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This memo is intended to provide recommended matrix and rock-
mass properties for use in geotechnical design and performance
assessment calculations. Limited rationale and explanation are
provided herein since these data are to be formally published
in the SCP and supporting references.

Table 1 is a revised list of recommended intact-rock properties
which updates the table in a memo dated December 1, 1983, from
F. B. Nimick to G. K. Beall and J. K. Johnstone.

Table 2 is a list of recommended rock-mass properties, each of
which is based on intact properties appropriately modified
according to the prescribed rationale.

The geologic and thermomechanical stratigraphy in drill hole
USW G-4 (Figure 1) is provided for preliminary guidance. The
properties contained herein are averaged from available data for
Yucca Mountain. Those interested in studies which require
recommendation of limit case values or the variation of the
thermomechanical stratigraphy across Yucca Mountain should
contact the authors of this memo.
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Footnotes to Table 1

Properties assumed to be the same as those of unit
listed in parentheses.

exp: Experimental value.
NA: Not available.
Tb: Boiling temperature of pore water.
1: Values for matrix of unit IIL. Portions of this unit

may contain up to 20 volume percent additional porosity.
Data with the superscript are for portions which do not
include this additional void space. Other values given
are calculated assuming an additional 20 volume percent
porosity or are experimental values from lithophysae-
rich material.

2: Calculated from porosity and grain density values,
assuming Cp(water) = 4.18 J/gK and Cp(rock) - 0.84
J/gK.

3: Calculated from empirical fits to experimental data for
the following units: IINL, IVAz, VI, VII, and IX. The
equations are provided in the text.

4: Calculated from angle of internal friction and uncon-
fined compressive strength using equation given in text.

5: Calculated using empirical fits given in Price (1983).
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Table 2. Recommended Rock Mass Properties
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Table 2. Recommended Rock Mass Properties (Cont'd

October 18, 1984
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Table 2. Recommended Rock Mass Properties (cont;d) Version 1

Date October 1984
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GEOLOGIC AND THERMAL/MECHANICAL
STRATIGRAPHIES IN DRILL HOLE USW G-4

[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]

Figure 1
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Intact Rock Mechanical Properties

The properties of the matrix of tuff units from Yucca Mountain
listed in Table 1 are based upon experimental data from any or
all of the following drill holes: UE-25a#1, UE-25b#l, USW G-1,
USW 0-2, USW G-3, USW GU-3, and USW G-4. In some units, exper-
imental data are not available. Estimation of data for units
for which this is the case is described where appropriate.

Bulk Properties (Porosity, Grain Density, Bulk Densities):
These data are mean values calculated from experimental results.
The values listed for Unit IIL are for a nonlithophysal matrix.
Many portions of the unit contain lithophysae, in some cases up
to 20 volume percent additional void space. This 20 percent is
not included in the porosity value given in Table 1, but nas
been used in the calculation of some thermal and mechanical
properties. The average properties for Unit IIL are between the
two extremes since IIL has both lithophysae-poor and litho-
physae-rich intervals.

Thermal Conductivity: All numerical thermal conductivity data
in Table 1 are mean values calculated from experimental results.
Some units have no corresponding experimental data, and conduc-
tivities have been assumed to be those of similar tuffs, as
noted.

Thermal Capacitance: Thermal capacitance, the product of
density and heat capacity, was calculated using the following
formula:

[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]

The last term in the equation may be neglected due to the small
value of the term Pa Co(air).
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Coefficient of Linear Thermal Expansion: Experimental data on
thermal expansion coefficients are available for five
units--IINL, III, IVAz, VII, and IX. Since the thermal expan-
sion is independent of porosity (Lapping, 1980). results from
these five units were extrapolated to other units of similar
mineralogy. The temperature range of applicability of each
expansion coefficient is provided in Table 1 as well.

Modulus of Elasticity (Young's Modulus): Experimental data are
available for Units ILL, IINL, III, IVAz, VI, VII, and IX. Data
for other units have been calculated from the following equation
(Nimick, 1983)

Log(E) a 1.8554-0.0322
where E = modulus (GPa)
and = porosity (percent).

This equation is an empirical least-squares fit to modulus-
porosity data for all of the units listed above except Units IIL
and III. A, value of the modulus of the matrix of Unit IIL was
also calculated using the matrix porosity to provide an estimate
of the Young's modulus for nonlithophysal layers within Unit
IIL.

Poisson's Ratio: Experimental data are available for Units
IL, IINL, III, IVAz, and VII. Values for other units were
calculated from an empirical equation given in Price (1983):

Log (v) a -3.932 + 0.676 log(0) + 5.56 log(Pg),
where v = Poisson's ratio

= porosity (percent)
and Pg = grain density.

