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NOTE TO READER: In June 2008, the U.S. Department of Energy (DOE) submitted a license
application seeking authorization to construct a geologic repository at Yucca Mountain. After
docketing the DOE license application, the U.S. Nuclear Regulatory Commission (NRC) staff
began documenting its review in a Safety Evaluation Report (SER). In March 2010, DOE filed a
motion to withdraw its application before the Atomic Safety and Licensing Board, which denied
DOE’s motion in June 2010. During this time period, Congress reduced funding for the

NRC'’s review of the application, with no funds appropriated for Fiscal Year 2012. On
September 30, 2010, DOE’s Office of Civilian Radioactive Waste Management ceased
operations and assigned the remaining Yucca Mountain-related responsibilities, such as site
closure, to other offices within DOE. In October 2010, the NRC staff began orderly closure of its
Yucca Mountain activities. In September 2011, the Commission announced it was evenly
divided on whether to overturn or uphold the Atomic Safety and Licensing Board’s decision
denying DOE’s motion to withdraw its application. The Commission directed the Board, in
recognition of budgetary limitations, to complete all necessary and appropriate case
management activities, and the Atomic Safety and Licensing Board suspended the proceeding
on September 30, 2011.

In August 2013, the U.S. Court of Appeals for the District of Columbia Circuit issued a decision
granting a writ of mandamus and directed NRC to resume the licensing process for DOE’s
license application. In November 2013, the Commission directed the NRC staff to complete and
issue the SER associated with the license application. Because of the lapse in time and
changes within DOE between license application submittal and the issuance of this SER
volume, some information in the application does not reflect current circumstances. In addition,
scientific information continues to be published in areas relevant to the topics considered in the
license application. When these situations are relevant to the NRC staff’s evaluation of the
license application in this volume, the SER identifies and addresses them, as appropriate.

The SER details the NRC staff’s review of DOE’s license application and supporting information
consistent with NRC regulations and the Yucca Mountain Review Plan (YMRP) (NRC, 2003aa),
as supplemented by the Division of High-Level Waste Repository Safety Director's Policy and
Procedure Letter 14: Application of YMRP for Review Under Revised Part 63 (NRC, 2009ab).

This volume is one of five volumes that comprise the SER. Each volume was published as it
was completed. The SER volume number and section number within a volume are based on
the YMRP. Use of SER section numbers that correspond to the YMRP section numbers
facilitated the NRC staff’s writing of the SER and allows the reader to easily find the applicable
review methods and acceptance criteria within the YMRP. The following table provides the
topics and SER sections for each volume.



Chapter

SER
Section

Title

Volume 1 General Information

1 1.1 General Description

2 1.2 Proposed Schedules for Construction, Receipt, and Emplacement
of Waste

3 1.3 Physical Protection Plan

4 1.4 Material Control and Accounting Program

5 1.5 Description of Site Characterization Work

Volume 2 Repository Safe

ty Before Permanent Closure

1 2.1.1.1 Site Description as it Pertains to Preclosure Safety Analysis

2 21.1.2 Description of Structures, Systems, Components, Equipment, and
Operational Process Activities

3 2.1.1.3 Identification of Hazards and Initiating Events

4 2.1.1.4 Identification of Event Sequences

5 2115 Consequence Analyses

6 21.1.6 Identification of Structures, Systems, and Components
Important to Safety, and Measures to Ensure Availability of
the Safety Systems

7 2117 Design of Structures, Systems, and Components Important to
Safety and Safety Controls

8 2.1.1.8 Meeting the 10 CFR Part 20 As Low As Is Reasonably
Achievable Requirements for Normal Operations and Category 1
Event Sequences

9 Plans for Retrieval and Alternate Storage of Radioactive Wastes

10 Plans for Permanent Closure and Decontamination, or

Decontamination and Dismantlement, of Surface Facilities

Volume 3 Repository Safe

ty After Permanent Closure

1 2.2.1.1 System Description and Demonstration of Multiple Barriers

2 2.21.2.1 Scenario Analysis

3 22122 Identification of Events with Probabilities Greater Than 10®
Per Year

4 2.21.3.1 Degradation of Engineered Barriers

5 2.2.1.3.2 Mechanical Disruption of Engineered Barriers

6 2.2.1.3.3 Quantity and Chemistry of Water Contacting Engineered Barriers
and Waste Forms

7 22134 Radionuclide Release Rates and Solubility Limits

8 221.35 Climate and Infiltration

9 2.2.1.3.6 Unsaturated Zone Flow

10 2.2.1.3.7 Radionuclide Transport in the Unsaturated Zone

11 2.2.1.3.8 Flow Paths in the Saturated Zone

12 2.2.1.3.9 Radionuclide Transport in the Saturated Zone

13 2.2.1.3.10 Igneous Disruption of Waste Packages

14 2.2.1.3.12 Concentration of Radionuclides in Groundwater

15 2.2.1.3.13 Airborne Transportation and Redistribution of Radionuclides™

16 2.2.1.3.14 Biosphere Characteristics

17 22141 Demonstration of Compliance with the Postclosure Individual
Protection Standard

18 2.2.1.4.2 Demonstration of Compliance with the Human Intrusion Standard




Chapter

SER
Section

Title

Volume 3 Repository Safe

ty After Permanent Closure (continued)

19 22143 Demonstration of Compliance with the Separate Groundwater
Protection Standards
20 254 Expert Elicitation

Volume 4 Administrative and Programmatic Requirements

1 2.3 Research and Development Program To Resolve
Safety Questions

2 24 Performance Confirmation Program

3 2.5.1 Quality Assurance Program

4 2.5.2 Records, Reports, Tests, and Inspections

5 2.5.3.1 U.S. Department of Energy Organizational Structure as it Pertains
to Construction and Operation of Geologic Repository
Operations Area

6 253.2 Key Positions Assigned Responsibility for Safety and Operations
of Geologic Repository Operations Area

7 2.5.3.3 Personnel Qualifications and Training Requirements

8 255 Plans for Startup Activities and Testing

9 256 Plans for Conduct of Normal Activities, Including Maintenance,
Surveillance, and Periodic Testing

10 2.5.7 Emergency Planning

11 2.5.8 Controls To Restrict Access and Regulate Land Uses

12 2.5.9 Uses of Geologic Repository Operations Area for Purposes Other

Than Disposal of Radioactive Wastes

Volume 5 Pr

oposed Cond

itions on the Construction Authorization and Probable

Subjects of License Specifications

1

2.5.10.1

Proposed Conditions on the Construction Authorization

2.5.10.2

Probable Subijects of License Specifications

References:

NRC. 2009ab. “Division of High-Level Waste Repository Safety Director’s Policy and
Procedure Letter 14: Application of YMRP for Review Under Revised Part 63.” Published
March 13, 2009. ML090850014. Washington, DC: U.S. Nuclear Regulatory Commission.

NRC. 2003aa. NUREG-1804, “Yucca Mountain Review Plan—Final Report.” Rev. 2.
ML032030389. Washington, DC: U.S. Nuclear Regulatory Commission.







ABSTRACT

Volume 2, “Repository Safety Before Permanent Closure,” of this Safety Evaluation Report
(SER) documents the U.S. Nuclear Regulatory Commission (NRC) staff’'s review and evaluation
of the U.S. Department of Energy’s (DOE) Safety Analysis Report (SAR), entitled, “Repository
Safety Before Permanent Closure,” provided by DOE on June 3, 2008, as updated by DOE on
February 19, 2009. In its application, DOE seeks authorization from the Commission to
construct a repository for high-level radioactive waste at Yucca Mountain, Nevada. The NRC
staff also reviewed information DOE provided in response to the NRC staff’s requests for
additional information and other information that DOE provided related to the SAR. In particular,
SER Volume 2 documents the results of the NRC staff’s evaluation to determine whether the
proposed repository design complies with the performance objectives and requirements that
apply before the repository is permanently closed. Based on its review, and subject to the
proposed conditions of Construction Authorization documented in Volume 2 of this SER, the
NRC staff finds, with reasonable assurance, that DOE has demonstrated compliance with the
NRC regulatory requirements for preclosure safety. This includes “Performance objectives for
the geologic repository operations area through permanent closure” in 10 CFR 63.111,
“Requirements for preclosure safety analysis of the geologic repository operations area”

