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ABSTRACT

This paper summarizes the current status of the discussions between the United States
Nuclear Regulatory Commission (NRC) and the United States Department of Energy (DOE)
on the issues related to the seismic design of the proposed geologic repository at the Yucca
Mountain site in Nevada. The paper also examines the seismic and fault displacement design
process in the context of overall design and performance requirements spelled out in the
regulatory framework. A design logic and an associated systematic approach to identifying
the site characterization information needs are also presented.

INTRODUCTION

Design of a geologic repository for the disposal of spent nuclear fuel and other high-level
nuclear waste is a complex process because it is a one-of-a-kind facility with mandated long-
term performance requirements. Consideration of seismic and fault-displacement hazards is
but one aspect of the complicated process. There is a large body of regulatory experience
related to design, construction, and operation of surface nuclear facilities whose design life
extends over a few decades. However, the pre-closure operational life of the repository will
extend well over a century. (The current design life assumptions suggest that the operational
life might be close to 150 years.) Such a long design life limits our confidence in both
extrapolating the current knowledge and applying the existing seismic design methodologies.
The post-closure period consists of a minimum of 300 years of containment, extendable up to
1000 years and an isolation period of 10,000 years, according to the current regulatory
framework.

There are no established seismic design methods that can consider such long durations for the
surface facilities (SFs). Although underground mines have been designed, constructed and
operated for centuries, the radiological safety considerations and unique regulatory
requirements (e.g., the retrievability requirement) make the design of the underground
facility (UGF) of a repository one of unprecedented complexities. Therefore, innovative
approaches that include a combination of some accepted methods and some predictive
analyses (based on rational, analytical and modeling techniques) are required to deal with the
repository licensing challenges. It should be obvious that no single paper can adequately
cover all aspects of this topic. However, an attempt is made here to address this complex
subject from a regulatory perspective. The paper discusses the applicable NRC regulations
along with the associated guidance documents. The status of the pre-licensing consultations
between NRC and DOE and the approaches presented in the DOE topical reports are also



discussed. Finally, a design logic that provides a framework for an acceptable approach for
gathering the necessary information and demonstrating compliance with the regulatory
requirements is also summarized.

REGULATORY FRAMEWORK

The regulatory requirements that govern the siting, design, and performance of a geologic
repository are contained in NRC regulation 10 CFR Part 60 (Ref. 1). Part 60 consists of a
set of performance objectives for the overall repository system (10 CFR 60.112) and for its
individual subsystems (10 CFR 60.111 and 60.113). Part 60 also sets out a number of siting
criteria (10 CFR 60.122) and general and specific design criteria (10 CFR 60.131-135) that
DOE must address in demonstrating compliance with the performance objectives. Although
there are no specific site suitability or exclusionary technical criteria in Part 60, if potentially
adverse conditions [10 CFR 60.122(c)] are identified as being present at the site, they must
be thoroughly analyzed [10 CFR 60.21(c)(1)(ii)(A), 60.21(c)(1)(ii)(B), and 60.21(l)(ii)(F)].
It must also be demonstrated that the potentially adverse conditions, if present, either do not
significantly affect performance, can be compensated for by favorable conditions, or can be
remedied [10 CFR 60.122(a)]. Although the multiple barrier concepts of the rule allow DOE
to take advantage of robust designs of the engineered components of the repository system,
minimum site isolation requirements must nevertheless be met in demonstrating compliance.

The pre-closure design criterion that specifically addresses seismic issues is found in 10 CFR
60.131(b)(1), which deals with "Protection against natural phenomena and environmental
conditions. The design of seals for the boreholes and shafts, a function that affects the
long-term performance of the repository, is addressed by 10 CFR 60.134. In addressing
waste package design, 10 CFR 60.135(a) identifies several design criteria, including
"...interactions with the emplacement environment.... The language implicitly includes
seismic loads and fault-displacement impacts over the regulatory periods of interest.

In demonstrating compliance with post-closure engineered barrier system (EBS) performance
objectives (10 CFR 60.113), DOE must consider anticipated processes and events (APEs),
whereas, in demonstrating compliance with the total system performance requirements
(10 CFR 60.112), both APEs and unanticipated processes and events (UPFs) must be
considered. However, it must be noted that the design bases for the EBS must include both
APEs and UPEs to ensure that the performance of the waste package (WP), UGF, and the
geologic setting (GS) is not compromised. These are important concepts and are often not
clearly understood because of the complex nature of Part 60 and the volume of supporting
material to Part 60, which is not part of the rule itself, but contains extensive discussions of
the statements of considerations (Ref. 2).