A value of the Poisson's ratio for the matrix of Unit ILL was
also calculated to provide for an estimate of the Poisson's
ratio for nonlithophysal layers within Unit IIL.

Unconfined Compressive Strength: Experimental data are
available for Units IIL, IINL, III, IVAz, VI, VII, and IX.
Values for other units were calculated from the following
equation (Nimick, 1983):
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Log (a) = 2.6261 - 0.0384 0,
where a = unconfined compressive strength (MPa)
and = porosity (percent).

A value of the compresive strength for the matrix of Unit IIL
was also calculated using matrix porosity only to provide an
estimate of the strength of nonlithophysal layers within
Unit IIL.

Cohesion: These data were calculated using the following
equation (Price, 1983):

ro (l-sin0)/2cosO),
where ro - cohesion (MPa)

o a unconfined compressive strength (MPa)
and e - angle of internal friction.

Two values are given for Unit IIL, one for the matrix (repre-
sentative of nonlithophysal layers within Unit IIL) and one for
the unit if it contains 20 percent additional porosity.

Angle of Internal Frictions The data were calculated using the
following equation (Price, 1983):

0 = 37.114-0.65380,
where 0- angle of internal friction
and 0= porosity (percent).

Two values are given for Unit IIL, one for the matrix (repre-
sentative of nonlithophysal layers within Unit IIL) and one for
the unit if it contains 20 percent additional porosity.

Tensile Strength: The data were calculated using the following
empirical equation (Price, 1983):

To = 27.2-0.847 o,
where To = unconfined tensile strength (MPa)
and = a porosity (percent).



T. O. Hunter, 6310 -11- October 18, 1984

Where the calculations predict a negative strength, a value of
1.0 is assumed. Two values are given for Unit IIL, one for the
matrix (representative of nonlithophysal layers within Unit IIL)
and one for the unit if it contains 20 percent additional
porosity.
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Rock Mass Properties Recommendation Rationale

In order to facilitate thermomechanical analyses, the thermal/
mechanical units were grouped such that a given rock-mass
thermomechanical unit contains one or more thermal/mechanical
units. The desire was to average units and corresponding
properties for relatively thin interbedded units into single
definable units for numerical calculations. Averaged unit
thicknesses were obtained from drill holes UE-25a#l, UE-25b#l,
USW G-1, USW G-2, USW GU-3, and USW G-4. Using these thickness
averages, volume percentages were calculated for each thermal/
mechanical unit in a given rock-mass thermomechanical unit.
These volume percentages were then used to determine weighted
averages of any given bulk, mechanical, or thermal property.

In Situ Stress

av = pgh

Oh - [r--]Pgh

where,

P - density
g - acceleration of gravity
h - depth
v - Poisson's ratio

For shallow depths, gravity loading (with topographic
considerations) can be used to determine the in situ state of
stress. Furthermore, in light of stress measurements at Yucca
Mountain (Stock et al, 1984) and implications of regional
tectonics and finite element calculations (Bauer et al, in
preparation) we consider this recommended relationship to
provide a lower bound to the estimation of the horizontal
in situ stress.

Density (p): The density presented depends on the dry bulk
density, porosity, and saturation state. Above the water table
units are considered to be 80% saturated and below the water
table 100% saturated. The water table varies in elevation
across Yucca Mountain. Partial and full saturation states may
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exist within a unit that crosses the water table. Thus,
knowledge of the water table in the area of interest is
necessary. (Also note: for 60% saturated IIL, lithophase are
considered to be dry.)

Deformation Modulus (ET): Field data of strata-specific joint
spacing and normal closure behavior is at this time lacking.
Field measurements of R. Zimmerman et al, (1984), for the Heated
Block Test, suggest that 50 percent of the intact value is a
representative value. We thus recommend the 50 percent value,
pending more extensive field measurements and development of the
compliant joint material model, which will allow for calculation
of rock-mass response to thermomechanical loads using
laboratory-determined matrix and joint properties.

Poisson's Ratio (V): The rock-mass Poisson's ratio could be
greater or less than the intact rock value depending upon the
stress and strain state and joint characteristics (spacing,
width, orientation). Therefore, at this time, we recommend
using the intact specimen value, Results from the Heated Block
Experiment (Zimmerman et al, 1984) support this recommendation.
This rock-mass material property is still under scrutiny from a
theoretical standpoint and it is hoped that utilization of the
compliant joint material model will allow for a more realistic
approximation.

