 
260 
265 
270 
275 
280 

297.2 1.12 285 
290 

0.83 1.91 
0.84 1.93 
0.85 lS5 
0.85 1.97 
0.86 1.99 
0.87 2.01 
0.88 2.03 
0.89 2.06 
0.91 2.08 
0.92 2.11 
0.93 214 
0.94 217 
0.96 220 
0.97 223 
0.98 2.26 
1.00 2.30 
1.01 2.33 
1.03 2.36 
1.04 2.39 
1-05 2.42 
1.07 2.45 
1.08 2.48 
1.09 251 
1.10 2.53 
1.11 256 
1.12 257 
1.13 259 
1.13 2.60 
1.13 2.61 
1.13 2.61 
1.13 2.60 
1.13 2.59 
1.12 2.58 
1.12 2.58 
1.12 2.57 
1.12 2.56 
1.11 2.56 
1.11 2.56 
1.11 2.55 
1.11 2.55 
1.11 2.55 
1.11 2.54 
1.11 2.54 
1.11 2.54 
1.11 2.54 
1.11 2.54 
1.11 2.55 
1.11 2.55 
1.11 2.55 
1.11 2.56 
1.11 2.56 
1.11 2.56 
1.12 257 

295 1.12 2.58 
300 1.12 2.58 

F-7 



NRG-5834.ESNL-E 
Qaksmmu 
Sample ID 
Borehole USW-NRG-5 

034.8 
Welded Devitrified M o g y  

T/M Unit TSw2 

Test CQQ&KX& 
Saturation State Air Dry 

oe~a (n) 

.. 

242.82 g Initial Mass 
Final Mass 241.35 9 
Sample Size 49.53 mm OD 10.62 mm ID 58.47 mm Len 
Sample Volume 107.48 cc 
Sample Density 226 

25amdam 

1.10 
P 
3 

1-00 

0 0.95 

&I 1.05 

P - c g 0.90 
v) 

0.85 

0.80 

0.75 

0.70 .) 

I I I I I 

0 50 100 150 200 250 300 

Temperature (“c) 

0 to 159 Cp = -2.8397E-09~74 + 8.0502E-07~? - 6.W32E45xT2 + 3.6767E-03xT 
+ 0.72467 
f = 0.99 

160 to 300 Cp = 9.41 02E-lO~r* - 8.0985E-07~? + 2.6004E-04~? - 3.6944E-T 
+ 3.0175 
f = 0.36 

F-8 

Original Data Cunrsfrt Data 

25.1 0.79 25 0.79 1.78 
Temp c, Temp CP Pcp 

305 0.80 
35.9 0.80 
413 0.83 
46.6 0.80 
51.9 0.83 
572 0.84 
62.6 0.86 
662 0.85 
73.8 0.89 
79.3 0.89 
84.7 0.91 
90.1 0.92 
95.4 0.93 
100.7 0.95 
106.1 0.97 
111.6 1.02 
117.1 1.01 
122.5 1.03 
127.8 1.03 
133.1 1.06 
138.3 1.05 
143.5 1.07 
148.8 1.08 
154.4 1.06 
160.0 1.06 
165.4 1.0% 
170.9 1.04 
1765 1.04 
181.8 1.06 
187.1 1.05 
192.6 1.05 

203.4 1.07 

214.3 1.06 
219.7 1.05 
225.1 1.07 
230.6 1.04 
236.0 1.04 
241.5 1.04 
246.9 1.07 
252.3 1.05 
257.7 1.06 
263.0 1.04 
266.4 1.07 
273.7 1.07 
279.0 1.08 
284.3 1.07 
289.6 1.07 
294.9 1.09 

198.0 1.07 

208.9 1.07 

30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 
165 
170 
175 
180 
185 
190 
195 
200 
205 
210 
215 
220 
225 
230 
235 
240 
245 
250 
255 
260 
265 
270 
275 

300.1 1.09 280 
285 
290 
295 

0.79 1.80 
0.80 1.81 
0.81 1.83 
0.02 1.85 

0.84 1.89 
0.84 1.91 
0.86 1.93 
0.87 1.96 
0.88 1.99 
0.89 2.02 
0.91 2.05 
0.92 2.08 
0.94 2.12 
0.95 2.15 
0.97 2.19 
0.99 223 
1.00 226 
1.02 230 
1.03 233 
1.04 2.36 
1.06 2.38 
1.06 2.40 
1.07 2.41 
1.07 2.42 
1.07 2.41 
1.06 2.40 
1.06 2.40 
1.06 2.39 
1.06 2.39 
1.06 2.39 
1.06 2.39 
1.06 2.39 
1.06 2.39 
1.06 2.39 
1.06 2.39 
1.06 2.39 
1.06 2.39 
1.06 2.39 
1.06 2.39 
1.06 2.39 
1.06 2.39 
1.06 2.39 
1.06 2.39 
1.06 2.39 
1.06 2.39 
1.06 2.39 
1.06 2.39 
1.06 2.40 
1.06 2.40 
1.07 2.41 
1.07 2.42 
1.08 2.43 
1.08 2.45 

0.83 1.87 

300 1.09 2.47 



Qaksmmm 
Sample ID 
Borehole 
Depth (4 
Lithology 
TIM unit 

saturation State 

satwkma 
Initial Mass 
Final Mass 
Sample Size 
Sample Vdume 

NRG-5-043.5-SNL-D 
USW-NRG-5 
043.5 
Welded Devitrified 
TSW 

Air Dry 

249.16 g 
247.76 g 

107.93 
49.56 mm OD 10.49 mm ID 50.57 mm Len 

;ample Density 2.31 

I OE 

1.20 

1.15 

1-10 
P 
3 

1.00 

e 0.95 

0.90 

0.05 

& 1-05 

: - = 
UJ 

0.75 

OO8O 

".." I 

0 50 100 150 200 250 300 

Temperature (%) 

Temoerature Interval and 

0 to 169 Cp = S.ME-l lx? - 62494E-08~? + l . ~ o S E 4 5 ~ T ~  + 6.4565E-04xT 
+ 0.00279 
? = 0.99 

170 to 300 Cp = 4.9236E-09xv - 4.6386E-06xF + 1.6307E-03xP - 25301 E-OlxT 
+ 15.711 
? = 0.78 

Original Data Cuwe-lit Data 
Temp c, Temp Q Pcp 
272 0.04 25 0-83 1.91 
329 0.05 
30.5 0.04 
44.1 0.06 
49.7 0.04 
55.0 0.08 
603 0.09 
65.6 0.91 
71.0 0.92 
76.3 0.93 
01.6 0.95 
07.0 0.95 
925 0.95 
90.0 0.99 
103.4 1-00 
100.0 1.01 
114.0 1.02 
119.4 1.00 
124.0 1.04 
130.3 1.05 
135.5 1.00 
140.6 1.10 
145.9 1.12 
151.1 1.11 
156.4 1.13 
161.7 1.15 
166.9 1.16 
1722 1.14 
177.6 1.11 
102.0 1.14 
100.0 1.13 
193.4 1.08 
190.0 1.11 
204.0 1.11 
209.4 1.11 
214.0 1.09 
220.0 1.14 
225.3 1.12 
230.0 1.12 
2362 1.14 
241.7 1.12 
2472 1.14 
252.6 1.12 
257.7 1.15 
263.0 1.14 
260.4 1.14 
273.0 1.14 
279.3 1.16 
204.7 1.14 
290.1 1.17 
295.4 121 
300.9 121 

