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ABSTRACT

Experimental results are presented for bulk and mechanical properties measurements on specimens
of the Paintbrush tuff recovered from boreholes UE25 NRG-4 and -5, at Yucca Mountain, Nevada.
Measurements have been performed on three thermal/mechanical units, PTn, TSwl, and TSw2.
On each specimen the following bulk properties have been reported: dry bulk density, saturated
bulk density, average grain density, and porosity. Unconfined compression to failure, confined
compression to failure, and indirect tensile strength tests were performed on selected specimens
recovered from the boreholes. In addition, compressional and shear wave velocities :werc measured
on specimens designated for unconfined compression and confined compression experiments.

Measurements were conducted at room temperature on nominally water-saturated specimens. The
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nominal strain rate for the fracture experiments was 10”s™.




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 1.2.3.2.7.1.3, QA Grading Report # 1.2.3.2.7.1.3, Revision 00. The
planning documents that guided this work activity are site characterization Plan Section
8.3.1.15.1.3; Study Plan SP-8.3.1.15.1.3, Revision 0; and Work Agreement WA-0090.
The information and data documented in this report were collected under a fully qualified
QA Program and may be used in the licensing process.
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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 characterization of the in situ rheology for the design
and construction of the facility and the emplacement of canisters containing radioactive
waste. The data used to model the thermal and mechanical behavior of the repository and
surrounding lithologies include dry and saturated bulk densities, average grain density,
porosity, compressional and shear wave velocities, elastic moduli, and compressional and
tensional fracture strengths. In this study, a suite of experiments was performed on cores
recovered from boreholes UE25 NRG-4 and -5 drilled in support of the Exploratory
Studies Facility (ESF) at Yucca Mountain. The holes penetrated as many as four
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 for each borehole is presented in Figures 1 and 2. The tuff
samples studied have a wide range of welding characteristics (usually reflected in sample
porosity), and a smaller range of mineralogic and petrologic characteristics. Generally, the
samples are silicic, ash-fall tuffs that exhibit large variability in their elastic and strength
properties (see Price and Bauer, 1985).

Sixty-eight cores from UE25 NRG-4 and -5 were sent to New England Research,
Inc., for bulk and baseline mechanical property measurements. A breakdown of the
samples according to tests performed is given below:

Type of Test _ Number of Samples Tested
Average Grain Density 68
Unconfined Compression 36
Confined Compression 7
Indirect Tensile Strength 35

On twenty-three cores there was insufficient material, or the material was of such
poor quality that mechanical tests could not be performed. On these cores, only the average
grain density and porosity were determined.




UE25 NRG-4
Stratigraphic and Thermal/Mechanical Units Summary

Stratieraph Thermal/Mechanical
graphy Units
Depth, ft Depth, ft
— 0 0
caprock zone
41.5 -
612 upper cliff zone
upper lithophysal and
nonlithophysal zones
Tiva
Canyon Tiva Canyon
Member Welded
Unit
179.0 TCw
lower lithophysal
- and hackly zones
&
= 280.0 '
E columnar zone and basal
§ nonwelded unit 313.0
° 333.0
E 332 0 nonwelded unit
360.0 Yucca Mountain tuff
air fall and bedded tuff Upper
381.0 Paintbrush
Nonwelded
Pah Canyon ) gr?-it
Member Pah Canyon tuffl n
446.6
4580 USG:M
4850 upper nonwelded zone 478.0
caprock zone
521.2
Topopah
Topopah nonlithophysal unit é,%?;fd
Spring (rounded zone) Unit
Member Lithophysal
Rich
TSw1
660.0
upper lithophysal zone
(USGS) 710.0 top crystal-poor
| 726.0 upper lithophysal zone 726.0
T D

Unresolved contact, criteria being developed by the USGS.

Note: Stratigraphy between 0 and 375 feet based on drilling cuttings.

Figure 1: The correlation between the stratigraphic and thermal/mechanical units for
borehole UE25 NRG-4 at Yucca Mountain, Nevada (per preliminary stratigraphy by J.F.T.
Agapito and Associates, Inc., 11/10/93).




UE25 NRG-5
Stratigraphic and Thermal/Mechanical Units Summary

Stratigraphy Therma%}/lr\l’{fschamcal
Depth, ft Dep;h. R
- t °
lower lithophysal Tiva Canyon
zo:ep Welded
v Unit
Voo I 502 hackly zone TCw
‘eml
I 119.8 columnar and basal
T~ nonwelded zone 139.3
Rl =
Yocabm | | jg54 b——  Yucca Mim. uff -
2230 Paintbrush
Pay Canyon I Pah Canyon Nonwelded
Member 285.0 tff PTa
I 293.0 e——  bedded tuff
| caprock zone 3300
-} 362.0
|
‘; upper non-lithophysal
St & [ Zone
L
& | 4825 nggﬁ;h
Welded
G Unit !
g | Lithophysal
2 Rich
g | TSwl
= upper lithophysal
A | zone
P ] 689.7
7960 ot USGS
Tg pggah -] l 805.0 |, crystal poor middle non- §05.3
Mgmbé 14 845.0 lithophysal zone (USGS)
S| 8690 J—— lthophysal wait
9015 $—— nonlithophysal unit
I nonlithophysal mottled subunit
called crystal-poor lower
l lithophysal by USGS
— 9959
Topopah
| Spring
Welded
l Unit
Lithophysal
Poor
| TSw2
3
g [
2 |
— ¥ 13500 bl 13500
TD

Unresolved contact, criteria being developed by the USGS.
Stratigraphy between 0 and 689.7 feet based on examination of drill cuttings

Figure 2: The correlation between the stratigraphic and thermal/mechanical units for
borehole UE25 NRG-5 at Yucca Mountain, Nevada (per preliminary stratigraphy by J.E.T.
Agapito and Associates, Inc., 11/15/93).




2.0 EXPERIMENTAL PROCEDURE

Measurements were performed on 68 specimens prepared from core recovered from
boreholes UE25 NRG-4 and -5. When the core was received, it was examined to
determine the best utilization of the rock material to obtain the maximum mechanical data.
The size of the specimen for each type of measurement was a major part of the selection
criteria. The nominal dimensions of the cylindrical rock specimens for each of the
mechanical tests are given below:

Test Length (mm) Diameter (mm)
Indirect Tensile Strength 38.1 50.8
Unconfined Compression 101.6 50.8
Confined Compression 50.8 25.4

The length and diameter have a tolerance of £ 0.125 mm. The ends of the cylinders were
parallel to within 0.025 mm.

Dry and saturated bulk densities were measured on each of the specimens prepared
for unconfined compression, confined compression, and indirect tensile strength tests.
Average grain density was determined with the water pycnometry technique using pieces
remaining from the subcoring attendant to the preparation of the test specimens.

2.1 Sample Preparation

All specimens prepared for unconfined compression, confined compression, and
indirect tensile strength testing were ground, right circular cylinders with 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.”

