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ABSTRACT

This paper summarizes the strategy given in the
Site Characterization Plan (SCP) (1) for demon-
strating compliance with the post closure per-
formance objectives for the waste package and
the Engineered Barrier System (EBS) contained
in the Code of Federal Regulations, Title 10,
Part 60 (10 CFR60), (Ref.2) particularly 10 CFR
60.113, and other applicable documents. The
strategy consists of the development of a con-
servative waste package design that will i-set
the regulatory requirements with sufficient
margin for uncertainty using a multi-barrier
approach that takes advantage of the unsaturat-
ed nature of the Yucca Mountain site.

INTRODUCTION

The waste package strategy involves an itera-
tive process designed to achieve compliance
with the requirements for substantially com-
plete containment and EBS release. The strat-
egy will be implemented in such a manner that
sufficient evidence will be provided for pre-
sentation to the Nuclear Regulatory Commission
(NRC) so that it may make a finding that there
is "reasonable assurance" that these perform-
ance requirements will indeed be met. The fo-
cal point of the strategy is the waste package
design which uses conservative requirements and
conservative assumptions. The waste package
includes the waste form, any containers, and
any materials within or immediately surrounding
a container. The strategy considers all these
components in developing the waste package
design. inputs to the waste package design
include repository design and scenario infor-
mation. The scenarios are based on waste form
and site data and the interpretation of impor-
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tant regulatory terms which are not defined in
the regulatory documents. These inputs and
regulatory requirements form the overall design
bases from which a design can be developed.
These design bases are continually evaluated as
information becomes available and additional
scenarios are developed and may be revised
prior to the start of a new design phase. If
the design is not adequate, the strategy
provides for reconsideration of the inputs
including revised interpretation of regulatory
terms and design bases.

DCS has developed a conceptual waste package
design which provides the basis for the plans
defined in the SCP and, as such, is DOE'S
current reference design (1). This design is
based on currently available data and inter-
pretations and employs a container as the pri-
mary barrier for the containment period and the
waste form as the primary barrier for radio-
nuclide release control following the contain-
ment period. The reference design assumes that
the package will be emplaced in a vertical
borehole in a manner that will maintain an air
gap that impedes the transfer of water from the
unsaturated rock to the container or waste
form.

A candidate metal containment barrier will be
selected and characterized, based on a parallel
experimental and performance modeling effort.
Alternative, more robust, design concepts and
materials will be developed in parallel with
the metal barrier design effort to satisfy reg-
ulatory requirements for alternative designs,
to provide a backup to the metal barrier design
should it fail to meet its performance require-
ments for anticipated conditions, and to meet
the requirements under a broader range of
repository conditions.

Top-level performance goals have been defined
for both containment and controlled release to
allocate performance to each camxment of the
waste package system, including the containers
and the waste form, for both the spent fuel
(including the cladding) and the high-level
waste (HLW) glass. Performance assessment
modeling will be used to test whether the
performance goals have been met. If not, then
changes are made in an iterative manner to the
performance allocation process, waste package
design or materials, modeling, experimental



data, or regulatory interpretation, until the
performance requirements have been met.

This document is intended to provide an over-
view of the waste package strategy. The current
reference waste package design and the tenta-
tive performance goals are used in the discus-
sion for explanatory purposes and may not re-
flect the final design of the waste package or
the final performance goals to be established
through testing and modeling. The following
sections will discuss each element of the
strategy as outlined on Figure 1.

REGULATORY REQUIREMENTS AND INTERPRETATION OF
REGULATORY TERMS

Assuming anticipated processes and events, the
two post-closure objectives for the BBS in 10
CFR 60.113 require (1) "substantially complete
containment" within the waste packages for up
to 1000 years (the containment period) and (2),
following the containment period, control of
the release of any radionuclide from the BBS to
less than 1 part in 100,000 per year (the con-
trolled release period). Although the contain-
ment period may stretch for 300 to 1000 years
after closure as per 10 CFR 60.113, 1000 years
is used for design purposes. By reference to 40
CFR 191, which, however is being repromulgated,
the release-control period continues until
10,000 years after closure of the repository
(3). These post-closure performance requi re-
ments are without precedent for engineered
systems. This presents a unique engineering
challenge that goes beyond the usual considera-
tions of classical reliability engineering.