30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 
165 
170 
175 
100 
105 
190 
195 
200 
205 
210 
215 
220 
225 
230 
235 
240 
245 
250 
w 
260 
265 
270 
275 
200 
205 
290 
295 

0.04 1.93 
0.04 193 
0.85 1.37 
0.86 1.99 
0.07 2.01 
0.00 203 
0.09 2.06 
0.90 2.08 
0.91 2.10 
0.92 2.13 
0.93 2.16 
0.95 2.10 
0.96 221 
0.97 2.24 
0.90 2.27 
0.99 2.30 
1.01 2.33 
1.02 2.36 
1.03 2.39 
1.05 2.42 
1-06 2.45 
1.07 2.48 
1.09 2.51 
1.10 254 
1.11 257 
1.13 2.61 
1.14 2.64 
1.16 2.67 
1.15 2.65 
1.13 2.62 
1.12 2.59 
1.11 257 
1.11 2.56 
1.11 2.55 
1.11 2.55 
1.11 2.56 
1.11 256 
1.11 2.57 
1.12 2.58 
1.12 2.59 
1.12 2.59 
1.13 2.60 
1.13 2.61 
1.13 2.61 
1.13 261 
1.13 2.62 
1.14 2.62 
1.14 263 
1.14 264 
1.15 2.65 
1.15 2.66 
1.16 2.68 
1.17 2.71 
1.19 2.75 

300 1.21 2.80 

F-9 



NRG-5-844.0-SNL-C 
USW-NRG-5 
844.0 
Welded Devibified 
TSW;! 

Saturation State Air Dry 

245.89 g 
samkma 
lnifal Mass 
Final Mass 244.57 g 
Sample Size 49.73 mm OD 10.59 rnrn ID 58.7 mm Len 
Sample Vdume 108.85 c(: 
Sample Density 226 dcc 

1.20 I I I I I 

i i: I ... " 
1.10 

E 
3 
&I 1.05 

1.00 

0.95 
al 

I = g 0.90 
u) 

0.85 

0.80 

0.75 

c 

1 I 1 I I I 

I I 
I I I I I 0.70 4 1 

0 50 100 156 200 250 300 

Temperature Pc) 

0 to 149 Cp = -1.7799E-IOXP + 6.6157E-WxP + 12153Ea~T + 0.73549 
P =  1.00 

150 to 300 Cp = 3.0043E-06~T2 - 1.5836E-03xT + 1.2260 
P = 0.57 

F-10 

original Data Cunrefit Data 
Temp c, T emP cp PCP 
24.3 0.77 25 0.77 1.74 
29.5 0.78 
34.7 0.79 
39.9 0.79 
45.1 0.81 
50.3 0.80 
55.8 0.83 
61.1 0.83 
66.5 0.85 
71.7 0.86 
n.0 0.87 
822 0.88 
87.5 0.90 
92.9 0.89 
98.3 0.92 
103.6 0.94 
108.9 0.94 
114.1 0.96 
1192 0.98 
124.5 0.99 
129.8 1.00 
135.1 1.02 
140.4 1.04 
145.5 1.05 
150.8 1.04 
1562 1.06 
161.6 1.04 
167.0 1.06 
172.4 1.05 
177.8 1.02 
1832 1.04 
188.5 1.03 
193.9 1.03 
199.3 1.03 
204.6 1.03 
210.0 1.03 
215.3 1.04 
220.6 1.03 
226.0 1.00 
231.3 1.04 
236.6 1.00 
242.0 1.01 
2473 1.01 
252.6 1-03 
257.9 1.02 
2632 1.02 
268.5 1.01 
273.7 1.02 
279.0 1.02 
2842 1.02 
209.4 1.02 
294.6 1.02 
299.8 1.03 

30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 
165 
170 
1 75 
180 
185 
190 
195 
200 
205 
210 
215 
220 
225 
230 
235 
240 
245 
250 
255 
260 
265 
270 
275 
280 
285 
290 
295 

0.78 1.76 
0.79 1.78 
0.79 1.00 
0.80 1.82 
0.81 1.84 
0.82 1.86 
0.83 1.88 
0.84 1.90 
0.05 1.93 
0.86 1.95 
0.87 1.98 
0.89 2.00 
0.90 2.03 
0.91 2.06 
0.92 2.09 
0.94 2.11 
0.95 2.14 
0.96 2.18 
0.98 2.21 
0.99 2.24 
1.00 2.27 
1.02 2.30 
1.03 2.34 
1.05 2.37 
1.06 2.39 
1.05 2.38 
1.05 2.37 
1.05 2.37 
1.04 2.36 
1.04 2.35 
1.04 2.35 
1.04 2.34 
1.03 2.34 
1.03 2.33 
1.03 2.33 
1.03 2.32 
1.03 2.32 
1.02 2.32 
1.02 2.31 
1.02 2.31 
1.02 2.31 
1.02 2.30 
1.02 2.30 
1.02 2.30 
1.02 2.30 
1.02 2.30 
1.02 2.30 
1.02 2.30 
1.02 2.30 
1.02 2.30 
1.02 2.30 
1.02 2.30 
1.02 2.30 
1.02 2.31 

300 1.02 2.31 



NRG-5-864.0-SNL-C 
Qakmmm 

. 
Borehole USW-NRG-5 
Depth (a) 864.0 

Welded Devitrified 
Tsw2 T/M Unit 

W o g Y  

saturamstate AirW 

234.67 g 
samQum 
Initial Mass 
Final Mass 233.46 g 
Sample Sire 49.68 mm OD 10.52 mm ID 58.75 mm Len 
SampleVolume 108.78 cc 
Sample Density 2.16 @CC 

125 

1.20 

1.15 

1.10 
E 
&J 1.05 
3 

1-00 

0 0.95 

0.90 

0.85 

0.80 

0.75 

0.70 

: - c 
cn 

0 50 100 150 200 250 300 

Temperature Pc) 

25 to 164 Cp = -2.0496E49~? + 4.9835E-07xP - 2.7488E-05xf2 + 2.0083E-03xT 

8 = 0.98 
+ 0.751 78 

165 to 300 Cp = 3.9433E-lhV - 3.6415E-07~? + 12619E44x~ - 1.9717E-T 
+ 22227 
8 = 0.47 

25.3 0.79 
30.6 0.81 
36.0 0.80 
41.3 0.82 
46.6 0.82 
519 0.84 
57.3 0.85 

68.3 0.87 
73.7 0.90 
79.1 0.90 
84.4 0.94 
89.9 0.93 
95.5 0.94 
101.0 0.96 
106.4 1.00 

117.1 1.03 
122.3 1.03 
127.5 1.10 
132.8 1.05 
1382 1.06 
143.5 1.08 
148.9 1.07 
154.3 1.08 
159.7 1.07 
165.1 1.06 
170.5 1.06 
175.9 1.05 
181.3 1.06 