Tn some cases, more than one specimen was obtained from a core. This was
particularly true for the confined compression tests. This approach was adopted on a
limited basis for several reasons. The tuff is very heterogeneous. Testing a limited number
of specimens at confining pressures of 5 or 10 MPa may not reflect the singular effect of
pressure on fracture strength and elastic constants. The determination of the influence of
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pressure is further complicated by limited sample availability. Standard test methods
suggest that measurements should be carried out on specimens greater than
47 mm in diameter, but they allow for smaller specimens, as long as the decision is
documented. If the latter approach is adopted, the influence of the smaller specimen
volume must be incorporated into the engineering analysis of the data. By preparing a
statistically significant number of 25.4 mm diameter specimens from raw core, the effect of
pressure can be more clearly distinguished without the complicating effects of variable
porosity and pore geometry. A core of the TSw1 thermal/mechanical unit, recovered from
a depth of 527.0 feet from borehole UE25 NRG-4 was of sufficient quality and
homogeneity to machine 9 specimens for confined compression experiments. Subdivisions
of these cores were treated as new specimens and a Chain-of-Custody form was prepared
for each piece of material generated in the subdivision process (per SNL QAIP 20-03,
“Sample Control”). 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

CT Scan (unconfined compression specimens only)

Drying specimen to a constant weight

Dry bulk density measurement

Compressional and shear wave velocities for the dry condition (all unconfined
and representative confined compression specimens)

Saturating specimen to a constant weight with water

Saturated bulk density measurement

Compressional and shear wave velocities for the saturated state (all unconfined
and representative confined compression specimens)

Mechanical testing (unconfined compression, confined compression, or indirect
tensile strength tests)

Description of post failure condition of the specimen

Post-test photograph taken

Average grain density measurements were performed concurrently with the other activities.




2.2 CT Scans of Each Specimen Tested in Unconfined Compression

Prior to testing, a computerized tomography (CT) scan was performed on each
specimen designated for testing in unconfined compression. Because CT scans are
sensitive to variations in density, this visual representation permits an initial qualitative
examination of the distribution of pores and low density zones throughout the rock
specimen and provides data for more quantitative analyses, if desired. Given the presence
of lithophysae and vapor-phase altered zones within the tuff, the CT scan is a particularly
useful technique for evaluating the effects these features may have on the mechanical
properties of the tuff at the laboratory scale.

23 Drving, Saturation. Bulk Density. A Grain Density, and
Porosity

The dry and saturated bulk densities, average grain density, and porosity were
determined for each specimen prepared for a mechanical test. The procedures were
developed in accordance with ASTM D 854 “Standard Test Method for Specific Gravity of
Soils” and ASTM C 135 “Standard Test Method for True Specific Gravity of Refractory
Materials by Water Immersion.”

2.3.1 Procedure for Drying a Specimen

The specimen was dried to a constant weight and its dry bulk density determined.
Drying was carried outat 110+ 5 OC according to SNL TP-65, “Drying Geologic
Specimens to a Constant Weight.” Once the mass change for successive drying cycles had
stabilized to within + 0.05%, the dry bulk density, pqp, was computed. ~ Previous
studies have shown that drying at 110 °C produces no noticeable damage (microcracks) in
welded tuff. This was demonstrated by measuring compressional and shear wave
velocities before and after heating a TSw2 specimen to 110 °C. Thermal cycling produced
no reduction in the velocities suggesting no thermally induced microcracking. If
microcracks develop due to differential thermal expansion, the velocities will decrease.

Each specimen is dried in an oven controlled to an accuracy of £ 5 CC. The
procedure for drying is outlined below.




1. Place the specimen in the oven. Increase the temperature in the oven to 110
+ 5 OC at a rate less than or equal to 2 °C min-1.

2. Maintain the specimen at 110 £ 5 °C for 120 to 128 hours. Reduce the
temperature in the oven at a rate of less than or equal to 2 °C min-1 until the
oven temperature is between ambient and 40 °C.

3. Remove the specimen from the drying oven and weigh it three times. The
specimen should be weighed within 15 seconds of removal from the oven.
Calculate the mean dry mass of the specimen for the three measurements.

4. Repeat steps 1 through 3.

5. Calculate the mass change of the specimen for the successive drying cycles. If
the change in mass for successive drying cycles is less than or equal to 0.05%,
the process has met the specification and oven drying of the specimen is
terminated. If the mass change is greater than 0.05%, steps 1 through 3 must
be repeated until the specification is met.

6. Compute the dry bulk density by dividing the dry mass by the specimen
volume.

2.3.2 Procedure for Water Saturation

The mechanical tests were performed on nominally water-saturated specimens.

Saturation of the specimens was achieved in a two-stage process. First, the specimen was
pressure saturated at 10 MPa for a minimum of 1 hour. Next, a minimum of two vacuum
saturation cycles were performed, according to SNL TP-64, “Procedure for Vacuum

Saturation of Geologic Core Samples.” Once the mass change for successive saturation
cycles had stabilized to within £ 0.05%, the saturated bulk density, pgp, was computed.

The specimens were stored in distilled water following saturation and prior to testing.

A brief synopsis of the procedure for saturation follows:

1. Place the specimen in a pressure vessel filled with distilled water.
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10.

11.

12.

13.

14.

. Pressurize the vessel to 10 MPa and hold constant for at least one hour.

. Remove the specimen from the pressure vessel, blot it with a damp lint free

paper towel.

. Weigh the specimen within 15 seconds of blotting. Record the mass of the

specimen in the laboratory notebook.

. Place the specimen in a container filled with distilled water.

. Place the water-filled container with the specimen in a vacuum chamber.

. Apply a vacuum to the vacuum chamber.

. Vacuum saturate the specimen for at least 30 hours.

. Turn off the vacuum pump, open the valve on the vacuum chamber and allow

the pressure to equilibrate with atmospheric conditions.

Keep the specimen submerged in water at ambient pressure for at least 16
hours.

Remove the specimen from the container and blot it with a damp lint free paper
towel.

Weigh the specimen within 15 seconds of blotting. Record the mass of the
specimen on the vacuum saturation data sheet.

Return the specimen to the water-filled container and repeat steps 11 and 12.
Calculate the mean saturated mass of the specimen for the two measurements.

Return the specimen to the water-filled container and repeat the vacuum
saturation procedure in steps 6 through 13. Calculate the mass change for each
successive vacuum saturation cycle. If the mass change for successive vacuum




' saturation cycles is less than or equal to 0.05%, the process has met the
specification and the saturation procedure is terminated. If the mass change is
greater than 0.05%, steps 6 through 13 must be repeated until the specification
is met.

15. Store the specimen in distilled water at ambient pressure and temperature until
it is ready for mechanical testing.

16. Compute the saturated bulk density by dividing the saturated mass by the
specimen volume.

2.3.3 Average Grain Density Measurement Using Water Pycnome

The average grain density of each core received from boreholes UE25 NRG-4 and
-5 was measured using the water pycnometry method. The technique employs a two-stage
measurement. First, the mass of a dry, powdered specimen is measured. Next, the
volume of the powder is determined. These two measurements are combined to compute
the average grain density.

Pieces of core with a mass of approximately 20 to 50 grams are ground to a powder
with a particle size of 1.5 mm or less. The powder is dried according to SNL TP-65
(without any cooling cycles).

The powdered specimen of tuff is added to a dry, calibrated water pycnometer with
a nominal volume of 100 ml. The step-by-step procedure presented below produces
measurements of the dry mass of the powdered specimen and the corresponding volume of
the specimen. The téchnique has been verified using quartz powders with a well
characterized density.

1. Pulverize approximately 20 to 50 g of the specimen to a particle size of 1.5 mm or
less. The powder is dried in an aluminum drying pan according to SNL TP-65,
except cooling is not allowed at any time in order to minimize rehydration.

