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ABSTRACT

An understanding of the thermal _nd stress environment in the vlclnlty of

repository openlngs is important for preclosure performance considerations

and worker health and safety considerations for the proposed hlgh-level

radioactive waste repository at Yucca Mountain. This paper presents the
results of two and three dimensional numerical analyses which have

determined the thermal and stress environments for typical repository

openings. In general, it is predicted that openings close to heat sources
attain high temperatures and experience a significant stress increase.

Openings away from heat sources experience more uniform temperature changes
and experience a stress change which results in part from a far-fleld

thermal loading.

I. INTRODUCTION

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

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

a hlgh-level nuclear waste repository. Part of the evaluation includes
assessment of rock stability in the vicinity of underground openings. A

preliminary methodology to assess stability of underground openings was

recently developed by Hardy and Bauer [i]. This method calls for detailed

analyses to predict the thermal and mechanical response of the rock at all
drift locations. The results of these analyses, prediction of temperatures

and stresses as a function of time and position, provide an indication of

the environment in the vicinity of repository openings. This knowledge is

important for preclosure performance considerations and worker health and

safety considerations during construction, preclosure, and retrleval period

of the repository (<100 years). This paper presents the preliminary

results of thermal/mechanlcal numerical analyses for repository drifts.

II. DRIFT DESIGN

Drifts provide access to waste emplacement locations and space for

supportlng utilities. Throughout the repository, drifts are defined by

*This work was performed under the auspices of the U. S. Department of

Energy (US DOE), Office of Civilian Radioactive Waste Management, Yucca
Mountain Site Characterization Project, under Contract #DE-ACO4-76DPO0789.

The analyses in support of this document were performed at a non-quality

affecting lecel.
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the size, shape, and location necessitated by individual functions. These
functions include the ability of the drift to accommodate equipment,
ventilation, and auxiliary systems. Adequate clearances for traveling,
turning, passing, and rotation of mining and waste emplacement equipment is

included 'in the sizing and shaping of drifts. This paper considers

conditions at the Tuff Main, the Midpanel Access, and the Waste Emplacement
drifts.

The layout of the proposed repository, as presented in the Site

Characterization Plan--Conceptual Design Report (SCP,.-CDR) [2], is shown in

Figure I. The location of the Main, Panel Access, and Waste Emplacement

drifts for a typical panel is further detailed in FiEure 2. The main

drifts, shown schematlcally in plan view in Figure I, provide access and

exit for waste and muck haulage. The Turf Malt is one of the three mains
in the center of the repository. The panel access drifts connect the mains

to the waste emplacement drifts.

III. ARALYSIS APPROACH AND METHODS

Stresses resulting from three sources were conslder_d in designing the
drifts: in situ, thermal, and seismic. In situ stresses exist prior to

excavation and are assumed constant during the preclosure period. The

thermal stresses are generated by the thermal expansion of the rock after

waste emplacement. These stresses vary slowly with time. The seismic

stresses are caused by earthquakes or underground nuclear explosions.
Although these stresses are oscillatory in nature, they can be considered

as quaslstatlc loads because of the long wavelength of the seismic loads

relative to the drift dimensions [3].

The stresses arising from these three sources may be superposed because

regionally the rock mass is assumed to be a homogeneous, Isotroplc linear
elastic solid. The in situ state of stress assumed to exist in the

repository horizon, has a vertical stress equal to the gravity load,

approximately 7 MPa (y-d£rectlon); and a horizontal stress equal to 0.5 (x-
direction) and 0.6 (z-dlrectlon) times the vertical stress. The initial

temperature is described by the ground surface temperature and temperature

gradient with depth.

The temperatures and thermal stress envlronment at the main and panel

access drifts are a result of the heating from waste emplaced in nearby

panels, and in the long-term, influenced by ali waste panels. The waste

panels are filled with waste in a sequential fashion starting In the

northeast panel and progressing clockwise, with the last waste emplaced in

the northwest panel approximately 24 years later. The sequence of waste

emplacement in the panels is shown in Figure 1 and is determined from the

design and waste inventory emplacement schedule presented in the SCP-CDR
[2]. T_ assess the temperature and stress environment for individual

drifts and regions of the repository, the three-dlmenslonal layout of the
waste panels must be considered. For the waste emplacement drift, however,

some simplifications of geometry can be made without loss of accuracy. For



a drift in the middle of a waste emplacement panel, an assumption of
symmetry along the centerllne of the drift and the centerline of the pillar

between drifts is reasonable. The assumption would be truly correct if all

waste was emplaced at the same time and the panel was infinite in extent.

Given that a panel will be filled wlth waste within a year or two, the

assumption of instantaneous emplacement is reasonable when considering time
frames of I0 or more years because the transfer of heat is slow relative to

the real time of waste canister emplacement..

For the mains and panel access drifts, the far-fleld temperatures and

thermal and mechanical stresses were calculated using STRES3D [4], which is
a thermoelastlc code for heat sources in a seml-lnfinlte rock mass. The

STRES3D code utilizes the principle of superpositlon when computing the

temperature distribution an_ thermally induced stresses and displacements

from multiple heat sources. At a given time and location, the temperature

is equal to the initial temperature plus the change in temperature caused

by the heat sources. Similarly, the state of stress at a given time and

locati_n is equal to the initial state of stress plus the stress change

induced by thermal expansion.

