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Abstract

A sensitivity study has been conducted regarding the predicted thermal and me-
chanical behavior of the far-field model of Yucca Mountain. The model input pa-
rameters and phenomena that have been investigated include areal power density,
thermal conductivity, specific heat capacity, material density, pore water boiling,
rectangular mesh (i.e., using a horizontal stratigraphy and topography), Young’s
modulus, Poisson’s ratio, coefficient of thermal expansion, in situ stress, rock ma-
trix cohesion. rock matrix angle of internal friction, rock joint cohesion, and rock
joint angle of internal friction. The range of values currently associated with these
parameters has been investigated with respect to the predicted rock temperatures,
stresses, matrix failure, and joint activity throughout the far-field model. Results
show that the range considered for the areal power density has the most significant
effect on the predicted rock temperatures. The range considered for the in situ
stress has the most significant effect on the prediction of rock stresses and factors-
of-safcty for the matrix and joints. Predictions of matrix and joint factors-of-saf. ty
are also influenced significantly by the use of a rectangular mesh when compared
to the mesh with the sloping topography and stratigraphy of Yucca Mountain.
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1 INTRODUCTION

1.1 BACKGROUND

In the study of geologic disposal of nuclear waste, applications of finite-element
thermal and mechanical far-field models have proven useful in the context of assess-
ing the performance of a nuclear waste repository. These models provide informa-
tion (predictions) about rock temperatures and stresses induced by the presence of
the repository. Temperatures and stresses are investigated everywhere within the
domain of the far-field model. The domain extends from the ground surface down
several thousand meters below the repository, and laterally several thousand meters
beyond the edges of the repository. An illustration of the domain of the far-field
model of Yucca Mountain is given in Figure 1-1. These models are used to predict
the thermal and mechanical behavior of the repository host rock on a large scale for
time periods up to 50.000 years. Other models (near-field and very-near-field) are
used to study the thermal and mechanical effects of nuclear waste isolation on rock
in the vicinity of a waste disposal room and waste container borehole, respectively.
However, these models are not discussed in this report. .

The current far-field model of Yucca Mountain evolved over a period of about
eight vears, with periodic changes to material properties, stratigraphy, and to-
pography. These changes resulted from the continued effort by Sandia National
Laboratories to characterize the repository site at Yucca Mountain through surface
and subsurface field data and laboratory experiments and analyses. The far-field
model used in this study represents the model that currently best characterizes the
thermal and mechanical properties of the rock at Yucca Mountain |Brandshaug,
in prep.,. The model shown in Figure 1-1 comprises several strata. For modeling
purposes, each stratum is differentiated based on thermal and mechanical behavior
rather than lithology. Thus. each stratum requires a unique set of thermal and me-
chanical input parameters. In far-field studies performed in the past |[Klasi et al.,
1982; Johnstone et al., 1984; Brandshaug, in prep.], average values were used for the
input parameters to the model. However, in the Unit Evaluation study [Johnstone
et al., 1984 both mean and limit values were used. The limit values were selected
at plus or minus two standard deviations from the mean. with the sign chosen in
a subjective manner to create the most unfavorable (worst case) thermal and me-
chanical conditions. The Unit Evaluation study did not attempt to differentiate
the thermal and mechanical effects associated with the range in each of the model
input parameters.

The range associated with each of the input parameters can be related to
the uncertainty in the value of the material property. Part of this uncertainty
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is attributable to the natural inhomogeneity and spatial variability of the rock,
while other uncertainties are introduced through the process of obtaining, handling,
preparing. and testing rock specimens and other sources of error. Uncertainty in
material property values caused by inhomogeneities and spatial variability can be
reduced. though not eliminated, by the careful testing of a large number of rock
specimens taken from various regions of Yucca Mountain. In this study, the ranges
in the far-field model input parameters were chosen to approximate the uncertain-
ties in the material properties using engineering judgment and information that was
currently available.

The existence of uncertainties in material property values, leads to limited con-
fidence in the predicted behavior of a nuclear waste repository. Investigating the
relationship between material property input and repository response is precisely
the motivation for the study described in this report. A numerical model can easily
adapt to given ranges in the input parameters. and results (temperatures, displace-
ments, and stresses) can be analyzed in light of these ranges. Once these effects are
quantified, experimental efforts can be prioritized and the design of a repository
can be aimed at accommodating given uncertainties.

1.2 OBJECTIVES

The five objectives addressed in this study are listed below and are specifically
for a spent nuclear fuel (SF) repository at Yucca Mountain.

¢ Determine the range or difference in the predicted behavior of a SF repository
associated with the range in each input parameter evaluated.

¢ Establish the relative influence on the predicted behavior of a SF repository
associated with each input parameter evaluated.

e Determine the sensitivity of the predicted behavior of a2 SF repository to
changes in the input parameters evaluated.

e Compare the range in the predicted behavior of a SF repository caused by
model complexity (horizontal vs. sloping topography and stratigraphy) to the
range in the predicted behavior of a SF repository caused by variations in the
input parameters evaluated.

e Develop a data base of thermal and mechanical results that can be used in
future work associated with repository performance assessment.

The first four objectives are included to quantify in various ways the effect of
uncertainties on the predicted behavior of a SF repository at Yucca Mountain.
This information should provide a perspective useful in the process of assessing the
performance of the repository. The filth objective addresses the need for a data
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base of predicted thermal and mechanical results which can be used for repository
performance assessment and design. Information should be added to the data base
as it becomes available in future studies.

1.3 SCOPE

The steps taken to accomplish the above objectives are outlined below. This
report describes the accomplished records of each of the outlined items.

e Identify the input parameters to be considered in the sensitivity analysis.

¢ Quantify the uncertainty, i.e., determine the range of values associated with
each input parameter considered.

¢ Assemble all parameters and input into a thermal and mechanical finite ele-
ment computer model.

e Perform the computer model simulation.

¢ Analyze results, i.e., postprocess results to create figures and graphs which
display the predicted behavior of the repository, as well as the effect of the
ranges considered for each parameter.

Chapter 2 discusses the input parameters identified as important to the predicted
behavior of a nuclear waste repository. The average values of the parameters are
listed along with their ranges. Chapter 3 gives a description of the particular
sensitivity analysis used in this study. Chapter 4 gives a brief description of the finite
element programs, and describes the conceptual models. Chapter 5 presents the
predicted thermal and mechanical behavior of a SF repository for average parameter
values (referred to as the baseline model). Chapter 6 illustrates in various ways the
effect of variations in the input parameters on the predicted thermal and mechanical
behavior of a SF repository at Yucca Mountain. Chapter 7 provides a record of the
generated data base of predicted thermal and mechanical results. A description
of the data base is also included. Chapter 8 summarizes the results and lists the
conclusions. Chapter 9 offers suggestions for future studies. The figures and graphs
generated in this study are too numerous to be presented in the discussion section
of this report. Therefore, Appendices A and B have been included as additional
information about the thermal and mechanical results, respectively.
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2 INPUT PARAMETERS FOR SENSITIVITY
ANALYSIS

This chapter describes the input parameters investigated in the sensitivity study
of the far-field model of Yucca Mountain. The parameters selected influence the
conductive transfer of heat and the development of thermal stresses in the rock. A
rationale is given for each parameter’s selection as a “significant™ parameter. For
those parameters having specific values, the average value of the parameter is given
along with its range. The average values used for the rock mass were taken from
MacDougall et al. {1987b]. The range of value in each input parameter was provided
by Mansure {1986]. The range considered is a best estimate of the uncertainty in
the measured value of the material property and is based on engineering judgment.

As seen in Figure 1-1, some of the thermal/mechanical units at Yucca Mountain
are located below, or partially below, the water table. These units are identified
in Figure 1-1 as PPw, CFUn, BFw, CFMn1, CFMn2, CFMn3, and TRw. The
rock in these units is considered 100 percent saturated. The rock in all other
units is considered 80 percent saturated [MacDougall et al., 1987b]. Some of the
parameters are sensitive to the degree of saturation. Therefore, in the tables of
parameter values that follow, this level of water saturation is reflected. Many of
the parameters listed below are also a function of porosity. The parameters chosen
for investigation, however, are those that are fundamental to the far-field model of
Yucca Mountain. The parameters discussed are grouped according to the model
(thermal or mechanical) in which they are used.

e THERMAL FAR-FIELD MODEL PARAMETERS:

Areal Power Density (APD)
Thermal Conductivity
Specific Heat Capacity
Density
Pore Water Boiling
e MECHANICAL FAR-FIELD MODEL PARAMETERS:

Coefficient of Linear Thermal Expansion
Young's Modulus
Poisson’s Ratio

In Situ Stress

ot



Evaluation of Intact Rock Failure:

Cohesion of Intact Rock
Angle of Internal Friction of Intact Rock

Evaluation Of Rock Joint Failure:

Cohesion of Joints
Angle of Internal Friction of Joints

Geometric Parameters:
Horizontal Topography and Stratigraphy

2.1 THERMAL FAR-FIELD MODEL PARAMETERS

2.1.1 Areal Power Density

The Areal Power Density (APD) is a parameter which defines the average rate
at which heat is generated by the nuclear waste per unit plan area of the repository.
The rate of heat generation by the waste decreases continuously with time in a
manner characteristic of the composition of the waste. Therefore, the APD will
decrease from its initial value at the time the waste is put in place in the repository.
The waste type considered for emplacement in a potential repository at Yucca
Mountain is a combination of 10-year-old spent nuclear fuel from pressurized water
reactors (PWR) and boiling water reactors (BWR). Tt is assumed that 60 percent
of the initial APD is contributed by PWR spent fuel, and 40 percent by BWR spent
fuel. The characteristic thermal decay of the separate PWR and BWR spent fuels
is given by MacDougall et al. [1987b,. Thé thermal decay of the combined PWR
and BWR spent fuel that is used in the far-field model is also from MacDougall et
al. [1987b .

The APD parameter represents the genesis of the events investigated with the
thermal and mechanical finite element models. The ability of a potential repository
to successfully isolate the waste is, to a great extent, a function of this parameter. To
avoid high temperatures in the rock and high stresses which may result in fracturing
of the rock, it is important to gain a perspective of the sensitivity of the events
studied with respect to changes in this parameter.

The choice of APD for a potential repository will dictate, to a great extent,
the lavout and design of the repository. For instance, for a given amount of waste,
the initial value of this parameter will determine the size of the repository. Thus,
there are both technical and economical reasons for including the APD as a critical
parameter.

The finite element heat transfer model requires an initial value for the APD. The
baseline value used is 80 kW ,acre. with a lower value of 57 kW /acre. The use of
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80 kW /acre in the baseline case, which was dictated by Mansure [1986]. allows the
effect of all other parameters to be evaluated for this relatively high APD. The APD
of 57 kW /acre was determined during the study of the Unit Evaluation at Yucca
Mountain |Johnstone, 1984|, specifically for a repository in the Topopah Spring
thermal/mechanical unit. This value is based on a near-field constraint limiting the
temperature to 100°C in the floor of the waste disposal rooms.

2.1.2 Thermal Conductivity

The thermal conductivity is a physical property which indicates the effectiveness
of a substance in transferring energy by conduction. - In the context of a nuclear
waste repository, it is desirable to have a rapid transfer of heat (energy) away
from the repository to keep rock temperatures as low as possible. A high thermal
conductivity value indicates a greater effectiveness to transfer heat by conduction,
relative to a low value. In the thermal finite element model of Yucca Mountain,
the problem studied is the transient conductive transfer of heat generated by the
nuclear waste. The effectiveness by which this transfer can be accomplished depends
on the thermal conductivity of the eleven thermal/mechanical units that constitute
the model.

The average value of the thermal conductivity used for each material in the
far-field model is taken from MacDougall et al. [1987b’. Estimated uncertainty
in measurements of the thermal conductivity is reported as 10 percent by Lappin
and Nimick {1985]. Additional uncertainty will result from the natural variation
in the data. The range used in this study for the thermal conductivity is given
by Mansure [1986] as 20 percent of the average value. This value is based on
engineering judgment. The average, maximum, and minimum values used for the
thermal conductivity are listed in Table 2-1.