2. Add the dried sample to a calibrated, clean, dry and numbered pycnometer by
pouring it through a clean, dry transfer funnel.

3. Weigh the pycnometer with the dry sample immediately (do not allow it to cool).




10.

11.

12.

13.

14.

Add 50 to 60 ml of distilled water to the pycnometer and swirl it to moisten all of
the sample powder.

Place the pycnometer, with the sample, in an active vacuum for a minimum of

16 hours. For the first one or two hours, watch the pycnometer to ensure that the
boiling action does not displace any of the sample from the pycnometer. The
vacuum should be regulated depending on the observed phenomena.

Remove the pycnometer from the vacuum chamber and pour additional deaired
water into the pycnometer until the water level is just below the scribe line. Note
that pouring water down the neck reduces the likelihood of entrapping air in the
water as it is added to the pycnometer.

Use a pipette to add water until the bottom of the meniscus is at the height of the
scribe line. It may be necessary to raise the water level higher than the scribe line
to wet the sides of the pycnometer for a suitable meniscus. In this case, water is
removed to obtain the correct reading.

Use a cotton swab to dry the inside of the neck of the pycnometer.

Use a lint-free wipe to clean and dry the exterior of the pycnometer.
Weigh the pycnometer and its contents.

Measure the water temperature in the pycnometer to the nearest 0.2 © C.

Calculate the average grain density (pg) of the specimen using the water
pycnometer grain density measurement sheet (Figure 3).

Pour the sample and water into a clean container to allow the water to evaporate.

Store the sample powder in a container to maintain it in its original condition.

2.3.4 Dry Bulk Density, Saturated Bulk Density. and Porosity

The dry bulk density, pgp, is obtained by computing the volume of a test specimen

from its external dimensions and dividing it into the mass measured in a dry condition. The
density corresponding to the measurement in the saturated condition is the saturated bulk
density, psp. Preferably, porosity, ¢, is computed using the following relation:

10




Bulk Properties
Yucca Mountain Project
WATER PYCNOMETER GRAIN DENSITY MEASUREMENT
per TP-__229 Rev. 0

SAMPLE ID:
WATER PYCNOMETER ID:
Date of latest calibration: Nominal Pycnometer Volume:
DATA:

Dry Pyc, Wt.: g (A) Dry Pyc. + Dry Sample Wt.: g (B)
Dry Sample Wt.: g(C)=B-A
Wt. Pyc. + Sample + Water: g (D)
Water Temperature: *‘C(E) Water Density at (E) (See Below): | g/cc (F)
Wt. Water Only: g(G)=D-B
Volume Water: cc ) =G/F
Volume Pyc. at (E) from Calibration: cc ()
Volume Sample: cc()=I-H
Sample Grain Density: g/ecc (K)=C/fJ

Absolute Density of Water
(From Lange's Handbook of Chemistry, edited by J. Dean, 11th Edition, Sect. 10-127)

Temp 'C Density Temp °C Density Temp °C Density Temp °C Density

18.0 0.998595 20.8 0.998035 23.6 0.997394 26.4 0.996676
18.2 0.998553 21.0 0.997992 23.8 0.997345 26.6 0.996621
18.4 0.998520 21.2 0.997948 24.0 0.997296 26.8 0.996567
18.6 0.998482 - 21.4 0.997904 242 0.997246 27.0 0.996512
18.8 0.998444 21.6 0.997850 24.4 0.997196 27.2 0.996457
19.0 0.998405 21.8 0.997815 24.6 0.997146 27.4 0.996401
19.2 0.998365 22.0 0.997770 24.8 0.997095 27.6 0.996345
19.4 0.998325 22.2 0.997724 25.0 0.997044 27.8 0.996289
19.6 0.998285 22.4 0.997678 25.2 0.996992 28.0 0.996232
19.8 0.998244 22.6 0.997632 25.4 0.996941 28.2 0.996175
20.0 0.998203 22.8 0.997585 25.6 0.996888 28.4 0.996118
20.2 0.998162 23.0 0.997535 25.8 0.996835 28.6 0.996060
20.4 0.998120 23.2 0.997490 26.0 0.996783 28.8 0.996002
20.6 0.998078 234 0.997442 26.2 0.996729 29.0 0.995944

Operator: Print/Sign: Date/Time:

Figure 3: Bulk properties worksheet used to record measurements and reduce data for the
computation of average grain density.
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o =P P 100%.

Pg

Alternatively, the porosity can be calculated from the dry bulk density and saturated
bulk density according to:

o= 91%%”— x 100%
where Py is the density of water.
2.4 Compressional and Shear Wave Velocity Measurements

Compressional and shear wave velocities were measured on right circular cylinders
with a nominal length-to-diameter ratio of 2:1. The velocities were measured for both dry
and water-saturated conditions at ambient temperature in a benchtop apparatus. Specimens
were dried at 110 °C according to SNL TP-65 (as in Section 2.3.1). Earlier investigations
have shown that heating specimens of Topopah Spring Member tuff to 110 °C does not
damage them by the formation of microcracks.

The compressional and shear wave velocity measurements are used for two main
purposes. First, a measure of the specimen anisotropy can be directly obtained by
comparing the compressional and shear wave velocities measured both parallel and normal
to the core axis. Second, compressional and shear wave velocity data, combined with the
density of the specimen, are used to compute Young’s modulus and Poisson’s ratio. These
elastic moduli will be referred to as dynamic moduli in subsequent discussions. The
dynamic moduli can then be compared with the moduli computed for the data on the
unconfined compression tests conducted at a strain rate of 10-5 s~1. The elastic constants
computed from stress and strain measurements in a deformational experiment are often
referred to as static. For porous rocks, the dynamic moduli are greater than the static
moduli measured during the constant strain rate experiments, and therefore serve as an
upper bound on the static moduli (Simmons and Brace, 1965; Cheng andJ ohilston, 1981;
Haupt et al., 1992).

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 4). The travel time
through the rock is divided by the sample length to compute the velocity.
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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. For measurements normal to
the core axis, one compressional and one polarized shear wave velocity are measured. The
polarization direction of the shear wave propagating normal to the core axis is parallel to the
axis of the core.

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 piezoelectric 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 received electrical signal is then amplified and
filtered through the receiving section of the pulser-receiver and displayed on a digital
storage oscilloscope. 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 éomputer
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 3 0.02 microseconds.

A diagram of the system is shown in Figure 5. Pneumatic actuators couple the
transducer assemblies in both the axial and radial directions. The stress across the interface
for both the matched transducer pairs is identical; this is accomplished by adjusting the
loading areas in the pneumatic actuators. The titanium pieces for the radial transducers are
concave to mate with the rock surface. Because of the geometry of the interface, only
polarizations parallel to the core axis are propagated for shear waves in the radial direction.

2.4.1 Detailed Procedure for Compressional and Shear Wave Velocity Measurements

The detailed procedure for measuring compressional and shear wave velocities on
dry and water-saturated tuff specimens is presented below.

1. The tuff sample is a ground, right-circular cylinder with a nominal length-to-

diameter ratio of 2:1. The sample is machined to meet or exceed the tolerances
specified in SNL TP-51.
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Figure 5: Schematic of the apparatus used to measure ultrasonic velocities paraliel and
normal to the core axis under ambient conditions prior to testing 1n unconfined

compression.
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Coat the ends of the specimen with a shear wave couplant. Shear wave

couplant is a viscous substance that facilitates the propagation of shear waves
across the specimen-titanium interface. Shear wave couplant is also applied at the
midpoint of the specimen where the velocities normal to the specimen axis are
measured.