Other regulatory requirements in addition to 10
CFR 60.113 affect the waste package design,
including requirements for retrievability,
critical!ty control, consideration of alter-
native designs, a performance confirmation
program, and specific waste package design
criteria. In addition, the waste package must
support the repository and geologic systems in
meeting requirements in 10 CFR 20, 10 CFR 960,
and 40 CFR 191(4,5,3). Certain aspects of
waste package design are definitely driven by
these other requirements, but there are no
identified cases of incompatibility. The most
stringent requirements on the waste packages
are the post-closure performance objectives of
10 CFR 60.113.



The NRC requirements do not quantitatively
define what is meant by "anticipated processes
and events," "substantially complete contain-
ment," and the "EBS boundary." An interpre-
tation of these terms was made by the Depart-
ment of Energy (DOE) to develop the compliance
strategy. "Anticipated processes and events"
are interpreted to have a probability of
occurring equal to or greater than 0.1 during
the period when the intended performance
objective must be achieved. This has lead to
the adoption of the bounding scenario. The
interpretation of "substantially complete
containment" can be summarized with the
following statements: "Containment will be
based on the ability of the waste package, by
virtue of its intrinsic properties and design,
to maintain a continuous, sealed barrier around
the waste..l.The DOE will design the waste
packages to provide total containment of the
enclosed waste for the containment period under
the full range of anticipated repository con-
ditions. . .allowing for technological uncertain-
ties" (1). The DOE has tentatively interpreted
the boundary of the EBS tc coincide with the
surfaces of the excavations within the under-
ground facility, specifically the waste-package
emplacement borehole wall. A reassessment to
include a portion of the host rock within the
EBS is reserved for a later design phase.

Consistent with the above qualitative inter-
pretation, DOE has derived two top-level per-
formance goals for containment. Containment of
the waste within the set of waste packages will
be considered to be substantially complete for
up to 1000 years after repository closure, as
long as:

(1) For each of those radionuclides of
regulatory significance to long-term isolation
(i.e., those whose release is limited by 10 CFR
60.113(a)(l)(ii)(B)), its release rate from the
set of emplaced waste packages during the
containment period does not exceed 1 part in 1
million per year of its inventory calculated to
be present at 1000 years following repository
closure, and

(2) For each of those radionuclides
whose release is not limited by (1) above, its
release from the set of emplaced waste packages
during any year of the containment period does
not exceed 1 part in 100,000 of the total
inventory of that radionuclide calculated to be



present in the waste in that year.

For the radionuclides of regulatory concern,
the release rate performance goals were set an
order of magnitude more stringent than those
for the same isotopes during the post-contain-
ment period. The performance goals for the
release of the other -hort half—life) radio-
nuclides were set s^ chat they introduce no
credible postclosure risk to present and future
generations.

WASTE FORM AND SITE INFORKATCCN

A definition of the waste form characteristics
and waste package environment must be known or
assumed prior to selection of a design concept.
Currently available data were used to develop
the "reference design. Later designs will use
new actual data or conservative assumptions as
appropriate.

The two basic waste forms expected at the
repository include spent fuel from commercial
nuclear reactors and borosilicate glass con-
taining high-level waste from reprocessing.
Of these, spent fuel will dominate, both in
radioactivity and in volume. Under the present
design and operating assumptions, about 30,000
spent-fuel waste packages will be emplaced,
along with about 13,000 packages of HLW in
borosilicate glass. The character and behavior
of the HLW glass is fairly well understood.
However, much still needs to be known regarding
the behavior of spent fuels, particularly those
from the more current extended-burnup fuels.