in 10 CFR 63.112, and “Preclosure Public Health and Environmental Standards” in

10 CFR Part 63, Subpart K.
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EXECUTIVE SUMMARY

1.0 Background

Volume 2, “Repository Safety Before Permanent Closure,” of this Safety Evaluation Report
(SER) documents the U.S. Nuclear Regulatory Commission (NRC) staff’'s review and evaluation
of the Safety Analysis Report (SAR) the U.S. Department of Energy (“DOE” or the “applicant”)
provided in its June 3, 2008, license application (LA) submittal for construction authorization
(DOE, 2008ab), as updated on February 19, 2009 (DOE, 2009av). The NRC staff also
reviewed the information DOE provided in response to the NRC staff's requests for additional
information (RAIs) and other information that DOE provided related to the SAR. In particular,
this SER Volume 2 documents the results of the NRC staff’'s evaluation to determine whether
the design of the proposed geologic repository operations area (GROA) for Yucca Mountain
complies with the performance objectives and requirements that apply before the repository is
permanently closed. These performance objectives and requirements can be found in NRC'’s
regulations at 10 CFR Part 63, Subparts E and K. In conducting its review, the NRC staff was
guided by the review methods and acceptance criteria outlined in the Yucca Mountain Review
Plan (YMRP) (NRC, 2003aa).

NRC'’s regulations at 10 CFR Part 63 provide site-specific criteria for geologic disposal at
Yucca Mountain. Pursuant to 10 CFR Part 63, there are several stages in the licensing
process: the site characterization stage, the construction stage, a period of operations, and
termination of the license. The multi-staged licensing process affords the Commission the
flexibility to make decisions in a logical time sequence that accounts for DOE collecting and
analyzing additional information over the construction and operational phases of the repository.
The period of operations includes (i) the time during which emplacement would occur, (ii) any
subsequent period before permanent closure during which the emplaced wastes are retrievable,
and (iii) permanent closure. The license application includes DOE’s subsurface facility
development plan (SAR Section 1.3.1) that explains operations in the subsurface facility will be
preceded by a period of initial construction, during which three emplacement drifts will be built
and commissioned to receive waste. According to DOE, the start of waste emplacement will
mark the end of the period of initial construction and the beginning of repository operations in
the subsurface facility. DOE stated its plans for the period of operation, also referred to as the
preclosure period, is approximately 100 years.

Preclosure Performance Objectives and Requirements

In its review of DOE’s application, the NRC staff used a risk-informed and performance-based
review process and considered, among other things, whether the site and design comply with
the performance objectives and requirements contained in 10 CFR Part 63, Subparts E and K.
In accordance with 10 CFR 63.21, the applicant must include in its SAR a preclosure safety
analysis (PCSA). As described in 10 CFR 63.102(f), the PCSA identifies and categorizes event
sequences and identifies structures, systems, and components (SSCs) important to safety (ITS)
and associated design bases and criteria. The PCSA is part of the risk-informed and
performance-based review, which is described further in the following section. An event
sequence, as defined in 10 CFR 63.2, is a series of actions and/or occurrences within the
natural and engineered components of the facility that could potentially expose individuals to
radiation. The applicant’'s PCSA must demonstrate that the repository, as proposed to be
designed, constructed, and operated, will meet the specified radiological dose limits throughout
the preclosure period. The applicant must also demonstrate that the GROA design will not
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preclude retrievability of the wastes, in whole or in part, from the underground facility where
these wastes will be emplaced for permanent disposal (10 CFR 63.111).

Risk-Informed, Performance-Based Review

The PCSA quantifies GROA performance and is used to demonstrate compliance with the
preclosure performance requirements in 10 CFR 63.111. The NRC staff evaluated DOE’s
PCSA using a risk-informed and performance-based review. A PCSA is a systematic analysis
that answers three basic questions that are used to define risk: What can happen? How likely
is it to happen? What are the resulting consequences? The applicant’'s PSCA includes a
number of evaluations, such as identification of hazards and initiating event sequences;
development and categorization of event sequences; failure mode and reliability assessments of
structures, systems, and components (SSCs); and SSCs’ fragility assessments. Because the
PCSA encompasses a broad range of technical subjects, the NRC staff used risk information
throughout the review process to ensure that the NRC staff’s review focused on significant items
that could affect preclosure performance. YMRP Section 2.1.1 provides guidance to the NRC
staff on how to apply risk information throughout its review of the applicant's PCSA.

2.0 Sections of the Preclosure Review

DOE developed and implemented a PCSA to demonstrate that its proposed application for the
GROA meets the preclosure performance objectives in 10 CFR Part 63. The NRC staff
reviewed DOE’s PCSA to determine whether the PCSA contains sufficient information to satisfy
10 CFR Part 63 preclosure requirements and whether the PCSA demonstrates that the
repository meets the performance objectives of the GROA through permanent closure. Areas
reviewed in SER Volume 2 are summarized in the following sections; these areas correspond
with elements of DOE’s PCSA.

2.1 Site Description as it Pertains to Preclosure
Safety Analysis

SER Section 2.1.1.1 provides the NRC staff’s review of DOE’s Yucca Mountain site description
as it pertains to the preclosure safety analysis (PCSA) and design of the GROA. The NRC staff
focused its review on the adequacy of DOE’s site characterization information to ensure that a
sufficient level of detail is present to inform and permit the evaluation of both the PCSA and the
design of the GROA.

The NRC staff has reviewed the SAR and other information submitted in support of the license
application relevant to site characteristics of the Yucca Mountain site important to the preclosure
safety of the facility and the GROA design, and finds, with reasonable assurance, that the
relevant requirements of 10 CFR 63.21(c)(1)(i—iii), 10 CFR 63.21(c)(15), 10 CFR 63.112(b), and
10 CFR 63.112(c) are met, subject to a proposed condition of the construction authorization
that DOE confirm that its site characterization information and related analyses in the SAR
continue to be accurate with respect to (i) site boundaries, (ii) man-made features, (iii) previous
land use, (iv) existing structures and facilities, and (v) potential exposure to residual radioactivity
(SER Section 2.1.1.1.4).
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2.2 Descriptions of Structures, Systems, Components, and
Operational Activities as They Pertain to Preclosure
Safety Analysis

SER Section 2.1.1.2 provides the NRC staff's review of DOE’s description and design
information of structures, systems, and components (SSCs); safety controls (SCs); equipment;
and operational process activities, both important to safety (ITS) and not important to safety
(non-ITS) in the surface and the subsurface facilities of the GROA for the application to receive
a construction authorization under 10 CFR Part 63. The primary focus of Section 2.1.1.2 is for
the NRC staff to assess the acceptability of the applicant’s information related to description and
design information of SSCs, SCs, equipment, radioactive wastes to be disposed, and operations
of the GROA facility and PCSA. This SER section also provides the NRC staff's review of
DOE'’s description and design of the non-ITS underground openings of the GROA.

The NRC staff has reviewed the SAR and other information submitted in support of the license
application, and with the proposed condition of construction authorization, finds, with
reasonable assurance, that the requirements of 10 CFR 63.21(c)(2), 10 CFR 63.21(c)(3)(i),

10 CFR 63.21(c)(4), and 10 CFR 63.112(a) are satisfied in that DOE has provided an adequate
description and design information for the structures, systems, components, equipment,

and process activities of the geologic repository operations area. The NRC staff also finds,
with reasonable assurance, that the requirements of 10 CFR 63.111(e), 10 CFR 63.112(a),

10 CFR 63.112(d), and 10 CFR 63.112(f) are satisfied in that an adequate description,
discussion, and design information, which satisfactorily defines the relationship between design
criteria and the performance objectives, and which identifies the relationship between the design
bases and the design criteria, has been provided for non-ITS underground openings of the
GROA. However, the NRC staff has found that DOE has not presented description of design
and safety analyses for the multicanister overpacks (MCOs) for handling DOE spent nuclear
fuel (SNF) and for handling commercial mixed oxide (MOX) fuel. DOE stated that it will submit
an amendment request for the MCOs and the MOX fuel in obtaining authorization to receive
and possess this waste. Therefore, the NRC staff proposes a condition of construction
authorization that DOE shall not, without prior NRC review and approval, accept DOE spent
nuclear fuel (SNF) in multicanister overpacks (MCOs) or commercial mixed oxide (MOX) fuel
(SER Section 2.1.1.2.3.6.1).