2.1.3 Specific Heat Capacity

The variation of the temperature of a substance with the amount of heat energy
stored within it is expressed in terms of the specific heat capacity of the substance.
A variation of this parameter in the thermal finite element far-field model of Yucca
Mountain will affect the magnitude, as well as the transient behavior, of the rock
temperatures.

The average value for the specific heat capacity of the rock in each
thermal/mechanical unit in the far-field model is taken from MacDougall et al.
{1987b’. These values are calculated from functions involving mean grain density.
mean porosity. and degree of (water) saturation [MacDougal et al.. 1987bl. The
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Table 2-1. Average, Maximum, and Minimum Values
for the Thermal Conductivity of the Ther-
mal/Mechanical Units at Yucca Mountain

—

r—

[

— r— r— I
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TM!") UNIT THERMAL CONDUCTIVITY (W/m-K)
Minimum Average Maximum

Value Value Value
TCw 1.60 2.00 2.40
PTn 0.94 1.17 1.40
TSwl 0.93 1.16 1.39
TSw2, TSw3l®) 1.66 2.07 2.48
CHnlv 0.97 1.21 1.45
CHn1z, CHn2, CHn39 1.08 1.35 1.62
PPw 1.60 2.00 2.40
CFUn 1.14 1.43 1.72
BFw 1.60 2.00 2.40
CFMn1, CFMn2, CFMn3() 1.18 1.48 1.78
TRw 1.67 2.09 2.51

(a) Thermal/mechanical.

(6) Units TSw2 and TSw3 are considered as “one” material in the model. The value listed represents

a volume average.

(c) Units CHnlz, CHn2, and CHn3 are considered as “one” material in the model. The value listed

represents a volume average.

{d) Units CFMn1, CFMn2, and CFMn3 are considered as “one” material in the model. The value
listed represents a volume average.




range in the specific heat capacity in this study is given by Mansure {1986} as 10 per-
cent of the average value. This value is based on engineering judgment. Table 2-2
lists the average, maximum, and minimum values of the specific heat capacity that
are used in this study.

2.1.4 Density

Density is a material property that represents the mass per unit volume of a sub-
stance. This property, along with the thermal conductivity and specific heat capac-
ity, forms the thermal diffusivity, a quantity of paramount importance in transient
conductive heat transfer. The thermal diffusivity is given by Equation 2-1.

k
Thermal Diffusivity = — 2-1
o (2-1)
where
k = thermal conductivity
p = density
C, = specific heat capacity

The average value used for the bulk density of each material in the far-field model
is taken from MacDougall et al. [1987b]. These densities are calculated based on the
average material porosity, grain density, and percentage of water saturation. The
range in the density is given by Mansure [1986) as 5 percent of the average value
and is based on engineering judgment. Table 2-3 lists the values that are used for
the density in this study.

2.1.5 Pore Water Boiling

The rock in the repository unit, Topopah Spring. is about 80 percent saturated
[Nimick et al., 1984". If rock temperatures are allowed to reach the bbiling tem-
perature of water (100°C). boiling of the pore water may take place. The extent of
this phenomenon on a far-field scale obviously depends on the choice of the initial
APD and the thermal properties. The effect of pore water boiling on the predicted
maxinum temperature in the far-field model can be expected to be large when
the initial APD is high (75 kW acre and higher) Klasi et al.. 1982.. The APD in
the baseline model is 80 kW 'acre. Thus. the phenomenon of pore water boiling
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Table 2-2. Average, Maximum, and Minimum Values for the
Bulk Density of the Thermal/Mechanical Units at
Yucca Mountain

TM*) UNIT BULK DENSITY (kg/m?)
Minimum Average Maximum

Value Value Value
TCw 2,200 2,310 2,430
PTn 1,590 1,670 1,750
TSwl 2,160 2,270 - 2,380
TSw2, TSw3®) 2,220 2,340 2,460
CHnlv 1,690 1,780 1,870
CHnlz, CHn2, CHn3() 1,800 1,890 1,990
PPw 2,090 2,200 2,310
CFUn | 1,900 2,000 2,100
BFw 2,120 2,230 2,340
CFMn1, CFMn2, CFMn3(¥ 1,990 2,090 2,200
TRw 2,200 2,320 2,440

{

{a) Thermal/mechanical.

(#) Units TSw2 and TSw3 are considered as “one” material in the model. The value listed represents
a volume average.

(c} Units CHnlz, CHn2, and CHn3 are considered as “one” material in the model. The value listed
represents a volume average.

{d} Unitzs CFMnl. CFMu2, and CFMn3 are considered as “one” material in the model. The value
listed represents a volume average.

r— r—

—
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Table 2-3. Average, Maximum, and Minimum Values for the
Specific Heat Capacity of the Thermal/Mechanical

Units at Yucca Mountain

TM!) UNIT SPECIFIC HEAT CAPACITY (3 /kg-K)
Minimum Average Maximum

Value Value Value
TCw 869 966 1,063
PTn 1,396 1,551 1,706
TSwl 745 828 911
TSw2, TSw3(® 866 062 1,058
CHnlv 1,244 1,382 1,520
CHnlz, CHn2, CHn3{®) 1,172 1,302 1,432
PPw 1,080 1,200 1,320
CFUn 1,202 1,335 1,469
BFw 1,069 1,188 1,307
CFMn1, CFMn2, CFMn3% 1,115 1,239 1,363
TRw 997 1,108 1,219

{a) Thermal/mechanical.

(b) Units TSw2 and TSw3 are considered as “one” material in the model. The value listed represents

a volume average.

{c) Units CHnlz, CHn2, and CHu3 are considered as “one” material in the model. The value listed

representz a volume average.

(d) Unitzs CFMnl. CFMn2, and CFMn3 are considered as “one™ material in the model. The value
listed represents a volume average.
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is included as a parameter in this study. The boiling model used in. this study is
illustrated schematically in Figure 2-1 for increasing and decreasing temperatures.
Boiling of the pore water is simulated by increasing the volumetric heat capacity of
the rock over a temperature range (boiling range). The increase in volumetric heat
capacity is dictated by the amount of energy required to dehydrate the rock. It is
necessary for numerical reasons to let boiling take place over a temperature range.
This range is shown in Figure 2-1 from T, to T;. For the thermal/mechanical units
close to the repository where pore water boiling may take place, the boiling starts
at 100°C (T;) and ends at 125°C (T,). Saturated conditions exist for temperatures
less than T;, and dehydrated conditions exist for temperatures greater than T,.
The “saturated” and “dehydrated” values of the thermal conductivity used in the
boiling model are listed in Table 2-4, and are taken from MacDougall et al. [1987b).
The thermal conductivity varies linearly in the temperature interval between T,
and T;. The values of the thermal conductivity are determined by the path a-b-
c-d in Figure 2-1 for increasing temperatures and the reversed path for decreasing
temperatures. '

The “saturated” and “dehydrated” values of the volumetric heat capacity are
listed in Table 2-5 and are taken from MacDougall et al. [1987b]. As seen in Fig-
ure 2-1, the volumetric heat capacity varies linearly in the temperature interval
from T; to T;. For increasing temperatures during pore water boiling, the values
of the volumetric heat capacity are determined by the path c-d in Figure 2-1. If
pore water boiling occurs without reaching the temperature T, values of the volu-
metric heat capacity during boiling are determined by the path d-c upon decreasing
temperatures. If the rock becomes fully dehydrated (i.e., the temperatures exceed
T,), upon decreasing temperatures the values of the volumetric heat capacity dur-
ing boiling are determined by the path e-b in Figure 2-1. The heat of vaporization
is not recovered during resaturation. The values of the average volumetric heat
capacity during boiling for increasing temperatures are listed in Table 2-5 and are
taken from MacDougall et al. [1987b].

2.2 MECHANICAL FAR-FIELD MODEL PARAMETERS

2.2.1 Coefficient of Linear Thermal Expansion

The coeflicient of linear thermal expansion is a measure of the unrestrained
volume change of a substance with a unit change in temperature. This parameter
is essential in determining rock displacements and stresses resulting from changes
in rock temperatures.
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Figure 2-1. Schematic Ilustration of the Model Used to Simulate Pore Water
Boiling
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Table 2-4. Thermal Conductivity Associated With Saturated and Dehy-
drated Conditions During Pore Water Boiling

TM{) UNIT THERMAL CONDUCTIVITY W/m-K
Saturated Dehydrated
TCw 2.00 1.95
PTn 1.17 1.02
TSwi 1.16 0.85
TSw2, TSw3®) A 2.07 1.91
CHnlv 1.21 1.02
CHnlz, CHn2, CHn3!" 1.35 1.03
PPw 2.00 1.35
CFUn © 143 1.04
BFw 2.00 1.35
CFMnl. CFMn2, CFMn3(* 1.48 1.13
TRw 2.09 1.79

{a) Thermal/mechanical.

{#) Units TSw2 and TSw3 are considered as “one” material in the model. The value listed represents
a volume average.

(¢} Unitz CHnlz, CHn2, and CHa3 are considered az “one” material in the model. The value listed
represents a volume average.

(d) Units CFMn1, CFMun2, and CFMn3 are considered as “one” material in the model. The value
listed represents a volume average.
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Table 2-5. Volumetric Heat Capacity Associated With Saturated, Boil-
ing, and Dehydrated Conditions During Pore Water Boiling

TM(* UNIT VOLUMETRIC HEAT CAPACITY J/mK x 10°
Saturated | Boiling (Avg.) Dehydrated
TCw 2.24 10.14 1.86
PTn 2.59 33.63 1.09
TSwi 1.88 12.13 1.38
TSw2, TSw3(®) 2.25 9.77 ' 1.88
CHnlv 2.46 27.75 1.24
CHn1z, CHn2, CHn3() 2.46 13.49 1.24
PPw 2.64 . 2343 1.64
CFUn 2,67 15.22 1.43
BFw 2.65 23.29 1.66
CFMn1, CFMn2, CFMn3!¢ 2.59 13.36 1.53
TRw 2.57 18.86 1.79

(a) Thermal/mechanical.

(6) Units TSw2 and TSw3 are considered as “one” material in the model. The value listed represents
a volume average.

(¢) Cnits CHulz, CHn2, and CHn3 are considered as “one” material in the model. The value lizted
represents a voluine average.

(d) Units CFMn1, CFMn2, and CFMn3 are considered as “one” material in the model. The value
listed represents a volume average.
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The average value that is used for the coefficient of thermal expansion of each
material in the far-field model is taken from MacDougall et al. |[1987b:. The range
in this parameter is given by Mansure [1986] as 20 percent of the average value and
is based on engineering judgment. The average, maximum, and minimum values
of the coefficient of thermal expansion for the thermal/mechanical units at Yucca
Mountain are listed in Table 2-6.

2.2.2 Young's Modulus

Young’s modulus is a material property and a constant of proportionality, relat-
ing uniaxial stress (force per unit area in axial direction) to uniaxial strain (relative
displacement in axial direction) within the elastic regime of a substance. This pa-
rameter is essential in all stress analyses.

_The average value of Young’s modulus that is used in this study for each material
in the far-field model is taken from MacDougall et al. [1987b]. The range in Young’s
modulus, based on engineering judgment, is given by Mansure [1986] as 50 percent
of the average value. Table 2-7 lists the average, maximum, and minimum values
of Young’s modulus that are used for the rock in the different thermomechanical
units in the far-field model of Yucca Mountain. The average values are meant to
be representative of the rock mass at Yucca Mountain and are, in general, half of
the laboratory-determined values on intact specimens.

2.2.3 Poisson’s Ratio

Poisson’s ratio is the negative of the ratio of lateral strain to axial strain of a
substance under uniaxial load. This parameter is essential in all stress analyses.

The average value of Poisson’s ratio that is used in this study for each material in
the far-field model is taken from MacDougall et al. [1987b]. The range in Poisson’s
ratio, based on engineering judgment, is given by Mansure {1986] as 20 percent of
the average value. Table 2-8 lists the average, maximum, and minimum values of
Poisson’s ratio.