Note that the U.S. Environmental Protection Agency (EPA) standard invoked in the overall
system performance objective (10 CFR 60.112) was remanded several years ago. Under the
Energy Policy Act of 1992 (Ref. 3), EPA is directed to develop a new health-based standard,
consistent with the recommendations of the National Academy of Sciences (NAS) (Ref. 4).



Furthermore, the United States Congress is actively considering major legislative initiatives
that, if enacted, could restructure the entire regulatory framework for high-level waste
disposal.

Design Basis Events: A very recent amendment to 10 CFR Part 60 (Ref. 5) defines two
categories of design basis events (DBEs) as: (I) those natural and human-induced events that
are reasonably likely to occur regularly, moderately frequently, or one or more times before
permanent closure of the geologic repository operations area (GROA); and (2) other natural
and human-induced events that are considered unlikely, but sufficiently credible to warrant
consideration, taking into account the potential for significant radiological impacts on public
health and safety. The amendment requires that: (1) the structures, systems, and
components important to safety (SSCIS) (important to safety defined in the rule) be
designed so that they will perform their necessary safety functions of meeting 10 CFR Part
20 requirements, assuming occurrence of category-I DBEs; and (2) the design of the GROA
meet the specified dose requirements to an individual located at or beyond the boundary of
the pre-closure controlled area ("pre-closure controlled area defined in the rule) during
category-2 DBEs.

NRC GUIDANCE ON SEISMIC/FAULT DISPLACEMENT ISSUES

The NRC staff has generated two guidance documents on this topic: (1) a staff technical
position (STP) on investigations to identify fault displacement hazards and seismic hazards at
a geologic repository--NUREG-1451 (Ref. 6); and (2) an STP on consideration of fault
displacement hazard in geologic repository design-NUREG-1494 (Ref.

The first STP provides an acceptable methodology for investigating seismic and fault
displacement hazards, as well as criteria for establishing the extent of the region of interest
and the types of faults to be investigated. This STP focuses on the faults that might have an
impact on the design and performance of the repository. The second STP provides additional
guidance and clarification on avoiding faults within the controlled area of the repository.

DOE TOPICAL REPORTS ON SEISMIC ISSUES

DOE is addressing the issue of seismic and fault displacement hazards at the Yucca Mountain
site in three topical reports. The first two reports prepared by DOE (Ref. 8, and Ref. 9),
have been reviewed by NRC, and the comments are being addressed by DOE. The third and
final report (Ref. 10) is currently under preparation by DOE.

The first topical report discusses DOE methodology that will be used to assess the hazard
due to vibratory ground motion and fault displacement at the Yucca Mountain site. Briefly,



the DOE methodology adopts a state-of-the-art probabilistic approach and the guidance found
in the two STPs mentioned earlier. The contents of this topical report address both pre- and
post-closure periods.

The second DOE topical report presents a pre-closure seismic design methodology for the
surface and underground facilities. Essentially, the DOE methodology embraces all available
applicable guidance and design criteria used by NRC review plans for similar licensed
facilities. For those structures, systems, and components that are unique to the geologic
repository and for which there is no licensing precedence and no readily applicable design
criteria are available, a combination of empirical and analytical design approaches are
proposed. Additionally, numerical interpretations are proposed for the probabilities of
occurrence of DBEs that are qualitatively defined in the NRC regulations. (DOE proposes to
use mean annual probabilities of 1 x 10E-3 and 1 x l0E-4 as reference values in determining
the frequency of the two DBEs found in Part 60.) Although the focus of this topical report
is the pre-closure period, those post-closure requirements that impact the pre-closure design
are also addressed.

The third DOE topical report, which is yet to be completed, will establish the ranges and
distributions of input parameters necessary for completing pre-closure designs and post-
closure performance assessments that support a license application for the Yucca Mountain
site.

DEVELOPMENT OF SEISMIC INPUTS FOR DESIGN AND PERFORMANCE
ASSESSMENTS FROM SITE CHARACTERIZATION

To develop a rational approach to the seismic design of a geologic repository, it is important
to understand the subsystem and overall system performance requirements that need to be
met for demonstrating compliance with Part 60. As mentioned earlier, there are two distinct
periods of performance (pre-closure and post-closure). The site characterization should be
designed to satisfy the information needs corresponding to the two periods. The information
from site characterization, in turn, will be transformed into pre-closure DBEs and post-
closure scenarios to be used as inputs for design and performance assessments respectively.
The post-closure period consists of two distinguishable periods-the containment period and
the isolation period. Although the regulations make such distinctions of various periods, the
designers must formulate a single design that meets the requirements of both the pre- and the
post-closure periods.

