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ABSTRACT

|
i An understanding of the state of stress on faults is important for pre- and

postclosure performance considerations for the potential high-level

i radioactive waste repository at Yucca Mountain. This paper presents the
i

results of three-dimensional numerical analyses that provide estimates of

i the state of stress through time (10,000 years) along three major f&ults in

the vicinity of the potential repository due to thermal stre_Ises resulting

from waste emplacement. It was found, that the safety factor for slip close

to the potential repository increases with time after waste emplacement.

Possible fault slip is predicted above and below the potential repository

for cert._in loading conditions and times. In general, thermal loading

reduces the potential for slip in the vicinity of the potential repository.
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INTRODUCTION

Sandia National Laboratories, in support of the U.S. Department of Energy

and as a participant in the Yucca Mountain Site Characterization Project,

is evaluating the Yucca Mountain site in Nevada as a location for a

potential high-level nuclear waste repository. As part of the evaluation, a

preliminary study has been completed that determined the complete state of

stress as a function of time along ma joe faults in the vicinity of the

potential repository. The state of stress changes with time because of

thermal expansion of the laterally constrained rock mass that results from

heat generated by radioactive decay. This paper presents an assessment of

the stability of faults in the near vicinity of the potential repository

taking into account the stress changes. This work is in_tended to support

performance studies for both the pre- and postclosure periods of the

potential repository by providing insight into the stability of faults fnr

these time periods.

BACKGROUND

The geoZogic structures, stresses, and thermal conditions at Yucca

Mountain are among the factors that influence the design and performance of

the potential repository. The structures considered in this paper include

three faults or fault trends (Figure I): the Ghost Dance Fault (A'-A), the

Drill Hol_ Wash Fault (B'-B), and the Solitario Canyon Fault (C'-C) (Scott

and Bonk, 1984). These structures were studied as individual planar

surfaces as suggested by field mapping. Figure 1 presents the overlapped
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plan views of the repository panels and the three faults selected for

consideration. The dips of the faults were assumed constant and are shown

in the figure (the tick indicates the direction, and the number indicates

the magnitude) based on review of Scott and Bonk (1984).

The stresses considered include in situ and thermal stresses. In situ

stresses are those stresses existing prior to excavation and assumed

constant during the period under analysis (20,000 years). Thermal stresses

will be generated by the thermal expansion resulting from temperature

changes in the laterally constrained rock after waste emplacement. The

thermal conditions existing prior to waste emplacement are used in the

analysis as the initiation point from which the temperature change is

calculated. It should be noted that seismic stresses are not considered in

the analysis results presented. These stresses have been considered in

other aspects of repository design and performance (Hardy and Bauer, 1992).

In situ and thermal stresses may be superposed if regionally the rock

mass is assumed to be a homogeneous, isotropic linear elastic solid. The in

situ stresses vary with depth at the Yucca Hountain site. For the purpose

of this analysis the in situ state of stress assumed to exist at the

repository depth has values for the vertical stress equal to the gravity

load, approximately 6.5 HPa, a minimum horizontal stress equal to 0.4

(east-west) and a maximum horizontal stress (north-south) of 0.8 times the

vertical stress. The variation of stress with depth is described by Bauer

et ai (1985). The initial temperature field is described by the ground

surface temperature and temperature gradient with depth.
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The induced thermal stresses are a result of heating from waste

emplaced underground. The underground area will be filled with waste in a

sequential fashion. For the analyses presented herein, the underground

layout and "design" is that presented in the Site Characterization Plan-

Conceptual Design Report (SCP-CDR), SNL (1987). Future design studies may

result J__ modifications to this design. However, the results obtained will

serve rather well for illustrative purposes. To assess the thermally-

induced stress environment for the faults discussed, the three-dimensional

layout of the waste panels must be considered (Figure 2). Plan and profile

views of the waste panels provided in the figure depict the three-

dimensional aspect of the repository. The waste panels are filled with

waste sequentially, starting in the northeast panel and proceeding

clockwise. Each rectangle in Figure 2 represents a plate heat source. The

heat sources model waste panels which are "turned on" instantaneously at

one year intervals, as shown by the numerical sequence in Figure 2 with the

1ast waste emplaced after 24 years (Figure 2). Instantaneous emplacement is

assumed; this assumption is reasonable when considering time frames of 10

or more years, because the transfer of heat is slow relative to the real

time of waste canister emplacement.