2.2.4 In Situ Stress

The in situ stress is an initial condition in the far-field model of Yucca Mountain.
Variation in this initial condition is likely to affect the potential for joint movement
(joint opening and joint slip) predicted in the model. The sensitivity of the potential
for joint movement with respect to changes in the in situ stress is investigated in this
study via postprocessing. Bauer et al. |1985] suggest a ratio of the in situ horizontal
stress to the vertical stress (K,)! at Yucca Mountain ranging from 0.3 to 0.8, with
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the vertical stress being purely gravitational. The baseline in situ stress used in the
far-field model is determined by imposing a gravitational stress field. For horizontal
topography and stratigraphy the imposed gravitational stress field is in equilibrium
with the boundary conditions. For these conditions, and assuming no horizontal
strain, the coefficient of lateral earth pressure becomes a function of the Poisson’s
ratio. For each stratigraphic unit

vy
ko = 2-2
where
ko, = coefficient of lateral earth pressure in stratigraphic unit
v; = average Poisson’s ratio for stratigraphic unit ¢.

In the baseline far-field model of Yucca Mountain, the topography and stratig-
raphy are not horizontal. The imposed gravitationél stress field, therefore, is not
equilibrium with the boundary conditions. The mechanical finite element code
(refer to Chapter 4) requires stress equilibrium to prevail, and seeks to adjust the
stress field until equilibrium is satisfied. For the baseline model of Yucca Mountain,
most of these adjustments take place in the first 200 m below the ground surface.
Because of the adjusted in situ stress field, Equation 2-2 is not an exact description
of the coefficient of lateral earth pressure in the baseline model.

A lithostatic stress field is taken as a variation to the baseline in situ stress. For
horizontal topography and stratigraphy, a lithostatic in situ stress field implies that
the coefficient of lateral earth pressure is equal to 1 (i.e., the horizontal and vertical
in situ stress are equal). As discussed above, adjustments to the in situ stress are
made in order to satisfy stress equilibrium. Thus the initial equilibrium stress state
deviates from lithostatic (Ko=1) within 300 meters of the modeled ground surface
(Figure 6-21). However, near the repository horizon and below it, the stress state
approaches lithostatic conditions.

2.2.5 Evaluation of Intact Rock Fracturing

Fracturing of the intact rock may be caused by high temperatures and subse-
quent thermally induced stresses. The fracturing of rock is evaluated in terms of
rock matrix factor-of-safety by applying a linear Mohr-Coulomb failure criterion
le.g., Goodman, 1980} to the predicted stresses in the far-field model via post-
processing. This procedure should not be confused with plasticity analysis, which

LK., = coeflicient of lateral earth pressure, defined as the ratio of the in situ horizontal stress to
the in situ vertical stress.
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involves stress transfer. Determination of the rock matrix factor-of-safety against
fracturing is shown schematically in Figure 2-2 as the ratio of the line segments AC
to BC. Changes in the matrix factor-of-safety are investigated with respect to the
uncertainty in the parameters used in the Mohr-Coulomb failure criterion. These
parameters are intact rock cohesion and coefficient of friction.? The average value
of the parameters for each material in the far-field model is taken from MacDougall
et al. [1987b).

The cohkesion of the intact rock is a measure of the inherent shear strength (shear
strength in absence of normal stress) of the rock. The cohesion was calculated from
the following equation |Price, 1983]:

So = Cy[(1 — sin¢) /2cos @] (2-3)
where

Sy = cohesion (MPa)
Co = unconfined compressive strength (MPa)
¢ = angleof internal friction (degrees).

The cohesion is known only within the uncertainty in the angle of internal fric-
tion or the unconfined compressive strength, while keeping the other independent
variable at an average value. However, in this study uncertainty in matrix cohesion
is only attributed to the uncertainty in the unconfined compressive strength.

Table 2-9 lists the average, minimum, and maximum values of the unconfined
compressive strength that are used for the different materials in the far-field model.
The average values are taken from MacDougall et al. [1987b]. The range in values
for this parameter is given by Mansure [1986] as 50 percent of the average value
and is based on engineering judgment.

In a linear Mohr-Coulomb failure criterion, the coefficient of friction is a constant
of proportionality, relating the shear strength of the intact rock (shear strength in
addition to cohesion) to the normal stress in the rock. Table 2-10 lists the average,
maximum, and minimum values of the coefficient of friction of the intact rock that
are used for the different materials in the far-field model. The average values are
taken from MacDougall et al. [1987b]. The range in values in Table 2-10 is given
by Mansure {1986} as 10 percent of the average value and is based on engineering
judgment.

“¢ = angle of internal friction. C'oefficient of friction = tan o.
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Table 2-6. Average, Maximum, and Minimum Values for the
Coefficient of Thermal Expansion of the Ther-
mal/Mechanical Units at Yucca Mountain

COEFFICIENT OF
TM"“ UNIT THERMAL EXPANSION (K-!) x 10~°
Minimum Average Maximuin
Value Value Value
TCw 8.6 10.7 12.8
PTn 4.0 5.0 6.0
TSwil 8.6 10.7 12.8
TSw2, TSw3®) 8.6 10.7 12.8
CHnlv 4.0 5.0 6.0
CHnlz, CHn2, CHn3() 5.4 6.7 8.0
PPw 6.6 8.3 - 10.0
CFUn 5.4 6.7 8.0
BFw 6.6 8.3 10.0
CFMn1, CFMn2, CFMn3¥ 5.4 6.7 8.0
TRw 6.6 83 10.0

{a) Thermal/mechanical.

(b) Units TSw2 and TSw3 are considered as “one” material in the model. The value listed represents
a volume average.

(¢) Units CHnlz, CHn2, and CHn3 are considered as “one” material in the model. The value listed
represents a volume average.

{d} Units CFMn1, CFMu2. and CFMn3 are considered as “one” material in the model. The value
listed represents a volume average.
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Table 2-7. Average,

Maximum,

and Minimum Values for
Young’s Modulus of the Thermal/Mechanical Units
at Yucca Mountain

TM UNIT YOUNG’S MODULUS (GPa)
Minimum Average Maximum

Value Value Value

TCw 7.7 15.4 23.1
PTn 0.6 1.1 1.7
TSwil 3.8 7.6 114
TSw2, TSw3(®) 7.6 15.1 22.7
CHnlv 1.2 2.4 3.6
CHnlz, CHn2, CHn3®® 1.8 3.5 5.3
PPw 3.1 6.1 9.2
CFUn 1.9 3.8 5.7
BFi 2.7 5.4 8.1
CFMn1, CFMn2, CFMn3(¥) 2.7 5.4 8.1
TRw 4.4 8.8 13.2

{a) Thermal/mechanical.

(8) Units TSw2 and TSw3 are considered as “one” material in the model. The value listed represents

a volume average.

{c) Units CHnlz, CHn2, and CHn3 are considered as “one” material in the model. The value listed

represents a volume average.

(d) Units CFMn1, CFMn2. and CFMn3 are considered as “one” material in the model. The value
listed represents a volume average.
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Table 2-8. Average, Maximum, and Minimum Values for Pois-
son’s Ratio of the Thermal/Mechanical Units at
Yucca Mountain

TM) UNIT POISSON’S RATIO
Minimumn Average Maximum
Value Value Value
TCw 0.08 0.10 0.12
PTn 0.14 0.18 0.22
TSwi 0.13 0.16 0.19
TSw2, TSw3(®) 0.16 020 0.24
CHnlv 0.12 0.15 0.18
CHnlz, CHn2, CHn3() 0.14 0.17 0.20
PPw 0.16 0.20 0.24
CFUn 0.13 0.16 0.19
BFw 0.10 0.13 0.16
CFMn1, CFMn2, CFMn3¥) 0.12 0.15 0.18
TRw 0.14 0.18 0.22

(a) Thermal/mechanical.

(b) Units TSw2 and TSw3 are considered as “one” material in the model. The value listed represents

a volume average.

{c) Units CHnilz, CHu2, and CHn3 are considered as “one” material in the model. The value listed

represents a volume average.

(d) Units CFMn1, CFMu2, and CFMn3 are considered az “one” material in the model. The value
listed represents a volume average.
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Figure 2-2. Schematic Showing Determination of Rock Matrix Factor-of-Safety
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Table 2-9. Average, Maximum, and Minimum Values for the
Unconfined Compressive Strength of the Intact
Rock of the Thermal/Mechanical Units at Yucca

Mountain
UNCONFINED COMPRESSIV
TM!) UNIT STRENGTH (MPa) v
Minimum Average Maximum

Value Value Value

TCw 38.8 77.5 116.3
PTn 1.8 3.5 5.3
TSwl - . 9.0 18.0 27.0
TSw2, TSw3(® 31T 75.4 113.1
CHnlv 4.3 8.5 12.8
CHn1lz, CHn2, CHn3{) 6.8 13.5 20.3
PPw 12.8 23.5 38.3
CFUn 7.8 15.5 23.3
BFw 10.5 21.0 31.5
CFMn1, CFMn2, CFMn3() 11.2 22.3 ' 33.5
TRw 18.0 36.0 54.0

(a) Thermal/mechanical.

(b) Units TSw2 and TSw3 are considered as “one” material in the model. The value listed represents
a volume average.

(¢) Units CHnlz, CHn2, and CHn3 are considered as “one” material in the model. The value listed
represents a volume average.

{d) Units CFMn1, CFMn2, and CFMn3 are considered as “one” material in the model. The value
listed represents a volume average.
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Table 2-10. Average, Maximum, and Minimum Values for Co-
efficient of Friction of the Intact Rock of the Ther-
mal/Mechanical Units at Yucca Mountain

COEFFICIENT OF FRICTION®
TM") UNIT OF THEI\;NTACT ROCK
Minimum Average Maximum

Value Value Value
TCw 0.50 0.57 0.64
PTn 0.10 0.12 0.13
TSwl 0.23 0.25 0.28
TSw2, TSw3() 0.49 0.56 0.63
CHnlv 10.21 0.24 0.26
CHnlz, CHn2, CHn3! 025 0.28 0.31
PPw 03¢ | 039 043
CFUn : 0.29 0.32 0.36
BFw 0.35 0.40 0.44
CFMn1, CFMn2, CFMn3(®) 0.33 0.37 0.42
TRw ' 0.41 0.46 0.52

{a) Thermal/mechanical.
(8) Coeflicient of friction = tan$ ¢ = angle of internal friction.

(¢) Units TSw2 and TSw3 are considered as “one” material in the model. The value listed represents
a volume average.

(d) Units CHnlz, CHu2. and CHn3 are considered as “one” material in the model. The value listed
represents a volume average. ‘

(¢) Units CFMn1, CFMn2, and CFMn3 are considered as “one” material in the model. The value
listed represents a volume average.
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2.2.6 Evaluation of Rock Joint Movement

Movement within the system of joints is evaluated for the far-field model in
terms of factor-of-salety against joint slip and joint opening. Joint slip is evaluated
by applying a linear Mohr-Coulomb failure criterion |e.g., Goodman, 1980] to the
predicted far-field stresses via postprocessing. This procedure should not be con-
fused with plasticity, which involves stress transfer. The parameters used in the
Mohr-Coulomb criterion are joint cohesion and joint coefficient of friction. Deter-
mination of the joint factor-of-safety against slip is shown in Figure 2-3 as the ratio
of the line segments AC to BC. Joint opening is evaluated by the requirement that
joints under normal compression are closed, and joints under normal tension are
open. A joint that is open has a joint factor-of-safety less than 1.

The joint cohesion is & measure of the joint shear strength in absence of a
normal stress across the joint. The amount of joint slip predicted may be sensitive
to a variation in joint cohesion. Data of the average (recommended) joint cohesion
for the different thermal/mechanical units at Yucca Mountain have been compiled
by Bauer {1986]. The minimum value of this parameter is zero and reflects the
condition of a smooth contact surface. The maximum value is that determined by
experimenial work [Teufel, 1981]. Table 2-11 lists the values of joint cohesion that
are used for the different materials in the far-field model.

