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ABSTRACT

Experimental results are presented for twenty-four (24) thermal expansion experiments performed on
five (5) welded specimens of the Paintbrush tuff recovered from borehole USW SD-12 at Yucca
Mountain, Nevada. The thermal expansion experiments were performed at constant confining
pressures between 1 and 30 MPa. On three specimens, the highest confining pressure measurements
were performed first to inhibit thermally induced damage which might occur at lower confining
pressures. At each confining pressure two complete thermal cycles were performed. The specimens
were heated (to a nominal temperature of 250 °C) and cooled at the nominal rate of 0.319°C per
minute. The change in specimen length as a function of temperature was measured with two LVDTs
mounted on endcaps secured to the specimen.

: The strain increases with increasing temperature and the strain vs temperature curves are
concave upward. On cooling, there is hysteresis at the higher temperatures at all confining pressures.
The first heating/cooling cycle is anomalous; hysteresis is pronounced, and a permanent shortening of
the specimen is observed at the termination of the cycle. The magnitude of the effect was similar for
all five specimens regardless of whether the first cycle was carried out at the highest or lowest
confining pressure. For subsequent cycles at all confining pressures, no permanent strain develops,
and the strain versus temperature curves are very similar. The mean coefficients of thermal expansion
(o) range from 7.9 to 10.87° °C™! at temperatures below 100 °C, to 14.2 t0 20.6 x 10° °C" at
temperatures approaching 250 °C. The effect of confining pressure on thermal expansion is small.
For temperatures above 175 °C, the mean coefficients of thermal expansion decreases by 10-12 % as
the pressure increases from 1 to 30 MPa.
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This report was prepared for the Yucca Mountain Site Characterization Project. The scientific
investigation discussed in this report is covered under the description of work for WBS number
1.2.3.2.7.1.2, QA Grading Report #1.2.3.2.7.1.2, Revision 00. The planning documents that guided
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and Work Agreement WA-00187, Revision 00. The information and data documented in this report
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1.0 INTRODUCTION

An integral part of the licensing procedure for the potential nuclear waste repository at Yucca
Mountain, Nevada involves the prediction of in situ characteristics of the tuff for the emplacement of
containers containing radioactive waste. The data used to model the thermal and mechanical behavior
of the repository rock and surrounding lithologies require a detailed knowledge of the thermal
expansion of the tuff. In particular, the lithophysae poor Topopah Spring welded unit (TSw2), the
potential repository horizon must be characterized. In this study a suite of experiments was performed
on cores recovered from the USW SD-12 borehole drilled at Yucca Mountain. USW SD-12 was drilled
to a depth of 1453.3 feet through five thermal/mechanical units of the Paintbrush tuff. The
thermal/mechanical stratigraphy was defined by Ortiz et al. (1985) to group rock horizons of similar
properties for the purpose of simplifying modeling efforts. The relationship between the geologic
stratigraphy and the thermal/mechanical stratigraphy is presented in Figure 1. The tuff samples at
Yucca Mountain have a wide range of welding characteristics (usually reflected in sample porosity),
and a smaller range of mineralogy and petrology characteristics. Geqerally, the samples are silicic, ash-
flow tuffs that exhibit large variability in their thermal and mechanical properties (see Price and Bauer,

1985).
2.0 EXPERIMENTAL PROCEDURE

Twenty-four thermal expansion experiments were performed on five specimens prepared from
core recovered from borehole USW SD-12. The specimens were from thermal/mechanical unit TSw2,
a welded tuff designated as the potential repository horizon. The specimen were prepared from vertical
cores by subcoring parallel to the axis. Each specimen was a ground, right circular cylinder. The
nominal dimensions of each specimen are 50.8 mm in diameter and 101.6 mm in length. The length
and diameter have a tolerance of = 0.125 mm. The ends of the specimens were parallel to within 0.025

mm. Room dry bulk densities were measured on each of the specimens prior to testing (specimens

were not oven dried prior to testing). In addition, average grain density was determined with the water
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Figure 1: The correlation between the stratigraphic and thermal/mechanical units for borehole
USW SD-12 at Yucca Mountain, Nevada (stratigraphy by Buesh et al: USGS Open File

Report 94-469, 1996).
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1

Lithologic log of Borchole USW SD-12. Dale Engstrom, unpublished data.

2 U.S.Geological Survey - Graphical Lithologic Log of the Paintbrush Group in Borchole USW SD-12, J.K. Geslin and J.R. Wunderlich,
DTN: (GS940908314211.045

3 Thermal-mechical units as defined by Buesch, et al., USGS Open File Report 94-469, “Proposed statigraphic nomenclature and
pic identificati

of lithostratigraphic units of the Praintbrush Group exposed at Yucca Mountain, Nevada.”




pycnometry technique using pieces remaining from the subcoring attendant to the preparation of the test
specimens (see Boyd et al., 1994; Martin et al., 1995). The composition and total porosity df each
specimen was very similar. The porosities ranged from 7.3 to 10.3%.

The selection of specimens for thermal expansion measurements were based on the relative
percentages of the silica phases in each specimen. Unconfined thermal expansion tests on TSw2 tuff
exhibit increases in the coefficient of thermal expansion between 150 and 200 °C. Phase transitions in
tridymite occur between 117 and 163 °C and in cristobolite near 272 °C with an attendant volume
change. It is possible that the phase changes will produce the variations in the coefficient of thermal
expansion, especially at temperatures near the transition temperatures. Therefore specimens were
selected that exhibited a range in the relative percentages of quartz, cristobolite, and tridymite to
determine if there is any effect of the relative concentration of each polymorph on the thermal expansion
of the welded tuff. Table 1 presents the relative percentages of quartz, cristobolite, and tridymite in
each specimen (TDIF #305435, 1996). The percentages shown are the relative concentrations of each
of the phases normalized to the total content of all three polymorphs. The total concentration of SiO2 in
the specimens is approximately 30 %. In addition, Table 1 also gives the lithostratographic unit for

each of the test specimens.