192.1 1.05 
197.5 1.06 
202.9 1.05 
2082 1.07 
213.5 1.02 

224.3 1.04 
229.6 1.03 
235.0 1.05 
240.4 1.02 
245.8 1.02 
251.2 1.03 
256.6 1.03 
261.9 1.02 
267.3 1.02 
272.7 1.03 
278.1 1.03 
283.4 1.02 
288.8 1.03 
2942 1.04 

62.8 0.87 

111.8 1.00 

186.7 1-03 

218.9 1.04 

Curve-fit Data 
Temp cp PCP 

25 0.79 1.71 
30 0.80 1.73 
35 0.81 1-74 
40 0.81 1.76 
45 0.82 1.78 
50 0.83 1.80 
55 0.84 1.82 
60 0.85 1.85 
65 0.87 1.87 
70 0.88 1.90 
75 0.89 1.93 
80 0.91 1.96 
85 0.92 1.99 
90 0.94 2.03 
95 0.95 2.06 
100 0.97 210 
105 0.99 2.13 
110 1.00 2.17 
115 1.02 220 
120 1.03 223 
125 1.05 2.26 

135 1.07 231 
140 1.07 2.32 
145 1.08 2.33 
150 1.08 2.33 
155 1.08 2.32 
160 1.07 2.31 
165 1.06 229 
170 1.06 229 
175 1.06 2.28 
180 1.05 2.27 
185 1.05 227 
190 1.05 226 
195 1.05 226 
200 1.04 226 
205 1.04 2.25 
210 1.04 2.25 
215 1.04 225 
220 1.04 2.24 
225 1.04 2.24 
230 1.04 2.24 
235 1.03 224 
240 1.03 223 
245 1.03 2.23 
250 1.03 223 
255 1.03 2.22 
260 1-03 2.22 
265 1.03 222 
270 1.03 222 
275 1.03 2.22 

130 1.06 228 

299.5 1.02 280 1.03 221 
285 1.02 2.21 
290 1.03 221 
295 1.03 222 
300 1.03 222 
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NRG-5-866.7-SNL-C 

066.7 
Welded Devitrtiied 
TSW 

Qabamlw 
Sample ID 

oepth (fi) 
uthdogy 

Borehde USW-NRG-5 

TIM Unit 

Test 
Saturationstate AirDry 

228.33 g 
ismmQak 
Initial Mass 
Final Mass 227.03 9 
Sample Size 49.63 mm OD 10.57 mm ID 50.50 mm Len 
SampleVdume 108.04 cc 
SampleDeMitY 211 Qfcc 

1.10 - -  
P 
$I 1.05- 
2 2 1.00- 
z 
0 0.95 

0.90 

0.05 

0.80 

0.75 

- .c 

u) 

I I I I 0.70 -1 I J 
0 50 100 150 200 250 300 

Temperature PC) 

25 to 159 Cp = -6.7313E-loxp + 1.0697E-07~V + 9.9007E-OSxF + 6.2786E-04xT 
+ 0.7391 
? = 0.90 

16010300 C p ~ 2 . 7 9 1 2 E - O 9 x ~ - 2 . 6 2 ~ E ~ ~ + 9 . l l ~ E ~ ~ ~ -  1.39OlE-01xT 
+ 8.0984 
? = 0.75 

original Data curve-fit Data 
Temp C, Temp Cp PCP 
255 0.77 25 0.76 1.61 
31.0 0.77 

423 0.79 

53.5 0.03 
58.9 0.03 
642 0.04 
69.5 0.07 
75.0 0.07 
00.6 0.80 
86.1 0.90 
91.6 0.93 
97.1 092 
102.4 O S  
107.7 0.95 
113.0 1.00 
110.4 0.90 
123.9 1.01 
129.4 1.02 
134.0 1.08 
140.1 1.06 
145.4 1.08 
150.7 1.06 
156.0 1.09 
161.3 1.05 
166.6 1.03 
172.0 1.03 

182.7 1.02 
100.1 1-02 
193.4 1.03 
190.7 0.99 
204.1 1.03 
209.4 1.03 
214.7 1.04 
220.0 1.03 
225.3 1.00 
230.6 1-01 
236.0 0.90 
241.4 1.00 
246.0 0.90 
2522 1.00 
257.5 0.99 
262.9 0.99 
2602 0.90 
273.6 1.00 
279.0 0.98 
204.4 0.96 
209.8 0.97 

36.7 an 
4.0 0 . n  

in .3  1.02 

30 0.n 1.62 
35 0.70 1.64 
40 0.79 1.66 
45 0.79 1.60 
50 0.00 1.70 
55 0.02 1.72 
60 0.03 1.75 

70 0.05 1.00 
75 0.87 1.03 
80 0.80 1.06 
85 0.90 1.09 
90 0.91 1.92 
95 0.93 1.95 
loo 0.94 1.99 
105 0.96 2.02 
110 0.97 2.05 
115 0.99 2.09 
120 1.00 2.12 
125 1.02 2.15 

13s 1.05 221 
140 1.06 2.23 
145 1.07 2.25 
150 1.00 220 
155 1.09 2.29 
160 1.06 224 
165 1.05 221 
170 1.04 2.19 
175 1.03 2.17 
180 1.03 2.16 
185 1.02 2.16 
190 1.02 2.15 
195 1.02 2.15 
200 1.02 2.15 
205 1.02 2.15 
210 1.02 2.15 
215 1.02 2.14 
220 1.02 2.14 
225 1.01 2.14 
230 1.01 2.14 
235 1.01 2.13 
240 1-01 2.12 
245 1.00 2.12 
250 1.00 2.11 
25s 0.99 2.10 
260 0.99 2.00 
265 0.90 2.07 
270 0.90 2.06 

65 0.04 1 .n  

130 1.03 2.18 

295.3 0.95 275 0.97 2.05 
280 0.97 2.04 
23s 0.96 2.03 
290 0.96 2.03 
295 0.96 2.03 
300 0.96 2.03 



Appendix G 
Lithostratigraphic Unit Assignments for 
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: 
The U.S. Geological Survey (USGS) has recently developed a lithostratigraphk 

nomenclature that is described by Geslin et al. (1995) and summarized in Tables G-1 and G-2. 
This nomenclature is applied to boreholes NRG-4, NRG-5, and MG-6 in Geslin et al. (1 995), 
and is applied to NRG-7/7A in Geslin and Moyer (1995). The test specimens included in this 
report are given in terms of the USGS nomenclature in Tables G-3, G-4, and G-5 for thermal 
conductivity, thermal expansion, and heat capacity, respectively. 
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Table G-1 . Lithostratigraphic Nomenclatured of the Paintbrush Group 

at Yucca Mountain, Nevada (USGS) 