ANALYSIS

The far-field temperatures and thermal stresses were calculated using

STRES3D (Asgian et al., 1991), which is a thermoelastic code for heat

sources in a semi-infinite rock mass. The STRES3D code utilizes the

principle of superposition of closed-form solutions when computing the

temperature distribution (using conduction as the heat transfer mechanism)

and thermally induced stresses and displacements from multiple

exponentially decaying heat sources. This model requires a simplification

of the surface of the earth fflat) and an assumption of isotropic ,

homogeneously elastic material (host rock). The faults thus are not modeled

as any sort of discontinuity; rather, they are surfaces along which data on

the state of stress through time is gathered. At a given time and
i

i location, the temperature is equa. to the initial temperature plus the

i change in temperature caused by the heat sources. Similarly, the state of

]

i stress at a given time and location is equal to the initial state of stressplus the stress change induced by thermal expansion.

Input parameters for STRES3D include a description of the heat sources

I (source types and decay coefficients), the geometric distribution of the

panels containing the heat-generating waste, the timing of emplacement, and
!,

thermal and linear elastic properties of the rock mass. The heat generating

I waste is modeled as panels (plate heat sources) with initial heat
|

J
i generating density of 57 kWacre (about 14 W/_) with decay characteristics

J. to model a mixture of speJ_t fuel, 8.5 years out of reactor. The heating

generated is based on the SCP-CDR (SNL, 1987).
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The rock-mass properties used in the analysis are based on laboratory

test data and empirical relaticnships and are representative of the

expected conditions for the potential repository horizon (E = 13.11 GPa, v

= 0.22, _ = 8.8 x 10"6/0C), DOE (1989). The potential repository is located

in the densely welded, non-lithophysal portion of the Topopah Spring Member

of the Paintbrush Tuff. The rock mass modulus of this highly jointed hard

rock is assumed lower than the laboratory derived elastic modulus because

of the jointing.

Output parameters from the code are temperatures, displacements, and

stresses at specified times and locations in the rock mass. For this

analysis, stresses constitute the parameter of interest; the times of

interest are 0 (current in situ stress state), 10, 100, 1000, and 10,000

years. The locations of interest are along the surfaces of the faults

specified (figure 1). Along the faults the stress normal to the fault

surface and the shear stress on the fault plane are of interest. The shear

stress considered in the discussion which follows is the maximum shear

stress on the fault plane of interest.

Following the calculation of the complete state of stress along the

fault planes, an assumed shear strength (using the Mohr-Coulomb strength

criterion) along the fault is then divided by the calculated maximum shear

stress on the selected fault planes to provide a safety factor for slip

along the faults. The linear elastic model does not allow for slip.

However, when we compare these stresses to the slip criteria, we are

provided an indication of the propensity for fault slip. Safety factors

less than I are indicative of conditions for slip.



The Mohr-Coulomb strength parameters for faults at Yucca Mountain are

not clearly defined at present. For this study the Mohr-Coulomb strength

parameters are cohesion (Co) and coefficient of friction (tan _). CO was

chosen to be zero for all safety factor plots and tan _ was chosen to be

either 0.54 or 0.85. The two values for the coefficient of friction were
i
i

chosen to represent a reasonable range for this study and are based on
|

i laboratory experiments on fractures in tuff. Morrow and Byerlee (1984)
• found that tan_ = 0.85 is a reasonable residual value after 10 mm of

displacement along saw-cut samples, and they suggest this value for

evaluation of earthquake potential. The value of 0.54 is the "recommended

value" in the SCP-CDR (SNL,1987).

Previous far-field analyses using STRES3D have guided us in the set-up

and conduct of this analysis. The extent of the free surface used is given

in Figure I. Because little thermal-mechanical effect is predicted for the

rock mass located at depths greater than 1000 ft below the repository,

results presented are those for depths from 200 feet below the surface to

depths 1000 ft below the repository. The results of interest for discussion

are normal stress, shear stress, and safety factor for slip.

D_ESULTS AND DISCUSSION

The general far-field thermally induced stress loading of the Yucca

Mountain region is complicated but may be described as follow.,. There are

at least three contributing sources that interfere to produce the observed

calculated stresses. The three sources include near-field thermal-

mechanical (near heat source) effects, far-field thermal-mechanical

effects, and kinematic effects.
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The waste first heats a relatively thin portion of the rock within the

repository horizon. The far-field thermal-mechanical loading is the result

of gradual heating and thermal expansion of the rock mass. The rock mass is

horizontally constrained everywhere (by nearest neighbor rock mass), and

horizontal stresses tend to increase. Above the repository, the overburden

may be lifted as a result of thermal expansion. Thus, the maximum vertical

stress in the far-field is limited by the weight of the overburden.

In the near-field (very near heat sources), local thermal loading and

geometric details will influence temperature, stress, and displacements.

These phenomena are best exemplified for results obtained in the immediate

vicinity of waste panels (see Figure 4, 10 years of heating). Locally,

vertical stresses may exceed the overburden stress.

Kinematic effects are those effects that resul_ from movement of the

rock mass. The rock mass is heated in a non-uniform manner. This causes

local high temperatures and resultant thermal expansions in the vicinity of

the repository. To accommodate these local extremes, the rock mass

displaces. Above the repository an "uplift" occurs. This phenomenon causes

bending of the mass above the repository and consequential modifications of

the stress and displacement fields.