The joint coefficient of friction is a constant of proportionality relating to the
joint shear strength (shear strength in addition to joint cohesion) to the normal
stress acting across the joint. The amount of joint slip predicted may be sensi-
tive.to a variation in the joint coefficient of friction. Data for the average (recom-
mended) value of this parameter for the different thermal/mechanical units at Yucca
Mountain have been compiled by Bauer [1986]. Table 2-12 lists the values that are
used for the different units in the far-field model. The average value is derived from
Morrow and Byerlee [1984]. The lower value is considered representative for certain
clay gouges {Shimamoto and Logan, 1981; Morrow et al. 1982]. A very small per-
centage of the fractures at Yucca Mountain are clay filled. The upper value of the
joint coefficient of friction reflects the range in values listed |Teufel, 1981; Olsson
and Jones, 1980; Morrow and Byerlee, 1984] as a result of examining the coefficient
for different environmental test conditions.

2.2.7 Geometric Parameters

There have been questions as to whether or not it is necessary to use a de-
tailed description of the thermal/mechanicalstratigraphy of Yucca Mountain to ade-
quately predict the response of the rock to a nuclear waste repository. If a horizontal
stratigraphy could be used in the models. this would simplify the analyses (symme-
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try could be used). Efforts to obtain additional information about the stratigraphy
and the properties of Yucca Mountain for use in the thermal/mechanical far-field
model could also be reduced.

The baseline far-field model includes the thermal/mechanical stratigraphy and
topography as defined in Brandshaug [1985]. The variation in this parameter is to
use horizontal thermal/mechanical stratigraphy and topography, i.e., a rectangular
finite element mesh. Figure 2-4 illustrates the rectangular mesh and stratigraphy.
The rectangular mesh is used as a parameter in both the thermal and mechanical
models.
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Table 2-11. Average, Maximum, and Minimﬁm Values
for Joint Cohesion of the Thermal/Mechanical
Units at Yucca Mountain

—

TM!®) UNIT JOINT COHESION (MPa)
Minimum Average Maximum
Values Values Values
TCw 0.0 0.1 0.2
PTn 0.0 0.1 0.2
TSwi - 0.0 0.1 0.2
TSw2, TSw3® - 0.0 0.1 0.2
CHnlv - 00 0.1 0.2
CHnlz, CHn2, CHn3!" 0.0 0.1 0.2
PPw 00 0.1 0.2
CFUn 0.0 0.1 0.2
BFw 0.0 0.1 0.2
CFMn1, CFMn2, CFMn3) 0.0 0.1 0.2
TRw 0.0 0.1 0.2

(a) Thermal/mechanical.

(b) Unitz TSw2 and TSw3 are considered as “one” material in the model. The value listed represents
a volume average.

(¢) Units CHnlz, CHn2, and CHn3 are considered as “one” material in the model. The value listed
represents a volume average.

(d)} Units CFMn1, CFMn2. and CFMn3 are considered as “one” material in the model. The value
listed represents a volume average.
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Table 2-12. Average, Maximum., and Minimum Values for
Joint Coefficient of Friction of the Ther-
mal/Mechanical Units at Yucca Mountain

=

TM!*} UNIT JOINT COEFFICIENT OF FRICTION®
Minimum Average Maximum
. : Values Values Values
TCw - | 0.2 0.5 0.8
PTn A 0.2 0.6 0.8
TSwl - 0.2 0.5 - 0.8
TSw2, TSw3(®) 0.2 0.5 0.8
CHniv 0.2 0.6 0.8
CHnlz, CHn2, CHn3¥) 0.2 0.6 0.8
PPw 0.2 0.6 0.8
CFUn 0.2 0.6 . 08
BFw 0.2 0.6 0.8
CFMn1, CFMn2, CFMn3(¢) 0.2 0.6 0.8
TRw 0.2 0.6 0.8

[

{a) Thermal/mechanical.
(8) ¢ = angle of internal friction Tan ¢ = coefficient of friction.

(¢) Unitz TSw2 and TSw3 are considered as “one” material in the model. The value listed represents
a volunie average.

{d) Units CHnlz, CHn2, and CHn3 are considered as “one” material in the model. The value listed
represents a volume average.

{¢) Units CFMnl, CFMn2, and CFMn3 are considered as “one” material in the model. The value
listed represents a volume average.
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Figure 2-4. Thermomechanical Stratigraphy and Finite Element Mesh of the
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3 METHOD OF ANALYSIS

The method chosen to determine the sensitivities of the “significant” input pa-
rameters described in Chapter 2 has previously been used in studies for Sandia
National Laboratories [Svalstad and Brandshaug, 1983]. This is a baseline pertur-
bation method, in which the far-field model is first evaluated with input parameters
at their mean value. This case, referred to as the “baseline,” uses the finite-element
representation of Yucca Mountain presented in Brandshaug |in prep.], which ex-
plicitly accounts for surface topography and stratigraphic dip. Subsequent to the
evaluation of the baseline case, the far-field model is re-evaluated with each of the
significant input parameters varied by a value estimating the uncertainty of the
corresponding material property. When re-evaluating the far-field model, only one
input parameter is varied at a time (mean value plus or minus the uncertainty)
while all the other parameters remain at their mean value. The parameter is varied
simultaneously in all the strata comprising the model. Therefore, the number of
far-field model re-evaluations required is equal to the number of significant input
parameters considered. :

The results are analyzed as follows:

¢ Evaluate the range or difference in far-field model output associated with the
range in each of the significant model input parameters. Mathematically:

D; = Om —- O; (3-1)
where
D; = difference in model output associated with a significant
input parameter ({ = 1 to number of parameters con-
sidered) '
O,, = far-field model output for the baseline case
O; = far-field model output when a single parameter is varied.

¢ Establish the relative influence on model output associated with each signifi-
cant input parameter. Mathematically:

R = (3-2)

31



r—— r r— r— rr— r— ‘7.1

— ™

— r—

—

where

R; = relative influence on model output associated with an
- input parameter.

Note that R; may appear as a positive or negative quantity. A negative R;
means that the effect of the associated parameter variation produces a model
outcome which is less than the baseline case. The opposite is true for a positive

n

‘Ri. The quantity ZIR,-l must be equal to 1.

. =1
e Evaluate the sensitivity of the thermal/mechanical model output (tempera-
ture, stress, etc.) to changes in the model input parameters. Mathematically:

D;
S; = — -3
U; (3-3)
where

U; = variation in an input parameter that estimates the un-
certainty in the corresponding material property (per-
cent). .

A “minimum” and “maximum® far-field model output can be established by
evaluating the far-field model with the appropriate values (mean values plus or
minus) based on the sign of the relative influence on model output calculated from
Equation 3-2.

This method of data analysis is based on the assumption that the effect of each
input parameter is additive. The correctness of this assumption can be assessed
relatively by dividing the range in model output obtained from the “maximum” or
the “minimum” case by the sum of the individual parameter effects. Ideally, the
ratios should be 1. Mathematically:

’Om:z - Oml = lom:"n - Om| =1 (3_4)
>_|Di| 2_|Di
n=1 n=1
where
Opma: = far-field model output for the “maximum” case

Omin far-field model output for the “minimum” case.

It is shown in Chapter 6 that the assumption of additive effects is very good for
both the thermal model and the mechanical model.

Although the method of data analysis described is simple, it identifies whether
in input parameter result in large variations in model output. The number of
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computer simulations necessary in this statistical approach is three {one baseline
case plus one maximum case plus one minimum case) plus the number of significant
parameters considered. '

Some of the significant parameters listed in Chapter 2 do not have an uncertainty
in a quantitative sense (e.g., horizontal stratigraphy and topography, pore water
boiling, and in situ stress function). Therefore, the variations in model output
associated with these parameters are evaluated on the basis of their inclusion or
exclusion in the model. However, it will not be possible to calculate a sensitivity
for these parameters using Equation 3-3.
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4 THERMAL AND MECHANICAL FINITE
ELEMENT MODELS

4.1 FINITE ELEMENT CODES

The computer codes used in this study were SPECTROM-41 [Svalstad, 1985), a
finite element program for the solution of transient conductive heat transfer prob-
lems, and SPECTROM-31 [Key, in prep.|, a mechanical finite element program for
the solution of displacements and stresses in solids. These computer programs be-
long to the SPECTROM (Special Purpose Engineering Codes forThermal/RQOck
Mechanics) series of computer programs developed by RE/SPEC Inc. to address
the many unique rock mechanics problems resulting from the storage of radioactive
waste in geologic media.

4.2 BASELINE THERMAL MODEL

The conceptual thermal model used in the baseline case is illustrated in Figure 4-1.
The model is two-dimensional (x,y) with the following boundary conditions:

e The two vertical boundaries are adiabatic.
e The lower horizontal boundary is a constant flux boundary.

¢ The ground surface is a convective boundary.

The convective heat transfer coefficient was chosen to be consistent with the unit
evaluation study 1 W/m*-°C |Johnstone, 1984]. The air temperature is taken as
16.5°C [Brandshaug, in prep.|. The flux along the lower horizontal boundary is 0.040
W/m*® and was determined so that the initial temperatures in the model matched
those measured at the site ,Sass et al., 1988]. A comparison between the predicted
initial temperatures and the measured temperatures at Yucca Mountain is provided
in Brandshaug {in prep.]. All thermophysical parameters in the baseline model have
average values and remain constant with respect to time and temperature. The
initial APD is 80 kW /acre.

4.3 BASELINE MECHANICAL MODEL

The conceptual mechanical far-field model of Yucca Mountain used in the base-
line case is shown in Figure 4-2 and is a plane strain model. The model is made up of
layers of rock (see Figure 1-1 in Chapter 1). The rock in each layer is characterized
as an elastic, isotropic. homogeneous continuum. All physical material properties
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in the model have average values and remain constant with time and temperature.
The displacement boundary conditions used are illustrated in Figure 4-2 and should
be interpreted as follows:

¢ The two vertical boundaries are restrained from horizontal movement.
o The lower horizontal boundary is restrained from vertical movement.

e The lower left and right corners are restrained from vertical and horizontal
movement.

e The ground surface is unrestrained.

The initial stress in the model is based on a gravitational stress field [Bauer et
al., 1985]; i.e., the vertical stress is equal to the weight of the overburden rock, and
the horizontal stresses are caused by Poisson’s effect.
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5 RESULTS OF THE BASELINE MODEL

The large size of the far-field model of Yucca Mountain prohibits results from
being reported at every location investigated. Instead, sections and point locations
have been selected to provide the perspective needed to understand the processes of
heat transfer and induced thermal stresses in the rock that result from the presence
of the repository. The sections and locations are shown in Figure 5-1. The verti-
cal section “I” through the center of the repository and the horizontal section “II”
through the middle of the repository provide a perspective of the vertical and hor-
izontal heat transfer, respectively, in the far-field model. Maximum temperatures
are expected along these sections. The maximum effect of horizontal stresses (joint
opening) is expected along the vertical section “I.” The maximum effect of shear
stresses (joint slip) is expected along the vertical section “III" at the edge of the
repository. Point locations are convenient for illustrating the continuous history of
temperature and stress. Maximum temperature and horizontal stress are expected
to occur at location “A,” the center of the repository. The other locations (B, C, D,
and E) were included to provide a relative perspective. Note that in the mechanical
results negative stresses indicate compression.