2.3 Identification of Hazards and Initiating Events

SER Section 2.1.1.3 provides the NRC staff’s review of DOE’s identification of hazards

and initiating events in both the surface and subsurface facilities of the GROA at

Yucca Mountain during the preclosure period. The NRC staff focused its review on DOE’s
information identifying hazards and initiating events pertaining to the PCSA and the GROA
design. Specifically, the NRC staff focused on (i) whether DOE adequately identified and
provided systematic analysis of the potential naturally occurring and human-induced hazards
and initiating events, including (i) associated probabilities of occurrence and (ii) whether DOE
provided an adequate technical basis for either inclusion or exclusion of potential naturally
occurring or human-induced hazards and initiating events.

The NRC staff has reviewed the SAR and other information submitted in support of the license
application, and finds, with reasonable assurance, that the requirements of 10 CFR 63.112(b)
and 10 CFR 63.112(d) are met, subject to a proposed condition of construction authorization
regarding flight restrictions and operational constraints used to limit aircraft hazards at the
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GROA. The NRC staff finds that (i) the applicant adequately identified and provided
systematic analysis of the potential naturally occurring and human-induced hazards and
initiating events, including associated probabilities of occurrence, and (ii) the applicant provided
adequate technical basis for either inclusion or exclusion of potential naturally occurring or
human-induced hazards and initiating events in the PCSA (SER Section 2.1.1.3.3.1.3.3, and
SER Section 2.1.1.3.3.1.3.4, respectively).

24 Identification of Event Sequences

SER Section 2.1.1.4 provides the NRC staff’s review of DOE’s information on identification of
event sequences for the PCSA. The primary focus of Section 2.1.1.4 is for the NRC staff to
assess DOE’s methodology and technical bases for developing, quantifying, and categorizing
event sequences used in the PCSA. The NRC staff focused its review on whether the

(i) methodology is acceptable; (i) event sequence development is based on consideration of
relevant operational and site-specific natural hazards, reasonable combinations of initiating
events, and is consistent with the facility description; (ii) reliability of the SSCs used to prevent
or mitigate event sequences is consistent with the design information; and (iii) quantification of
probability of occurrences of the event sequences and the categorization of event sequences
are reasonable.

The NRC staff has reviewed the SAR and other information submitted in support of the license
application, and finds, with reasonable assurance, that the requirements of 10 CFR 63.112(b)
are satisfied regarding the identification and categorization of event sequences for naturally
occurring and human-induced hazards and initiating events at the geologic repository
operations area event sequences.

2.5 Consequence Analysis

SER Section 2.1.1.5 provides the NRC staff’s review of DOE’s consequence analysis
methodology and demonstration that the repository design meets 10 CFR Parts 20 and 63
radiation protection requirements. The NRC staff focused its review on DOE’s

information regarding (i) the methodology and input parameters used for the dose calculation,
(i) the consistency of source terms used in the dose calculation with those described in

SAR Section 1.5, and (iii) the methodology for the worker and public dose determination.

The NRC staff has reviewed the SAR and other information submitted in support of the license
application, and finds, with reasonable assurance, that the information on dose consequences
for the GROA for construction authorization is adequate and satisfies 10 CFR 63.111(a), (b),
and (c); 10 CFR 63.204; 10 CFR 20.1101(d); 10 CFR 20.1201(a); and 10 CFR 20.1301.

2.6 Identification of Structures, Systems, and Components
Important to Safety; Safety Controls; and Measures
to Ensure Availability of the Safety Systems

SER Section 2.1.1.6 provides the NRC staff’s review of DOE’s identification of important-to-
safety (ITS) structures, systems, and components (SSCs); safety controls (SCs); and measures
to ensure availability and reliability of the safety systems. The NRC staff focused its review on
the DOE’s PCSA that includes an analysis of the performance of the SSCs to (i) identify those
SSCs that are important to safety, (ii) identify and describe the controls relied on to limit or
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prevent potential event sequences or mitigate their consequences, and (iii) identify measures
taken to ensure the availability of safety systems, as required in 10 CFR 63.112(e).

The NRC staff reviewed the SAR and other information submitted in support of the license
application, and finds, with reasonable assurance, that the requirements of 10 CFR 63.112(e)
are satisfied, subject to the proposed condition of the construction authorization regarding the
design of the ITS safety interlock subsystems (SER Section 2.1.1.6.3.2.8.2.1). An adequate
PCSA of the performance of the SSCs ITS has been provided. In particular, the NRC staff finds
that (i) SSCs ITS are identified; (ii) criteria for categorization of the SSCs ITS are adequately
developed and categorization of items is acceptable; (iii) controls that will be relied on to limit

or prevent potential event sequences, or mitigate their consequences, are acceptable; and

(iv) measures are adequate to ensure the availability and reliability of the SSCs ITS.

2.7 Design of Structures, Systems, and Components
Important to Safety and Safety Controls

SER Section 2.1.1.7 provides the NRC staff’s review of DOE’s proposed design of ITS SSCs
and SCs in the geologic repository operations area (GROA). The NRC staff focused its review
on (i) whether DOE has provided an adequate description of the design of ITS SSCs and SCs,
for both the surface and the subsurface facilities of the GROA, that satisfactorily includes the
design bases, design criteria, and the relationship between design criteria and the preclosure
performance objectives specified at 10 CFR 63.111(a) and (b); and (ii) the capability of the
proposed design of ITS SSCs and SCs to perform their intended safety functions.

The NRC staff reviewed the SAR and other information submitted in support of the license
application, and finds, with reasonable assurance, that the requirements of 10 CFR 63.21(c)(2),
10 CFR 63.21(c)(3), 10 CFR 63.112(e)(9), and 10 CFR 63.112(f) are satisfied, subject to
proposed conditions of construction authorization that DOE shall not accept certain waste
packages and canisters at the repository until DOE provides analyses to the NRC, for review
and approval, that demonstrates that the waste packages and waste canisters are qualified

for repository operations, either through a new analysis, or in demonstrating that the waste
package and canister designs are enveloped by the PCSA (SER Sections 2.1.1.7.3.9.1

and 2.1.1.7.3.9.3.3).

The NRC staff also finds, with reasonable assurance, that DOE provided adequate description
and discussion of the design of the SSCs ITS for the surface and subsurface GROA for

(i) materials of construction of the GROA (including geologic media, general arrangement, and
approximate dimensions), and codes and standards that DOE proposed to apply to the design
and construction of the GROA,; (ii) dimensions, material properties, specifications, analytical and
design methods used along with any applicable codes and standards; (iii) design criteria used
and their relationships to the preclosure and postclosure performance objectives for protection
against radiation exposures and releases of radioactive material, numerical guides for design
objectives, and identification of the design bases and their relation to the design criteria; and

(iv) explosion and fire detection systems and appropriate suppression systems.
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2.8 Meeting the 10 CFR Part 20 As Low As Is Reasonably
Achievable Requirements for Normal Operations and
Category 1 Event Sequences

SER Section 2.1.1.8 provides the NRC staff's review of DOE’s descriptions of its as low as is
reasonably achievable (ALARA) program and the Operational Radiation Protection Program
(RPP). The NRC staff focused its review on DOE’s descriptions of the ALARA policy, design,
and operational work practices for the GROA, relied upon to reduce doses to members of the
public and occupational doses to workers with (i) the policy considerations, including its
management commitment to maintain doses ALARA and the implementation of ALARA
principles in the design process throughout the repository design and construction; (ii) the
facility shielding design used to meet the ALARA requirements for normal operations and
Category 1 event sequences; and (iii) the implementation of the ALARA principles into
repository operations, including administrative controls to maintain doses ALARA and general
operational guidelines through its Operational RPP.

The NRC staff reviewed the SAR and other information submitted in support of the license
application, and finds, with reasonable assurance, that the requirements of 10 CFR 63.21(c)(6)
and 10 CFR 63.111(a)(1) are satisfied. Based on the information provided, the NRC staff

has reasonable assurance that DOE will implement an RPP that will maintain

occupational doses and public exposures below the applicable limits of 10 CFR Part 20.

The operations at the GROA, through permanent closure, will comply with the ALARA
requirements in 10 CFR Part 20.