Lithostratigraphic Unit Abbreviated Nomenclature 
Paintbrush Group 
Tuff‘Unit “X” 
Pre-Tuffunit “X” Bedded Tuff 
Tiva Canyon Tuff 

crystal-rich member (quartz latite) 
vitric zone 

non-to partially welded subzone 
moderately welded subzone 
vitrophyre subzone 

nonlithophysal zone 
subvitrophyre transition subzone 
pumice-poor subzone 
mixed pumice subzone 
crystal transition subzone 

lithophysal zone 
crystal transition subzone 

crystal-poor member (high-silica rhyolite) 
upper lithophysal zone 

spherulite-rich subzone 
middle nonlithophysal zone 

upper subzone 
lithophysae-bearing subzone 
lower subzone 

lower lithophysal zone 
lower nonlithophysal zone 

hackly subzone 

From Brechtei et al., 1995 



Lithostratigraphic unit Abbreviated Nomenclature 
spherulitic pumice interval Tpcplnc3 
argillicpumiceinterval 
vitric pumice intend 

vitric zone 
vitrophyre subzone 
moderately welded subzone 
non- to partially welded subzone 

Pre-Tiva Canyon TuSBedded Tuff 
Yucca Mountain TuE 
Pre-Yucca Mountain TufFBedded Tuff 
Pah Canyon Tuff 
Pre-Pah Canyon Tuff Bedded Tuff 
Topopah Spring Tuff 

crystal-rich member (quartz latite) 
vitric zone 

non- to partially welded subzone 
moderately welded subzone 
vitrophyre subzone 

\ 

nonlithophysal zone 
lithophysal zone 

crystal-rich lithophysal subzone 
crystal transition subzone 

crystal-poor member (high-silica rhyolite) 
upper lithophysal zone 

cavernous lithophysae subzone 
smaU lithophysae subzone 

middle nonlithophysal zone 
upper subzone 
lithophysae-bearing subzone 
lower subzone 

lower lithophysal zone 

Tpcplnc2 
Tpcplncl 

Tpcpv 

TPCPfl 
TPCPVl 
Tpbt4 

TPY 
Tpbt3 

TPP 
Tpbt2 

TPt 
TP& 
Tptrv 
Tptrv3 

Tpcpv3 

T P M  
Tptrvl 
Tptm 
Tptrl 
Tptrl2 
Tptrl 1 

TPtp 
Tptpul 
Tptpul2 
Tptpul 1 

TPtPmn 
T P t P d  
TPtPrn  
Tptpmnl 

TPtPU 

G-5 



Lithostratigraphic Unit Abbreviated Nomenclature 

lower nonlithophysal zone TPtPln 
vitric zone TPtPV 

moderately welded subzone TPtpv;! 

vitrophyre subzone Tptpv3 

non- to partially welded subzone Tptpvl 
Tpbt 1 Pre-Topopah Spring Bedded TufF 



e 

Table G-2. Definitions of Characters used in Abbreviated Nomenclature 

Character Sequence Nomenclature Abbreviations 
1 T = Tertiary 
2 p = Paintbrush 
3 c = TivaCanyonTuE 

bt4 = Pre-Tiva Canyon TuffBedded Tuff 
y = YuccaMountainTuE 
bt3 = Re-Yucca Mountain TuEBedded Tuff 
p = PahCanyonTuE 
bt2 = Pre-Pah Canyon TuEBedded Tuff 
t = Topopah Spring TuEFonnation 
btl = Pre-Topopah Spring TSBedded Tuff 

~ 

4 r = crystal rich 
p = crystal poor 

5 1 =lithophysal 
n = nonlithophysal 
v = vitric 
ul = upper lithophysal 
11 = lower lithophysal 
mn = middle nonlithophysal 
In = lower nonlithophysal 

6 c = columnar 
h = hackly 

7 1 =subzone 
2 = subzone 
3 =subzone 
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Table G-3 ThermavMechanical Unit and USGS LithoStratigraphic 
Nomenclature for All Thermal Conductivity Spechens 

Specimen ID T/M Unit USGS 
Lithostratigraphic 

Nomenclature 
NRG-4-43 1.3-SNL-B PTn 
NRG-4-450.6-SNGB 
NRG4470.0-SNGA 
NRG-4-470.0-SNL-B 
NRG-4-529.0-SNLA 
NRG4529.0-SNL-B 
NRG-4-545.0-SNL-G 
NRG-4-5 86.2-SNL-A 
NRG-4-586.2-SNL-B 
NRG-4-590.0-SNL-B 
NRG-4-6 10.5-SNL-B 
NRG-4-619.9-SNL-B 
NRG-4-654.0-SNGA 
NRG-4-654.0-SNL-B 
NRG-5-78 1.8-SNL-A 
NRG-5-791.3-SNL-A 
NRG-5-791.6-SNL-A 
NRG-5-834.8-SNL-A 
NRG-5-834.8-SNL-B 
NRG-5-843.5-SNGA 
NRG-5-848.0-SNL-B 
NRG-5-852.5-SNL-B 
NRG-5-853.8-SNL-A 
NRG-5-874.3-SNL-B 
NRG-5-874.9-SNL-B 
NRG-5-879.6-SNL-A 
NRG-5-886.5-SNL-B 
NRG-5-893.3-SNL-B 
NRG-5-899.8-SNL-B 
NRG-6-28.8-SNL-B 
NRG-6-28.8-SNL-C 
NRG-6-98.1 -SNL-H 
NRG-6-98.1-SNL-I 

NRG-6- 1 1 1 .O-SNL-H 
NRG-6- 1 1 1.0-SNL-I 
NRG-6-152.9-SNL-D 
NRG-6- 152.9-SNGE 
NRG-6- 187.0-SNL-E 
NRG-6-187.0-SNGF 

PTn 
PTn 
PTn 

TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TCw 
TCw 
TCw 
TCw 
TCw 
TCw 
PTn 
PTn 
PTn 
PTn 
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TPP 
TPP 

T P W  
TPm 
Tptrn 
TPm 
TPm 
TPm 
TPm 
Tptrn 
TPm 
TPm 
TPm 
Tptpul 
TPtPUl 
Tptpul 

T P t P d  
T P t P d  
T P t P d  
TPtPW 
TPtPW 
TPtPW 
Tptpmnl 
Tptpmnl 
Tptpmn 1 
Tptpmnl 
Tptpmnl 
Tptpmnl 