Because both consolidated and intact assemblies
of both Boiling Water Reactor (BWR) and
Pressurized Water Reactor (PWR) fuel may need
to be accommodated in the waste packages, the
internal configuration must be flexible, yet
allow for a limited number of external dimen-
sions to simplify repository packaging and
handling equipment. Minor amounts of other
miscellaneous HLW may also be emplaced. In
addition, the NRC has recently published a
notice of proposed rulemaking that would
require emplacement of "greater than class C"
wastes in the repository (6). NO specific
waste package designs have been developed to
accommodate such waste.

The existing site information has been used to



develop the waste package environment scenario.
This information is a product of past site
characterization activities that have been
limited to selected drillholes and laboratory
tests conducted from samples from those
drillholes. Planned site characterization
activities defined in the SCP will reduce the
uncertainty as information becomes available.

WASTE PACKAGE JHVIiamiT SCBHRIO

The design bases for the reference design
include expected and bounding scenarios
developed from currently available site data.
The expected scenario is based on the expected
conditions at Yucca Mountain, namely an
unsaturated, fractured, slightly porous rock
(densely welded tuff) with a low water flux
downward through the repository horizon: The
undisturbed groundwater is expected to resemble
water taken from a nearby well, J-13. Follow-
ing emplacement, the heat from the waste will
gradually increase the surrounding rock temper-
ature , peaking in about 20 years to about 230 C
at the borehole surfaces next to the hottest
packages. Most of the packages will remain
above the boiling point of the water (97 C) for
300 years. Thus, the environment within the
boreholes is expected primarily to be hot,
humid air with no liquid water contacting the
waste packages. Although not expected to be a
significant factor, radiolysis of the water
vapor-air mixture at the container surface is a
potential source of species that could cause or
enhance container material corrosion.

As the rock temperature increases, capillary
water will vaporize and migrate through the
rock pores and fractures. Some water will be
carried away in the repository ventilation
system, but most will condense in cooler rock,
away from the waste packages. The fate and
composition of this water is the subject of
ongoing studies; much of it could be removed
from the repository level by drainage along
fractures. After the rock cools below the
water's boiling point, water is not expected to
flow into the borehole from the unsaturated
porous matrix. However, flow from isolated
fractures cannot be ruled out.

The bounding scenario defines a range of water
composition and quantity that must be tolerated
by the waste package design. The volume of



water potentially contacting some of the waste
packages during the containment period is based
on a conservative upper bound of current per-
colation rate through the repository horizon.
At the 0.5 mm-per-year flux, 0.25 L per year
and 1.9 L per year are approximately the re-
spective quantities of water that could pass
vertically through vertical and horizontal
waste emplacement boreholes. Applying a factor
of conservatism yields the value of 5 L per
year per package. The water volume potentially
contacting some of the waste forms during the
post-containment (controlled release) period
assumes a larger factor of conservatism; i.e.,
20 L per year per waste package. The design
goal for the number of packages contacted by
liquid water is 5% for the first 300 years and
10% thereafter.

The current design bases for both the current
reference or alternative designs do not include
the potentiality of total saturation at the
repository horizon and resultant immersion of
all the waste ~ packages in groundwater. How-
ever, the parallel development of alternative
waste package designs provides leeway for
additional uncertainty in water chemistry and
quantity beyond the bounding scenario described
in this section.

WASTE PACKAGE DESIGN

The waste package design will follow a systems
approach. First, the design requirements will
be defined using the inputs described above.
Next, a broad range of design options will be
considered that are projected to meet current
requirements using conservative assumptions
based on defensible data. From these, feasible
design options will be evaluated leading to the
selection of a final design predicted to per-
form adequately taking into account remaining
uncertainties (e.g., in environment and waste
package materials properties). Performance
assessment will be utilized throughout the
design process to determine that all require-
ments have been met. These activities will
interface with materials testing and modeling
activities so that gaps in the information base
are filled.