Position the specimen in the ultrasonic velocity measuring apparatus. Ensure that
the specimen is lined up with the transducers in the axial direction.

Increase the pressure in the pneumatic actuators to load the axial and radial
transducer assemblies to the specimen. Ensure that the specimen has not shifted
during this procedure and that the specimen is well coupled to the transducer
assembly.

Turn on the data acquisition system. First, set the signal selection switch for a
compressional (P) wave along the axis of the specimen. Observe the received
signal on the digital oscilloscope. Adjust the pulse excitation signal gain and/or
attenuation to obtain a well-defined signal.

Initiate the data acquisition software to store the waveform; capture and store the
waveform.

Capture the two shear (S1 and S2) wave polarizations with a propagation direction
parallel to the core axis, and the compressional and shear wave signals for the
propagation direction normal to the core axis, following the same procedure used
for the compressional wave in steps 5 and 6.

Compute the compressional and shear wave velocities by determining the travel
time through the specimen and dividing it into the sample length. The travel time is
determined by picking the time of the first arrival of the compressional or shear
wave energy. The measured travel times are reduced by the travel time through the
titanium substrates. The corrected travel time is then divided into the sample length
to determine the velocity.

Print the stored waveforms, along with the computed compressional and shear
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wave velocities, and place the data in the scientific notebook.

10.  Compute the dynamic Young’s modulus (E) and Poisson’s ratio (v) from the
velocity data collected parallel to the core axis and the bulk density of the specimen
for the measurement condition. The dynamic elastic moduli are computed as
follows:

E =[pVZ(3V2- 4V /(V,2-V )]

v =(Vp2 2V )2(Vp2- V)]

where

Vp = compressional wave velocity, km s-1
Vs = average shear wave velocity, km s-1
p = bulk density for the measurement conditions, g cm3.

2.5 Unconfined Compression to Failure

The unconfined compression experiments were performed on saturated right-
circular cylinders of tuff with a nominal length to diameter ratio of 2:1, at a constant axial
strain rate of 10-3 s-1 at room temperature. System checks of the entire test system were
conducted during this experimental series to establish the performance of the system using
an aluminum specimen with the same nominal dimensions as the tuff test specimens.

A description of the equipment and an overview of the test procedures places the
step-by-step procedures in the proper context. All the compression tests were carried out in
a servo-controlled hydraulic loading frame with a capacity of 1.1 x 106 N. The servo-
controller is a self-contained digital unit, which operates in either force or displacement
feedback. The rate at which the reference signal is updated can be varied from 10-5 to 103 '
times per second. The loading rate or displacement rate depends on the range of the
feedback transducers and the time between steps. The feedback transducers are
conditioned with amplifiers in the servo-control unit and balanced so that the full-scale
output of the transducer corresponds to the maximum range of the reference signal
generator. The full-scale output (10 V) is divided into 212 discrete steps.
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Figure 6 is a schematic diagram of an instrumented specimen. The test assembly
consists of the specimen positioned between hardened steel end caps. The specimen is
jacketed in a flexible membrane to maintain its moisture level.

For this experimental series, five outputs from a variety of transducers were
monitored. The output from each device is conditioned, amplified, converted to digital
format, and recorded as a function of time. The outputs from the devices were recorded
with a microcomputer acquisition system. Each channel is sampled at a frequency of 4 Hz.

For constant strain rate tests, the loading frame is operated in displacement
feedback. The displacement can be controlled to within £ 10-3 mm when the system is in
the displacement mode. The accuracy and the reproducibility of the strain rate in this
system is * 0.5%.

During each test, the axial and radial displacements of the specimen were measured
with Linear Variable Differential Transformers (LVDTs). A schematic of their arrangement
is shown in Figure 6. Two LVDTSs monitor the axial displacement. The LVDT barrels are
secured in a ring which is attached to one specimen radius from the upper end of the
specimen. The cores for the displacement transducers are on extended rods which attach to
a second ring separated from the first by one specimen diameter. The second ring is
mounted approximately one specimen radius from the lower end of the specimen.

The most direct way to measure radial strain is with the radial displacement gage
developed by Holcomb and McNamee (1984). This gage consists of an LVDT mounted in
a ring which is spring loaded against the surface of the specimen (Figure 6). The core of
the LVDT is connected to the spring. As the specimen diameter changes, the spring
deflects, changing the position of the core within the barrel of the LVDT in direct
proportion to the radial displacement.

The force on the test column is measured with a load cell. The accuracy of the load
cell is better than 0.5% of its full-scale output; the combined linearity and
hysteresis are better than 1.0%. The position of the hydraulic piston is observed with a
displacement transducer. This transducer provides feedback control in constant strain rate
tests and is continuously monitored along with all the transducer outputs. The hydraulic
piston advances at a constant rate; this is equivalent to deforming the specimen at a constant
strain rate only in the linear portion of the stress-strain curve.

Checks of the entire test system are made using a sample of 6061-T6511 aluminum
with the same nominal dimensions as the test specimens. One check is performed before
the experiments on a suite of tuff samples, and then after each group of ten tuff samples.
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Axial and Radial Deformation Instrumentation

~—=—Radial LVDT Barrel Support Ring (detail below)
~—=—|VDT Core Extension Rod

~———= Axial LVDT Core Extension Rod.Support Ring

Detail:
Radial Displacement Gauge

~——"x——— Adjusting Screw

LVODT Core
Extension Rod

Figure 6: Schematic of the transducer configuration used to measure the axial and radial
displacement of specimens during unconfined and confined compression tests.
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Each check was performed at the same conditions as the experiments on the tuff specimens:
a nominal strain rate of 10-3 s-1, at ambient temperature.

2.5.1 Experimental Procedures for Unconfined Compression Tests

Specimens of tuff were tested to failure at a constant strain rate of 105 s°1, under
ambient temperature and pressure conditions. The following sections include the step-by-
step procedures for the mechanical experiments based on SNL TP 219 “Unconfined
Compression Experiments at 22 °C and a Strain Rate of 105 s-1.” The test procedure relies
on ASTM Standard Method D 3148 “Standard Test Method for Elastic Moduli of Intact Rock
Core Specimens in Uniaxial Compression” and ISRM procedure “Suggested Methods for
Determining the Uniaxial Compressive Strength and Deformability of Rock Materials.”

1. Each tuff specimen is machined according to SNL TP-51, dried according to
SNL TP-65, and saturated according to SNL TP-64. Velocity measurements are
performed after the drying and saturation procedures.

2. List all transducers used for each experiment. The information includes the serial
numbers of the device, signal conditioning amplifier number, the computer channel
on which the output is recorded, and the scaling factor for the amplified output.

3. Visually inspect the test specimen and note any surface irregularities and
imperfections.

4. Jacket the saturated specimen in a thin, flexible membrane. The membrane is
extended 12 mm beyond each end of the specimen. Hardened steel-end caps
are then positioned at each end of the specimen.

5. Position the ring supporting the two axial LVDT barrels approximately one
specimen radius from the upper end of the specimen. Carefully center the ring so
that it is concentric with the specimen.

6. Position the LVDT ring used to measure the radial displacement at the midpoint
of the specimen. The supporting ring for the LVDT (with a range of + 1.25 mm)
is positioned in such a way to ensure that the line between the adjusting screw
on the ring and the axis of the core barrel of the LVDT passes through the axis of
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10.