Tpcpll 

Tpcplnc 
T pcplnc 
Tpcplnc 
Tpcplnc 

Tptrv2 

TPCPfl 

TPCPVl 
TPCPVl 

TPP 
TPP 



USGS 
Lithostratigraphic 

SpecimmID TMUnit 

Nomenclature 
NRG-6-24 1.5-SNL-D PTn 
NRG-6-24 1.5-SNGE 
NRG-6-277.5-SNL-D 
NRG-6-277.5-SNL-E 
NRG-6-321.1-SNL-D 
mG-6-32 1.1 -SNL-E 
NRG-6-354.9-SNL-B 
NRG-6-354.9-SNL-C 
NRG-6-392.1-SNGC 
NRG-6-392.1-SNL-D 
NRG-6-4 16.0-SNL-J 
NRG-6-4 16.0-SNL-K 
NRG-6-421.8-SNL-C 
NRG-6-42 1.8-SNL-D 
NRG-6-425.3-SNL-A 
NRG-6-425.3-SNL-B 
NRG-6-45 1.2-SNL-A 
NRG-6-45 1.2-SNL-B 
NRG-6-556.1-SNL-A 
NRG-6-556.1-SNL-B 
NRG-6-693.1-SNL-C 
NRG-6-757.0-SNL-A 
NRG-6-757.0-SNL-B 
NRG-6-778.1-SNL-A 
NRG-6-778.1-SNL-B 
NRG-6-787.5-SNL-A 
NRG-6-787.5-SNL-B 
NRG-6-802.7-SNL-C 
NRG-6-802.7-SNL-D 
NRG-6-809.4-SNL- A 
NRG-6-809.4-SNL-B 
NRG-6-900.4-SNL-C 
NRG-6-900.4-SNL-D 
NRG-6-926.3-SNL-D 
NRG-6-926.3-SNL-E 
NRG-6-987.0-SNL-A 
NRG-6-987.0-SNL-B 
NRG-7- 1 8.6-SNL-C 
NRG-7-18.6-SNL-D 
NRG-7-27.0-SNL-A 
NRG-7-27.0-SNL-B 
NRG-7-56.8-SNL-C 
NRG-7-56.8-SNL-D 

PTn 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TCw 
TCw 
TCw 
TCw 
TCw 
TCw 
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SpeCimenID TMUnit USGS 
Lithostratigraphic 

Nomenclature 
NRG-7-75 .O-SNL-C PTn TPCPV 
NRG-7-75 .O-SNGD PTn TPcpv 
NRG-7-91.6-SNL-C PTn TPCPV 
NRG-7-9 1.6-SNL-D PTn TPCPV 

NRG-7-1 13.1 -SNL-C PTn TPY 
NRG-7-113.1-SNL-B PTn TPY 
NRG-7-248.5-SNIX PTn TPP 
NRG-7-248.5-SNL-D PTn TPP 
NRG-7-293.3-SNGC PTn T P W  
NRG-7-3 12.8-SNL-C TSwl TPm 

MRG-7-104.1-SNL-B PTn Tpbt4 
NRG-7-104. I-SNL-C PTn Tpbt4 

NRG-7-3 12.8-SNL-D TSwl Tptrn 

GI0 



Table G-4 ThermavMechanical Unit and USGS Lithostratigraphk 
Nomenclature for All T h d  Expansion Specimens : Specimen ID T/M Unit USGS 

Lithostratigraphic 
Nomenclature 

NRG-4-450.6-SNL-D PTn TPP 
NRG4506.0-SNGD 
NRG-4-529.0-SNL-C 
NRG-4-586.2-SNL-D 
NRG-4-610.5-SNL-D 
NRG4654.5-SNL-A 
NRG-4-690.6-SNL-A 
NRG-5-779.8-SNL-A 
NRG-5-829.0-SNGA 
NRG-5-83 1 .8-SNL-A 
NRG-5-848 .O-SNGA 
NRG-5-852.5-SNL-A 
NRG-5-874.9-SNL-A 
NRG-5-879.6-SNL-D 
NRG-5-886.5-SNL-A 
NRG-5-892.8-SNL-A 
NRG-5-893.3-SNL-A 
NRG-5-899.5-SNL-A 
NRG-5-899.8-SNL-A 
NRG-6-28.8-SNL-D 
NRG-6-28.8-SNL-F 
NRG-6-28.8-SNL-G 
NRG-6-98.1 -SNL-F 
NRG-6-98.1-SNL-G 
NRG-6-111.0-SNL-F 
NRG-6- 1 1 1.0-SNL-G 
NRG-6- 148.4-SNL-A 
NRG-6-148.4-SNL-A 
NRG-6- 1 52.9-SNL-B 
NRG-6- 152.9-SNL-C 
NRG-6-187.0-SNL-D 
NRG-6-277.5-SNL-B 
NRG-6-277.5-SNL-C 
NRG-6-321.1-SNL-B 
NRG-6-32 1.1 -SNL-C 
NRG-6-354.9-SNL-E 
NR.G-6-3 54.9-SNL-D 
NRG-6-392.1-SNL-E 
NRG-6-392.1-SNL-F 

TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TCw 
TCw 
TCw 
TCw 
TCw 
TCw 
TCw 
TCw 
TCw 
PTn 
PTn 
PTn 

TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
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Specimen ID TMUnit USGS 
Lithostratigraphic 

Nomenclature 
NRG-6-416.0-SNL-L TSwl Tptrn 
NRG-6-4 16.0-SNL-M 
NRG-6-42 1 .8-SNL-A 
NRG-6-42 1.8-SNL-B 
NRG-6-458.7-SNL-A 
NRG-6-45 8.7-SNL-B 
NRG-6-528.4-SNL-A 
NRG-6-528.4-SNL-B 
NRG-6-648.6-SNL-A 
NRG-6-648.6-SNL-B 
NRG-6-693.1-SNL-A 
NRG-6-693.1 -SNL-B 
NRG-6-729.2-SNGA 
NRG-6-729.2-SNL-B 
NRG-6-729.2-SNL-C 
NRG-6-732.6-SNL-A 
NRG-6-732.6-SNL-B 
NRG-6-732.6-SNL-C 
NRG-6-777.8-SNL-A 
NRG-6-777.8-SNL-B 
NRG-6-788.3 4NL-A 
NRG-6-788.3-SNL-B 
NRG-6-789.4-SNL-A 
NRG-6-802.7-SNL-A 
NRG-6-802.7-SNL-B 
NRG-6-806.0-SNL-A 
NRG-6-806.0-SNGB 
NRG-6-806.0-SNL-C 
NRG-6-849.9-SNL-A 
NRG-6-849.9- SNL-B 
NRG-6-886.5-SNL-A 
NRG-6-8 86.5-SNL-B 
NRG-6-900.4-SNL-A 
NRG-6-900.4-SNL-B 
NRG-6-9 1 1 .2-SNL-A 
NRG-6-9 1 1.2-SNL-B 
NRG-6-911.2-SNL-C 
NRG-6-926.3-SNL-A 
NRG-6-926.3-SNL-B 
NRG-6-926.3-SNL-C 
NRG-6-952.2-SNL-A 
NRG-6-952.2-SNL-B 
NRG-6-987.6-SNL- A 

TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
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Tptrn 
TPm 
TPm 
Tptrl 1 
Tptrll 

Tptpull 
Tptpull 
Tptpull 
Tptpull 
TPtpull 
TPtpull 
TPtPrn 
TPtP@ 
TPtPmn3 
T P t P d  
TPtPmn3 
T P t p d  
TPtPW 
T P t P d  