Table 1

Relative Percentages of SiO2 Polymorphs in the Thermal Expansion Specimens

Specimen Lithostratographic Porosity Quartz Cristobolite Tridymite

Depth, ft Unit % % Y% %o
687.3 ~ Tptpmn 8.7 16 84 0
742.9 Tptpmn 10.6 19 75 16
7764 Tptpmn 8.0 19 81 0
883.5 Tptpll 8.9 71 29 0
12048 Tptpln 7.6 49 51 0

2.1 Sample Preparation

All specimens prepared for the thermal expansion experiments were ground, right circular




cylinders with the nominal dimensions listed above. The dimensions of the specimens were checked
and verified according to the Sandia National Laboratories (SNL) Technical Procedure (TP) 51 entitled
“Preparing Cylindrical Samples, Including Inspection of Dimensional and Shape Tolerances.”
The prepared specimens were labeled and stored in containers until the measurement sequence
was initiated.
The general measurement sequence for each specimen is given below:
Dimensions measurement
Specimen description
Bulk density measurement in an room dry condition
Compressional and shear wave velocities in the room dry condition
Thermal expansion testing at confining pressures of 1, 5, 10, 20, and 30 MPa,
over a nominal temperature range of 25 to 250 °C
Compressional and shear wave velocities for the “post test” condition
Bulk density measurement in a “post test” condition

Description of the post test condition of the specimens

2.2 Compressional and Shear Wave Velocity Measurements

Compressional and shear wave velocities were measured on right circular cylinders of TSw2
tuff with 2 nominal length to diameter ratio of 2:1. The velocities were measured in a benchtop
apparatus before and after each suite of thermal expansion measurements. The velocity measurements
were conducted at ambient temperature and pressure.

Changes in compressional and shear wave velocity data may reflect damage to the specimen.
Previous studies have shown that thermal cycling of low porosity crystalline rocks damages the
spécimens (Martin et al., 1996). The damage is reflected by a decrease in the compressional and shear
wave velocities measured after the thermal expansion experiments.

A self-contained ultrasonic measuring system is used to perform the velocity measurements. A

tuff specimen is placed between a matched set of ultrasonic transducers. One transducer serves as the




source; the second as the receiver (Figure 2). The travel time through the rock is divided by the sample
length to compute the velocity. The travel time includes the travel time through the rock as well as the
titanium end pieces. A series of calibrations are performed to determine the travel time through the
titanium end pieces. These values are subtracted from the total travel time to obtain the trave] time
through the rock.

Each ultrasonic transducer contains one compressional and one or two polarized shear wave
elements. For the measurements parallel to the core axis one compressional and two orthogonally
polarized shear waves are propagated.

The transducers are constructed using piezoelectric crystals with a resonant frequency of
1 MHz. The multicomponent piezoelectric crystals are bonded to a titanium substrate. Titanium has
been selected because it has a good acoustical impedance match both to the rock and to the
piezoelectrical crystals. The source crystal is excited with a fast rise time pulse generator. The crystal
produces a broad band ultrasonic pulse propagated through the adjacent titanium substrate, the rock, the
titanium at the opposite end of the core, and into the receiver crystal. The signals are amplified, and
high pass filtered above 0.3 MHz. The time series displayed on the oscilloscope is then digitized and
transferred to a computer for subsequent analysis including picking the first arrival of the
compressional and shear wave energy to compute the compressional and shear wave velocities. The

accuracy of the travel time is X 0.02 microseconds.

2.3 Thermal Expansion Measurements on Specimens of TSw2

The thermal expansion experiments were performed on TSw2 tuff at constant confining
pressures of 1, 5, 10, 20, and 30 MPa, over a nominal temperat{lre range of 25 to 250 °C. The test
specimen is jacketed and secured to Invar 36 allby endcaps. The endcaps support the cores and the
barrels for two Linear Variable Displacement Transducers (LVDT) positioned on a diametral plane
through the specimen. The LVDTs are positioned at one end of the pressure vessel away from the
furnace. The cores and barrels of the LVDTs are mounted in fused quartz tubing. After adjusting the
LVDTs, the sample assembly is inserted into a pressure vessel. The confining pressure is increased

and thermal cycling initiated. The change in length of the sample is measured as a function of
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temperature. The sample is heated and cooled at a nominal rate of 0.319 °C per minute. The test
procedure adheres to the requiremenfs of ASTM D 4535-85 “Standard Test Method for the
Measurement of Thermal Expansion of Rock Using a Dilatometer”, with the following exceptions:

1. A single standardization cycle was performed at each confining pressure and a verification of the
system performance is obtained by measuring the thermal expansion on a known standard to within 5%.
2. The 95% confidence limits for the data are not calculated because there are insufficient data. These

two variations have no effect on the accuracy of the data.
2.3.1 Test Apparatus

Thermal expansion experiments were conducted in the test apparatus described below. The key
features of the system include independent controls for confining pressure, pore pressure, and
temperature. The measurements performed in this study were conducted in a drained condition. The
measurements were performed in a pressure vessel that accommodates test specimens up to 50.8 mm in
diameter and 120 mm in length, at confining pressures to 35 MPa, pore pressures to 35 MPa, and
temperatures to 250 °C.

A schematic diagram of the test apparatus is shown in Figure 3. A long bore pressure vessel is
divided into a hot and a cool region. The temperature in the hot zone is controlled with an external
furnace consisting of three band heaters surrounded by insulation and protected with a stainless steel
shroud. The cool end of the pressure vessel houses the LVDTs sensing the displacement of the rock
core during thermal expansion. The lower end of the vessel is encased in a cooling water jacket.

The pressure vessel is constructed of 4140 tool steel, hardened to R¢ 35. The threaded closures
of the vessel are fabricated from hardened 17-4 stainless steel. The bore diameter of the vessel is 92.1
mm; the overall length of the vessel is 457 mm.