29 Plans for Retrieval and Alternate Storage of
Radioactive Wastes

SER Section 2.1.1.9 provides the NRC staff's review of DOE’s description of its retrieval plan
and alternate storage should retrieval become necessary. The NRC staff focused its review on
DOE’s waste retrieval plan to determine whether (i) the waste packages could be retrieved
during the period of potential waste retrieval by reversing the operational procedure for waste
emplacement, (ii) DOE identified a reasonable range of potential problems (off-normal
scenarios) during retrieval, and (iii) DOE described approaches for restoring access to waste
packages from potential off-normal conditions without physical damage or overheating of the
affected waste packages.

The NRC staff reviewed the SAR and other information submitted in support of the license
application, and finds, with reasonable assurance, that the requirements of 10 CFR 63.21(c)(7)
and 10 CFR 63.111(e) are satisfied because (i) DOE adequately described its plans for retrieval
and provided details of the geologic repository operations area design that preserves the option
to retrieve any or all of the emplaced waste; (ii) radiation safety, including implementation of
ALARA principles, is built into the retrieval concepts; (iii) alternate storage sites of sufficient
capacity are identified; and (iv) a reasonable schedule for a potential retrieval scenario

is provided.
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210 Plans for Permanent Closure and Decontamination or
Decontamination and Dismantlement of Facilities

SER Section 2.1.3 provides the NRC staff's review of DOE’'s GROA design considerations and
its plans to facilitate permanent closure and decontamination or the decontamination and
dismantlement (PCDDD) of the GROA surface facilities. The NRC staff focused its review on
DOE’s information regarding the design considerations to facilitate PCDDD and its plans for the
decontamination and dismantlement of repository surface facilities in the GROA.

The NRC staff reviewed the SAR and other information submitted in support of the license
application, and finds, with reasonable assurance, that the requirements of 10 CFR 63.21(c)(8)
are satisfied because the applicant’s plan describes the functions of design considerations that
will facilitate permanent closure and decontamination or decontamination and dismantlement of
surface facilities. The NRC staff also finds, with reasonable assurance, that the requirements
of 10 CFR 63.21(c)(22)(vi) are satisfied because the applicant has provided adequate plans

for permanent closure and decontamination or decontamination and dismantlement of

surface facilities.

3.0 Conclusions

The U.S. Nuclear Regulatory Commission (NRC) staff has reviewed and evaluated the

U.S. Department of Energy’s (“DOE” or the “applicant”) Safety Analysis Report (SAR),

Chapter 1: Repository Safety Before Permanent Closure and the other information submitted in
support of its license application and has found that DOE submitted applicable information
required by 10 CFR 63.21. The NRC staff has also found, with reasonable assurance, that
subject to proposed conditions of construction authorization, DOE’s design of the proposed
geologic repository operations area (GROA) and preclosure safety analysis complies with the
preclosure performance objectives at 10 CFR 63.111 and the requirements for preclosure safety
analysis of the GROA at 10 CFR 63.112.
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ACRONYMS AND ABBREVIATIONS

AC alternating current

AF aging facility

AFE annual frequency of exceedance

ALARA as low as is reasonably achievable
ANSI/ANS | American National Standards Institute/American Nuclear Society
AO aging overpack

APE annual probability of exceedance

ASD adjustable speed drive

ASHRAE | American Society of Heating, Refrigerating, and Air Conditioning Engineers
ASME American Society of Mechanical Engineers
ASTM American Society of Testing and Materials
ATHEANA | A Technique for Human Event Analysis
AWS American Welding Society

BDBGM beyond design basis ground motion

BWR boiling water reactor

CCC Center Control Center

CCCF central control center facility

CDFM conservative deterministic failure margin
CHC cask handling crane

COF coefficient of friction

CRCF Canister Receipt and Closure Facility
CSNF commercial spent nuclear fuel

CTCTT cask tractor and cask transfer trailer

CTM canister transfer machine

CTT canister transfer trolley

DBGM design basis ground motion

D/C demand-to-capacity

DC direct current

DCMIS Digital Control Management Information Systems
DCP Design Control Parameter

DIPA double-interlock preaction

DOE U.S. Department of Energy

DPC dual purpose canister

DSEG drip shield emplacement gantry

EBS engineered barrier system

EC electric combat

ECRB enhanced characterization of the repository block
EDGF emergency diesel generator facility

EPA U.S. Environmental Protection Agency
EPRI Electric Power Research Institute

EPS emergency power systems

EPS effective plastic strain

ESD event sequence diagram

ESF exploratory studies facility

ETF Expended toughness fraction
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ACRONYMS AND ABBREVIATIONS (continued)

FAA Federal Aviation Administration

FDH fault displacement hazard

FE finite element

GPS Global Positioning Satellite

GROA geologic repository operations area

HAZOP hazard and operability

HCLPF high confidence of low probability of failure
HEPA high efficiency particulate air

HFE human failure events

HLW high-level radioactive waste

HLWRS High-Level Waste Repository Safety

HMI human—machine interface

HRA human reliability analysis

HVAC heating, ventilation, and air conditioning

IAEA International Atomic Energy Agency

1&C instrumentation and control

ICRP International Commission on Radiological Protection
IEC International Electrotechnical Commission
IEEE Institute of Electrical and Electronics Engineers
IHF Initial Handling Facility

ISG interim staff guidance

ITS important to safety

ITWI important to waste isolation

JASPER Joint Actinide Shock Physics Experimental Research
LA license application

L/D length-to-diameter

LATN low altitude training and navigation

LLW low-level radioactive waste

LLWF low-level radioactive waste facility

LOSP loss of offsite power

LPFs leak path factors

MAPE mean annual probability of exceedance

MCC motor control centers

MCO multicanister overpacks

MLD master logic diagram

MOAs military operations areas

MOX mixed oxide

MRVs multipurpose recovery vehicle

MTHM metric tons of heavy metal

NARA Nuclear Action Reliability Assessment

NASA National Aeronautics and Space Administration
NEMA National Electrical Manufacturers Association
NFPA National Fire Protection Association

NNSS Nevada National Security Site

NOAA National Oceanic and Atmospheric Administration
non-ITS not-important to safety

NRC U.S. Nuclear Regulatory Commission
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ACRONYMS AND ABBREVIATIONS (continued)

NTS Nevada Test Site

NTTR Nevada Test and Training Range

OCB outer corrosion barrier

ORPP Operational Radiation Protection Plan

P&l piping and instrumentation

P&IDs piping and instrumentation diagrams

PCDDD permanent closure and decontamination or for the decontamination
and dismantlement

PCSA preclosure safety analysis

PEFA Passive equipment failure analyses

PFD process flow diagrams

PFDHA probabilistic fault displacement hazard analysis

PGA peak ground acceleration

PGV peak ground velocity

PLCs programmable logic controllers

PMF probable maximum flood

PMP probable maximum precipitation

PRA probabilistic risk analysis

PSCA preclosure safety analysis

PSC procedural safety control

PSHA probabilistic seismic hazard analysis

PVHA probabilistic volcanic hazard analysis

PWR pressurized water reactor

QA quality assurance

RAI request for additional information

RF Receipt Facility

RHH repository host horizon

RMS radiation/radiological monitoring systems

ROA range of applicability

ROVs remotely operated vehicle

RPCS radiation protection and criticality safety

RPP Radiation Protection Program

RVT random vibration theory

SAR Safety Analysis Report

SASW spectral analysis of the surface wave

SCs safety controls

SER Safety Evaluation Report

SFPE Society of Fire Protection Engineers

SFTM spent fuel transfer machine

SNF spent nuclear fuel

SONET Synchronous Optical NETwork

SPM site prime mover

SSCs structures, systems, and components

SSHAC Senior Seismic Hazard Assessment Committee

SSi soil-structure interaction

STC shielded transfer cask
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ACRONYMS AND ABBREVIATIONS (continued)

TAD transportation, aging, and disposal
TEDE total effective dose equivalent

TEV transport and emplacement vehicle
TNT Trinitrotoluene

TSPA total system performance assessment
UHS uniform hazard spectras

UL Underwriter Laboratories

UPS uninterruptible power supply

USL upper subcritical limit

Vo compression wave velocity

Vs shear wave velocity

WHF Wet Handling Facility

WP waste package

WPTT waste package transfer trolley

X/Q atmospheric dispersion coefficients
YMRP Yucca Mountain Review Plan
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INTRODUCTION

Volume 2, “Repository Safety Before Permanent Closure,” of this Safety Evaluation Report
(SER) documents the U.S. Nuclear Regulatory Commission (NRC) staff's review and
evaluation of the Safety Analysis Report (SAR) the U.S. Department of Energy (DOE) provided
in its June 3, 2008, license application (LA) submittal (DOE, 2008ab), as updated on

February 19, 2009 (DOE, 2009av). The NRC staff also reviewed information DOE provided in
response to the NRC staff's requests for additional information and other information that

DOE provided related to the SAR. In particular, this SER Volume 2 documents the results of
the NRC staff’s evaluation to determine whether the design of the proposed geologic
repository operations area (GROA) for Yucca Mountain complies with the performance
objectives and requirements that apply before the repository is permanently closed. These
performance objectives and requirements can be found in NRC’s regulations at 10 CFR Part 63,
Subparts E and K.