Examples of manifestations of the above phenomena are presented in

Figures 3 through 8 as plots of normal stress, shear stress (with

directions of the shear stress) and safety factor at four different times.

For brevity the normal stress, shear stress, and safety factor plots for

the Ghost Dance Fault are shown. The safety factor for the other faults is

presented. Realize that the safety factor calculated depends on both the

normal and shear stress. For all analysis results presented except for

Figure 6, tan _ =0.54; for Figure 6 tan _ = 0.85.
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For the Ghost Dance Fault, the fault plane intersects a heated area of

the repository foI most of its length. The normal stress increases near the

potential repository through 100 years while it decreases above it (Figure

3). By 1000 years, much of the fault surface experiences some temperature

increase, and the normal stresses shows a corresponding increase. At 10,000

years, with cooling from the earth's surface and some remnant heat at

depth, stresses predicted near the earth's surface are calculated to be

less than initial values, whereas stresses at depth are predicted to be

greater than starting values. Shear stresses increase all along the fault

surface through 1000 years, with local maxima and extensive variation in

and around the repository horizon (Figure 4). Shear stresses appear to

return to close to original values at 10,000 years.

The safety factor (Figure 5) close to the repository increases with

times to 100 years because the normal stress increases in this region. For

this same time, the safety factor decreases above and below the repository

due to the stress changes discussed earlier. At 1000 years, the safety

factor is increased over the starting values, due primarily to the increase

in normal stress (from the regional temperature increase). For 1000 and

10,000 years, the safety factor is low near the surface because of regional

uplift and flexure. The safety factor analysis using a tan _ value of 0.85

(Figure 6) shows a smaller propensity for fault slip for the entire fault

surface (as one may expect), even near the _rface.
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Safety-factor predictions for the Drill Hole Wash Fault (Figure 7)

show the effect of asymmetric thermal loading of the fault plane (only a

portion of the repository intersects the fault surface). The safety factor

increases near the heat sources at 10 years. This plane intersects the

repository edge and is devoid of direct heating for much of its length. The

safety factor change with time reflects the transfer and distribution of

heat and thermal stress for the fault plane. At 100 years a small zone

develops with a safety factor less than one inz_ediately above the

repository in the south portion of the fault plane. At 1000 years this zone

moves to the north away from the repository.

The Solitario Canyon Fault is separated from direct heat sources

(Figure 1). Safety-factor results are given in Figure 8. At 10 years of

heating (before the effects of the repository thermal loading are felt by

this fault), the safety factor is low. This prediction is consistent with

observations, analyses, and conclusions presented by Stock et al. (1985).

With increasing time of heating, as the heat continues to conduct, the

safety factor increased and remains above the beginning values.
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CONCLUDING REMARKS

The state of stress on three major faults for times up to I0,000 years

has been calculated, taking into consideration in situ stresses and thermal

loading of a potential high-level nuclear waste repository at Yucca

Mountain. This time interval is important for pre- and postclosure

performance considerations. The results are presented in terms of normal

and shear stresses and safety factors for slip. Three sources were

identified that combine to produce the observed calculated stresses. These

sources include near-field thermal-mechanical (near heat source) effects,

far-field thermal-mechanical effects, and kinematic effects. Predictions

for fault slip depend on details of combinations of these sources. It was

found that, for the three near vertical faults considered, the safety

factor for slip close to the potential repository increases with time after

waste emplacement. Possible fault slip is predicted above and below the

potential repository for certain loading conditions and times when normal

stresses are low in combination with high shear stresses. In general,

thermal loading improves the slip conditions in the vicinity of the

potential repository. The potential for slip along faults resulting from

thermally induced stress changes is very much influenced by the location

and orientation of the fault relative to the repository and strength

characteristics of the faults. The extent of movement along the faults is

anticipated to be small because of the limited extent of the zones of

overstress relative to the dimensions of the faults and because if movement

were to occur, shear stresses would be relieved by movement.
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CAPTIONS

Figure I. Schematic of fault traces at ground surface

Figure 2. Plan and profile views of the waste panels and emplacement

schedule as modeled with STRES3D.

Figure 3. Predicted normal stress on Fault A. Units for contours are MPa.

Figure 4. Predicted shear stress on Fault A. Units for contours are MPa.

Arrows indicate the direction of shear stress at that point.

Figure 5. Predicted factor of safety on Fault A (_ = 0.54).

Figure 6. Predicted factor of safety on Fault A (_ = 0.85).

Figure 7. Predicted factor of safety on Fault B (_ = 0.54).

Figure 8. Predicted factor of safety on Fault C (_ = 0°54).
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