The confining and pores pressures are controlled with two independent servo-hydraulic
intensifiers. Each of the servo intensifiers maintains the pressure constant to within + 0.15 MPa.
Fluctuations in pressure are due to long term drift in the servo valve, pressure transducer, and

electronics. The confining pressure is generated and controlled with a servo-hydraulic intensifier with

an intensification ratio of 2.4:1. The feedback for the servo-controller is a Sensotec Model Z/743




Confining Pressure Port

Sample Assembly
4 y
Ceramic Insulator
Invar Endcap
Tuff Specimen
Furnace ——
Invar Endcap
Macor Insulator
R
3%
Cooling ] -
Jacket 5:3
P LVDTs
<
_ 3

Pore Pressure Port

Figure 3: Schematic of the pressure vessel, sample assembly, and LVDT position for the
test apparatus used to perform the thermal expansion measurements.
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pressure transducer. The accuracy of the transducer is + 0.5 %. The pressure rating of the transducer
is 35 MPa.

Specimens may be tested in either a drained or undrained condition. For this series of tests, the
specimens were drained. This condition was selected because it closely represented the anticipated in
situ condition during thé heating of the rock mass when the waste canisters are in place. For the
drained condition, the access port in the base plug supporting the sample assembly is vented to the
atmosphere. In some instances it may be desirable to test saturated specimens at elevated pore fluid
pressure. The pore pressure is generated and maintained with an independent servo-hydraulic
intensifier. Fluid is injected into the base of the sample; in most cases water is used as a pore fluid.
The output volume of the pore pressure intensifier is 5.5 cm3. The intensification ratio of the intensifier
is 16:1. The feedback for the servo-controller is provided with a Sensotec Model Z/743 pressure
transducer.

The temperature of the test specimen is controlled with an external furnace. The furnace
consists of three band heaters positioned at the upper end of the pressure vessel as shown in Figure 3.
The band heaters are adjusted to produce a temperaturé profile constant to within + 1 °C over the test
specimen at temperatures to 250 °C (Details are presented below in the System Calibration Section).
The feedback for the temperature controller is a type J thermocouple mounted on the outside of the
vessel near the band heaters. The outside of the vessel is insulated with a 40 mm thick, high density
fiber insulation. A stainless steel safety shroud protects the furnace assembly. The power to the band
heaters is regulated with a Watlow Series 982 temperature controller. The controller is adjusted
according to the manufacturer’s procedure. The programmable controller is set to provide reproducible
cycles. A thermal cycle consists of heating from ambient to 250 °C, and cooling to ambient conditions.
A two hour delay is imposed between the first and second cycle to allow the system to equilibrate with
room temperature. The nominal heating and cooling rate for the experiments is 0.319 °C per minute.

The sample assembly consists of a jacketed tuff specimen secured between two Invar endcaps.
The specimen is wrapped with two layers of 0.13 mm thick dead soft, annealed copper. The copper
extends approximately 12 mm beyond each end of the specimen. The specimen is then jacketed with

heat shrink teflon and secured to the endcaps using two wraps of wire.
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The jacketed specimen is placed on to the base plug of the pressure vessel. The base plug of the
vessel contains inlet ports for confining pressure, pore pressure, four thermocouples and high pressure
feedthrus for electrical devises. A Macor insulator is secured to the base plug. The Macor has an
outside diameter 1 mm less than the bore of the pressure vessel and a length of 152.4 mm. The
insulator provides a thermal barrier between the tuff specimen, subjected to the high temperatures, and
- the LVDT cores and barrels measuring the displacement of the specimen in the low temperature portion
of the vessel. Pore pressure access ports, as well as holes for thermocouples and LVDTs, are drilled
through the insulating piece. The test specimen is inserted into the insulator and secured with a small
nipple fabricated into the lower endcap. Three thermocouples extend through the insulator and are
positioned at the base, midpoint, and top of the test specimen.

Two LVDTs are used to monitor the change in length of the specimen as a function of
temperature. Since LVDTs will not survive temperatures to 250 °C the displacement at each end of the
specimen is transferred into a cooler region of the pressure vessel. First, the barrels of the LVDTs are
mounted on large diameter fused quartz tubes secured to the lower end cap of the test speciméri. The
fused quartz tubes extend into the base plug of the pressure vessel. A second pair of fused quartz
tubes, with a much smaller diameter, support the cores for the LVDTs. These tubes are attached to the
upper end cap. Each tube is adjusted so that the core is centered in the barrel of the LVDT. All fused
quartz tubes are secured to the end caps with spring loaded set screws. The output of each LVDT is
adjusted prior to inserting the specimen into the pressure vessel.

During each experiment the outputs from seven devices are continuously monitored. The
transducers include four thermocouples (three positioned in proximity to the specimen and one in the
base plug sensing the temperature of the LVDTs), the confining pressure transducer, and the two
LVDTs monitoring the change in length of the test specimen. The outputs from these transducers are
conditioned using a Validyne MC 170 signal conditioning module. The conditioned outputs are
recorded with the data acquisition system.

2.3.2 System Calibrations

System calibration consists of three procedures designed to ensure suitable operation of the

12




entire test apparatus:
1) Verify that the temperature along the length of the specimen does not deviate by more than
+1°C;
2) Separate the contribution of the test system components to the total displacement from the
displacement of tuff;
3) Perform a system check with a known standard to ensure that the measurements of thermal

expansion are accurate and that the entire system performs according to specifications.

2.3.2.1 Temperature Gradient in Tuff Specimens

The system is adjusted to achieve a constant temperature gradient throughout the tuff specimen
at all temperatures. To observe the temperature distribution a dummy specimen of tuff with an axial
hole is jacketed in the same manner as the tuff to be tested for thermal expansion. Detailed thermal
profiles through the dummy test specimen subjected to a confining pressure of 30 MPa were performed
at 250 °C and 125 °C. The apparatus is tuned to the specific sample geometry used in these
experiments. The procedure includes adjusting the position of the band heaters, as well as varying the
flow rate through the cooling coils at the base of the pressure vessel. By trial and error, an acceptable
variation of + 1 °C through the test specimen is achieved. It was determined that the optimum flow rate
through the lower cooling jacket was 0.07 + 0.01 gallons per minute. To ensure reproducibility, a
flow meter, in series with a needle valve, is placed on the inlet of the cooling jacket. The flow rate is
checked periodically throughout the experiment. |

The results of the tuning procedure are shown in Figure 4. First, the specimen was pressurized
to 30 MPa, heated to 250 °C, and the profile through the test specimen measured. The water flow rate
through the cooling jacket was 0.05 gal min -1. These data are presented with open squares. Next, the
temperature was reduced to 125 °C, the flow rate increased to 0.07 gal min-!, and the specimen profiled
once again. These data are shown in diamonds. Finally, the temperature was increased to 250 °C and
the specimen profiled. These data are shown with open circles. The LVDTs are located approximately
250 mm below the base of the test specimen. The temperature in this section of the pressure vessel

ranges from 25 to 65 °C.
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The temperatures measured with the three thermocouples located outside the test specimen
agreed within * 1 degree with the temperatures measured along the axis of the test specimen.
Therefore, not only is the thermal gradient parallel to the axis small, but there also is little radial

variation in temperature.