TPtpmnl 
TPtpmnl 

TPtpmn1 

Tptpmnl 

Tptpmnl 

Tptpmnl 
Tptpmnl 
Tptpmnl 

Tptpll 
Tptpll 

Tptpll 
TPtPfl 

TPtPfl 
TPtPfl 

TPtPl 
TPtPfl 

TPtPN 
TPtPfl 
TPtPH 
TPtPfl 

Tptpll 
Tptpll 

Tptpll 



SpecimenID TMUnit USGS 
Lithostratigraphic 

Nomenclature 
NRG-6-987.6-SNL-B TSw2 TPtpll 

NRG-6-1016.6-SNGA 
NRG-6- 1016.6-SNL-B 
NRG-6- 10 17.2-SNL- A 
NRG-6- 108 1.0-SNL-A 
NRG-6- 108 1.5-SNL-A 
NRG-6-108 1.5-SNL-B 
NRG-7-18.6-SNL-A 
NRG-7-27. 3-SNL-A 
NRG-7-56. 8- SNL-A 
NRG-7-75.0-SNL-B 
NRG-7-91 .6-SNL-A 
NRG-7-104.1-SNGA 
NRG-7-113.1-SNL-A 
NRG-7-120.9-SNL-A 
NRG-7-181.7-SNL-A 
NRG-7-248.5-SNL-A 
NRG-7-293 .3-SNL-A 
MRG-7-3 29.2-SNL-A 
NRG-7-359.1-SNL-A 
NRG-7-3 78.9-SNL-A 
NRG-7-496.3 -SNL-A 
NRG-7-550.9-SNCA 
NRG-7-606.4-SNL-A 
NRG-7-608.1-SNL-A 
NRG-7-625.7-SNL-A 
NRG-7-64 1 .O-SNGA 
NRG-7499.0-SNL-A 
NRG-7-856.5-SNL-A 
NRG-7-867.8-SNL-A 
NRG-7-95 6.6-SNL-A 
NRG-7-979.2- SNL-A 
NRG-7- 1 187.4-SNGA 
NRG-7-1261 .&SNL-A 
NRG-7- 1269.9-SNL-A 
NRG-7- 1305.7-SNL-A 
NRG-7-1364.6-SNGA 

TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TCw 
TCw 
TCw 
PTn 
PTn 
PTn 
PTn 
PTn 
PTn 
PTn 
PTn 

TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSwl 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 
TSw2 

TPtPU 
TPtPU 
TPtpll 
TPtPfl 
TPtpll 
TPW 

TPCPa 
TPCPM 
Tpcplnc 
TPCPV2 
Tpcpvl 
Tpbt4 
TPY 
TPY 
TPP 
TPP 

Tptrv2 
TPm 
TPm 
Tptrn 
Tptrll 
Tptpul 
Tptpul 
Tptpul 
TPtpUl 
TPtpUl 
TPtPUl 

TPtpmnl 
Tptpmnl 

Tptpll 
Tptpll 
Tptpll 

Tptpln 
Tptpln 

TPtPh 

Tptpln 

t 

NRG-7- 1407.4-SNL-A TSw2 Tpzln 
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Table G-5 Thermal/Mechanical Unit and USGS Lithostratigraphk 
Nomenclature for All Heat Capacity Specimens 

Specimen ID T/M Unit USGS 
Lithostratigraphic 

Nomenclature 
I 

NRG-4-545 .O-SNL-B TSwl TPm 
NRG-4-619.9-SNL-C TSwl TPm 
NRG-4-619.9-SNL-D TSwl TPm 
NRG-5-808.5-SNL-C TSw2 TPtP- 
NRG-5-828.2-SNL-C TSw2 T P t P d  
NRG-5-834. 8-SNL-E TSw2 TPtPM 
NRG-5-843.5-SNL-D TSw2 TPtPW 
NRG-5-844.0-SNL-C TSw2 TPtP- 
NRG5-864.0-SNL-C TSwZ T P t P d  
NRG-5-866.7- SNL-C TSw2 T P t P d  
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APPENDIX H 

Thermal Properties Data Sorted by Lithostratigraphic Unit 
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Table H-1. Rock "hemal Conductivities at T<lOO°C: 

Tptpv No data available. 
Tpbtl No data available. 
Tac No data available. 

* Timber Mountain Group: Bedded Tuffs (no abbreviation available) 

8 
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Table H-2. Rock Thermal Conductivities at T>100'C: 

Tpcpul No data available. 
Tpcpmn No data available. 
T D C D ~ ~  1.73 I 0.08 I 10 
Tpcpln 1.49 0.15 47 . 
Tpcpv 0.58 0.16 28 
T ~ b t 4  0.34 0.02 9 
Tpy 0.47 0.02 I 9 

Tpbt3 No data available. 
Tpp 0.36 0.03 37 

T ~ b t 2  0.27 0.02 10 

* Timber Mountain Group: Bedded Tuffs (no abbreviation available) 



Table H-3. Mean Coefficient of Thermal Expansion during Heating: Data Sorted by 
Lithostratipphic Units 

strati- saturation statistics MW CTE on Heat-up ( 10-9 "C) 
graphic state 

unit 
25- 50- 75- 100- 125- 150- 175- 200- 221- 250- 275- 
9"C 7- loooC 125°C 150°C 17- 2oooC 22!F'C 250°C 27- 3000C 

TMG* No data available. 
Tpki No data available. 
TpbtS No data available. 
TpCIV No data availabk. 
Tpcm No data available. 
Tpcpul No data available. 
Tpcpmn No data available. 

Mean 7.45 7.61 8.11 10.97 12.11 13.87 15.80 18.10 2235 29.66 86.02 
Std.Dev. 0.18 0.26 0.50 0.87 0.24 0.46 0.60 NIA NIA NIA NIA 

2 2 2 2 2 2 1 1 1 1 
D r y 1  Mean 1 5.66 8.02 9.78 12.39 12.88 15.03 17.75 25.02 50.58 52.01 79.25 

I I StdDev. I 2.59 1.94 1.58 0.65 1.40 1.93 3.16 10.45 40.46 30.20 59.60 
I I Count I 3 3 3 2 2 2 2 2 2 2 2 

Tpcpln 1 Saturated I Mean 1 6.74 7.63 8.05 9.70 14.23 16.54 18.17 19.43 20.90 26.30 21.47 
- -  I StdDev. I 0.05 0.01 0.71 2.13 0.07 0.27 0.10 0.81 1.27 0.13 3.57 

Saturated 
Std. Dev. 

Count 

std. Dev. 
count 

std. Dev. 

2 2 2 2 2 2 2 2 2 2 2 
7.00 8.41 9.55 9.78 12.61 14.85 16.74 18.95 21.26 30.28 37.11 
0.68 0.42 0.92 1.14 1.75 2.12 2.27 1.87 1.29 5.92 15.37 

7 7 7 5 5 5 5 5 5 5 5 
4.65 5.08 0.12 -37.77 5.63 4.91 1.23 -1.79 -4.24 -5.60 -3.84 
0.01 0.25 2.23 19.16 0.53 0.30 0.02 NIA NIA NIA N/A 

3 3 3 3 2 2 2 1 1 1 1 
4.99 5.11 4.01 -10.37 6.87 5.82 3.67 1.66 -0.75 -2.59 -3.29 
1.14 1.42 2.17 20.28 1.45 1.75 2.00 4.19 6.28 6.69 5.47 
4 4 4 3 3 3 3 3 3 3 3 
ND ND ND ND ND ND ND ND ND ND ND 

Count 
Dry Mean 3.95 2.66 -0.01 -6.66 5.57 4.85 5.37 6.20 6.57 6.07 4.26 

Std.Dev. NIA NIA NIA N/A NIA NIA NIA NIA NIA NIA NIA 
Count 1 1 1 1 1 1 1 1 1 1 1 

Tpy Saturated Mean ND ND ND ND ND ND ND ND ND ND ND 
Std. Dev. 