Other portions of the NRC staff's safety review are documented in other SER volumes.

SER Volume 1, NUREG-1949 (NRC, 2010aa) documents the results of the NRC staff’s review
of DOE’s General Information. SER Volume 3 documents the results of the NRC staff’s review
and evaluation of the proposed repository design’s compliance with the performance objectives
and requirements that apply after the repository is permanently closed. SER Volume 4
documents the results of the NRC staff's review and evaluation of DOE’s demonstration of
compliance with administrative and programmatic requirements. SER Volume 5 documents the
NRC staff's proposed conditions of construction authorization, and review and evaluation of
probable subjects of license specifications.

NRC's regulations at 10 CFR Part 63 provide site-specific criteria for geologic disposal at
Yucca Mountain. Pursuant to 10 CFR Part 63, there are several stages in the licensing
process: the site characterization stage, the construction stage, a period of operations, and
termination of the license. The multi-staged licensing process affords the Commission the
flexibility to make decisions in a logical time sequence that accounts for DOE collecting and
analyzing additional information over the construction and operational phases of the repository.
The period of operations includes (i) the time during which emplacement would occur; (ii) any
subsequent period before permanent closure during which the emplaced wastes are retrievable;
and (iii) permanent closure. In addition, 10 CFR Part 63 represents a risk-informed,
performance-based regulatory approach to the review of geological disposal. This
risk-informed, performance-based regulatory approach uses risk insights, engineering analysis
and judgments, performance history, and other information to focus on the most important
activities and to focus the NRC staff's review on areas most significant to safety and
performance. In conducting its review, the NRC staff was guided by the review methods and
acceptance criteria outlined in the Yucca Mountain Review Plan (YMRP) (NRC, 2003aa) and
the relevant supplements to the YMRP (i.e., ISG-01, “Review Methodology for Seismically
Initiated Event Sequences;” ISG-02, “Preclosure Safety Analysis—Level of Information and
Reliability Estimation;” 1SG-03, “Preclosure Safety Analysis—Dose Performance Objectives
and Radiation Protection Program;” and 1SG-04, “Preclosure Safety Analysis—Human
Reliability Analysis”).

Preclosure Performance Objectives and Requirements
In its review of DOE’s application, the NRC staff used a risk-informed and performance based

review process and considered, among other things, whether the site and design comply with
the performance objectives and requirements contained in 10 CFR Part 63, Subparts E and K.
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In accordance with 10 CFR 63.21, the applicant must include in its SAR a preclosure safety
analysis (PCSA). As described in 10 CFR 63.102(f), the PCSA identifies and categorizes event
sequences, and identifies structures, systems, and components (SSCs) important to safety
(ITS) and associated design bases and criteria. The PCSA is part of the risk-informed and
performance-based review, which is described further in the following section. An event
sequence, as defined in 10 CFR 63.2, is a series of actions and/or occurrences within the
natural and engineered components of the facility that could potentially expose individuals to
radiation. The applicant’'s PCSA must demonstrate that the repository, as proposed to be
designed, constructed, and operated, will meet the specified radiological dose limits throughout
the preclosure period. The applicant must also demonstrate that the GROA design will not
preclude retrievability of the wastes, in whole or in part, from the underground facility where
these wastes will be emplaced for permanent disposal (10 CFR 63.111).

Risk-Informed, Performance-Based Review

The PCSA quantifies GROA performance and is used to demonstrate compliance with the
preclosure performance requirements in 10 CFR 63.111. The NRC staff evaluated DOE’s
PCSA using a risk-informed and performance-based review. A PCSA is a systematic analysis
that answers three basic questions that are used to define risk: What can happen? How likely
is it to happen? What are the resulting consequences? The applicant’'s PSCA includes a
number of evaluations, such as identification of hazards and initiating event sequences;
development and categorization of event sequences; failure mode and reliability assessments of
SSCs; and SSCs’ fragility assessments. Because the PCSA encompasses a broad range of
technical subjects, the NRC staff used risk information throughout the review process to ensure
that the NRC staff’s review focused on significant items that could affect preclosure
performance. YMRP Section 2.1.1 provides guidance to the NRC staff on how to apply risk
information throughout its review of the applicant’'s PCSA.

Recent Events

Recent events in nuclear operations are also considered in the NRC staff’s review of the DOE
license application. The first is the March 11, 2011 earthquake and subsequent tsunami that
resulted in extensive damage to the six-unit Fukushima Dai-ichi nuclear power plant in Japan.
Following this event, the NRC took numerous actions in evaluating the event, and to prevent
against such accidents occurring at U.S. nuclear power plants. In its review of the

Yucca Mountain license application, the NRC staff considered insights from the NRC’s analysis
of the Fukushima Dai-ichi events as they may affect analyses of natural hazards and spent fuel
handling operations at the proposed repository at Yucca Mountain, although the staff notes that
there are significant differences between the proposed operations at the repository and a
nuclear power plant. Most notably, the wet handling facility proposed for Yucca Mountain is not
a storage pool and has a capacity necessary only to accommodate the loading of waste
packages. In addition, the spent nuclear fuel proposed to be sent to Yucca Mountain would
have experienced years of cooling prior to shipment, in contrast to spent fuel at reactors where
the thermal demands can be much greater (i.e., more spent fuel and more recently discharged
spent fuel, such was the case at Fukushima Dai-ichi). Thus, the NRC staff determined that
many of the insights from the Fukushima accident do not directly impact the NRC staff’s review
of the wet handling facility at Yucca Mountain. However, consistent with insights gained from
evaluating the Fukushima accident, the NRC staff evaluated the seismic hazard at

Yucca Mountain based on new information developed since the application was submitted
(SER Section 2.1.1.1.3.5.2.1). Additionally, the NRC staff's review considers other aspects of
the proposed repository that relate to issues at Fukushima (e.g., the long term loss of electrical
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power (SER Section 2.1.1.3.3.1.3.5), emergency preparedness (SER Section 2.5.7), and the
assessment of external hazards (SER Section 2.1.1.3.3.1).

The second set of events the NRC staff considered relates to two recent accidents at the Waste
Isolation Pilot Plant (WIPP) near Carlsbad, NM. These accidents include a salt haul truck fire in
the underground facility on February 5, 2014, and the breach of at least one transuranic (TRU)
waste container in the underground facility on February 14, 2014, which resulted in the release
of a small amount radioactive material from the subsurface to the environment. As a result of
these accidents, waste disposal operations at WIPP have been suspended. DOE is currently
pursuing a recovery plan to safely resume waste emplacement at WIPP in the first quarter of
calendar year 2016 (DOE, 2014ab). Although both WIPP and the proposed facility at

Yucca Mountain represent geological repositories, there are significant differences between the
two facilities. Principally, the differences in the wastes that are managed at WIPP (TRU waste),
compared to those proposed for the Yucca Mountain repository (spent nuclear fuel and
high-level waste), robustness of the waste packages (e.g., the waste package designs for
Yucca Mountain have a wall thickness of 2.54 cm [1.0 in.] thick for the outer barrier and 5.08 cm
[2.0 in.] for the inner barrier, which is more resilent to potential challenges to the structural
integrity of the waste package than the steel drums used for the radioactive wastes at WIPP), as
well as operational procedures. Although specific details of the recent events at WIPP do not
inpact the NRC staff review of the Yucca Mountain license application, the NRC staff review did
consider issues related to the WIPP events, such as: potential fire hazards in the subsurface
(SER Section 2.1.1.4.3.2.1.3), equipment and facility design DOE will use to monitor and control
dispersal of radioactive contamination (SER Section 2.1.1.6.3.2.4); DOE’s operational plans,
including maintenance, surveillance, and periodic testing (SER Section 2.5.6); and DOE'’s
personnel qualifications and training requirements (SER Section 2.5.3.3).