2.3.2.2 Correction for Displacement of the Test System

Since the fused quartz support rods for the LVDT cores and barrels are attached to the end caps
positioned at each end of the specimen, the displacement measured with the LVDTs at the base of the
pressure vessel includes the displacement of the tuff specimen as well as that of the end caps, the fused
quartz rods, the connections, etc. To separate the system displacements from that of the specimen, a
series of calibrations were performed using fused quartz as a test specimen. The fused quartz has the
same nominal dimensions as the tuff specimens. It was jacketed and secured to the end caps as
described above and inserted in the pressure vessel and the confining pressure increased to 30 MPa.
The specimen was then thermally cycled over the range of 25 to 250 °C. The displacement of the two
LVDTs was recorded as a function of temperature. The raw data are shown in Figure 5. The
displacement was calculated using the room temperature and pressure calibrations for the LVDTs. The
displacement as a function of temperature is not linear. The slope of the curve is concave upward. The
nonlinearity is due to the nonlinear thermal expansion of the Invar end caps.

To obtain the system effect at 30 MPa, the thermal expansion of the fused quartz specimen is
subtracted from the total displacement. Figure 6 shows the average (of the two LVDTs) displacement
as a function of temperature. For reference, the calculated displacement for the fused quarti is shown.
These data were computed using a coefficient thermal expansion for fused quartz of 5.5 x 10-7 °C-1
(reference: Product Manual, GE Fused Quartz Products). The difference between the two curves is the
correction. The resulting system correction is shown in Figure 7. The curve was fit with a third order
polynomial. This allows us to compute sample displacement as a function of temperature at 30 MPa.

Additional calibrations were performed at confining pressures of 1, 5, 10, and 20 MPa. The
correction factors at each confining pressure are different. The magnitude of the correction increases a

small amount with decreasing confining pressure.

14
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As an integral part of the calibration process the temperature in proximity to the LVDTs was
monitored. The data are shown in Figure 8. The temperature at the LVDTs is not constant throughout
the experiment. It increases to near 65 °C during the heating cycle. The thermal history of the tuff
specimens are compared to those of the fused quartz. If the temperature response at the LVDTs differs
from that obtained in the calibration using fused quartz, the strain calculation from the displacement data
may be in error. In the upper portion of the plot, the temperatures at the base, midpoint, and top of the

specimen are shown. The data overlay each other in most instances.

2.3.3 Exneﬁmental Procedure for Thermal Expansion Experiments at Elevated Confining Pressure

Thermal expansion experiments were performed on a series of welded tuff specimens at
‘constant confining pressures. The specimen was thermally cycled over the nominal range of
25t0 250 °C.
The following section includes the step-by-step procedures used to conduct the experiments.
1. Machine each test specimen according to SNL TP-51. Measure ultrasonic velocities of
each specimen after the machining process is complete.
2. List all transducers used in each experiment. The information includes the serial number
of the device, signal conditioning amplifier number, the computer channel on which the output

is recorded, and the scaling factor of the amplified output.
Visually inspect the specimen and note any surface irregularities and imperfections.

4. Jacket the specimen with two layers of 0.13 mm thick fully annealed copper wrapped
around the specimen and extending 12 mm beyond each end of the specimen. Invar end caps
are positioned at the ends of the test specimen. The entire specimen assembly is then jacketed

with teflon heat shrink tubing and secured with two wraps of wire at each end.
Position the specimen assembly on the base plug of the pressure vessel.

6. Insert the fused quartz tubes supporting the LVDT barrels through the base plug of the

pressure vessel and secure them to the lower Invar endcap of the test specimen.
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7. Insert the fused quartz tube supporting the LVDT cores into the LVDT barrels and

secure them to the Invar cap at the top of the test specimen.

8. Adjust the LVDTs so that their initial output is approximately nine (9) volts.

(Note: The output of the LVDT will decrease with increasing temperature.)

9. Position the three thermocouples outside the test specimen at the top, midpoint, and base
of the tuff specimen.
10.  Insert the specimen assembly into the pressure vessel.

11.  Plug the access ports at the base of each LVDT in the base plug of the pressure vessel.
12.  Ensure that the output voltage for the LVDTs has not changed.

13.  Increase the confining pressure to the specified value.

14.  Initiate data acquisition.

15.  Begin thermal cycling. The thermal cycling consists of two cycles at a nominal rate of
0.319 °C per minute over the range of 25 to 250 °C. A two hour delay is programmed between

the first and second cycles.

16.  Monitor the output of all of the devices to ensure that the system is performing

satisfactorily.
17.  Terminate the data acquisition at the completion of two heating/cooling cycles.

18.  Change the confining pressure to its next value in the sequence and repeat the thermal

cycling procedure (steps 14 to 17) for each specified pressure.

19.  Remove the specimen from the pressure vessel at the completion of the thermal cycles
for all designated pressures and examine any features related to the deformation of the

specimen. Record the observations in the scientific notebook. Reweigh the specimen.
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20.  Measure the compressional and shear wave velocities in the post-test condition.

21.  Reduce the data. The following information is determined: the axial strain (€3) (Which is

the change in length of the spécimen, divided by its original length), temperature at the top,

midpoint, and base of the specimen and at the LVDTs, and confining pressure.