Input parameters for STRES3D include a description of the heat sources

(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 rock mass

properties used in the analysis are based on laboratory test data and

empirical relationships and are representative of the expected conditions

in design (E - 13.11 GPa, u - 0.22, - 8.8 x I0-6/°C). The range of

expected conditions and the credible combination of parameters must be

considered. Output parameters are temperature, displacements, and stresses
at specified times and location in the rock mass.

Seismic stresses are calculated analytically using a method described by

Richardson [5]), considering the same types of ground motion. The method

was adapted for application to drifts by Hardy and Bauer [I] based on a

design earthquake of 0.5 g.

Following the calculation of stresses and temperatures for drift locations

using the STRES3D code, a separate set of two-dlmenslonal, flnlte-element

analyses was performed for each drift using the JAC code [6]. The mesh was
initialized to in situ conditions, then the drift was excavated at time I.

In ensuing time steps, the thermal and mechanical loads, obtained from the

STRES3D analysis, were imposed on the boundary of the flnlte-element mesh,

along with the temperature changes within the meshed region.

For the waste emplacement drift, the thermal environment is calculated

using a flnlte-element code DOT, with the nodal point temperatures input to
the JAC thermomechanical code. In the local drift environment, several

alternate constitutive mo_els are available to model the rock response

around the drift. Distinct Joints, ubiquitous Joints, and elasto-plastic

models are available within JAC and have been used to assess the stability



of the drifts [1]. Only the temperature and elastic stress distributions
are presented in this paper.

1V. RESULTS AND DISCUSSION

Tables 1, _ 2, and 3 summarize the average temperature and stress
combinations for waste emplacement, midpanelaccess, and main drifts for
times out to 100 years for au areal power density of 57 kW/acre. The
stress combinations presented do not contain the excavation induced
stresses, rather they are average values predicted for combinations of in
situ, thermal, and Beismic stresses. As can be seen from Figures 3, 4, and

5 the excavation presence tends to concentrate the stresses. For ali drift
types, the thermal stress is the greatest horizontal component included iu
the combination. The in situ and seismicstresses may be considered

individually or together as additions to the thermal load. The oscillatory
nature of seismic waves can be considered by adding o t subtracting the
seismic load from the given stress state. When the seismic loads are
subtracted from the in situ stresses, very low horizontal stresses could
result _in the vicinity of repository openings.

Temperatures and stress vectors around the drifts upon excavation and after

I00 years of heating are shown in Figure 3 for the waste emplacement drift,
and for midpanel access drift, and main drift in Figures 4 and 5,

respectively. In 7iEure 3(a) temperature contours upon emplacement are

shown, and Figure 3 (b) shows the temperature distribution after I00 years

of heating. Figures 3 (c) and (d) show the principal stress vectors upon

excavation and after 100 years of heating, respectively. For the three

types of drifts, the far-field maximum principal stress is vertical prior

to and upon excavation, reflecting the in situ stresses. These stresses
are shown to increase in the immediate vicinity of the excavation upon

heating. For the three drift types, the maximum principal stress becomes
horizontal in the floor and crown of the drift and in the pillar away from

the excavation. The apparent rotation of the principal stress field
results because the horizontal stress increases due to thermal expansion of

the laterally constrained rock mass. The magnitude of the vertical stress

away from the excavation remains near that of the in situ value because the

rock mass is not vertically constrained. The vertical stress in the

vicinity of the excavations is low because the rock mass is allowed to

displace into the excavated region. An artlfact of the elastic analysis

method used is prediction of tensile stresses adjacent to the opening.

This result probably means that horizontal fractures will tend to open up

during this time period. An implication for design of the ground support

system is that potential block fallout from the wall and floor heave must
be considered in the design.

The temperature increases are, of course, most dramatic for the Waste

Emplacement drifts (Figure 3), realizing temperatures over 100"C adjacent

to the openlng. Temperature increases for the Mains and Panel Access

drifts are relatively modest for these two drift types (Tables i, 2, and

3). The temperature distribution around these two drift types is relatively



uniform. Figure 6 shows the temperature profile between _o waste panels
and the corresponding location of the Midpanel drift. The Midpanel drift
is in a cooler environment than the waste emplacement drift, but the
thermally induced horizontal stress chart8 e is significant because the drift
is located between hot expandin8 areas. A similar stress reorientation
phenomenon occurs for the Hsin drifts. In both cases, the vertical stress
decreased with time.

For comparison purposes, the combin_d stressels for the three drift types at
100 years usin 8 an areal power density of 80 kW/acre are given in Table 4.
The comparison is presented to demonstrate the flexibility in the design
and to indicate to the designers the need for possible additional
considerations to be made In design of the ground support systems for this
more adverse thermal and stress environment.

V. SUMMARY

/

The results of thermal and mechanical analyses have allowed us to conn_ent
on the predicted thermal and stress environment in the vicinity of

repository openings: waste emplacement, panel access, and main drifts.
Thermal stress, caused by heating of the rock mass and the ensuing thermal
expansion, is the greatest stress design must address. The concentration
of heat sources in waste emplacement panels causes some regions to attain

high temperatures (calculated temperature increases are over 100 C) and
locally high stresses. Other regions remain relatively cool, yet are
subjected to a far-field compression due to thermal expansion of the
surrounding rock mass.

The analyses and understandings presented have resulted from simplified
assumptions of material response of the heated rock mass system. Future
work in prototype experiments and further experimentation in the
exploratory and experimentation facility will allow a better understanding
of the rock mass thermomechanical response. These thermomechanical
experiments and results will permit more confidence in assumptions made in

developing meaningful models of rock mass thermomechanical response.
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