Unconfined Compressive strength (ac): The preponderance of
laboratory strength measurements have been made on 25-mm-
diameter specimens saturated at room temperature and pressure,
at a strain rate of 10-5 s-l, Ideally, temperature, strain
rate, degree of saturation, and specimen size effects should be
known. Indeed, the effects of all these environmental para-
meters are being studied for the Topopah Spring. Studies of
parameter effects for other units have been previously under-
taken. Rock mechanics literature for most rock types suggests
that decreasing strain rate, increasing, temperature, and
increasing specimen size will cause a decrease in the measured
strength; degree of saturation will have little to no effect,
until dry, when strength would be expected to increase; and
increasing confining pressure would cause an increase in
strength. The relative magnitude of these effects depends on
rock type and state and environmental history of the rock. For
tuff rocks, the above trends are apparent, yet are severely
clouded by the inherent variation from sample to sample. For
consistency in approach, we choose to recommend a strength
based on laboratory values degraded from one set of
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environmental conditions (room temperature and pressure, fully
saturated, e - 10-5 ,-1, 25 am diameter).

Hoek and Brown (1980) suggest an empirical relationship of the
forms

Cy ~~so "is
c 50mm T

to calculate "strength" (0c) of rock as a function of sample
diameter diameter Cd). If, however, we compare measured
strengths versus sample size (Price, work in progress) we
observe the following trend for the Topopah Spring:

Diameter Measured Average (MPa) Calculated (MPa)
(mm) (Price, in progress) (from Hoek, 1983)

25.4 149.7 161.5
51.0 142.9 142.9
82.6 125.8 131.0
127.0 86.4 121.0

The relationship of Hook (1983) appears to overpredict the
strengths as measured by Price. Using it, however, and
considering the in situ block size (as determined from joint
spacings) to be on the order of 0.5 meters in diameter, we
calculate a strength of 94 MPa for this unit. Some researchers
(c.f. Swolfs, 1983) seriously question the existence of a size
effect. In that we: (1) need to derive a field value from
laboratory measurements, (2) are faced with conflicting opinions
by reputable sources, and (3) observe a decrease in strength
with sample size, we choose to degrade the laboratory value by
50 percent. We consider this to be a conservative estimate of
the strength, awaiting an extension of the size effect study.

It is further noted that the recommended strength is
representative of the matrix and does not include any joint
considerations. The effects of joints should be incorporated
into an analysis via the joint cohesion and slip condition
provided.
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Tensile Strength (OT): From Griffith theory, the relationship
between the unconfined compressive strength (ac) and the
tensile strength (OT) is:

aC 8 3OT I I jaT 0.125 0C

Measured and calculated values for the tensile strength
reported by Nimick (1983) for welded and nonwelded tuffs
suggest I°T | 0.12 oce In light of this apparent
agreement between theory and experiment and/or calculation,
scaled tensile strength is given by J|Ti | 0.12 Oc.

Angle of Internal Friction (0): [same as intact rock)

Cohesion (ro): Calculated via Price (1983) empirical
relationship:

a 1 ° -sino 0- angle of internal friction

This relationship, from which the pressure dependence of matrix
strength is determined, is not considered to be scale dependent.
Furthermore, oct ro, and 0 are mathematically related. OT#'
however, should not be calculated from this relationship and
should be implemented as given in the table.

Joint Properties

Experimental work to determine joint shear and normal behavior
properties is underway in the laboratory. The modulus (ET)
of the matrix has been degraded to account for some effects of
the normal and shear compliance of joints. The joint cohesion
and coefficient of friction provided are from a limited data
base, which is in the process of being extended. The recom-
mended values are probably representative since they are well
within the limits of those for earth materials. They are the
values used in the unit evaluation study (Johnstone et al,
1984).
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Thermal Properties
[thermal conductivity, coefficient of thermal

expansion, thermal capacitance]

Thermal state is designated as saturated, transitional, and
dehydrated.

In light of field measurement and analysis (small diameter
heater, Zimmerman (1983)) we consider calculated and laboratory
thermal properties to be directly applicable to the rock-mass
scale.

Thermal expansion coefficient (c): as measured in the
laboratory. Note that signs are positive or negative in
different cases owing to the mineral specific expansion
behavior and dehydration phenomena.

Thermal Capacitance (C)

C - PR CRXR + PwCwXw

where

PR grain density of rock
Pw - density of water
CR = heat capacity of rock (0.84 J/gk)
Cw = heat capacity of water (4.184 J/gk)
XR volume fraction of rock
Xw = volume fraction of water (depends on saturation

state)

Thermal Capacitance at Transition:

(CA+CB) M

CT + LT

where

CA = heat capacity dry
CB = heat capacity at predehydration saturation state
AH = heat of vaporization = [2217.52 J/cc]Xw
AT = transition delta temperature
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