11.

12.

13.

14.

15.

the specimen and is perpendicular to the axis of the specimen.

Position the lower support ring for the axial LVDT concentrically about the
specimen approximately one specimen diameter from the upper ring. This ring

supports the stainless steel extension rods for the LVDT cores. Ensure that the axes

of the LVDT core barrels are aligned parallel with the axis of the specimen. The
extension rods are supported with adjusting screws that are secured with locking
nuts.

Measure the center-to-center separation of the axial LVDT support rings with a
caliper-micrometer. Record this value in the scientific notebook.

Place the specimen assembly on the base plug of the load frame.

Connect the two axial LVDTs and the radial LVDT to the electrical leads in the
base plug.

Advance the loading piston, in displacement control, until a small load is exerted on

the specimen column (just enough to hold the specimen securely in position).

Make the final mechanical adjustments on the LVDTs. Each LVDT is

adjusted so that its initial amplified output is approximately 0.10 V. Note that
all the LVDTs are wired so that increasing the specimen diameter and shortening
the specimen assembly results in an increasing positive output voltage.

Retract the hydraulic piston until there is no force on the loading column.

Initiate data acquisition. The amplified outputs from five transducers are
monitored and recorded using a microprocessor-based data acquisition system.
The transducers that are monitored include the three LVDTs, the feedback
displacement transducer, and the force cell. All the channels are sampled every
0.25 seconds. Data are stored when the output of one channel deviates from the
previous value by a preselected threshold. The threshold for each channel is
independently set prior to the experiment.

Adjust the setting on the displacement rate controller to the displacement rate
that corresponds to a nominal strain rate of 105 s-1. After a final check of all the
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transducer values, start loading the specimen.
16.  Load the specimen to failure.

17. Remove the specimen from the press and examine the manner in which it failed.
Record the observations in the scientific notebook. Photograph the specimen.
Ensure that the field of view of the photograph includes the specimen identification,
TP (Technical Procedure) identification, scale, date, type of test performed, and
NER (New England Research, Inc.) identification.

18.  Return the specimen to its original container and return it to storage.
19.  Reduce the data. The following elastic constants are computed:

(a) Young's modulus, E

E = A (axial stress) / A (axial strain)
(b) Poisson's ratio, v

v = A (radial strain) / A (axial strain).

The elastic constants are computed by performing a least-squares linear fit to the
data collected between 10 and 50% of the fracture strength. Axial stress is
computed by dividing the axial force by the initial cross-sectional area of the
specimen. Stress is reported in MPa. Axial strain is obtained by dividing the
average axial displacement of the axial LVDT support rings by the original ring
separation distance. Radial strain is computed by dividing the change in radial
displacement observed by the radial LVDT by the initial specimen diameter. All
strains are reported in millistrain.

2.6 Confined Compression to FKailure

Confined compression tests were carried out on specimens from cores with
sufficient uniform material that numerous specimens could be obtained. The specimens
had a length-to-diameter ratio of 2:1 with a diameter of 25.4 mm and were tested in a
saturated condition. The general procedure for testing these specimens was the same as
that described for the unconfined compression tests except that the specimens were jacketed
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in copper and deformed in a pressure vessel at a fixed confining pressure. The procedure
was based on TP-219 and conforms to ISRM “Suggested Methods for Determining the
Strength of Rock Materials in Triaxial Compression” and ASTM D 2664 “Triaxial
Compressive Strength of Undrained Rock Core Specimens Without Pore Pressure
Measurements.” The series of tests was designed so that at least three specimens were
tested for each confining pressure. Specimens were tested at confining pressures of 5, and
10 MPa.

Each specimen was jacketed in dead soft copper 0.13 mm thick. The jacket was
seated to the rock specimen by subjecting it to a hydrostatic pressure of 10 MPa. Once the
jacket was seated, it was visually inspected to ensure that there were no holes that would
permit leakage of the confining medium into the rock core during the test. Next, the
specimen was instrumented using the same arrangement utilized for the unconfined
compression tests (Figure 6).

The instrumented specimen was mounted on the base plug of a 50 MPa capacity
pressure vessel. The LVDTs were adjusted. Once the LVDTSs were on scale and
functioning properly, the base plug of the pressure vessel containing the instrumented
specimen assembly was inserted into the pressure vessel. Next, the confining pressure
was exerted on the specimen using a servo-controlled hydraulic intensifier. The confining
medium was argon gas. The confining pressure was allowed to stabilize. The confining
pressure was held constant during the remainder of the experiment to within + 0.1 MPa.

Once the confining pressure reached thermal equilibrium, the specimen was
monotonically loaded to failure at a strain rate of 10-5 s-1. After the specimen failed, the
confining pressure was released and the specimen was removed and inspected. The data
were reduced to determine Young’s modulus, Poisson’s ratio, and fracture strength.
Young’s modulus and Poisson’s ratio are computed in the same manner as for the
unconfined compression tests, between 10 and 50% of the stress difference at failure.

2.7 Indirect Tensile Strength Tests

Indirect tensile strength tests, commonly referred to as Brazil tests, were carried out
using a procedure adhering to ASTM D-3967 “Splitting Tensile Strength of Intact Rock
Core Specimens.” The test is quite simple in principle. A load is applied to a cylindrical
specimen with its axis normal to the loading direction. A tensile stress develops in the
center of the cylinder. The specimen fails by an extension fracture along the diametral
loading plane. The force is increased until the specimen fails. The strength is computed
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from the force at failure.

The tests were performed in the servo-controlled load frame used for the
unconfined and confined compression tests. For these measurements the only transducer
was a load cell with a capacity of 4.5 x 104 N. A schematic diagram of the setup is shown
in Figure 7.

The specimens were right-circular cylinders, ground to the dimensions and
tolerances listed in Section 2.0. The dry bulk density and saturated bulk density were
measured prior to testing. The specimens were tested in a water-saturated condition.

To obtain reproducible and accurate data, it is important that the loading axis of the
test frame passes through the axis of the specimen. As an aid in the alignment of the
specimen in the loading column, diametral lines are scribed on the bearing surfaces.

2.7.1 Experimental Procedures for Indirect Tensile Strength Tests
The detailed procedure developed according to ASTM D-3967 is presented below.

1. Each tuff specimen was machined according to SNL TP-51, dried according to
SNL TP-65, and saturated according to'SNL TP-64 . All initial conditions were
documented.

2. Mark diametral lines on the ends of the specimen.

3. Cut 2.5-cm-wide by 4.0-cm-long (slightly longer than the specimens) pieces of
notepad-backing cardboard approximately 0.89 mm thick for bearing strips.

4. Place one bearing strip onto the bottom bearing platen with its length parallel to the
diametral line scribed onto the platen.

5. Place the specimen onto the bearing strip making certain its full length’is supported
by the bearing strip. Align the axis of the specimen parallel to the line scribed onto
the platen (lines on both ends of the specimen line up with the line scribed on the
platen).

6. Place the second bearing strip onto the top of the specimen making certain it will
support the full length of the specimen.
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Bearing Platen

Sample
Diametral Line

Bearing Sirip

Bearing Platen

Load Cell

Base Plug
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Figure 7: Schematic of the loading arrangement and sample geometry used for the indirect
tensile strength tests.
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10.

11.

Advance the loading piston, in displacement control, until a small load is applied
(just enough to hold the specimen and the bearing strips in place while positioning
them).