Review of the Applicant’s Preclosure Safety Analysis

The NRC staff’s review of the applicant’'s PCSA included the site and design and the potential
hazards, initiating events and event sequences (e.g., earthquake, aircraft crash, operational
hazards, and human errors) and the potential radiological safety consequences. The following
describes the NRC staff’s review process in evaluating compliance with 10 CFR Part 63
preclosure requirements.

The NRC staff’s review evaluated whether the applicant’s PCSA contains sufficient information
to satisfy applicable regulatory requirements, and whether the PCSA demonstrates that the
repository would meet all performance objectives for the GROA through permanent closure.

In SER Section 2.1.1.1, the NRC staff evaluated the applicant’s site description information to
identify natural and human-induced hazards, focusing on those features, events, and processes
that might affect the GROA design and preclosure safety. Next, the NRC staff evaluated the
sufficiency of the applicant’s descriptions of GROA surface and subsurface facilities to evaluate
the applicant’'s PCSA and GROA design. This included evaluations of the applicant’s
description of SSCs, safety controls, equipment, and operational activities. In these
evaluations, found in SER Section 2.1.1.2, the NRC staff focused on risk-significant operations,
processes, and SSCs involving radioactive waste handling.

The NRC staff then evaluated DOE’s identification of hazards and initiating events that

could lead to an event sequence at repository facilities during the preclosure period in

SER Section 2.1.1.3. The NRC staff’s review of the applicant’s identification of hazards and
initiating events began with a systematic examination of the site, the design of the facilities, and
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the operations to be conducted at these facilities. This evaluation assessed the probability of
the potential hazards, taking into account a range of uncertainties associated with data that
support the applicant’s probability estimations. The estimated probability of the initiating events
was then used by NRC staff to analyze associated event sequences. Based on the
identification of hazards and initiating events, the NRC staff evaluated DOE’s information on
identification of event sequences, which included initiating events and associated combinations
of repository SSC failures (including human errors) that could potentially lead to the exposure of
individuals to radiation. The NRC staff evaluated DOE’s technical basis for developing,
quantifying, and categorizing event sequences in SER Section 2.1.1.4.

The NRC staff also evaluated the consequence analysis the applicant conducted to support its
PCSA in SER Section 2.1.1.5. The NRC staff reviewed the applicant’s dose calculation
methodology, atmospheric dispersion determination, assumptions and input parameters, source
terms, and methodology for worker and public dose determinations.

The NRC staff then evaluated DOE’s identification of important to safety (ITS) SSCs and
procedural safety controls for reducing event sequences or mitigating dose consequences. This
included evaluating criteria the applicant developed for identification of ITS SSCs and
procedural safety controls, as well as the applicant’s nuclear safety design bases for the ITS
SSCs from the PCSA event sequence analyses. The NRC staff’s review focused on how the
applicant proposed to ensure the availability and ability of ITS SSCs to perform their intended
safety function. This evaluation can be found in SER Section 2.1.1.6.

Evaluations of ITS SSC design, construction, and operation included (i) information relative to
the codes and standards for design and construction of the GROA, (ii) design methodologies,
(iii) design bases and design criteria, and (iv) design and design analysis. This evaluation is
found in SER Section 2.1.1.7. The NRC staff also evaluated the consistency between the
applicant’s proposed design criteria and the GROA performance objectives in this section.

The NRC staff evaluated the applicant’s Radiation Protection Program (RPP) to confirm that it
would ensure compliance with applicable dose limits, as well as that the program would ensure
that all doses are as low as is reasonably achievable (ALARA). The NRC staff also evaluated
the facility shielding design for both normal operations and during event sequences. These
evaluations can be found in SER Section 2.1.1.8.

Plans for Retrieval and Alternate Storage of Radioactive Wastes

NRC regulations at 10 CFR 63.21(c) require that the applicant include in its SAR a

description of plans for retrieval and alternate storage of the radioactive wastes should

retrieval become necessary. Section 63.111(e) requires that the applicant design its GROA to
preserve the option of waste retrieval. The NRC staff evaluated the applicant’s description of its
retrieval plan in SER Section 2.1.2. The NRC staff also evaluated whether the GROA has been
designed to preserve the option to retrieve any or all of the emplaced waste on a reasonable
schedule. The applicant’s description of an alternate storage plan that identifies a proposed
alternate storage site, including the location, size, and storage operations, is also evaluated in
this section.
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Plans for Permanent Closure and Decontamination, or Decontamination and
Dismantlement of Surface Facilities

NRC regulations at 10 CFR 63.21(c)(22)(vi) require the applicant to provide information
concerning plans for permanent closure and plans for the decontamination or decontamination
and dismantlement (PCDDD) of the surface facilities. NRC regulations further require the
applicant to describe design considerations that facilitate the PCDDD of surface facilities. In
SER Section 2.1.3, the NRC staff evaluated the applicant’s design with respect to facilitating
PCDDD, including facility history, dose modeling, facility radiological status, alternatives for
decommissioning, ALARA, planned decommissioning activities, project management

and organization, the health and safety program for PCDDD, an environmental monitoring and
control program, the radioactive waste management program, radiation surveys, and the quality
assurance program.

Sections of the Preclosure Review:
The individual sections documenting the NRC staff’s review are
1. Site Description as It Pertains to Preclosure Safety Analysis (SER Section 2.1.1.1)

2. Description of Structures, Systems, Components, and Operational Activities as it
Pertains to Preclosure Safety Analysis (SER Section 2.1.1.2)

3. Identification of Hazards and Initiating Events (SER Section 2.1.1.3)

4. Identification of Event Sequences (SER Section 2.1.1.4)

5. Consequence Analysis (SER Section 2.1.1.5)

6. Identification of Structures, Systems, and Components Important to Safety; Safety
Controls; and Measures to Ensure Availability of the Safety Systems

(SER Section 2.1.1.6)

7. Design of Structures, Systems, and Components Important to Safety and Safety
Controls (SER Section 2.1.1.7)

8. Meeting the 10 CFR Part 20 As Low As Is Reasonably Achievable Requirements for
Normal Operations and Category 1 Event Sequences (SER Section 2.1.1.8)

9. Plans for Retrieval and Alternate Storage of Radioactive Wastes (SER Section 2.1.2)

10. Plans for Permanent Closure and Decontamination, or Decontamination and
Dismantlement of Surface Facilities (SER Section 2.1.3)
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CHAPTER 1

2.1.1.1 Site Description As It Pertains to Preclosure Safety Analysis
211141 Introduction

Safety Evaluation Report (SER) Section 2.1.1.1 provides the U.S. Nuclear Regulatory
Commission (NRC) staff's review of the Department of Energy’s (DOE or the applicant)

Yucca Mountain site description as it pertains to DOE’s preclosure safety analysis (PCSA)

and design of the geologic repository operations area (GROA). PCSA is defined in

10 CFR 63.2 as a systematic examination of the site; the design; and the potential hazards,
initiating events and event sequences and their consequences (e.g., radiological exposures to
workers and the public). The applicant plans for a period of operations, also referred to as the
preclosure period, of approximately 100 years (SAR Section 1.3.1). The preclosure period
would consist of 50 years of waste emplacement, including an initial 24-year period of
concurrent repository development and 50 years of postemplacement monitoring. The
regulations in 10 CFR 63.112(b) require that the PCSA include an identification and systematic
analysis of naturally occurring and human-induced hazards at the GROA,

including a comprehensive identification of potential event sequences. The regulations in

10 CFR 63.112(d) require that the PCSA must also include the technical basis for either
inclusion or exclusion of specific naturally occurring and human-induced hazards in the PCSA.
The site description information contained in this SER chapter informs the NRC staff's
evaluation of the applicant’s assessment of initiating events from natural hazards in the PCSA
contained in SER Section 2.1.1.3. In addition, many of the requirements for the structural
design capacity of important to safety (ITS) structures, systems, and components (SSCs) are
based on site characteristics evaluated in this SER chapter, such as the types of soils on which
facilities would be built, meteorological conditions, or dynamic loads from seismic events. This
design capacity information is evaluated in Section 2.1.1.7.3.1.1 of this SER.