Count 
Dry Mean 4.28 4.89 5.11 3.27 6.35 6.28 4.90 2.62 -0.08 -0.82 -1.63 

Std.Dev. 0.23 0.22 0.24 3.05 0.34 0.15 1.94 4.99 8.38 7.39 5.00 
Count 2 2 2 2 2 2 2 2 2 2 2 

Tpbt3 No data available. 
Tpp Saturated Mean 3.89 1.87 -6.16 -8.35 5.35 3.59 -0.54 -7.51 -15.34 -21.32 -22.08 

Std.Dev. NIA NIA NIA NIA N/A NIA NIA NIA NIA NIA N/A 
Count 1 1 1 1 1 I 1 1 1 1 1 

Std.Dev. 0.22 0.75 1.84 1.93 0.40 0.37 2.65 7.70 12.70 16.36 14.23 
Count 4 4 4 3 3 3 3 3 3 3 3 

ny Mean 4.26 3.00 1.86 -6.W 5.96 4.60 1.11 -4.49 -10.14 -14.67 -14.68 

Tpbt2 No data available. 
Tpcrv Saturated Mean ND ND ND M) ND ND ND ND ND ND ND 

Std. Dev. 
Count 

Dry Mean 5.09 5.98 6.63 1.66 7.82 8.26 6.62 2.65 -3.55 -10.75 -19.54 
Std.Dev. NIA NIA NIA NIA NIA NIA NIA NIA NIA NIA N/A 

count 1 1 1 I 1 1 1 1 1 1 1 
Tptm Saturated Mean 5% 7.32 6.33 5.40 10.67 14.81 23.03 43.55 46.92 42.03 37.73 

Std. Dev. 1.14 0.59 1.85 3.12 2.33 4.19 8.53 23.63 20.70 16.19 14.03 
Count 6 6 6 6 6 5 5 5 5 5 5 

Dry Mean 5.66 7.10 8.05 8.43 9.88 15.89 24.15 34.75 33.31 33.51 34.02 
Std.Dev. 1.10 0.97 0.94 1.35 1.28 5.19 12.53 24.62 16.31 12.19 10.07 

Count 20 20 20 15 15 15 15 15 15 15 15 
Tptrl Saturated Mean 7.02 8.28 6.61 6.12 10.91 15.61 23.50 ND ND ND ND 

StdDev. N/A NIA NIA NIA NIA NIA NIA 
count 1 1 1 1 1 1 1 

Count 3 3 3 3 3 3 3 3 3 3 3 

Dry Mean 6.80 8.21 8.97 9.77 11.22 19.58 32.73 43.15 41.33 39.32 38.83 
Std.Dev. 0.92 0.93 0.86 0.94 1.34 2.88 8.17 12.42 8.64 6.88 5.43 
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Table H-3. Mean CoetTicient of Tbermal Expansion during Heating: Data Sorted by 
Lithostratigraphic Units 

Strati- Saturation Statistics 

UNt 
graphic state 

Tptpul Saturated Mean std. Dev. 
Count 

Std. Dev. 
count 

Tptpmn Saturated Mean 
Std. Dev. 

Count 
Dry Mean 

std. Dev. 
Count 

Tptpll Saturated Mean 
Std. Dev. 

count 

Std. Dev. 
Count 

Tptpln Saturated Mean 
std. Dev. 

count 
Dry Mean 

Std. Dev. 
Count 

Dry Mean 

Dry Mean 

Tptpv 
Tpbtl 
Tac 

Timber Mountain Group: Bed& 

MeanCTEonHeat-up(lO-6/'C) 

25- 50- 75- 100- 125- 150- 175- 200- 225- 250- 275- sm 75Oc 100°C 1292 1sit 17% 2oo.c upc 25ooc 27Pc 300°C 
7.59 7.00 7.91 10.22 10.76 12.95 16.73 25.60 32.83 43.98 53.94 
0.01 0.33 0.65 0.69 032 1.76 3.19 7.08 3.35 8.99 3.49 I 
3 3 3 3 3 3 3 3 3 3 3 
7.41 8.43 8.89 9.52 10.86 13.51 19.38 29.34 32.35 40.16 48.83 
0.42 0.36 0.39 0.52 1.34 2.57 6.89 10.73 8.56 17.22 18.41 I 
10 10 10 10 10 9 8 7 7 7 7 
7.20 7.78 7.93 8.73 10.11 11.74 12.96 15.53 20.60 31.23 50.39 
0.84 1.90 0.94 2.04 0.87 0.47 0.70 1.02 2.04 3.75 7.55 I 
9 9 9 9 9 9 9 7 7 7 7 
6.89 8.45 8.95 9.50 10.12 10.95 12.09 14.57 19.45 27.24 41.56 
1.45 0.30 0.24 0.27 0.36 0.52 1.01 2.04 3.47 6.23 7.92 I 
20 20 20 20 20 20 20 17 17 17 17 
7.09 7.20 7.03 9.37 9.87 11.73 13.20 15.42 17.80 20.65 26.93 
0.45 1.09 1.31 2.78 0.69 1.76 1.85 2.22 3.29 4.80 8.26 I 
10 10 10 10 10 10 10 9 9 9 9 
6.41 8.15 8.77 9.12 9.87 10.75 12.55 15.14 25.19 26.15 33.40 
0.75 0.47 0.54 0.57 0.68 1.01 1.80 3.26 27.61 13.65 17.99 
15 15 15 15 15 13 13 13 13 13 13 
ND ND ND ND ND ND ND IUD ND ND ND 

6.55 8.24 8.79 9.58 10.65 11.56 11.90 12.78 13.87 15.28 17.78 
1.29 0.57 0.47 1.07 2.17 2.75 2.35 1.53 1.11 1.94 4.38 
5 5 5 5 5 5 5 5 5 5 5 

No data available. 
No data available. 
No data available. 

Tuffs (abbreviation not available) 
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Table H-4. Mean Coeficient of Thermal Expansion during Cooling: Data 

I Count I 2 2 2 2 2 2 2 2 2 2 2 
D r v I  Mean I 17.32 26.36 33.24 26.31 22.79 18.19 15.13 12.98 11.17 9.95 6.58 

Std.Dev. 4.24 7.77 10.89 6.00 3.65 1.77 1.31 0.98 0.64 0.57 2.36 
Count 5 5 5 5 5 5 5 5 6 6 6 

Tpcpv Saturated Mean 16.31 9.72 7.41 6.51 7.53 6.58 6.12 5.41 5.09 4.11 1.27 
Std.Dev. NIA NIA NIA NIA 1.68 0.85 0.47 0.43 0.42 0.87 3.19 

Count 1 1 1 1 2 2 2 3 3 3 3 
Dry Mean 10.95 7.54 6.40 6.11 6.28 6.50 6.26 5% 5.90 5.23 2.95 

Std.Dev. 1.47 0.79 1.20 1.45 1.74 2.09 2.24 2.12 1.25 1.01 0.77 
Count 3 3 3 3 3 3 3 3 4 4 4 

Tpbt4 Saturated Mean ND ND ND ND ND ND ND ND ND ND ND 
std. Dev. 