Make final adjustments to the specimen’s position to ensure the diametral plane of
the two lines marked onto the specimen line up with the center of thrust (lines
scribed onto the top and bottom bearing planes), and its midpoint along its length is
also lined up to within + 0.025 mm of the center of the bearing platens. The
midpoint is centered by repeatedly measuring the distance from the specimen ends
to the edge of the bearing platens and adjusting its position until they are equal.

Initiate the data acquisition system.

Load the specimen monotonically to failure in displacement control at the same rate
used for the unconfined compression tests. Once the specimen fails, data
acquisition is terminated and any remaining load is removed. The specimen is
removed from the loading column, described, and photographed. |

Calculate the indirect tensile strength using the formula:
6;=2FLD
where

F = applied force
L= specimen length
" D= specimen diameter.

The indirect tensile strength is reported in MPa.
3.0 RESULTS

The results of the bulk properties measurements and the mechanical tests are

presented in Tables 1,2, 3, and 4. Table 1 presents the data associated with the
unconfined compression tests. The data include dry bulk density, saturated bulk density,
average grain density, porosity, compressional and shear wave velocities for the dry and
saturated conditions both parallel [axial] and normal [radial] to the core axis, static Young’s
rﬁodulus, static Poisson’s ratio, axial stress at failure, and axial strain at failure. These data
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have been grouped according to depth. The thermal/mechanical unit is indicated for each
specimen. For some specimens, reliable compressional and shear wave velocities were not
obtained due to poor signal quality. The absence of the data is reflected in Table 1.

The porosity reported in Tables 1, 2, 3 and 4 is the total porosity including
occluded porosity. The value is computed from the grain density and dry bulk density.
The total porosity is most applicable when elastic constants and strength characteristics are
measured. The porosity computed from the dry and saturated bulk densities is typically
lower than the total porosity and reflects the interconnected porosity. The latter value is
applicable when considering fluid transport properties.

Table 2 presents the data for the confined compression tests for a core from UE25
NRG-4. The dry bulk density, saturated bulk density, average grain density, porosity,
compressional and shear wave velocities for propagation parallel to the specimen axis at
one confining pressure, confining pressure at which the sample was tested, static Young’s
modulus, static Poisson’s ratio, axial stress difference at failure, and axial strain difference
at failure are presented for confined compression tests performed on core recovered from a
depth of 527.0 feet.

Table 3 presents the results of the indirect tensile strength tests. The data are
presented as a function of depth and include dry bulk density, saturated bulk density,
average grain density, porosity, and indirect tensile strength. The thermal/mechanical unit
for each specimen is also indicated. No compressional or shear wave velocities were
measured on these specimens.

Table 4 lists the specimens for which only average grain density, dry bulk density,
and porosity were measured. The thermal/mechanical unit for each of these specimens is
indicated. ‘

All specimens tested in this study were ideally water saturated. However, the
saturation is not 100%. Porosities computed using the saturated bulk density and dry bulk
density yield consistently lower values than those computed using the average grain density
and dry bulk density. In part, the differences can be attributed to an under-estimation of the
saturated bulk density due to water loss on the surface of the specimen. However, these
errors are small and cannot account for the total discrepancy. The major contribution to the
differences is occluded porosity (isolated pores that are not filled during saturation). Asa
result, the specimens are not 100% saturated prior to mechanical testing; the saturations
range between 80 and 95%.
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3.1 Computerized Tomographic X-ray Images

Prior to testing, computerized tomographic X-ray (CT) imaging was performed on
each of the specimens tested in unconfined compression. A single image was obtained
through the center of the specimen parallel to the core axis. These data serve as a
qualitative measure of the shape and distribution of the pores and density heterogeneity
within the specimen. CT images for specimens of TSw2 recovered from depths of 8§61.2
and 873.4 feet from borehole UE25 NRG-5 are shown in Figures 8 and 9, respectively.
These images show the physical characteristics of the lithophysal cavities. Each specimen
has a porosity of approximately 15%. The white areas are extremely low density rock and
open pores. With increasing density, the image darkens. '

Both specimens have a large, nearly elliptical lithophysal cavity with its long axis
normal to the axis of the specimen. The specimen from 873.4 feet has the larger, centrally
located cavity, which may explain its lower strength. The light gray zones surrounding the
open pores are altered zones whose density is lower than that of the welded matrix. Many
TSw2 specimens have more than one large open cavity, while others are uniformly welded.
It should be noted that not all of the porosity for TSw2 is concentrated in the lithophysae;
the majority is contained in pores below the resolution of the CT scan, (i.e., less than
1.5 mm).

3.2 Compressional and Shear Wave Velocity Measurements

Compressional and shear wave velocity measurements were performed parallel and
normal to the core axis for both dry and saturated conditions on all specimens tested in
unconfined compression. Compressional and shear wave velocities were measured parallel
to the core axis only, for the specimens tested in confined compression. In some cases data
were not collected due to the inability to transmit the waves through the specimen; the
greatest difficulty was encountered measuring shear wave velocities under saturated
conditions. Particular difficulty was encountered measuring shear wave velocities under
both dry and saturated conditions in the more porous/fvuggy specimens (typically the PTn
and TSw1 specimens). Velocity data were most often obtainable for specimens of TSw2.
An examination of the data shows that both compressional and shear wave velocities
increased with decreasing specimen porosity.

Typical time series plots measured on UE25 NRG-5-891.9 are shown in Figures
10 and 11. Figure 10 presents the data for compressional (P) and shear waves (S1 and S2)
propagated parallel to the specimen axis. Figure 11 exhibits the measurements for P and S
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Figure 8: A tomographic image (CT scan) for a specimen of non-lithophysal Topopah
Spring member tuff (TSw2) recovered from a depth of 861.2 feet from borehole UE25
NRG-5 at Yucca Mountain, NV.

Figure 9: A tomographic image (CT scan) for a specimen of non-lithophysal Topopah
Spring member tuff (TSw2) recovered from a depth of 873.4 feet from borehole UE25
NRG-5 at Yucca Mountain, NV.




Hell: NRG-5

Sample: NRGS-891-SNL-A Length: 10.165 cm Conf Pr: 0.00 psi
Fluid: DRY Pore Pr: 0.00 psi
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Figure 10: Time series for compressional and shear waves propagated parallel to the axis
of a specimen of TSw2 recovered from a depth of 891.9 feet from borehole UE25 NRG-5,
Yucca Mountain, NV.
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Well:  NRG-5

Sample: NRG5-B91i-SNL-A Length: 5.077 cm Conf Pr: 0.00 psi
Fluid: DRY Pore Pr; 0.00 psi
File: NS894A0R 10-18-93 13: 30 Temp: 22.00 C
400-0 L3 L] L & L3 L) L] L3 L} P "ave
240.0~ velocity (m/s):
- ArrTm (microSec):
_| Ampltd {mvolt):
o 800 PKPK (mVolt):
% = HtoH {microSec):
-80.0
-240.0~
_400.0 1 % b 4 b d 1 L ] 1 3 -
14.0 16.0 18.0 20.0 22.0 24.0
126.5 S1 Wave
75.9 velacity (m/s):
ArrTm {microSec):
Y Ampltd (mVolt):
= 25.3 PkPk (mvVolt):
2 HtoH (microSec):
-25.3
-75.9
_128.5 ) 4 1 L 1 1 1 1 1 1
27.0 29.0 31.0 33.0 35.0 37.0
microSec

Figure 11: Time series for compressional and shear waves propagated normal to the axis
of a specimen of TSw2 recovered from a depth of 891.9 feet from borehole UE25 NRG-5,
Yucca Mountain, NV.
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waves propagated normal to the core axis. Both figures display the output voltage of the
receiver transducer as a function of time in microseconds. The data show that there is no
elastic anisotropy in the specimen; the P and S wave velocities are independent of
propogation direction, to within the accuracy of the measurement.