The coefficient of thermal expansion (0ip) at constant pressure is given by:

_(aea)
“=\31)P

where £, is the strain and T is the temperature at the midpoint of the specimen. For this study, the
mean coefficient of thermal expansion calculated over 25 °C intervals is reported. A least squares fit to
the data is used to compute the coefficients. The temperature intervals are: 25-50, 51-75, 76-100, 101-

125, 126-150, 151-200, 201-225, 226-250 °C.

2.3.4 System Checks

To verify that the test system, including the data acquisition, is performing correctly a series of
system checks are periodically performed on a specimen of AIST 446 stainless steel. AISI 446 stainless
steel has coefficient of thermal expansion of 10.5 + 1.0 x 106 °C-1 over a nominal range of 25 to 250 °C

which is close to the anticipated values for tuff. The test specimen with the same dimensions as the tuff

specimens, is tested over a nominal temperature range of 25 to 250 °C. One of the five confining
pressures used in the experiments on tuff is selected and a single thermal cycle is performed using the test
procedure outlined above. The system check is considered successful if the thermal expansion is
reproduced to within + 5% over selected temperature intervals. This procedure is used instead of
performing three cycles with the fused quartz standard as recommended by ASTM to verify repeatability
in the system.

Satisfactory performance of the system is essential for the accuracy of the test measurements on
tuff. In light of this, a system check was performed prior to initiating the measurements on tuff and

after testing three specimens. The results of the system checks are described in Appendix III.
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3.0 RESULTS

Twenty-four thermal expansion measurements were conducted as a function of confining
pressure on five specimens of Topopah Spring Member tuff (TSw2) recovered from borehole USW
SD-12 from depths of 687.8, 742.9, 776.4, 883.5 and 1204.8 feet. Each specimen was tested at
confining pressures between 1 and 30 MPa over a nominal temperature range of 25 to 250 °C. On
three specimens, the higher confining pressure thermal cycles were performed first to inhibit thermal
effects that may occur at lower confining pressures. Measurements on SD-12-883.5 and SD-12-
1204.8 were conducted from the lowest to the highest confining pressure. Two thermal cycles were
performed at each confining pressure. After the first thermal cycle at 10 MPa on SD-12-883.5, several
drops of oil were observed at the base of the pressure vessel. This may indicate a jacket leak. The
specimen was removed and examined. The jacket did not leak. The specimen was rejacketed and the
test sequence resumed. Two complete thermal cycles at 10 MPa were performed. Consequently on
this specimen, three thermal cycles were performed at a confining pressure of 10 MPa.

The thermal expansion as a function of temperature was similar for all specimens. During the
first thermal loading cycle (at both 1 and 30 MPa), the strain as a function of temperature curve was
concave upward. Upon unloading there was a hysteresis. More strain was observed during cooling
than heating. The specimen was shorter after the first thermal cycle by an amount of approximately
0.025 mm. The magnitude of the effect was the same whether or not the initial thermal cycle was at 1
or 30 MPa. For the second thermal cycle, the strain versus temperature curve was also concave
upward, however, there was no permanent change in Specimen length at the termination of tﬁe cycle.
The hysteresis during cooling was small but evident at temperatures greater than 175 °C. Subsequent

. experiments at the other confining pressures were nearly identical to those observed for the second
thermal loading cycle at the initial pressure. These characteristics were the same for all specimens
tested. The data for these experiments are presented in Appendix II.

The mean coefficient of thérmal expansion, @, for the first two thermal cycles on specimen

SD-12-687.8 conducted at a confining pressure of 30 MPa are shown in Figures 9 and 10. The data

for the first loading cycle is shown in Figure 9. The mean coefficient of thermal expansion was
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computed over 25 °C intervals by taking the least squares fit to the strain versus temperature data. The
coefficient is plotted at the mid point of the interval. Open circles indicate heating and the diamonds
indicate cooling. The mean coefficients of thermal expansion at temperatures below 175 °C increases
from 8.75 to 10.48 x 10-6 °C-1. For temperatures above 175 °C, the thermal expansion increases
rapidly. Mean coefficients of thermal expansion in excess of 16.4 x 10-6 °C-! are observed between
225 and 250 °C. Upon cooling there is a pronounced hysteresis; over each temperature interval the
coefficient of thermal expansion is greater during cooling than upon initial heating.

The mean coefficients of thermal expansion for the second cycle are shown in Figure 10. The
values are very similar to those observed during cooling for the first cycle. The values for heating and
cooling at temperatures between 25 and 175 °C show very little scatter. The scatter is slightly larger
between 175 and 250 °C.

The mean coefficients of thermal expansion were computed over 25 °C increments for all the
tuff specimens tested. The results are shown in Tables 2, 3, 4, 5, and 6. The data in each table are
arranged in the order that the tests were performed; for some specimens the highest pressure cycles
were conducted first whereas on other specimens the lowest pressure cycles were run first. The
greatest uncertainty involves the data between 226 and 250 “C during the cooling cycles. In all
specimens, hysteresis is observed when cooling is initiated at the peak temperature. Calculations of the
mean coefficients of thermal expansion for cooling do not include data within 3 °C of the peak
temperature for the cycle.

The effect of confining pressure on thermal expansion is small. One effect of pressure on the
specimens studied is shown in Figures 11, 12, 13, 14, and 15. The mean coefficients of thermal
expansion computed for cooling cycles over temperature ranges 76-100 and 201-225 °C are plotted as a
function of confining pressure . At temperatures between 76 and 100 °C, the coefficients inéréase
several percent as the confining pressure increases from 1 to 30 MPa. In contrast, the coefficient
decreases by up to 12% over the same pressure interval for temperatures between 201 and 225 °C.

At the termination of each experiment, the specimen was removed from the pressure vessel and
weighed. The specimens lost mass due to thermal cycling. The loss is attributable to water driven out

of the specimen due to heating. During the first thermal cycle on each specimen, steam and water were
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emitted at the pore pressure port at the base of the specimen assembly.

specimens studied is shown in Figures 11, 12, 13, 14, and 15. The mean coefficients of thermal
expansion computed for cooling cycles over temperature ranges 76-100 and 201-225 °C are plotted as a
function of confining pressure . At temperatures between 76 and 100 °C, the coefficients increase
several percent as the confining pressure increases from 1 to 30 MPa. In contrast, the coefficient
decreases by up to 12% over the same pressure interval for temperatures between 201 and 225 °C.