DOE provided site characterization information in Safety Analysis Report (SAR) Section 1.1
(DOE, 2008ab) and in response to the NRC staff’s requests for additional information (RAIs)
(DOE, 2009ab,ap—au,bf,bg,eh—ej), which the NRC staff also evaluates in this section. In SAR
Section 1.1, the applicant provided this information in a format that generally followed the NRC’s
staff's Yucca Mountain Review Plan (YMRP) (NRC, 2003aa), Section 2.1.1.1, which is
applicable to site information for the preclosure safety analysis, as shown in the Table on SAR
Page 1.1-1. The SAR includes sections on Site Geography (Section 1.1.1); Regional
Demography (Section 1.1.2); Local Meteorology and Regional Climatology (Section 1.1.3);
Regional and Local Surface and Ground Water Hydrology (Section 1.1.4); Site Geology and
Seismology (Section 1.1.5); Igneous Activity (Section 1.1.6); Site Geomorphology (Section
1.1.7); Geochemistry (Section 1.1.8); and Land Use, Structures and Facilities, and Residual
Radioactivity (Section 1.1.9). In the SAR, the applicant included detailed information on (i) the
site’s natural features, including surface outcrops and subsurface bedrock; (ii) sediments and
soils; (i) rock fractures and faults; (iv) landforms; (v) surface and groundwater quantities and
flow processes; (vi) chemistry and geochemistry of the rocks and water; (vii) earthquakes

and active faulting; (viii) volcanic hazards; (ix) climatic history and weather conditions;

(x) topography and land-use boundaries; (xi) current population and future population trends;
and (xii) natural and man-made sources of radiation.
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21.1.1.2 Regulatory Requirements

The regulatory requirements applicable to the preclosure site description are in
10 CFR 63.21(c)(1) and 10 CFR 63.112(c).

The regulations in 10 CFR 63.21(c)(1) require that the SAR include a description of the

Yucca Mountain site, with appropriate attention to those features, events, and processes of the
site that might affect the design of the GROA and performance of the geologic repository. The
description of the site must include information regarding features, events, and processes
outside of the site to the extent the information is relevant and material to the safety or
performance of the geologic repository. This information must include (i) the location of the
GROA with respect to the boundary of the site; (ii) information regarding the geology, hydrology,
and geochemistry of the site, including geomechanical properties and conditions of the host
rock; and (iii) information regarding surface water hydrology, climatology, and meteorology of
the site.

The regulations in 10 CFR 63.112(c) require that the preclosure safety analysis of the GROA
include data pertaining to the Yucca Mountain site and the surrounding region, to the extent
necessary, used to identify naturally occurring and human-induced hazards at the GROA.

The NRC staff reviewed the applicant’s site information using the guidance and acceptance
criteria identified in YMRP Section 2.1.1.1 (NRC, 2003aa). The acceptance criteria are
as follows:

. The license application contains a description of the site geography adequate to permit
evaluation of the PCSA and the GROA design.

. The license application contains a description of the regional demography adequate to
permit evaluation of the PCSA and the GROA design.

. The license application contains a description of the local meteorology and regional
climatology adequate to permit evaluation of the PCSA and the GROA design.

. The license application contains sufficient local and regional hydrological information to
support evaluation of the PCSA and the GROA design.

. The license application contains descriptions of the site geology and seismology
adequate to permit evaluation of the PCSA and the GROA design.

J The license application contains descriptions of the historical regional igneous activity
adequate to permit evaluation of the PCSA and the GROA design.

. The license application provides analysis of site geomorphology adequate to permit
evaluation of the PCSA and the GROA design.

. The license application contains site-sufficient geochemical information to support
evaluation of the PCSA and the GROA design.

. The license application contains adequate evaluations of previous land use, impacts on
existing structures and facilities, and the potential for exposures from residual radiation.



The NRC staff considered these acceptance criteria in its review of information provided by
DOE. The staff focused its review on those aspects of the site description that could
substantively affect the preclosure safety assessment, as determined by the NRC staff, and as
discussed in detail in this section. The NRC staff’'s determination is based both on risk
information provided by DOE and on the NRC staff’'s knowledge gained through experience and
independent analyses, direct observations of the physical and geological environment of the
Yucca Mountain site, and numerous field surveys and other site activities.

In addition to the YMRP, the NRC staff used other applicable NRC guidance, such as standard
review plans, regulatory guides, and interim staff guidance. Often, this NRC guidance was
written specifically for the regulatory oversight of nuclear power plants. The methodologies and
conclusions in these documents are generally applicable to analogous activities proposed at the
GROA. The applicability of such NRC guidance is discussed in greater detail in the sections
where they were used as part of the application or the NRC staff’s review.

21.1.1.3 Technical Review

The NRC staff organized its evaluation of the applicant’s site description following YMRP,
Section 2.1.1.1, which parallels the applicant’s organization in SAR Sections 1.1.1 through
1.1.8. The NRC staff focused its review on the adequacy of the applicant’s characterization of
site information to (i) ensure that natural and human-induced hazards, which may initiate or be
part of event sequences that impact the GROA, are sufficiently characterized for use in the
PCSA and (ii) ensure that this information is appropriately used in the design of the GROA
where engineered features can prevent or mitigate the effects or impacts from hazards. The
review also provides the bases for the NRC staff's more detailed evaluation in later sections of
this SER Volume 2, where the design of GROA operational facilities, systems, structures, and
components are examined in greater detail.

In accordance with 10 CFR 63.21(a), DOE must submit an application that is “as complete as
possible in the light of information that is reasonably available at the time of docketing.” The
NRC staff conclusions in this SER section are primarily based on the information that DOE
provided in the SAR and in response to the NRC staff's RAls. Because of the lapse in time
between the license application submittal and the issuance of this SER volume, some
information in the application does not reflect current circumstances. Site characterization
information in the SAR was not updated. While many site characteristics (such as geology,
geochemistry, or meteorology) are steady-state phenomena, which are unlikely to have
changed significantly in the intervening time period, characteristics such as land use, existing
structures, land ownership, and nearby facilities are not steady-state. Because DOE did not
provide site characterization updates beyond those cited in this evaluation, the NRC staff
proposes a condition of construction authorization. This condition of construction authorization
requires DOE to confirm that its site characterization information and related analyses in the
SAR submitted in accordance with 10 CFR 63.21(c)(1) continue to be accurate with respect to
(i) site boundaries; (i) man-made features; (iii) previous land use; (iv) existing structures and
facilities; and (v) potential exposure to residual radioactivity. The NRC staff considers 90 days a
reasonable amount of time for the applicant to confirm these items. The basis for this proposed
license condition is documented throughout the NRC staff's evaluation in this section.

Proposed Condition of Construction Authorization
Within 90 days of issuance of construction authorization, DOE must confirm that its site

characterization information and related analyses in the SAR submitted in accordance with
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10 CFR 63.21(c)(1) continue to be accurate with respect to (i) site boundaries; (ii) man-made
features; (iii) previous land use; (iv) existing structures and facilities; and (v) potential exposure
to residual radioactivity. DOE must provide to the NRC written notification when its confirmatory
analysis is complete. This notification must include, for NRC staff’s verification, a copy of DOE’s
confirmatory analysis.

21.1.1.31 Site Geography

In SAR Section 1.1.1, the applicant provided site geographic information to describe the location
of the GROA, including the site boundary and prominent natural features that may be significant
to the evaluations in the PCSA and to the design of the GROA. Locations and activities of
man-made features that existed outside the controlled area at the time of the license application
are also identified and described, including federal and military facilities, civilian and military
airports, roads, railroads, and potentially hazardous commercial operations and

manufacturing centers.

The planned man-made features to be constructed within the controlled area, which could
potentially be important in the PCSA evaluations the same way as existing facilities, are
described in SAR Sections 1.2 through 1.4, and evaluated as part of the NRC staff's PCSA and
design reviews in SER Sections 2.1.1.2,2.1.1.3, 2.1.1.4, and 2.1.1.7.