3.3 Unconfined Compression Tests

The plots of representative data sets for two specimens tested in unconfined
compression are presented in Figures 12 and 13. Figure 12 shows the data for a high
porosity (22.1%) saturated specimen of TSw1 recovered from borehole UE25 NRG-4 at a
depth of 541.0 feet. Four graphs are presented: axial stress vs axial strian; radial strain vs
axial strain; axial strain vs time; and axial stress vs volumetric strain. The Young’s
modulus and fracture strength computed from these data are 14.6 GPa and 33.2 MPa,
respectively. Poisson’s ratio is computed from these data over the same stress interval as
Young’s modulus. Poisson’s ratio is 0.34.

Figure 13 shows stress-strain data collected on a specimen of TSw2 recovered from
UE25 NRG-5 from a depth of 891.9 feet. The data are in the same format as Figure 12.
The Young’s modulus and fracture strength computed from these data are 38.3 GPa and
253.5 MPa, respectively. Poisson’s ratio, also computed between 10 and 50% of the
fracture strength, is 0.15. Itis important to note that the differences between the specimens
is not the petrography but the porosity. Specimen NRG-4-541.0 has a porosity of 22.1%,
whereas that of NRG-5-891.9 is 9.9%.

3.4 Confined Compression Tests

The results of confined compression tests on small-diameter specimens obtained from
a core recovered from a depth of 527.0 feet in borehole UE25 NRG-4 are presented in
Table 2. Specimens were tested at confining pressures of 5 and 10 MPa. The specimens
have moderate porosity (15.2-19.2%) and are from the TSw1 thermal/mechanical unit. The
differential stress at failure increased with increasing confining pressure.

3.5 Indirect Tensile Strength Tests

Thirty-five indirect tensile strength tests were performed on the cores recovered
from boreholes UE25 NRG-4 and -5. The tensile strengths ranged between 0.1 (PTn) and
16.8 (TSw2) MPa. The weakest specimens were the nonwelded, high porosity units; the
strongest were the low porosity, welded units.
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Figure 12: Axial stress and radial strain are plotted as a function of axial strain, axial strain
as a function of time, and axial stress as a function of volumetric strain for a specimen of
TSw1 tested in unconfined compression. The specimen was recovered from a depth of
541.0 feet from borehole UE25 NRG-4, Yucca Mountain, NV,
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Figure 13. Axial stress and radial strain are plotted as a function of axial strain, axial strain
as a function of time, and axial stress as a function of volumetric strain for a specimen of
TSw2. The specimen was recovered from a depth of 891.9 feet from borehole UE25

NRG-5, Yucca Mountain, NV.
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APPENDIX 1

Stress vs Axial Strain and Radial Strain vs Axial Strain Plots for
Unconfined Compression Experiments
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APPENDIX T

Stress vs Axial Strain and Radial Strain vs Axial Strain Plots for
Confined Compression Experiments
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APPENDIX I

System Checks Using an Aluminum Standard Specimen
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m_Check ing_an_Aluminum ndar im

Unconfined compression experiments were performed on a specimen of 6061-
T6511 aluminum. The specimen was monotonically loaded at a constant strain rate of
10-5 s-1 to 138 MPa, (i.e., approximately one-half of its yield stress). Young’s modulus
and Poisson’s ratio were computed from the stress and strain data. The purpose of the
system checks is to ensure that the entire system is performing correctly and that the
reported data are accurate.

A system check involves performing the uniaxial compression experiment on
aluminum and comparing the observed Young’s modulus and Poisson’s ratio with the
standard values reported for the material. If the measured values deviate by more than
+ 5 percent from the published reference values, corrective measures are taken and no
further experiments are performed on tuff until the aluminum calibration experiment yields
acceptable elastic constants.

Typical results from a calibration experiment are shown in Figure A-1. Axial stress
and radial strain are plotted as a function of axial strain for an aluminum specimen with the
same nominal dimensions as the tuff. These data were collected using the procedure
specified for the unconfined compression experiments. The specimen is cyclically loaded
to one-half its yield stress at a strain rate of 10-5 s-1; Young’s modulus and Poisson’s ratio
are computed from the data.

A summary of the system checks performed during the course of the study of the
specimens from the UE25 NRG-4 and 5 boreholes are presented in Table A-1. The results
indicate that the system performed within the specified accuracy during the course of the
study.

Compressional and shear wave velocities have been measured on the aluminum
standard specimen. These data were used to compute the dynamic Young’s modulus and
Poisson’s ratio. These values are also shown in Table A-1. The fact that these values for
both
Young’s modulus and Poisson’s ratio are larger than those given in the literature, suggests
that there are minor variations in the properties of aluminum supplied by the manufacturer.
The elastic moduli for nonporous materials are frequently computed from compressional and
shear wave velocities. These dynamic values should be used in conjunction with the static
measurements. In many cases, the manufacturer’s data are obtained for tension experiments
and empirically corrected for compression, which can also lead to a discrepancy.
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SYSTEM CHECK: September 30, 1993
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Figure A-1: Axial stress and radial strain are plotted as a function of axial strain for a
specimen of 6061-T6511 aluminum cyclically loaded in unconfined compression.
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Table A-1

USW NRG-4 and USW NRG-5

System Checks

Aluminum Standard - 6061 T6511

Date Young's Modulus  Deviation Poisson's Ratio Deviation
GPa % - %

30-Sep-93 72.07 3.3% 0.34 3.0%
27-Oct-93 70.41 1.1% 0.34 "3.0%
4-Jan-94 69.87 0.3% 0.34 3.0%
6-Jan-94 69.07 -0.9% 0.33 0.0%
10-Jan-94 70.69 1.5% 0.33 0.0%
Reference 69.66 0.33

Dynamic 71.02 0.34
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APPENDIX IV

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 candidate information for the Geographic Nodal Information Study and
Evaluation System (GeNESIS) in Tables 1, 2, 3, and 4. The data have been submitted to the
SNL Participant Data Archive (PDA) and are indexed in the Automated Technical Data
Tracking system (ATDT). The data packages have the following Data Tracking Numbers

TN): SNL02030193001.009, SNL02030193001.012, SN1.02030193001.014, and
SNL02030193001.015.