The reference design shown in the SCP provides
for a cylindrical container that is about 66 to
71 cm (26 to 28 in.) in diameter with a 1 to 3



cm (3/8 to 1-3/16 in.) wall thickness. The
overall length is either 328 cm (10.5 ft.) or
476 cm (15.6 ft.) to accommodate the HLW glass
or spent fuel, respectively. All containers
will have a handling pintle and have suitable
identification. The container material for the
Advanced Conceptual Design (ACD) will be chosen
from among the six current candidates, and more
conservative designs. The current candidates
include austenitic alloys (Type 304L and Type
316L stainless steel and Alloy 825) and copper
alloys (copper, aluminum bronze, and copper-
nickel). These candidates are in separate
alloy families that have different failure
modes in the expected environment. At present,
the Alloy 825 and the 70 copper-30 nickel alloy
appear to be the most promising candidates from
among these candidates.

Alternative, more conservative waste package
designs that will be evaluated include several
concepts such as ceramics, bimetallics, coat-
ings, fillers, and other metallic designs in
both thin and thick-walled configurations.

Because of the present level of uncertainty in
site data, both the reference and alternative
waste package designs will be carried through
the ACD phase. Model development will parallel
the experimental effort to assure that the
behavior of the material selected for the
reference or alternative design can be
adequately modeled. Contingent upon sufficient
reduction of the uncertainties in the waste
package environment scenario, a single concept
will be selected for the License Application
Design (LAD) phase.

Confirmatory testing will support the design
effort. The first type includes manufacture
and evaluation of prototype containers using
the selected fabrication and closure methods.
The containers will be characterized by non-
destructive and destructive methods. Drop
testing will also be performed when the
internal configuration has been selected. The
second type of confirmatory testing involves
long-term laboratory testing that will start
after the materials have been selected, and
will continue after the license application has
been submitted. A primary emphasis of this
testing is the confirmation of the corrosion
resistance of the selected material and the
predictability of its performance. The third



type of confirmatory testing involves in situ
monitoring of actual waste packages emplaced in
designated areas within the repository. This
monitoring would continue during the repository
operations period as required by 10 CFR Fart
60. These waste packages may be retrieved
prior to closure of the repository for detailed
evaluation.

PERFORMANCE ALLOCATION

To initiate the design evaluation process, per-
formance goals have been tentatively allocated,
based on existing data and professional judg-
ment, to components of the waste package during
the containment and controlled release periods.
These allocations will be periodically adjusted
as data and insights on the performance of the
barriers become available. For the containment
and controlled-release periods, both an expect-
ed scenario, in which the repository remains
unsaturated and no liquid water contacts the
containers, and a bounding scenario (design
basis), in which some water can contact the
containers, are analyzed.

In order to allocate performance to engineered
subsystems and components and carry out the
analyses for assessing performance, two quan-
titative release rate goals were established
for the containment period. The performance
allocation strategy recognizes three time
segments within the containment period - the
first 100 years post closure, 100 to 300 years,
and 300 to 1000 years - to reflect the changing
radionuclide characteristics, both in decay
heat and the inventory of specific radionu-
clides. In the first 100 years, the inventory
is dominated by the short' half-life radio-
nuclides. Later, the inventory is dominated by
the actinides with increasing concern for a few
soluble long-lived radionuclides.

Given the quantitative top-level release-rate
goals and the three time segments, performance
is allocated to the components of the waste
package. The product of the allocations for
the fractions of failed containers, failed
cladding, water- contacted containers, and
inventory releasable from the waste forms must
yield a value not exceeding the release rate
limits given above. The initial allocation of
performance in the SCP and the tentative per-
formance goals are different for the spent fuel



waste packages than for the HLW glass waste
packages, primarily because the two waste forms
differ greatly in their physical, chemical, and
nuclear characteristics. However, each set of
waste packages will be shown to be in compli-
anceindependent of the other waste form. The
tentative goals are established on the basis of
available technical information, generated by
the program or obtained from the literature,
and professional judgment in the absence of
sufficient information to estimate their
achievability accurately. In some cases, the
performance goals are back-calculated from the
release requirements. However, implicit in
this process is a mechanism for periodic review
and adjustment of the goals as additional data
regarding performance or updated regulatory
interpretation becomes available.