At the termination of each experiment, the specimen was removed from the pressure vessel and
weighed. The specimens lost mass due to thermal cycling. The loss is attributable to water driven out
of the specimen due to heating. During the first thermal cycle on each specimen, steam and water were
emitted at the pore pressure port at the base of the specimen assembly.

Compressional and shear wave velocities were measured prior to and after each experiment.
These data are shown in the Tables in Appendix II. The compressional and shear wave velocities after
testing were several percent greater than those measured prior to testing. The fact that the
compressional and shear wave velocities increased indicate that no damage in the form of microcracks
was done to the specimen due to thermal cycling. Furthermore, the data also suggest the possibility
that the moisture driven off the specimen may increase the surface energy on pores and microcracks
decreasing the effective crack porosity, and increasing the seismic wave velocities. Alternatively,
irreversible phase changes may have occurred during the first heating cycle, causing an increase in the
velocities.

The effect of cristobolite content on the mean coefficient of thermal expansion is shown in
Figure 16. The mean coefficient of thermal expansion at a pressure of 10 MPa is plotted as a function
of the percentage of cristobolite with respect to the total SiO2 content. Data are shown for two
temperature intervals: 76 - 100 and 201 - 225 °C. The data exhibit no apparent correlation between the

mean coefficient of thermal expansion and the concentration of cristobolite in the welded tuff.

4.0 SUMMARY

Twenty-four thermal expansion measurements were performed on five welded tuff specimens

from borehole USW SD-12. All of the specimens were from the potential repository horizon, TSw2.
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The measurements were conducted over a nominal temperature range of 25 to 250 °C at confining

pressures ranging from 1 to 30 MPa. The data are consistent; all of the strain versus temperature

curves are concave upward. There is hysteresis at the initiation of the cooling cycle near a peak
temperature of 250 °C. With the exception of the first heating/cooling cycle the strain is recovered at
the termination of each cycle. For the first cycle, the hysteresis is pronounced on the cooling cycle; a
permanent shortening of the sample is observed at the termination of the first thermal cycle regardless
of confining pressure.

The mean coefficients of thermal expansion were calculated at 25 °C intervals for all of the
specimens tested. At temperatures below 100 °C the mean coefficient of thermal expansion ranged
from 7.7 to 10.8 x 10-6 °C-1. As temperatures approached 250 °C the thermal expansion increased
markedly to values of 14.2 to 20.6 x 10-6 °C-1. The effect of confining pressure on thermal expansion
is small. For temperatures above 175 °C the mean coefficients of thermal expansion decreases by 10 -
12 % as the pressure increases from 1 to 30 MPa.

Variation in the concentrations of quartz, tridymite, and cristobolite in the test specimens have
no obvious effect on the strain versus temperature data. The coefficients of thermal expansion are

nearly identical for each of the specimens at the same temperature and pressure conditions regardless of

the relative concentration of Si02 polymorphs.
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APPENDIX I

Information from the Reference Information Base
Used in this Report

This report contains no information from the Reference Information Base.

Candidate Information for the
Reference Information Base

This report contains no information for the Reference Information Base.

Candidate Information for the
Geographic Nodal Information Study and Evaluation System

This report contains no candidate information for the Geographic Nodal Information Study and
Evaluation System (GENISES).

APPENDIX II

The thermal expansion data collected as a function of confining pressures on five TSw2 tuff
specimens are presented. For each test specimen two thermal cycles were run at four (SD12-687.8) or
five confining pressures (SD12-742.9 and SD12-776.4). At each confining pressure the following
data are presented: (1) strain versus temperature, and (2) temperature versus time at four positions
within the pressure vessel. Three temperatures are measured in proximity to the test specimen and one
at the mid point of the LVDTs. The data are presented in the order that they were performed. For two
specimens the highest confining piessure test was carried out first. On the remaining specimens, the
sequence of tests was from the lowest to the highest confining pressure.

The data for each specimen is preceded by a brief summary giving the following pre-test and
post-test data: sample dimensions, mass, and seismic wave velocities.
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Yucca Mountain Project
Thermal Expansion
Borehole: SD 12
Depth: 687.8 feet

The specimen was thermally cycled to 247 °C at confining pressures of 30, 20, 10, and 5 MPa.
Two thermal cycles were performed at each pressure. The heating rate was 0.328 +0.010 °C/min.

Before Testing_ After Testing
Length, mm 101.625 101.625
Diameter, mm 50.749 50.749
Mass, g 473.27 470.27
Porosity, % 8.7

Seismic Velocities Parallel to the Specimen Axis

P-Wave, km/s 4.492 4,616
S(1)-Wave, km/s 2.823 2911
S(2)-Wave, km/s 2.829 2.914

Seismic Velocities Normal to the Specimen Axis
P-Wave, km/s 4.455 4.575

S-Wave, km/s 2.843 2.905

NER |
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Yucca Mountain Project
Thermal Expansion
Borehole: SD 12
Depth: 742.9 feet

e specimen was thermally cycled to 247 °C at confining pressures of 30, 20, 10, 5, and 1 MPa.
wo thermal cycles were performed at each pressure. The heating rate was 0.317 £ 0.010 °C/min.

Before Testing After Testing
ngth, mm 101.60- - 101.58
iameter, mm 50.80 50.75
ass, g ' 462.27 459.08
rosity, % 10.6

eismic Velocities Parallel to the Specimen Axis

Wave, km/s 4,343 4.466
(1)-Wave, km/s 2742 2.809
(2)-Wave, km/s 2.745 : 2.805
eismic Velocities Normal to the Specimen Axis

-Wave, km/s | 4.303 N/A

-Wave, km/s 2.746 N/A
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Yucca Mountain Project
Thermal Expansion
Borehole: SD 12
Depth: 776.4 feet

The specimen was thermally cycled to 247 °C at confining pressures of 30, 20, 10, 5, and 1 MPa.
Two thermal cycles were performed at each pressure. The heating rate was 0.319 + 0.030 °C/min.