5.1 THERMAL RESULTS

Figure 5-2 illustrates temperatures along the vertical section “I” at times 0, 100,
1,000, 10,000, and 50,000 years after emplacement of the waste. Recall that the
initial APD of the baseline model is 80 kW /acre. Figure 5-2 provides a perspective
of the heat transfer taking place in the vertical direction. The figure also gives
an indication of the thermal gradients induced in the rock along section “I” for
the different times investigated. After 50,000 vears, temperatures approach those
existing in the rock prior to emplacement of the spent nuclear fuel. Figure 3-3
illustrates temperatures along the horizontal section “II” at times 0, 100, 1,000,
10,000, 50,000 years after emplacement of the waste. There is a slight increase in
the temperature from the left edge to the right edge (west to east) of the repository.
This temperature differential is the combined effect of the decreasing thickness of the
repository unit, Topopah Spring, in the direction of the right edge of the repository
and the low thermal diffusivity in the thermal/mechanical unit above the Topopah
Spring. Figure 5-3 provides a perspective of the heat transfer taking place in the
horizontal direction of the baseline far-field model.
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A somewhat diflerent perspective of the heat transfer in the baseline model is
provided in Figure 5-4. The curves in this figure illustrate the predicted temperature
history at fixed locations (A, B, C, D, and E) in the vicinity of the repository. At
location “A,” the center of the repository, the temperature is predicted to reach
a maximum approximately 100 years after the emplacement of the spent nuclear
fuel. The second maximum and the general nature of curve A is dictated by the
thermal decay characteristics of the modeled waste type. Figure 5-4 also illustrates
the time predicted before the remaining locations (B, C, D, and E) experience any
increase in temperature. The maximum temperature at these locations is predicted
to occur more than 1,000 years after emplacement of the spent nuclear fuel. The
temperatures are lower at “B” than at “C” because heat energy can escape from
the ground surface.

5.2 MECHANICAL RESULTS

Contours of the initial (in situ) vertical and horizontal stresses of the baseline
mechanical model.are shown in Figures 5-5 and 5-6, respectively. The initial stress
field is gravitational. There is very little change predicted in the vertical stress field
of the model during the time period of simulated waste isolation {0 to 50,000 years).
However, there are large changes predicted in the horizontal stress field for the
same time period. As the heating simulation proceeds, the predicted temperatures
increase first near the repository and eventually throughout the modeled region. As
rock temperatures increase, the rock mass tends to expand. This is illustrated in
the uplift of the modeled ground surface and the decrease in horizontal stress above
the repository as a consequence of this relief. The heat is siroultaneously escaping
out the surface. Because the remainder of the rock is restricted from horizontal
expansion, horizontal stresses increase (most significantly in the immediate region
of the repository. where the temperatures are the highest).

Figures 5-7 to 3-10 illustrate the predicted horizontal stress field as stress con-
tours in the far-field domain for different times during the waste isolation period.
In each figure, the location of the repository is indicated. Profiles of the predicted
horizontal stress along the vertical section “I” for different times are shown in Fig-
ure 5-11. The maximum compressive horizontal stress shown is —25 MPa which
occurs at the center of the repository about 100 vears after waste emplacement.
After 50,000 vears. the predicted horizontal stress is similar to the in situ horizon-
tal stress existing prior to emplacement of the spent nuclear fuel. The continuous
history of the horizontal stress is illustrated in Figure 5-12 for location “A”™ (the
center of the repository) and location “C” (inside the Calico Hills below the repos-
itory). This figure confirms that the horizontal stress reaches about —25 MPa
(compression) at the center of the repository approximately 100 years after the
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emplacement of the waste. The “stiffness” of the repository unit is significantly
greater than the adjacent thermal/mechanical units. Therefore, the induced hor-
izontal forces can be expected to be “carried” by the repository unit. As seen
in Figure 5-12, the horizontal stress at location “C” below the repository is only
slightly affected by the presence of the repository.

The baseline mechanical model of Yucca Mountain uses an elastic material model
for the rock. Therefore, irreversible deformations such as matrix fracturing, joint
opening, and joint slip are not explicitly predicted in the finite element model. In-
stead, the potential for rock joint movement (joint opening and joint slip) is inves-
tigated in the model by postprocessing, using the predicted stresses in conjunction
with a Mohr-Coulomb failure criterion [e.g., Goodman, 1980|. In this procedure,
regions of permanent deformations are estimated independent of the constitutive
behavior used for the rock. The potential for joint movement along vertical joints
only is studied. The joint activity predicted for the baseline model is shown in
Figures 5-13 to 5-24. In these figures, regions of predicted joint opening are indi-
cated by vertical hatch, and regions of predicted joint slip are indicated by slanted
hatch. The low horizontal stresses above the repository result in a prediction of a
relatively large region within which the vertical joints are predicted to open. Shear
stresses result in regions of joint slip below both edges of the repository.

Figure 5-25 illustrates the joint factor-of-safety for various times along the ver-
tical section “IIl.” The continuous history of the rock matrix factor-of-safety is
illustrated in Figure 5-26 for locations “A”™ (at repository center in the Topopah
Spring unit) and “C” (below the repository center in the Calico Hills unit). The rock
matrix factor-of-safety was estimated by postprocessing using the predicted stresses
from the mechanical finite element model in conjunction with a Mohr-Coulomb fail-
ure criterion for the rock matrix [e.g., Goodman, 1980].
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6 RESULTS OF THE SENSITIVITY ANALYSIS

The results of the sensitivity analysis are presented in two discussions. The first
discussion deals with the effects of parameters associated with the thermal far-field
model. The second discussion considers the effects of the parameters associated with
the mechanical far-field model. As in Chapter 5.0, the results are illustrated along
the two vertical sections “I” and “III” and the horizontal section “lI,” as well as at
the five locations “A™, “B", “C”, “D”, and “E” in Figure 5-1. In each discussion the
effects are observed from three aspects. The effects relative to the baseline case pro-
vide a direct comparison of the baseline predictions and the predictions associated
with the range in each parameter. Some of the thermal results are also presented as
normalized temperatures with respect to the baseline case. Another aspect is the
comparison of the relative tnfluence of each parameter on the predicted behavior
of the far-field model. Adding the differences in output (Equation 3-1) associated
with each input parameter provides the total range of predicted behavior of the
model, or 2 measure quantifying the total uncertainty. The relative portion (caused
by varying a single parameter) of the total uncertainty in the predicted behavior is
the relative influence of the parameter (Equation 3-2). The third aspect from which
the results are observed is the sensitivity in the predicted behavior (Equation 3-3)
of the far-field model associated with each parameter investigated. These results
illustrate the effectiveness in reducing the uncertainty in the predicted behavior of
the model associated with one percent change in each parameter investigated.

In the discussions, a limited number of figures is included. The figures primarily
illustrate the predicted results 1,000 years after emplacement of the waste. However,
results at times other than 1,000 years are included in Appendices A and B. For
clarity, some of the comparisons have been illustrated in two or more consecutive
figures. Interpretation of the figure legends is given in Table 6-1.

6.1 THE EFFECT OF PARAMETER VARIATIONS ON THE THERMAL RE-
SULTS

A comparison of the predicted temperatures along the vertical section “I” is
provided in Figures 6-1 to 6-4 for-all the cases investigated. Each figure illustrates
results at a specific time after the initial emplacement of the waste. The curves
labeled “A” in these figures illustrate the predicted temperatures from the baseline -
model. The effect of the variation in each parameter on the predicted temperatures
is apparent from these figures when comparing each curve to the baseline case.
Lowering the APD from 80 kW /acre to 57 kW /acre results in considerably lower
predicted temperatures as revealed by the curves labeled “B”. Lowering the thermal
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conductivity by 20 percent has the effect of increasing the temperatures (curve “C")
relative to the baseline case. Lowering the specific heat capacity by 10 percent
has the effect of increasing the temperatures (curve “D”) relative to the baseline
case.. Increasing the material density by 5 percent has a negligible effect on the
predicted temperatures (curve “E"). Temperatures predicted along section “I” using
the rectangular mesh (curve “F”) are very similar to those predicted in the baseline
case. Allowing boiling of pore water in the model has the effect of decreasing the
predicted temperatures (curve “G”) relative to the baseline case.

Figure 6-5 illustrates normalized temperatures with respect to the baseline case
along section “I" 1,000 years after waste emplacement. The normalized tempera-
tures.are given in percent. Figure 6-5 shows that using an APD of 57 kW /acre
has the effect of lowering the predicted temperatures at the repository center by
about 25 percent compared to the baseline case. The effect of lowering the thermal
conductivity by 20 percent results in predicted rock temperatures in the repository
region which are about 10 percent greater than temperatures in the baseline case.
However, beyond the repository region the rock temperatures are lower than in the
baseline case. Applying the lower thermal conductivity results in 2 lower rate of
diffusion of the thermal energy generated by the spent nuclear fuel. Thus, more
energy is accumulated in the region around the repository before it dissipates by
diffusion. The higher thermal energy results in higher rock temperatures compared
to the baseline case. At the same time, the regions beyond the repository will have
received less energy and, therefore, have lower temperatures than the baseline case.
Normalized temperatures along section “I” for times other than 1,000 years are
included in Appendix A.

Figure 6-6 shows the relative influence on the predicted temperatures along sec-
tion *I” associated with each of the input parameters investigated. The relative
influence is shown in percent of the accumulated influence of all the parameters.
The results are for conditions predicted 1,000 years after waste emplacement and
were determined from Equation 3-2 in Chapter 3. Note in Equation 3-2 that the
sign of the quantity is retained. Therefore, when the effect of a parameter results
in temperatures less than the baseline case, this is reflected by a negative relative
influence in Figure 6-6. Conversely, when the effect of a parameter results in temper-
atures greater than the baseline temperatures, this is reflected by a positive relative
influence in Figure 6-6. The APD parameter is shown in Figure 6-6 to have the most
influence on the predicted temperatures along section “I" at 1.000 years, followed
by the inclusion of pore water boiling. thermal conductivity, specific heat capacity,
density. and the rectangular mesh parameter. Results illustrated in Figure 6-2 show
that the presence of the repository has had little effect on the rock temperatures
below the 600-m elevation 1.000 years after emplacement of the waste. Results
along section “I” for times other than 1.000 years are included in Appendix A.
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Figure 6-7 illustrates the sensitivity of the predicted temperatures along sec-
tion “I” associated with the uncertainty range in the various parameters investi-
gated. The results are for 1,000 years after waste emplacement and were determined
from Equation 3-3 in Chapter 3. Recall from Chapter 3 that the pore water boiling
and the rectangular mesh were either included or excluded as model parameters
in the far-field model. Therefore, these parameters do not have a calculable sensi-
tivity according to Equation 3-3. The sensitivity in Figure 6-7 is given in degrees
Celsius per percent uncertainty. This means, for example, that for every percent
decrease in the uncertainty of the APD, there will be a 1.2°C decrease in the tem-
perature uncertainty associated with the APD for the location at the center of the
repository, 2 0.5°C decrease for the location at the 900-m elevation, etc. Figure 6-7
shows that the predicted temperature uncertainty associated with uncertainties in
all the parameters can be reduced most effectively by reducing the uncertainty in
the APD. Results along section “I” for times other than 1,000 years are provided
in Appendix A.

A comparison of the predicted temperatures along the horizontal section “II”
is provided in Figures 6-8 to 6-11. Each figure illustrates results at specific times
after emplacement of the waste. The curves labeled “A” in these figures illus-
trate the predicted temperatures using the baseline model. These figures give a
perspective of the amount of Jateral heat transfer predicted during the 50,000 years
of simulated waste isolation. As illustrated, the temperatures decrease rapidly
beyond both edges of the repository for all the cases investigated. The results pre-
dicted in each case along the repository are the same as those shown previously in
Figure 6-1 to 6-4 for the location at the center of the repository. Figure 6-12
illustrates normalized temperatures with respect to the baseline case along the
horizontal section “II” 1,000 years after waste emplacement. Except for some
variations in the vicinities of both edges of the repository, the results are the same
as shown in Figure 6-5 for the repository center. When an APD of 57 kW/acre
is used, the predicted temperatures along the repository after 1,000 years are
reduced by about 25 percent relative to the baseline case (see curve labeled “A” in
Figure 6-12). Results of normalized temperatures along section “II” for times
other than 1,000 years are provided in Appendix A. The relative influence on the
predicted temperatures along the horizontal section “II” associated with each of
the input parameters investigated is illustrated in Figure 6-13. The relative influ-
ence is shown in percent of the accumulated influence of all the parameters. The
results are for conditions predicted 1,000 years after waste emplacement and were
obtained from Equation 3-2 in Chapter 3. Figure 6-13 shows that the uncertainty
in the APD accounts for about 45 percent of the total temperature uncertainty
predicted along the repository 1,000 years after waste emplacement. The results in
Figure 6-13 are important only in regions where significant changes in temperature
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take place. When referring back to Figure 6-9, it is evident that this region includes
the repository and approximately 500 m beyond each edge of the repository. Re-
sults of the relative influence along section “II” for times other than 1,000 years are
provided in Appendix A.