Count 
Dry Mean 8.31 7.37 7.10 6.91 6.53 6.22 5.52 5.27 4.63 3.77 1.07 

Std.Dev. NIA NIA NIA NIA NIA NIA NIA NIA NIA NIA NIA 
count 1 1 1 1 1 1 1 1 1 1 I 

Tpy Saturated Mean ND ND ND ND ND ND ND ND ND ND ND 

I 
Std Dev. 

count 
Dry Mean 13.59 8.87 7.16 6.56 6.27 6.33 5.91 5.75 5.30 4.94 2.90 

Std.Dev. 3.78 1.15 0.49 0.06 0.17 0.20 0.12 0.22 0.25 0.40 0.02 
count 2 2 2 2 2 2 2 2 2 2 2 

TpbU No data available. 
Tpp Saturated Mean 14.84 8.52 6.99 6.27 5.90 5.70 5.55 5.21 5.20 4.99 3.98 

Std.Dev. NIA NIA NIA NIA NIA NIA NIA NIA NIA N/A NIA 
Count 1 1 1 1 1 1 1 1 1 1 1 

Dry Mean 9.95 7.36 6.44 6.11 6.06 5.94 5.62 5.37 5.19 4.33 1.76 
Std.Dev. 1.28 0.71 0.43 0.32 0.31 0.12 0.08 0.16 0.51 0.40 0.46 

Count 3 3 3 3 3 3 3 3 4 4 4 
Tpbt2 No data available. 
Tptrv Saturated Mean ND ND ND ND ND ND ND ND ND ND ND 

Std. Dev. 
count 

Dq Mean 14.00 9.32 7.90 7.84 8.65 9.04 8.08 7.24 6.64 5.97 3.23 
Std.Dev. NIA NIA NIA NIA NIA NIA NIA NIA NIA NIA NIA 

Tptm Saturated Mean 12.19 14.71 17.59 21.77 24.56 30.06 35.72 24.07 11.45 9.59 9.27 
Std.Dev. 2.69 4.08 5.00 5.17 7.33 11.96 20.31 7.95 2.60 1.86 1.30 

Dry Mean 14.48 16.80 19.51 19.32 22.37 24.89 30.46 20.41 10.07 8.78 6.78 
Std.Dev. 2.61 3.27 4.09 3.89 5.58 9.19 17.54 10.32 2.36 1.61 2.93 

Count 15 15 15 15 15 15 I5 15 20 20 20 
Tptri Saturated Mean ND ND ND ND 19.45 18.84 16.17 12.67 10.18 9.12 8.36 

std. Dev. NIA NIA NIA NIA NIA NIA NIA 

Count 1 1 1 1 1 1 1 1 1 1 1 

6 6  6 6  Count 5 5 5 5 5 5 6 

Count 1 I 1 I 1 1 1 

Count 3 3 3 3 3 3 3 3 3 3 3 

Dry Mean 16.32 20.35 23.96 27.10 38.99 36.83 30.76 19.18 12.61 10.56 8.08 
Std.Dev. 2.07 2.34 1.67 0.87 4.64 8.53 12.49 7.80 2.84 1.79 1.15 
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Table H-4. Mean Coefficient of Thermal Expansion during Cooling: Data 
Sorted by Lithostratigraphic Units 

Mean CTE on Cooldown (loa/ O C ,  I 
I I 300- 275- 250- 225- 200- 175- 150- 125- 100- 75- 50-  
I I ) 2 7 E  25OT 229C 200°C 175T l 5 W  125°C loooc 75oc 5O"C 350c 

Tptpul I Saturated I Mean I 19.87 28.46 34.81 33.46 35.28 23.61 17.14 13.93 11.91 10.84 9.84 .~ 
Std.Dev. 2.44 1.92 3.38 2.90 5.21 5.79 2.61 1.30 0.41 0.26 0.01 

count 3 3 3 3 3 3 3 3 3 3 3 
Dry Mean 21.56 29.24 34.20 30.06 30.33 22.27 16.63 13.40 10.82 9.68 6.95 

Std.Dev. 3.32 9.61 15.44 8.76 11.03 7.57 4.29 2.41 0.91 0.81 1.80 
Count 7 7 7 7 8 9 10 10 10 10 10 

rptpmn Saturated Mean 27.79 38.28 36.20 25.84 17.93 14.51 12.75 11.48 10.65 9.83 9.14 
Std.De.v. 1.45 2.14 5.05 4.41 3.02 1.32 0.84 0.63 0.47 0.40 0.52 I Count I 7 7 7 7 9 9 9 9 9 9 9 

Dry I Mean 1 24.82 30.08 28.39 22.55 17.20 13.72 11.88 10.73 9.93 9.34 8.38 
Std.Dev. 2.25 5.33 6.30 4.27 5.10 3.42 2.78 1.86 1.07 0.45 1.25 

Count 17 17 17 17 20 20 20 20 20 20 20 
Tptpll Saturated Mean 17.30 19.71 19.05 17.91 16.75 13.66 12.26 11.56 9.92 9.16 8.50 

Std.Dev. 3.93 5.31 4.90 3.92 3.16 1.38 1.65 2.77 0.54 0.64 0.57 
I count I 9 9 9 9 10 10 10 10 10 10 10 

Dry I Mean I 17.15 20.16 22.11 21.69 22.06 15.80 11.47 10.10 8.88 8.12 7.03 
I I Std.Dev. I 2.71 4.78 8.25 8.17 14.24 5.54 3.63 2.87 2.50 2.33 2.39 1 
I I Count I 13 13 13 13 13 13 15 15 15 15 15 

Tptpln)Saturated) Mean I ND ND ND ND ND ND ND ND ND ND ND _ _  
std. Dev. 

count 
Dry Mean 15.02 15.52 15.38 15.07 14.08 13.03 11.98 10.85 9.95 9.20 5.24 

Std.Dev. 2.70 2.89 2.28 1.63 2.06 2.61 2.56 1.87 1.09 0.63 0.23 
Count 5 5 5 5 5 5 5 5 5 5 5 

Tptpv No data available. 
Tpbtl No data available. 
Tac No data available. 
Timber Mountain Group: Bedded Tuffs (abbreviation not 

available) 
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Table H-5. Thermal Capacitance (pCp): 
Data Sorted by Lithostratigraphic Units 

- 
Tptrn Tptpmn 

Temperature Mean pCp Standard No. of Temperature Mean pCp Standard NO. of 
Deviation Tests Deviation Tests 

("C) (J/cm3K) (J/cm3K) ("C) (J/cm3K) (Jkm3K) 
25 1.58 0.04 3 25 1.79 0.1 1 7 
50 1.68 0.05 3 50 1.88 0.11 7 

i 

Note: Thermal capacitance data for other stratigraphic units not available. 
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