72




YUCCA MOUNTAIN SITE CHARACTERIZATION PROJECT
SAND94-2138- DISTRIBUTION LIST

D. A. Dreyfus (RW-1)

Director

OCRWM

US Department of Energy

1000 Independence Avenue SW
Washington, DC 20585

L. H. Barrett (RW-2)

Acting Deputy Director
OCRWM

US Department of Energy

1000 Independence Avenue SW
Washington, DC 20585

S. Rousso (RW-40)

Office of Storage and Transportation
OCRWM

US Department of Energy

1000 Independence Avenue SW
‘Washington, DC 20585

R. A. Milner (RW-30)

Office of Program Management
and Integration

OCRWM

US Department of Energy

1000 Independence Avenue SW

Washington, DC 20585

D. R. Elle, Director
Environmental Protection Division
DOE Nevada Field Office

US Department of Energy
P.0.Box 98518

Las Vegas, NV 89193-8518

T. Wood (RW-14)

Contract Management Division
OCRWM

US Department of Energy

1000 Independence Avenue SW
Washington, DC 20585

Victoria F. Reich, Librarian

Nuclear Waste Technical Review Board
1100 Wilson Blvd., Suite 910
Arlington, VA 22209

Wesley Barnes, Project Manager

Yucca Mountain Site Characterization
Office

US Department of Energy

P.O. Box 98608--MS 523

Las Vegas, NV 89193-8608

Distribution - 1

Director, Public Affairs Office

c/o Technical Information Resource Center
DOE Nevada Operations Office

US Department of Energy

P.O. Box 98518

Las Vegas, NV 89193-8518

Technical Information Officer
DOE Nevada Operations Office
US Department of Energy

P.O. Box 98518 .

Las Vegas, NV 89193-8518

J. R. Dyer, Deputy Project Manager
Yucca Mountain Site Characterization Office
US Department of Energy
P.O. Box 98608 — MS 523
Las Vegas, NV 89193-88608

M. C. Brady

Laboratory Lead for YMP
M&O/Sandia National Laboratories
1261 Town Center Drive

Bldg. 4, Room 421A

Las Vegas, NV 89134

J. A. Canepa

Laboratory Lead for YMP

EES-13, Mail Stop J521

M&O/Los Alamos National Laboratory
P.O. Box 1663

Los Alamos, NM 87545

Repository Licensing & Quality
Assurance

Project Directorate

Division of Waste Management, MS T7J-9

USNRC

Washington, DC 20555

Senior Project Manager for Yucca
Mountain

Repository Project Branch

Division of Waste Management, MS T7J-9

USNRC

Washington, DC 20555

NRC Document Control Desk

Division of Waste Management, MS T7J-9
USNRC

Washington, DC 20555




Chad Glenn

NRC Site Representative

301 E Stewart Avenue, Room 203
Las Vegas, NV 89101

Center for Nuclear Waste
Regulatory Analyses
Southwest Research Institute
6220 Culebra Road

Drawer 28510

San Antonio, TX 78284

W. L. Clarke

Laboratory Lead for YMP

M&OQ/ Lawrence Livermore Nat’l Lab
P.0O. Box 808 (L-51)

Livermore, CA 94550

Robert W. Craig

Acting Technical Project Officer/YMP
US Geological Survey

101 Convention Center Drive, Suite P-110
Las Vegas, NV 89109

J. S. Stuckless, Chief

Geologic Studies Program

MS 425

Yucca Mountain Project Branch
US Geological Survey

P.O. Box 25046

Denver, CO 80225

L.D. Foust

Technical Project Officer for YMP
TRW Environmental Safety Systems
101 Convention Center Drive

Suite P-110

Las Vegas, NV 89109

A.L. Flint

U. S. Geological Survey
MS 721 '

P. O. Box 327

Mercury, NV 89023

Robert L. Strickler

Vice President & General Manager

TRW Environmental Safety Systems, Inc.
2650 Park Tower Dr.

Vienna, VA 22180

Jim Krulik, Geology Manager
US Bureau of Reclamation
Code D-8322

P.O. Box 25007

Denver, CO 80225-0007

Distribution - 2

B. T. Brady

Records Specialist
US Geological Survey
MS 421

P.O. Box 25046
Denver, CO 80225

M. D. Voegele

Deputy of Technical Operations
M&O/SAIC

101 Convention Center Drive
Suite P-110

Las Vegas, NV 89109

A. T. Tamura

Science and Technology Division
OSTI

US Department of Energy
P.0.Box 62

Oak Ridge, TN 37831

P. J. Weeden, Acting Director
Nuclear Radiation Assessment Div.
US EPA

Environmental Monitoring Sys. Lab
P.O. Box 93478

Las Vegas, NV 89193-3478

John Fordham, Deputy Director
Water Resources Center

Desert Research Institute

P.0. Box 60220

Reno, NV 89506

The Honorable Jim Regan

Chairman

Churchill County Board of
Commissioners

10 W. Williams Avenue

Fallon, NV 89406

R. R. Loux

Executive Director

Agency for Nuclear Projects
State of Nevada

Evergreen Center, Suite 252
1802 N. Carson Street
Carson City, NV 89710

Brad R. Mettam

County Yucca Mountain
Repository Assessment Office

P. O. Drawer L

Independence, CA 93526



Vernon E. Poe

Office of Nuclear Projects
Mineral County

P.0O. Box 1600
Hawthorne, NV 89415

Les W. Bradshaw

Program Manager

Nye County Nuclear Waste Repository
Project Office

P.O. Box 1767

Tonopah, NV 89049

Florindo Mariani

White Pine County Coordinator
P. 0. Box 135

Ely, NV 89301

Tammy Manzini

Lander County Yucca Mountain
Information Officer

P.O. Box 10

Austin, NV 89310

Jason Pitts

Lincoln County Nuclear Waste
Program Manager

P. O. Box 158

Pioche, NV 85043

Dennis Bechtel, Coordinator

Nuclear Waste Division

Clark County Dept. of Comprehensive
Planning

P.0. Box 55171

Las Vegas, NV 89155-1751

Juanita D. Hoffman

Nuclear Waste Repository
Oversight Program

Esmeralda County

P.0. Box 490

Goldfield, NV 89013

Sandy Green

Yucca Mountain Information Office
Eureka County

P.O.Box 714

Eureka, NV 89316

Economic Development Dept.
City of Las Vegas

400 E. Stewart Avenue

Las Vegas, NV 89101

Community Planning & Development
City of North Las Vegas

P.O. Box 4086

North Las Vegas, NV 89030

DW= N

W == Ly

Distribution - 3

Librarian
YMP Research & Study Center

101 Convention Center Drive, Suite P-110

Las Vegas, NV 89109

Library Acquisitions
Argonne National Laboratory
Building 203, Room CE-111
9700 S. Cass Avenue
Argonne, IL 60439

Glenn Van Roekel
Manager, City of Caliente
P.O.Box 158

Caliente, NV 85008

Gudmundur S. Bodvarsson

Head, Nuclear Waste Department
Lawrence Berkeley National Laboratory
1 Cyclotron Road, MS 50E

Berkeley, CA 94720

Steve Hanauer (RW-2)
OCRWM

U. S. Department of Energy
1000 Independence Ave.
Washington, DC 20585

Randolph J. Martin III
New England Research
76 Olcott Drive

White River, VT 05001

Robert W. Clayton

M&O/WCFS

101 Convention Center Drive/MS423
Las Vegas, NV 89109

Richard C. Quitmeyer

M&O/WCFS

101 Convention Center Drive/MS423
Las Vegas, NV 89109

Mark C. Tynan

DOE/YMPSCO

101 Convention Center Drive/MS523/HL
Las Vegas, NV 89109

1330  B. Pierson, 6811
100/12546/SAND94-2138/NQ

1330  WMT Library, 6752

9018 Central Technical Files, 8523-2

0899  Technical Library, 4414

0619  Review and Approval Desk,
12630, For DOE/OSTI

1325  R. H. Price, 6852

1325 N. Brodsky, 6852

1325 L. S. Costin, 6852

1399  D. S. Kessel, 6850