A perspective of the continuous history of the temperature at the center of the
repository (location “A” in Figure 5-1) is provided in Figure 6-14 for all the cases
investigated. The effect of parameter uncertainty on the center temperature is seen
to disappear after about 5.000 years for the specific heat capacity and the mate-
rial density parameters. The results in Figure 6-15 show that the history of the
repository center temperatures for the rectangular mesh compare well with those
predicted for the baseline case. In all the cases investigated, the maximum tem-
perature occurs after about 100 years. The center temperature remains relatively
constant from 100 to 1,000 years. Beyond 1,000 years, the temperature at the repos-
itory center starts to decrease. The temperature history at locations “B”, “C”, “D”,
and “E” are included in Appendix A for all the cases investigated. The effect of
parameter uncertainty on the temperature history at these locations is significantly
less than for location “A”. ‘

The predicted history -of the normalized temperatures at location A is shown
in Figure 6-16. The normalized temperatures are shown in percent of the baseline
temperatures. Figure 6-16 shows that the effect of parameter uncertainties on the
repository center temperature remains relatively constant up to about 1,000 years
after waste emplacement. After 1,000 years, the effect of parameter uncertainty on
the center temperature decreases for all parameters except the thermal conductivity.
Figure 6-16 also shows that the uncertainty in the material density has very little

- effect on the temperatures at the center of the repository. Normalized temperatures

at locations “B™, “C”, “D”, and “E” are included in Appendix A.

Figure 6-17 illustrates the relative influence on the predicted temperature at
the repository center (location “A”) associated with the uncertainty in each of the
parameters investigated. The relative influence is given in percent of the accumu-
lated influence of all the parameters according to Equation 3-2 in Chapter 3.0. The
relative influence of the different parameters is almost constant up to 1,000 years
after waste emplacement. Beyond 1,000 years, uncertainties in the material den-
sity, specific heat capacity, and pore water boiling have much less of an effect on the
predicted temperature at the repository center than the thermal conductivity and
the APD parameter. Results for locations “B”, “C”, “D", and “E” are included in
Appendix A.

The uncertainty in temperature predicted at the repository center as a result
of the uncertainties in the thermal conductivity, specific heat capacity, material
density, and areal power density is shown in Figure 6-18 by the curves labeled “A”
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and “B”. Curve “A” shows the results from a far-field model with input parameters
selected to reflect a2 maximum temperature at the repository center. Curve “B”
shows the results from a model with input parameters selected to reflect a mini-
mum temperature at the repository center. In Figure 6-18, the sign of the relative
influence associated with each parameter was used when selecting the value of the
parameter (minimum or maximum}) in order to produce the effects shown in curves
labeled “A” and “B” in Figure 6-18. Figure 6-17 clearly shows that in order to
produce & maximum temperature at the repository center, the minimum values of
thermal conductivity, specific heat capacity, and material density, and the maximum
value of the APD are required (80 kW/acre). The opposite choices are necessary to
produce a minimum temperature. Recall from Chapter 3 that the method of data
analysis used is based on the assumption that the effect of each input parameter
is additive. The correctness of this assumption in the present analysis can be as-
sessed by considering the curves labeled “C” and “D” in Figure 6-18. Curve “C”
was constructed by subtracting the uncertainty in temperature associated with the
thermal conductivity, specific heat capacity, material density, and APD from the
temperatures predicted in the baseline case. Curve “D” was constructed by adding
to the baseline temperatures the uncertainty in temperature associated with the
same parameters with the exception of the APD (the baseline case already has an
APD of 80 kW /acre). For the basic assumption to be 100 percent correct, the curves
labeled “A™ and “C” should completely overlap, as well as the curves labeled “B”
and “D”. This requirement is similar to that stated in Chapter 3 by Equation 3-4.
As seen in Figure 6-18, the assumption is very close to being 100 percent correct.

The rectangular mesh is not a parameter which physically affects the perfor-
mance of a spent nuclear fuel repository at Yucca Mountain. Therefore, this
parameter was not included when predicting the range in temperature at the repos-
itory center shown in Figure 6-18. During waste isolation, pore water boiling is a
potential physical phenomenon at Yucca Mountain. However, in the prediction of
the minimum temperature at the repository center. the pore water barely reaches
the boiling temperature of 100°C. Thus. to exclude this parameter in Figure 6-18
does not affect the predicted temperature range shown.

Figures 6-19 and 6-20 illustrate the relative portion of the total uncertainty
in the predicted temperature associated with the uncertainty in each parameter
investigated. The results in these two figures represent an average and general trend
of the results in the vicinity of the repository for the time period investigated. The
results have been estimated from those shown in Figure 6-6 and Figures A-4 to A-6
in Appendix A.
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Table 6-1. Explanation of Figure Legends

BASELINE
APD = 57 kW/a
k = avg — 20%
C), = avg - 10%
rho = avg + 5%
REC. MESH

BOILING INCLUDED
E = avg + 50%

nu = avg + 20%
alpha = avg + 20%

K.=10

MATRIX COH = avg — 50%

ANG INT FRIC = avg — 10%

COH = avg — 100%

COEFF FRIC = avg - 60%

Refers to the baseline model using average parameter
values.

Refers to the model having an areal power density (APD)
of 57 kW /acre. :

Refers to the model where the thermal conductivity (k) is
reduced by 20 percent.

Refers to the model where the specific heat capacity (C,.)
is reduced by 10 percent.

Refers to the model where the material density (rho) is
increased by 5 percent.

Refers to the model which uses a rectangular stratigraphy
and topography.

Refers to the model which includes pore water boiliug.

Refers to the model where the Young's modulus (E) is

“increased by 50 percent.

‘Refers to the model where the Poisson’s ratio (nu) is in-
creased by 20 percent.

"Refers to the model where the coefficient of thermal ex-

pansion is increased by 20 percent.

Refers to the model where the initial stress is lithostatic,
indicated by a coefficient of lateral earth pressure (K.,) of
1.0.

Refers to the investigation of matrix failure by postpro-
cessing of stress results from the baseline model, using a
Mohr-Coulomb failure criterion with a matrix cohesion re-
duced by 50 percent.

Refers to the investigation of matrix failure by postpro-
cessing of stress results from the baseline model, using a
Mohr-Coulomb failure criterion with an angle of internal
friction reduced by 10 percent.

Refers to the investigation of rock joint failure by post-
processing of stress results from the baseline model, using
a Mohr-Coulomb failure criterion with a joint cohesion re-
duced by 100 percent {i.e., set to zero).

Refers to the investigation of rnck joint failure by post-
processing of stress results from the baseline model, using
a Mohr-Coulomb failure criterion with a joint angle of in-
ternal friction reduced by 10 percem:
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Early in time (0 to 1.000 years) uncertainties in the APD and the boiling of the
pore water contribute about 70 percent to the total uncertainty in the predicted
temperature in the repository vicinity. Later in time (10.000 to 50,000 years). the
effect of the pore water boiling as a parameter disappears, while the effects of the
APD and the thermal conductivity increase. During the later period, about 85 per-
cent of the total range in temperature in the vicinity of the repository is associated
with the uncertainties in the APD and the thermal conductivity. Uncertainties
in the specific heat capacity, material density, and the rectangular mesh do not
have a great influence on the predicted temperatures in the far-field thermal model.
This implies that great topographic and stratigraphic detail of Yucca Mountain is
not necessarily important when predicting the thermal far-field behavior of an SF
repository.

6.2 THE EFFECT OF PARAMETER VARIATIONS ON THE MECHANICAL
RESULTS

From the results that follow, it appears that the uncertaint& in the in situ stress
may have a dominating effect on the predicted behavior of a spent nuclear fuel
repository at Yucca Mountain. The in situ stress is used as the initial stress field
in the. mechanical far-field model. In the baseline case, the in situ stress is assumed
to be gravitational; i.e., the vertical stress is equal to the weight of the overburden
rock, and the horizontal stress is the result of the Poisson’s effect. The variation
from the baseline case uses an in situ stress field which is lithostatic. Figure 6-21
illustrates the coefficient of lateral earth pressure (K,) along the vertical section “I”
for the initial conditions of the baseline model and the model using the lithostatic
in situ stress field. The coefficient of lateral earth pressure is the ratio of the in situ
horizontal stress at a location to the in situ vertical stress at the same location.

Figures 6-22 to 6-26 provide a comparison of the predicted horizontal stress along
section “I" for all the cases investigated. Note that each figure illustrates results at
a specific time after the initial emplacement of the waste. The curves labeled “A”
in these figures identify the results from the baseline model. To provide clarity.
some of the results are illustrated in two or three consecutive figures. Figure 6-22
illustrates the initial (in situ) horizontal stresses for all the cases investigated, i.e,
stresses prior to the presence of the repository. The effect of the presence of the -
repository is very evident in Figures 6-23 to 6-26. Uncertainties in the Young's
modulus, in situ stress, APD, and coefficient of thermal expansion appear to have
the most effect on the predicted horizontal stress along section “L.” The figures show
a distinct region above and below the repository within which horizontal stresses are
significantly higher in compression than in the adjacent regions. This effect is caused
by the difference in stiffness, coefficient of thermal expansion. and temperature rise

93



—

-

of the various thermal 'mechanical units comprising the model. The Topopah Spring
unit. within which the repository is located, is much stiffer than the adjacent units
above and below. The Topopah Spring unit also has a higher coefficient of thermal
expansion. Consequently, the effect will be high horizontal compressive stresses
in the repository unit, Topopah Spring, and much lower horizontal stresses in the
adjacent units, as shown in these figures.

Figures 6-27a, b, and c illustrate the relative influence on the horizontal stress
along the vertical section “I” associated with the uncertainty in each parameter
investigated. The relative influence was determined from Equation 3-2 in Chapter 3
and is shown in percent of the accumulated infiluence of all the parameters at a time
1,000 years after waste emplacement. Figures 6-27b and c are included for clarity.
Recall that stresses are either positive (tensile) or negative (compressive). In these
figures, if a parameter has a negative relative influence it means its eflect provides
a horizontal stress which is more compressive than in the baseline model. The
opposite is true if the relative influence is positive. In the vicinity of the repository,
uncertainties in the in situ stress and Young's modulis account for about 50 percent
of the total uncertainty in the horizontal stress. Results of the relative influence
on the horizontal stress along section “I” are shown in Appendix B for times other
than 1,000 years.

Figures 6-28a and b illustrate the sensitivity of the horizontal stress along
section “I” associated with the uncertainties in the various parameters investigated.
The results are for the time 1,000 years after waste emplacement and were deter-
mined from Equation 3-3 in Chapter 3. The results are presented in two figures for
clarity. The sensitivity is given in MPa per percent uncertainty. These figures illus-
trate that in the vicinity of the repository the horizontal stress along section “I” is
most (and equally) sensitive to percentage changes in the APD, Young’s modulus,
and the coefficient of thermal expansion. For example, at the center of the reposi-
tory. a 1 percent decrease in the uncertainty of the Young’s modulus will result in a
decrease of approximately 0.175 MPa in the uncertainty of the predicted horizontal
stress at this location. Results illustrating the sensitivity of the horizontal stress
along section “I” for times other than 1,000 years are included in Appendix B.

Figures 6-29 to 6-33 show the joint factor-of-safety predicted along the vertical
section “lII” for each of the parameters investigated. Recall that the joint param-
eters, cohesion. and coefficient of friction shown in these figures were investigated
by postprocessing the results of the elastic stress analyses. The in situ stress, rect-
angular mesh. and the joint coefficient of friction are the only parameters with
uncertainties that affect the joint factor-of-safety along section “III.” The in situ
stress is seen to have the most dramatic effect. A 60 percent reduction of the joint
coefficient of friction has the effect of reducing the joint factor-of-safety by about
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60 percent. The joint factor-of-safety along section “llI” does not appear to be
sensitive to an uncertainty in the joint cohesion.