Before Testing After Testing
Length, mm 101.60 101.55
Diameter, mm 50.85 : . 50.80
Mass, g 483.47 _ 474.95
Porosity, % 8.0

Seismic Velocities Parallel to the Specimen Axis

P-Wave, km/s N/A 4.641
S(1)-Wave, km/s N/A ' 2.939
S(2)-Wave, km/s N/A 2.950

Seismic Velocities Normal to the Specimen Axis
P-Wave, km/s N/A 4.619
S-Wave, kmy/s N/A 2.949

Compressional and shear wave velocity measurements were not performed before testing.

NER|.

66




BJIAL 0 21nssa1d BuTujuos € 18 PIIOI[[00 219m BlRp
3saUL, "D, 0ST 01 ST JO 2BurI [BUlIOU B J9A0 pourro}iad 219m $31040 1831 oM, ormieraduwio)
Jo uonouny e se panofd St JJn) M S JO uauiroads 1591 9y UO UTeNS [BIXY 4]-7V om31y

D, “danjeradun
0ST 00T 0ST 007 0S 0
J I L T T T T T T m.O..

)
<o
‘ureq3§

=

—
881
67

ISHI

<
Q]
uied

1
3
o~

<
)

BJIA (€ :9.aNSS3.J Suujuo))
HYILL -TIAS



383U D), 0SZ 01 §Z Jo 93ue1 [eurIou € 1940 paurioprad 919m $3[0£0 189} oM, "ormeraduial
Jo uonouny e st panord st Jyny gMmS ], JO uowoads 1593 S UO UTRDS [RIXY (OZ-TY IndY]

“rsgan 9, ‘oamperodws ],
0S¢ 00¢ 0ST 001 0S 0
I 1 T | T 1 T 1 T mQCI
1 0°0
1w
1505
A
| =
10Ty,
1 B°
151 =
W
, ~
107 2.
|5
157
0

BJJA 0T -910SS3.1J Surujuo))
WY ILL -TIAS




“|reian

0S¢

eJJA 0T 2mssa1d SuTuIjuod B J8 P2IIIYJ0I IoM BIBp
99U, "D, 0SZ 0} SZ JO 98ueI [euTIOU B 1940 pountoad 219Mm $9[0A0 159 oM, ormyeradud)
3o uonouny e se payold st Jyn1 ZMS.L JO udwToads 1593 YY) UO UTENS [RIXY :]Z-7V I3y

D, duamerrduwnd )y,
002 0ST 001 0S 0

T I T 1 T T T 1 : m.o:

e Vo]
o~ ™
urensi|

1
o
o

<
e

BJIAl O] :9.InSS3aJ suruyuo))
WYILL -TIAS

un
<
[e1S

I ‘u

69




3saY ], D, 0ST 0 §T JO o3url [euriou g I19A0 paurofrad o1om $9[045 1591 om], ‘ammyeroduua)
Jo uonouny v se payjord St J3ny ZmG L, JO udwioads 1593 93 Uo urens [eIXyY 77~V 2mIny

“Vraian Do damedduwdy, -
0ST 00T 0ST 00T 0S 0
T T T T 1 T T T Y m.Q..

<o
—
1w ‘ureals

ISHIL
70

7 0°7C

ure.d

1
2
(@'

<
en

BJJAl S :9aNSS31J surujuo))
HYILL -T1AS




007

0ST

001

"BJN ' d1ussa1d Sutuijuoo e 18 PAlos[[00 91am Byep
953U, "D, 0ST 03 ST JO 93uel [RUTLOU B JIAO pouuojrad a1om $9]949 153} om ], *ammeradwo)
30 uonouny e se payo[d st 3ym Mg, JO uawvads 1593 9y) uo urens [BIXy :€7-7y omdiy

Do damerddwa .

T

BJIA 0T :0Janssaag suruyuo))
- HPYILLTIAS

w) < )
==
‘ure.q3s

<
—_
T

lQ > (Ve
o o3 i
ure.asi|

<
e

71




“Jraan

000007

uswredxo oy, ‘SLAAT 243 38 armeradwa) Su SOIBOTPUT 9AMO IOMO] 9, ‘uawtoads 159
3y jo doy pue ‘qurodprw ‘aseq ayj Je sarnjeradway Jussardar saamy roddn oy, "Ajquuasse
opdwres oy ur suOneLOO] IN0J 103 AWM Jo uonounj e se panord st omeradwa], pz-7y 2u0diy

29S ‘Quur ],

000°0ST 000°001 000°0S 0

T T Y T T T T

LAAT @ aanjeaaduiay,

/), 061€°0
:9jey 3uneay

BJJA (€ :2.anSS3.1J SUIuijuo))
Y ILL *TIAS

0
0S
=
8 .
=
0TS
=
o)
2
05T 3
0
®
007
0ST

72



\rgan

000007

BN 0T Jo a1nssaxd Surugyuoo e je pouuroyad sem
swpadxo oy, *SLAAT 9Y) 18 21mgeroduwud) Syl S9TRdIpUT 9AIMD JOMO] Y], ‘udundads 159)
aup yo doy pue “yurodprus ‘oseq ay3 Je sarmeradws) jussardar soamo xaddn oy, Ajquussse

s[dures oy Ut SUOTEDO] N0 IO JWM JO uonouny € s8 panord st amyerodws], :67-7y 21y

unu/e, SLIE0
:91ey Bunedy

09s ‘auul],
000°0ST 000001  000°0S
LAAT ® aanmerdudy,
\ X\ R

1

BJJAl 07 :2aNSS31J SUruyjuo))
WV ILLTIAS

0
0S
o
.
=
0013
=~ B
o
=
0sT 3
O
A
002
05T



wowadxa 2y, SLAATT 24l 38 2anjeroduwia) Sy $23BOIPUT 9AIMD JoMO] 2y ], ‘uaundads 1591
oy yo doy pue “urodprw ‘aseq 2y 18 sarmeradwa) Juasardar soano soddn oy, *Ajquuosse
srduses oy ur SuonEOO[ INOJ 103 swm Jo uonouny € se papold st amieradwia], :97-7y ndi1y