Allocations were made for each component of the
reference waste package for two scenarios: the
expected scenario in which essentially no water
contacts the containers; and the bounding
scenario in which some containers could be
exposed to water. For the expected scenario,
the loss of containment and subsequent release
of radionuclides will be limited to vapor-phase
processes. The primary mechanism for failure
of the container would be oxidation in an ai r/
water-vapor environment. Containers could also
fail as a result of emplacement or in-service
mechanical stresses. The performance require-
ments for the container were found to be con-
trolled by the release of carbon-14 as carbon
dioxide. If the release from the waste form
was 1% during the containment period, the
container failure rate would be limited to 1
in 10,000 per year in order to meet the release
requirements. This is at or near the techno-
logical limit for container reliability for a
single, thin-walled design. The release of
Kr-85 or H-3 is not limiting due to their short
half-lives and containment provided by the
cladding. The container failure performance
requirements during the controlled release
period are reduced by at least a factor of ten
since the release rate requirements are lower
(1 in 100,000) for the long half-life radio-
nuclides during this period.

The bounding scenario assumes that 5 L per year
per package of liquid water contacts the con-
tainers of 5 percent of the waste packages for
the first 300 years post-closure and 10% there-



after. No liquid water contacts the containers
in the remaining waste packages. This assump-
tion is based on the unsaturated nature of the
site. The possible modes of container failure
in the bounding scenario include oxidation
failure in the absence of water and localized
corrosion, primarily stress corrosion cracking,
in the presence of water. The performance
requirements for the container are controlled
by the release of the soluble species, Cs-137
and Sr-90 during the containment period and
Tc-99, Cs-135, and possibly 1-129 during the
post-containment period, given reasonable
values for cladding failure for the case of
spent fuel. It should be noted that these
aqueous releases include both dissolved and
suspended material (colloids, aaitiwlatc-wr-
e t c h

PERFORMANCE ASSESSMENT

Performance assessment is defined as that
analysis that predicts or bounds the behavior
of the system under a set of repository
conditions. Thus, performance assessment is
the used to determine whether the waste package
design meets the regulatory requirements. The
results of modeling experimental data to
predict barrier performance, including
uncertainty, under a range of repository
conditions is compared with the allocations
tentatively assigned. Foe the Yucca Mountain
project, the current performance assessment
code utilized is PANDORA (4). It is composed
of seven coupled process modules: radiation,
thermal, mechanical, environmental (water
flow), corrosion, waste form alteration, and
radionuclide transport. These process modules
are summaries of process codes, which are
detailed simulations of physical or chemical
processes based on fundamental understanding of
the process mechanisms. The code will look at
both deterministic and probabilistic variations
among waste packages, and sum the result over
all waste packages.

If the design meets the requirements, then
license application activities can proceed. If
the design does not meet the requirements, then
the evaluation and selection of alternative
actions is performed. These include assigning
performance goals to additional components,
performance of additional tests to iieprove data
bases for the waste package or environment,



changes in waste package design or materials,
or modification of the computational models to
remove uncertainty. The process iterates, as
shown in Fig. 1, until the design meets the
requirements.

The decision on whether _ to utilize the
reference design or the alternative design as
the basis for the license application design
will hinge on the availability of the
information on the characteristics and behavior
of each barrier material and adequate knowledge
of the environmental design envelope. The
material and design chosen must successfully
pass through the strategy outlined in Fig. 1.
If more than one passes through, the choice
would be based on other considerations. If
none of these meet the requirements, other
options would have to be explored, including
revision of the regulatory design bases as
provided in 10 CFR 60.113{b).
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Figure 1-1. Waste-package postdosurecomplissnce strategy.
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