Figures 6-34a, b, ¢, and d illustrate the relative influence on the joint factor-
of-safety along section “III” associated with the uncertainty in each of the param-
eters investigated. The relative influence was determined from Equation 3-2 in
Chapter 3 and is given in percent of the accumulated influence of all the parame-
ters. The results are for conditions predicted 1,000 years after waste emplacement.
The results show that the uncertainty in the in situ stress accounts for more than
60 percent of the total predicted uncertainty in the joint factor-of-safety for most of
the regions along section “III,” but most significantly in the regions above and below
the repository where joint failure is predicted in all the cases. Figure 6-34d shows
that about 10 percent of the total predicted uncertainty in the joint factor-of-safety
along section “III” is attributed to the uncertainty in the joint coefficient of friction.
Results of the relative influence on the joint factor-of-safety along section “III” for
times other than 1,000 years are included in Appendix B.

Figures 6-35~. b, and ¢ show the sensitivity of the joint factor-of-safety along
section “III” associated with the uncertainties in the various parameters investi-
gated. The results were determined from Equation 3-3 in Chapter 3 for conditions
predicted 1,000 years after waste emplacement. Recall that two parameters, in
situ stress and rectangular mesh, do not have calculable sensitivities according to
Equation 3-3, and therefore are not included in these figures. Of the remaining
parameters, only the uncertainty in the joint coefficient of friction seems to be
significant regarding the sensitivity of the joint factor-of-safety along the vertical
section “III.” Results of the sensitivity of the joint factor-of-safety along section “III”
for times other than 1,000 years are included in Appendix B.

The history of the predicted matrix factor-of-safety at the center of the
repository (location “A”} is shown in Figures 6-36a, b, ¢, and d for all the pa-
ramelers investigated. Figures 6-36b, ¢, and d are provided for clarity. The matrix
factor-of-safety predicted at location “A” for the rectangular mesh is well above
that associated with any other parameter. The only other factor-of-safety distinc-
tively different from the baseline case is that associated with the APD parame-
ter. Decreasing the APD from 80 to 57 kW /acre has the effect of increasing the
matrix factor-of-safety at location “A.” The increase is seen in Figure 6-37 to be
approximately 50 percent (refer to curve labeled “A”). Figure 6-37 illustrates the
matrix factor-of-safety at location *A” normalized with respect to the baseline case.
Figure 6-37 also shows that the uncertainty in the angle of internal friction of the
rock matrix does not affect the predicted matrix factor-of-safety at location “A.”
However, the 50 percent reduction in the matrix cohesion has the effect of reducing
the matrix factor-of-safety by about 40 percent compared to the baseline case.



The relative influence on the matrix factor-of-safety associated with the uncer-
tainty in each parameter investigated is shown in Figures 6-38a, b, and c. Except
for the rectangular mesh parameter, these figures do not reveal a dramatic influ-
ence on the predicted matrix factor-of-safety at location “A” associated with the
uncertainty in any of the parameters investigated.

Figure 6-39 illustrates the history of the predicted matrix factor-of-safety at
location “C” (i.e., inside the Calico Hills) below the repository for all the parameter
cases investigated. The uncertainties associated with the in situ stress and the rock
matrix cohesion are seen to have an effect on the factor-of-safety at this location.
The effect of the in situ stress could be characterized as dramatic. Figures 6-40 and
6-41 have been included to provide a quantitative perspective, although the effect
of each parameter uncertainty on the matrix factor-of-safety at location “C” is well
illustrated in Figure 6-39.

The total range of uncertainty in the predicted horizontal stress at the repository
center (location “A”) as a result of uncertainties in the APD, thermal conductivity,
specific heat capacity, material density, Young’s modulus, Poisson’s ratio, coefficient
of thermal expansion, and the in situ stress is shown in Figure 6-42 as the difference
between the two curves labeled “A” and “B.” Figure 6-42 shows a considerable un-
certainty in the predicted horizontal stress at the repository center. Curve “A”
illustrates the results of a finite element far-field mechanical model where the
above-mentioned parameters were selected to reflect the maximum horizontal stress
at the repository center. Curve “B” illustrates the case where the parameters
were selected to reflect the minimum horizontal stress at the repository center.
To assess the correctness of the assumption that the effect of each parameter is
additive, the curves labeled “C” and “D” were constructed. Curve “C” was con-
structed by subtracting the uncertainty in stress associated with the uncertainties
in the APD, thermal conductivity, specific heat capacity. material density, Young's
modulus, Poisson’s ratio, and coefficient of thermal expansion from the stresses in
the baseline case. Curve “D” was constructed by adding to the stresses in the
baseline case the uncertainty in stress associated with the uncertainties in the same
parameters as above with the exception of the APD (the baseline case has.an APD
of 80 kW/acre), and the additional uncertainty in the predicted stress associated
with the uncertainty in the in situ stress. For the assumption to be 100 percent
correct, the curves “A™ and “C” should overlap, as well as the curves “B” and “D.”
Figure 6-42 indicates that the assumption is good.

Of all the parameters investigated in the far-field mechanical model, the un-
certainty in the in situ stress has the most affect on the mechanical results. The
uncertainty in the Young's modulus has a significant influence on the horizontal
stresses along section “L.” but appears to have little eflect on the joint factor-ol-
safety along section “IIL.” The uncertainty associated with the boiling of the pore
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water has an effect on the mechanical results only during the first 1,000 years. The
uncertainty in the material density does not effect the mechanical results. The un-
certainty associated with the rectangular mesh has little effect on the horizontal
stresses along section “I”; however, influence on the joint factor-of-safety is consid-
erable. Thus, it seems the use of a rectangular mesh in the far-field mechanical
model is not entirely appropriate.
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Figure 6-34c. Relative Influence on the Joint Factor-of-Safety Along Section “III”
Associated With Each Case Investigated (Time = 1,000 Years)
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for the Different Cases Investigated
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ent Cases Investigated

128



N G

RSI{ALO) 091-87-053

REL. INFLUENCE ON MATRIX FS AT “A* (TOPOPAH SPRING)

100 — T T T T T T T
90 |- -
80 - 1
70 - .

RELATIVE INFLUENCE (PERCENT)

-
-

-100 1 L s 1ol 2.1t v el ] $ 1 3 gl 2 (IS EEEE!
10t 10? 108 10 10

TIME (YERRS)
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ent Cases Investigated
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7 THERMOMECHANICAL DATA BASE

The results generated from each finite element analysis are archived at Sandia on
magnetic tape in separate files called “plotting databases.” The format of each plot-
ting database is such that it can be accessed by the postprocessing software ALGE-
BRA, SPLOT, TPLOT, and DETOUR. These postprocessors are documented by
Panthaki and Eslinger |in prep.] and were originally developed at Sandia National
Laboratories. Below is a list of data files, all of which are part of the Thermome-
chanical Data Base ol the Far-Field Model of Yucca Mountain. A description of the
content of each file is included.

[091.19] DATABASE _SPE41_BASELINE.BIN

This plotting database contains nodal temperatures predicted using the ther-
mal baseline far-field model of Yucca Mountain (i.e., all parameters have
average values). The temperatures are predicted from the time of waste em-
placement to 50,000 years of waste isolation.

[091.19] DATABASE_SPE41_APD.BIN

This plotting database contains nodal temperatures predicted using the ther-
mal far-field model of Yucca Mountain. The results reflect the use of an initial
areal power density (APD) of 57 kW /acre. All other parameters are at average
values. The temperatures are predicted from the time of waste emplacement
to 50,000 years of waste isolation.

[091.19] DATABASE_SPE41_THCOND.BIN

This plotting database contains nodal temperatures predicted using the ther-
mal far-field model of Yucca Mountain. The results reflect a reduction in the
thermal conductivity by 20 percent from the average value. All other param-
eters are at average values. The temperatures are predicted from the time of
waste emplacement to 50.000 years of waste isolation.

[091.19] DATABASE_SPE41_SPHEAT.BIN

This plotting database contains nodal temperatures predicted using the ther-
mal far-field model of Yucca Mountain. The results reflect a reduction in the
specific heat capacity by 10 percent from the average value. All other param-
eters are at average values. The temperatures are predicted from the time of
waste emplacement to 50.000 years of waste isolation.
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1091.19, DATABASE SPE41_DENSITY.BIN

This plotting database contains nodal temperatures predicted using the ther-
mal far-field model of Yucca Mountain. The results reflect an increase in the
material density by 5 percent from the average value. All other parameters
are at average values. The temperatures are predicted from the time of waste
emplacement to 50,000 years of waste isolation.

[091.19] DATABASE_SPE41_RECMSH.BIN

This plotting database contains nodal temperatures predicted using the ther-
mal far-field model of Yucca Mountain. The results reflect the use of a hor-
izontal topography and stratigraphy. All other parameters are at average
values. The temperatures are predicted from the time of waste emplacement
to 50,000 years of waste isolation.

[091.19] DATABASE_SPE41_BOILING.BIN

This plotting database contains nodal temperatures predicted using the ther-
mal far-field model of Yucca Mountain. The results reflect the inclusion of
the phenomenon of pore water boiling. All other parameters are at average
values. The temperatures are predicted from the time of waste emplacement
to 50,000 years of waste isolation. -

[091.19] DATABASE_SPE31_BASELINE.BIN

This plotting database contains predicted nodal displacements and element
stresses using the baseline mechanical far-field model of Yucca Mountain (i.e.,
all parameters are at average values). The displacements and stresses are pre-
dicted from the time of waste emplacement to 50,000 years of waste isolation.

[091.19] DATABASE_SPE31_APD.BIN

This plotting database contains predicted nodal displacements and element
stresses using the mechanical far-field model of Yucca Mountain. The results
reflect the use of an initial APD of 57 kW /acre. All other parameters are at
average values. The displacements and stresses are predicted from the time
of waste emplacement to 50.000 years of waste isolation.

[091.19] DATABASE_SPE31_.THCOND.BIN

This plotting database contains- predicted nodal displacements and element
stresses using the mechanical far-field model of Yucca Mountain. The results
reflect a reduction in the thermal conductivity by 20 percent. All other pa-
rameters are at average values. The displacements and stresses are predicted
from the time of waste emplacement to 50,000 vears of waste isolation.
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-1091.19' DATABASE SPE31_SPHEAT.BIN

This plotting database contains predicted nodal displacements and element
stresses using the mechanical far-field model of Yucca Mountain. The resuits
reflect a reduction in the specific heat capacity by 10 percent. All other pa-
rameters are at average values. The displacements and stresses are predicted
from the time of waste emplacement to 50,000 years of waste isolation.

{(091.19] DATABASE_SPE31_DENSITY.BIN

This plotting database contains predicted nodal displacements and element
stresses using the mechanical far-field model of Yucca Mountain. The results
reflect an increase in the material density by 5 percent. All other parameters
are at average values. The displacements and stresses are predicted from the
time of waste emplacement to 50,000 years of waste isolation.

(091.19] DATABASE SPE31_RECMSH.BIN

This plotting database contains predicted nodal displacements and element
stresses using the mechanical far-field model of Yucca Mountain. The results
reflect the use of a horizontal stratigraphy and topography. All other parame-
ters are at average values. The displacements and stresses are predicted from
the time of waste emplacement to 50,000 years of waste isolation.

[091.19] DATABASE_SPE31_YMODUL.BIN

This plotting database contains predicted nodal displacements and element
stresses using the mechanical far-field model of Yucca Mountain. The results
reflect an increase in Young’s modulus by 50 percent. All other parameters
are at average values. The displacements and stresses are predicted from the
time of waste emplacement to 50,000 years of waste isolation.

[091.19) DATABASE _SPE31_PRATIO.BIN

This plotting database contains predicted nodal displacements and elemnent
stresses using the mechanical far-field model of Yucca Mountain. The results
reflect an increase in Poisson’s ratio by 20 percent. All other parameters are
at average values. The displacements and stresses are predicted from the time
of waste emplacement to 50,000 years of waste isolation.