Figure 1 summarizes the various concepts related to the site characterization information
needs corresponding to the pre- and post-closure periods. A brief explanation of the
concepts follows.



Pre-closure Considerations: The pre-closure period is the operational period of at least 100
years and could be extended to 150 years, based on the current DOE design assumptions.
During this period, the radiological health and safety of workers and the general public
within the GROA and its surroundings are of primary concern.

A number of SSCIS must be designed as a part of the SF design. These SSCIS must
withstand the potential impacts of seismic events and fault displacement hazard (if faults
cannot be avoided). Alternately, it must be demonstrated that the necessary safety functions
can be maintained even if the assumed DBEs occur. Experience gained from the design,
construction, and operation of numerous nuclear power plants and a few independent spent
fuel storage facilities can be applied to the design of the SFs. The main difference will be
that the pre-closure design life for the GROA SF will be two to four times longer than that of
the nuclear power plant facilities.

The design, construction, and operation of the UGFs are a different matter altogether. The
mining industry has extensive related experience but the presence of thermal load impacts
due to the emplacement of nuclear waste make the repository design a unique case. The
regulatory requirements and the lack of licensing history add additional dimensions to the
complexities. It can be argued that many underground facilities, such as highway and
railway tunnels, perform better than the surface facilities during earthquakes. Therefore, the
issue of the seismic design of the UGF is not all that important in the overall scheme of
things. This argument may be somewhat reasonable in considering the vibratory ground
motion impacts. However, the impacts of fault displacement on SSCIS at depth can be
significant.

To address the pre-closure design requirements for a period of about 150 years, site
characterization efforts should be focused on defining the DBEs in the form of design basis
earthquakes, horizontal and vertical accelerations, design basis fault displacements, and
attenuation characteristics.

Post-Closure Considerations: Design considerations for the post-closure period should
focus on factors influencing: (a) containment provided by the WPs, (b) the ability of the
EBS to control the gradual release of radionuclides, and (c) the ability of the GS to provide
long-term isolation to the released nuclides from the accessible environment. As noted
earlier, there are no design requirements that explicitly mandate the consideration of seismic
and fault displacement hazards for the WPs other than the general statement that it be
designed taking into account '...thermal effects, mechanical strength, mechanical stress,...
[10 CFR 60.135(a)(2)]. 'Mechanical stress' here is to be interpreted as a combination of
stresses resulting from backfill, emplacement hole/drift deformation, fault displacement, and
cumulative effects caused by (repetitive) vibratory ground motion, etc. In addition, the
'substantially complete containment' requirement for the WPs for a period of at least 300
years and up to 1000 years (10 CFR 60.113) specifies that the subsystem performance
assessment of the EBS should appropriately consider the effects of all 'anticipated processes



and events." Seismic shaking and fault displacement over a 1000-year period should be
considered as APEs for the proposed Yucca Mountain repository.

Demonstration of compliance with the overall system performance objective (10 CFR
60.112) requires an assessment of the performance of the repository system (which includes
the GS, the EBS, and the seals) under both '...anticipated and unanticipated processes and
events.' Such processes and events are represented as plausible scenarios for analysis
purposes. This means that the performance assessments should use, as inputs, projected
seismic and fault displacement conditions and their predicted impacts on the system over a
period of 10.000 years. It should be noted that NAS has taken the position that there is no
technical nor scientific basis for arbitrarily truncating the assessments at 10,000 years
(Ref. 4). Although the current legislative proposals have retained the 10,000-year
timeframe, it is not certain how any future EPA or NRC actions may be affected in this
regard. If, for any reason, the post-closure timeframe is extended, projections of seismic
and fault displacement scenarios for the longer duration would be more difficult and possibly
introduce greater uncertainties.

To summarize again the main concepts of this section, the site characterization efforts for the
geologic repository should focus on obtaining the seismic and fault displacement data
necessary to support designs, analyses, and assessments of subsystem and total system
performance covering both pre- and post-closure periods.