000007 000°0ST 000001 000°0S 0
_ ! L T T T -y O
LAAT @ aanjesadwa],
7 08
-
. g*] 4
=
1 00T%
J <
- B -~
=
1 08T cM
! 0
A
Iy, 08Y€°0 1 002
108y 3unesy -
0ST

BJIAl 0] :9.InSS3.1J surujuo))
HPILL -TTIAS




'P31091100 Sem

worqord ay 91040 oy ySnony Kempryy "poaIasqo sem . 001 3uwyoeordde yassaa aip jo
uoni0d 1omo a1 18 osearouy axerodws) v *9okd Zuneay oy Jo yrey 1sny oy Suunp pajre;
SLAAT 9u3 103 waysAs Futoood oy, 30N "BJIA § Jo amssaxd Suruguoo e je pauoprad sem
Juourradxs Y, SLAAT 2y & amyeradius o $91BOIPUT 9AIND JOMO] Y], ‘uswnoads 189
a3 yo doy pue qurodprus “sseq oy 1e sarmeradurdy Jussardar soATo Joddn ayy, "Alquiosse
Sfdures o3 ur SUONEDO] INOJ JOF JWD JO uonouny € se panoyd st ormeradwisy, :/z-7v 9mSg

“|rsian 29s ‘ouuI .
000007 000°0ST 000°00T 0000S 0
Y T ¥ T ] T L C
LAAT @ danjeaadway, |
., \ 105
\ - )
1 00TS
s
! o
=)
1 0ST cM
1 0
A
urwy/0, 0€T€°0 1 002
1918y Sunesyy |

:9.JNSSAN Y SUIUIIUo




“|rsian

000°00T

wowLadxa 3y, ‘SLAAT Y2 18 21me1adiu) ) SIBIIPUT IAMD J0MO] DY, UdWIoads 159)
o yo do1 pue qurodprwt ‘aseq oy 18 sarmeradwa) Judsardar saamd raddn oy, “A[quiasse

ordures 1 Ut SUOIIROO] INOY 103 dWh Jo uonsuny e se panold st areredwa ], :87-7V am3y

J9S ‘duuLy,
000°0ST 000°00T 000°0S 0
LAAT @ aunjeraduia ],

un/, 061€°0
:9j8Yy dunedy

BJJIA ('] -9anSS31J sUrujuo)
YWY ILL TTIAS

I, ‘Qanjerdu |,

007

0S¢

76




Yucca Mountain Project
Thermal Expansion
Borehole: SD 12
Depth: 883.5 feet

e specimen was thermally cycled to 247 °C at confining pressures of 30, 20, 10, 5 and 1 MPa.
Two thermal cycles were performed at each pressure. The heating rate was 0.318 +0.010 °C/min.

Before Testing After Testing
ength, mm 101.63 - 101.63
Diameter, mm 50.88 50.85
ass, g 482.56 479.95
Porosity, % 8.9

Beismic Velocities Parallel to the Specimen Axis

P-Wave, km/s 4.312 4.490
5(1)-Wave, km/s 2.665 2.823
5(2)-Wave, km/s 2.555 2.805
Neismic Velocities Normal to the Specimen Axis

P-Wave, km/s 4.483 4.554
b-Wave, km/s 2.780 2.811
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Yucca Mountain Project
Thermal Expansion
Borehole: SD 12
Depth: 1204.8 feet

The specimen was thermally cycled to 247 °C at confining pressures of 1, 5, 10 and 30 MPa.
Two thermal cycles were performed at each pressure. The heating rate was 0.314 £ 0.005 °C/min.

Before Testing

Length, mm 101.57
Diameter, mm 50.80
Mass, g 479.43
Porosity, % 7.6

Seismic Velocities Parallel to the Specimen Axis

P-Wave, km/s ‘ 4.334
S(1)-Wave, kmy/s 2.733
S(2)-Wave, km/s 2.744

Seismic Velocities Normal to the Specimen Axis
P-Wave, km/s 4478
S-Wave, kmy/s 2.778

After Testing
101.57
50.84

48746 *

4.544
2.783
2.789

4.618
2.870

* The jacket leaked at a confining pressure of 10 MPa. The specimen was removed, rejacketed,
and retested at 10 MPa. The leak wet the base of the specimen, the increase in the post test mass
is most likely due to the oil in the test specimen. More than 75% of the specimen was not wetted.
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APPENDIX III

System checks are performed using a specimen of AISI 446 stainless steel. The test specimen
has the same nominal dimensions as the tuff specimens used in the thermal expansion measurements.
The purpose of these measurements is to verify the performance of the system over the same
temperature and displacement range expected for the TSw2 tuff by measuring the thermal expansion on
a specimen with known thermal characteristics.

The specimen is jacketed and tested in the same way as the tuff specimens outlined in Section
2.3.3 except that only one thermal cycle was performed. System checks were performed prior to the
series of experiments on tuff and after three experiments were completed. Data for the initial and mid
sequence system checks are presented.

The following data are presented for each test: (1) the displacement measured with each LVDT,
(these data were not corrected for the thermal expansion in the Invar 36 alloy and sample assembly), (2)
strain as a function of temperature, (for reference the thermal expansion of AISI 446 stainless steel is
shown in the plot,) and (3) temperatures at four locations throughout the sample assembly as a function
of time.

In order for a system check to be satisfactory the deviation between the measured coefficient
thermal expansion and the reference coefficient thermal expansion for the specimen must be £ 5%. The
coefficient of thermal expansion was computed over five temperature intervals: 25-50, 51-100, 101-
150, 151-200, and 201-250 °C. These data are plotted in Figures A3-3, A3-7, and A3-11. Two
system checks were performed prior to initiating the measurements on tuff (May 30 and June 14,
1995). The experiments were conducted at confining pressures of 20 and 30 MPa. On August 16,
1995 the second calibration check was conducted at a confining pressure of 30 MPa. An examination
of the data in Figures A3-3, A3-7, and A3-11 show that the system was performing satisfactorily to

verify the accuracy of the thermal expansion measurements on tuff.
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