1091.19] DATABASE _SPE31_THEXPA.BIN

This plotting database contains predicted nodal displacements and element
stresses using the mechanical far-field model of Yucca Mountain. The re-
sults reflect an increase in the coeflicient of thermal expansion by 20 percent.
All other parameters are at average values. The displacements and stresses
are predicted from the time of waste emplacement to 50,000 years of waste
isolation.
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{091.19° DATABASE_SPE31_BOILING.BIN

This plotting database contains predicted nodal displacements and element
stresses using the mechanical far-ficld model of Yucca Mountain. The results

reflect the inclusion of the phenomenon of pore water boiling. All other pa-

rameters are at average values. The displacements and stresses are predicted
from the time of waste emplacement to 50,000 years of waste isolation.

(091.19] DATABASE_SPE31_KNOT.BIN

This plotting database contains predicted nodal displacements and element
stresses using the mechanical far-field model of Yucca Mountain. The results
reflect the use of a lithostatic in situ and initial stress field. All other parame-
ters are at average values. The displacements and stresses are predicted from
the time of waste emplacement to 50,000 years of waste isolation.

(091_19] DATABASE SPE41_ MAX.BIN

This plotting database contains nodal temperatures predicted using the ther-
mal far-field model of Yucca Mountain. The results reflect the use of input pa-
rameters which produce “maximum” temperatures in the far-field model. The
temperatures are predicted from the time of waste emplacement to 50,000 years
of waste isolation.

[091.19) DATABASE _SPE41_MIN.BIN

This plotting database contains nodal temperatures predicted using the ther-
mal far-field model of Yucca Mountain. The results reflect the use of input pa-
rameters which produce “minimum” temperatures in the far-field model. The
temperatures are predicted from the time of waste emplacement to 50,000 years
of waste isolation.

[091.19] DATABASE SPE31 MAX.BIN

This plotting database contains predicted nodal displacements and element
stresses using the mechanical far-field model of Yucca Mountain. The results
reflect the use of input parameters which produce “maximum” displacements
and stresses in the far-field model. The displacements and stresses are pre-
dicted from the time of waste emplacement to 50,000 years of waste isolation.

[091.19i DATABASE SPE31 MIN.BIN

This plotting database contains predicted nodal displacements and element
stresses using the mechanical far-field model of Yucca Mountain. The results
reflect the use of input parameters which produce “minimum” displacements
and stresses in the far-field model. The displacements and stresses are pre-
dicted from the time of waste emplacement to 50.000 years of waste isolation.
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: The above files have been stored permanently on magnetic tape by using the
BACKUP utility program provided for the Digital Equipment Corporation VAX 8300
computer. A copy of the magnetic tape is provided to Sandia National
Laboratories. The files are stored on the magnetic tape as a SAVE SET uniquely
identified by RS1.091.19.SANDS87_1. The files can be retrieved from the magnetic
tape using the BACKUP utility program by anyone familiar with the
Digital Equipment Corporation VAX/VMS operating system. A copy of the mag-
netic tape is retained in the RE/SPEC Analysis Archive uniquely identified by
RS1.091.19_ SANDS87.2.
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8 SUMMARY AND CONCLUSIONS

Material properties and other site parameters for far-field models of Yucca
Mountain are known only within a given uncertainty or range. Many of these
parameters are fundamental in the far-field modeling of a nuclear waste reposi-
tory. This study investigated the effects of the ranges in this fundamental set
of parameters on the predicted behavior of a nuclear waste repository at Yucca
Mountain. First, a baseline calculation was performed using average values of the
site parameters. Each parameter investigated was then varied individually by a
value estimating its uncertainty with all the other parameters remaining at their
average value. The effect of each uncertainty was evaluated and compared with the
baseline. The results are presented in observations of (1) the variations from the
baseline in the predicted thermal and mechanical results associated with the range
in each of the input parameters investigated (the sum of these variations provides
a good approximation to the the maximum possible range in predicted results),
(2) the relative influence of each parameter at its respective uncertainty and (3)
the sensitivity of the predicted thermomechanical response to each parameter. The
relative influence identifies the parameters whose ranges contribute most to the
maximum range in results. The sensitivity conveys the effectiveness by which any
change in the parameter will change the results. Qutlined below are the generalized
results for both the thermal and mechanical far-field models.

The results from the thermal far-field mode! show:

e The largest variation in the predicted temperatures is associated with the
range considered for the APD.

¢ During the first 1,000 years, approximately 40 percent of the predicted range
in temperature is contributed by the range in the APD. 30 percent by modeling
the boiling of pore water, and 15 and 10 percent by the ranges in the thermal
conductivity and specific heat capacity, respectively.

e After about 10.000 vears, the variation in the predicted temperatures is con-
tributed almost entirely by the ranges in the APD and thermal conductivity.

e The predicted variation in the thermal results can be reduced most effectively
by a reduction in the range of the APD.

¢ The range considered for the material density and the use of a rectangular
mesh (rather than a mesh modeling sloping stratigraphy and topography) have
very little affect on the results predicted using the thermal far-field model.
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The last conclusion implies that great topographic and stratigraphic detail of
Yucca Mountain is not necessarily important when predicting the thermal far-field
behavior of a spent nuclear fuel repository.

—

The results from the mechanical far-field model show:

e In the vicinity of the repository during the first 5,000 years, approximately
50 percent of the predicted range in horizontal stress is contributed by the
ranges considered for the in situ stress and Young’s modulus.

— —

e Outside the vicinity of the repository, about 90 percent of the predicted range
in horizontal stress is contributed by the range considered for the in situ stress.

e In the vicinity of the repository, about 80 percent of the predicted variation in
joint factor-of-safety is contributed by the use of the rectangular mesh; thus,

topographic and stratigraphic effects are important in the mechanical far-field
- mOdel.

e Outside the vicinity of the repository, about 70 percent of the predicted vari-

L ation in joint factor-of-safety is contributed by the range considered for the in
situ stress.

e At the repository center (location A”), about 70 percent of the predicted

— range in the rock matrix factor-of-safety is contributed by the use of the rect-
angular mesh; this indicates another reason why topographic and stratigraphic
- effects are important.

e For location “C” (inside the Calico Hills), about 85 percent of the predicted
8 range in the rock matrix factor-of-safety is contributed by the range considered
for the in situ stress.

During the first 5,000 years, the horizontal stress is most (and equally) sensi-
tive to percentage changes in the APD, Young's modulus, and the coefficient
of linear thermal expansion.

r-..-
[ J

Above the repository, the joint factor-of-safety is most (and equally) sensitive
to percentage changes in the APD and the joint coefficient of friction.

The use of the rectangular mesh has little effect on the predicted horizontal
stresses: however, the influence on the joint factor-of-safety and on the matrix factor-
of-safety at the repository center is considerable. Therefore. the use of a rectangular
mesh in the mechanical far-field model is not entirely appropriate.
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9 RECOMMENDATIONS

To assess the performance of a nuclear waste repository, it is important to un-
derstand each aspect of the thermal and mechanical behavior of the host material.
The objective of this study was to perform the work necessary to establish a data
base of thermal and mechanical results that can be used in future work in this
area. Using this information, it should be possible to study other joint orientations
and to develop an approach to infer the effects of different ranges in parameters
between thermal/mechanical units (although the effects of stress transfer would not
be addressed).

In the present study only an elastic material model was considered. The effects
of other constitutive models on the predicted behavior of a nuclear waste repository
should also be determined.
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ciated With Each Case Investigated (Time = 100 Years)
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Figure B-4b. Sensitivity in the Predicted Horizontal Stress Along Section “I" As-

sociated With the Parameters Investigated (Time = 100 Years)
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Figure B-5b. Sensitivity in the Predicted Horizontal Stress Along Section “I” As-
sociated With the Parameters Investigated (Time = 5.000 Years)
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Figure B-8a. Relative Influence on the Joint Factor-of-Safety Along Section “II1”
Associated With Each Case Investigated (Time = 5,000 Years)

204




RSI{ALO) 091-87-095

b €

REL. INFLUENCE ON FSJ ALONG “III* -- T = S000 YERRS

1 ) L] ] 1 1 ] )

1400
1350 -

"
9

1300 -

TIITEE
EEE
2

1250 |-
1200 |-
1150 |-
- 1100 |-

REPOSITORY

ELEVATION (n)

600 1 ] 1 ) 9 1
- =50 =40 =30 =20 -10 0 10 20 30 40- €0

RELATIVE INFLUENCE (PERCENT)
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No data contained in this report is candidate information for the Site and En-
gineering Properties Data Base (SEPDB), the Data Records Management System
(DRMS), and/or the Reference Information Base (RIB).

The sensitivity study presented in this report investigated the range of values
associated with certain significant material properties and the resulting variations in
the predicted rock behavior in a far-field model of Yucca Mountain. The material

property data required by the study and the sources of information are listed in
Table C-1.

The problem definition memo directing the study was dated February 15, 1986.
During the course of the study the average material properties were obtained from
the most current version of the RIB in existence, which was a draft compiled
by Zeuch and Eatough [1986]. Since then the RIB has been updated to become
Version 03.001 and the references used for this study have been incorporated into
Appendix O of the Site Characterization Plan Conceptual Design Report (SCPCDR)
[MacDougal et al., 1987;. Table C-1 below provides the section in the current RIB
that has the updated value and the source of information used in this study for
each property value. '

The ranges used for minimum and maximum values for each material prop-
erty were not taken from the RIB but were best estimates based on engineering
judgement |Mansure,1986).

(3]
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Table C-1. Sources of Data

Property

RIB Section

Source Used

Thermal Conductivity
Specific Heat Capacity
Density

Coefficient of
Linear Expansion

Young’s Modulus
Poisson’s Ratio

Unconfined Compressive
Strength

Coefficient of Friction*
of Intact Rock

Joint Cohesion

Joint Coeflicient
of Friction

In Situ Stress

1.3.1.3
1.3.1.3
1.3.1.2

1.3.1.3
1.3.1.4.2
1.3.1.4.2

1.3.1.4.2

1.3.1.4.1
Not in RIB

Not in RIB
Not in RIB

SCPCDR
SCPCDR
SCPCDR

SCPCDR
SCPCDR
SCPCDR

SCPCDR

SCPCDR
SCPCDR

SCPCDR
‘Bauer et al.,19835)

' Tan{¢), where ¢ = angle of internal friction
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No data c‘onlained in this report is candidate information for the Site and En-
gineering Properties Data Base (SEPDB), the Data Records Management System
(DRMS), and/or the Reference Information Base (RIB).

The sensitivity study presented in this report investigated the range of values
associated with certain significant material properties and the resulting variations in
the predicted rock behavior in a far-field model of Yucca Mountain. The material
property data required by the study and the sources of information are listed in

Table C-1.

The problem definition memo directing the study was dated February 15, 1986.
During the course of the study the average material properties were obtained from
the most current version of the RIB in existence, which was a draft compiled
by Zeuch and Eatough {1986]. Since then the RIB has been updated to become
Version 03.001 and the references used for this study have been incorporated into
Appendix O of the Site Characterization Plan Conceptual Design Report (SCPCDR)
[MacDougal et al., 1987]. Table C-1 below provides the section in the current RIB
that has the updated value and the source of information used in this study for
each property value. '

The ranges used for minimum and maximum values for each material prop-
erty were not taken from the. RIB but were best estimates based on engineering
judgement [Mansure,1986].
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Table C-1. Sources of Data

Property

RIB Section

Source Used

Thermal Conductivity
Specific Heat Capacity
Density

Coefficient of
Linear Expansion

Young’s Modulus
Poisson’s Ratio

Unconfined Compressive
Strength

Coefficient of Friction*
of Intact Rock

Joint Cohesion

Joint Coefficient
o_f Friction

In Situ Stress

1.3.1.3
1.3.1.3
1.3.1.2

1.3.1.3
1.3.14.2
1.3.1.4.2

1.3.1.4.2

1.3.14.1
Not in RIB

Not in RIB
Not in RIB

SCPCDR

.SCPCDR

SCPCDR

SCPCDR
SCPCDR
SCPCDR

SCPCDR

SCPCDR
SCPCDR

SCPCDR
‘Bauer et al.,1983] |

* Tan(é), where ¢ = angle of internal friction
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