DESIGN LOGIC

A successful design is one that can demonstrably meet all the design and performance
objectives. In the case of a geologic repository, the performance objectives spelled out in
Part 60 govern the design. However, the performance objectives themselves cannot be used
as design specifications. Another major point that should be borne in mind is that many of
the long-term performance predictions have to be projected based mostly on conceptual and
numerical models that generally defy validation. Therefore, it becomes imperative that initial
design goals that would be expressed in the form of numerical design specifications be based
on: (1) the generic and additional design criteria spelled out in Part 60, and
(2) supplementary goals derived from the performance objectives. The derived goals would
come from the results of preliminary analyses based on some reasonable assumptions. The
next step is to perform detailed design calculations, using generally accepted methodologies.
to show that the design goals and criteria will be met under the critical combinations of
specified conditions. (While reviewing the design logic presented here, it is important to
note that seismic design is but one component of the complex repository design, and that
requirements other than seismic/fault displacement criteria might govern the overall design.)
If the design goals/criteria cannot be met under the assumed conditions, then either the
designs will have to be modified or the reasonableness of the goals may have to be
reexamined. Such an iterative approach may be used to examine and reexamine the design
of structures, systems, and components important to radiological health and safety,
containment, and waste isolation. An attempt is made to develop a logic diagram for such an
iterative design process in Figure 2. It must be remembered that designs of GROA and EBS



are not entirely separable, as shown in the figure, nor are performance assessments separable
from designs. These activities are highly interactive and interdependent in nature, and they
need to be approached as one single problem of demonstrating compliance with all the
regulatory requirements (design criteria and performance objectives).

Having net all the applicable siting and design criteria, the next step is to show that the pre-
closure performance objectives are met. (These include meeting (1) 10 CFR 60.111(a)
requirements for radiological safety, and (2) the retrievability requirement of 10 CFR
60.111(b).1 In the final step, the given design is checked to see if it provides reasonable
assurance that the subsystem and the total system post-closure performance objectives can be
shown to be met. If such a demonstration can be made, then the site and the design would
be considered acceptable for licensing, otherwise, there will be a need to examine what
component of the system causes non-conformance. If changes to design can improve
performance, then such changes could be considered. If, on the other hand, failure to meet
performance objectives is primarily caused by the isolation characteristics of the site, any
improvements to design may not necessarily contribute towards improving long-term
performance. It may be noted that the same end results (i.e., meeting the performance
objectives) may be achieved by several alternative design approaches and options. However,
the methodology described herein and summarized In Figure 2 is an example of what would
be considered acceptable in demonstrating compliance. The design logic would assist DOE
in keeping the compliance demonstration a transparent process during the pre-licensing period
and help minimize the contentious debates during licensing hearings. It is tacitly assumed
here that sufficient site characterization information and established design methodologies and
analyses procedures are available to perform the iterations suggested in the logic diagram. If
that is not the case, the required information should be gathered, and necessary
methodologies and techniques should be developed.

SUMMARY AND CONCLUSIONS

Seismic and fault displacement design of a geologic repository is complex because of the
need to consider both pre-closure and post-closure performance in the design step. The site
characterization information that supports design and performance assessments must be
focused towards delineating the data according to the pre- and post closure periods of
regulatory interest. An iterative design approach is necessary to demonstrate that not only
the design criteria are met but also that the performance objectives are met.

DISCLAIMER

The views expressed in this paper are not necessarily the official positions of the Commission
or the staff but strictly represent the views of the author.
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LIST OF ACRONYMS

This section lists the acronyms that appear in the text and in the two figures.

APE: Anticipated Processes and Events

CFR: Code of Federal Regulations

DBE: Design Basis Events

DOE: The United States Department of Energy

EBS: Engineered Barrier System

EPA: The United States Environmental Protection Agency

GROA: Geologic Repository Operations Area

GS: Geologic Setting

NAS: The United States National Academy of Sciences

NRC: The United States Nuclear Regulatory Commission

NUREG: Nuclear Regulatory Commission Technical Report Designation

PA: Performance Assessment

SF: Surface Facility

SSCIS: Structures Systems Components Important to Safety

STP: Staff Technical Position

UGF: Underground Facility

UPE: Unanticipated Processes and Events

WP: Waste Package
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Figure-1 SEISMIC/FAULT DISPLACEMENT INPUT FOR DESIGN/PERFORMANCE ASSESSMENTS



[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
DESIGN LOGIC THAT CONSIDERS PERFORMANCE OBJECTIVES

Figure-2