Repository Boundaries

SAR Figures 1.1-1 through 1.1-6 depict the proposed site boundary, preclosure controlled area,
general environment, and location of the GROA at the time of license application. The
repository would be located in Nye County, Nevada. The site boundary of the preclosure
controlled area (also known as “proposed land withdrawal area”) is the area that the DOE would
control. The applicant also described the general environment and the protected and restricted
areas of the GROA in SAR Section 1.1.1.1. In response to the NRC staff's RAls regarding
specific descriptions of the boundaries of the GROA and the preclosure controlled area, the
applicant provided a description of the boundaries of the preclosure controlled area and the
GROA using Public Land Survey System nomenclature (i.e., township, range, and section), as
described in DOE (2009au, Enclosures 5 and 6).

In DOE Responses 7 and 8 (2009au), DOE addressed an RAI from the NRC staff concerning
previous land use (see SER Section 2.1.1.1.3.9) impacts on the GROA site location and
boundaries, as shown on SAR Figures 1.1-1 and 1.1-6. The applicant provided information to
show that approximately 0.75 km? [182.5 acres] of patented mining claim (Patent 27-83-0002)
area is private land excluded from the proposed land withdrawal area and is not part of the area
over which DOE would control access. Additionally, DOE stated that it will update its controlled
area boundary in SAR Figures Gl 1-2 and 1-4 and SAR Figures 1.1-1 and 1.1-6 to reflect

this information.

DOE identified three controlled access points to the surface GROA. The layout and the surface
GROA for each of the planned phases of development are depicted in SAR Figures 1.1-2

and 1.1-3.

NRC Staff’s Evaluation

The NRC staff reviewed the applicant’s description of the proposed repository boundaries in

SAR Section 1.1.1.1, references therein, and responses to RAls (DOE 2009au, Enclosures 5, 6,

1-4



7, and 8). The NRC staff finds that DOE maps and information are acceptable, based on the
NRC staff's review of the application and frequent visits to the Yucca Mountain site. SAR
Figures 1.1-1, 1.1-2, and 1.1-3 delineate the site boundaries and GROA and are of sufficient
detail and scale to permit review of the site boundary and the preclosure controlled area, access
points, the general environment, and provide a detailed representation of the surface GROA,
including its phased development. The NRC staff also compared the description of the GROA
provided in DOE Enclosures 5 and 6 (2009au) with SAR Figures 1.1-1, 1.1-4, and 1.1-6, and
found the boundaries as described in these SAR figures to be consistent with each other and
with the NRC staff's understanding, based on its evaluations and site visits.

The NRC staff finds that DOE provided adequate information in its application and RAI
response (DOE, 2009au) describing the site boundary, GROA, and the location of the land
withdrawal area at the time of application. The NRC staff finds the maps and descriptions
acceptable and adequate for use in the PCSA and to support the GROA design. Because DOE
did not provide site characterization updates regarding land use beyond those cited in this
evaluation, the NRC staff proposes a condition of construction authorization, as stated in SER
Section 2.1.1.1.3. This condition of construction authorization would require DOE to confirm
that site boundary information and related analyses in the SAR continue to be accurate.

Natural Features

In SAR Section 1.1.1.2, the applicant described the natural features within the preclosure
controlled area, which is shown in SAR Figure 1.1-4. Prominent natural features, including the
topography, stream channels, washes, and basin drainage in the vicinity of the GROA are
described and are shown in SAR Figure 1.1-5. Using information from the Final Environmental
Impact Statement (DOE, 2002aa), associated supplements, and references therein, the
applicant concluded that there are no perennial or natural surface water features, including
wetlands, on the Yucca Mountain site.

NRC Staff’s Evaluation

The NRC staff reviewed the applicant’s descriptions of the natural features in SAR

Section 1.1.1.2 and references therein. The NRC staff used publicly available maps

(Carr, et al., 1996aa; Day, et al., 1998aa,ab; Potter, et al., 2002aa; Slate, et al., 1999aa;

U.S. Geological Survey, 1961aa,ab,ac), satellite images, and first-hand experience obtained
from NRC staff field investigations of the Yucca Mountain site to evaluate the applicant’s
information regarding site natural features. The NRC staff finds the maps shown in SAR
Figures 1.1-4 and 1.1-5 used to depict this information are of appropriate scale and detail to
permit evaluation of the site topography and surface water drainage patterns. Based on this
information, the NRC staff finds the applicant’s conclusion acceptable that there are no
perennial or natural surface water features at Yucca Mountain. Therefore, the NRC staff
concludes that the descriptions of natural features, particularly the surface water features, are
adequate and acceptable to permit evaluation of these features in the PCSA and to support the
GROA design.

Man-Made Features
In SAR Section 1.1.1.3, the applicant described the existing man-made features and facilities
located outside the Yucca Mountain site and, in particular, within the abutting Nevada National

Security Site (NNSS; formerly the Nevada Test Site, or NTS) to the east at the time of license
application. These are depicted on maps in SAR Figures 1.1-6 through 1.1-10. The description
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included information regarding the use and construction of features and facilities that the
applicant found may be significant for the review of the PCSA and GROA design, including the
following: airspace and related facilities and activity; military, federal, and civilian airports and
airfields; primary roads; potentially hazardous commercial operations and manufacturing
centers; and electric power transmission lines. Additionally, the applicant used information
included in the evaluation of hazard-initiating events due to industrial/military events

(BSC, 2008an) on the Nevada Test and Training Range Chart (National Imagery and Mapping
Agency, 2001aa), to conclude that there are no active, commercial passenger, or freight railroad
lines within 32 km [20 mi] of the surface GROA.

NRC Staff’s Evaluation

The NRC staff reviewed the descriptions of man-made features outside the Yucca Mountain
repository site provided in SAR Section 1.1.1.3 and references therein. The NRC staff reviewed
publicly available maps and satellite images of the site (National Imagery and Mapping Agency,
2001aa; U.S. Department of Transportation, 2009aa; U.S. Geological Survey, 1961aa,ab,ac) to
independently evaluate the applicant’s information. The NRC staff found that information DOE
depicted in maps in SAR Figures 1.1-6 through 1.1-10 is adequate because the figures are
consistent with publicly available information and are of sufficient detail to permit evaluation of
the location and potential impacts of man-made features and facilities. The NRC staff
independently evaluated the location of NNSS facilities indicated in SAR Figure 1.1-6 by
comparing the applicant’s information using the maps listed above. The NRC staff's complete
evaluation of Industrial and Military Activity-Related Hazards is discussed in SER

Section 2.1.1.3.3.1.3.4. The NRC staff finds that the information on railroad lines is sufficient,
based on comparisons to the publicly available maps discussed above. Therefore, the NRC
staff concludes that the descriptions of man-made features, particularly the facilities located at
the adjacent NNSS, are adequate and acceptable to permit evaluation of these features in the
PCSA and to support the GROA design. Because DOE did not provide site characterization
updates regarding man-made features beyond those cited in this evaluation, the NRC staff
proposes a condition of construction authorization, as stated in SER Section 2.1.1.1.3. This
condition of construction authorization would require DOE to confirm that the characterization of
man-made features and related analyses in the SAR continue to be accurate.

NRC Staff’s Conclusion

The NRC staff finds that the applicant adequately described information regarding

Yucca Mountain site geography, including site boundaries, location of natural and man-made
features, and relevant facilities outside the GROA. The NRC staff finds the maps provided by
the applicant are of appropriate scale and detail to permit this evaluation and finds the
descriptions to be complete and accurate. Therefore, the NRC staff finds, with reasonable
assurance, that the applicant’s information regarding pre-closure safety site geography is
acceptable for use in the evaluations in the PCSA, to support the GROA design, and satisfies
10 CFR 63.21(c)(1)(i) and 10 CFR 63.112(c). The NRC staff also proposes a condition of
construction authorization, as stated in SER Section 2.1.1.1.3, that would require DOE to
confirm that its information on site boundaries and man-made features and related analyses in
the SAR continue to be accurate.

21.11.3.2 Regional Demography
The applicant described the regional demography in SAR Section 1.1.2. DOE used this information

to determine the location of members of the public to be included in the evaluations in the PCSA
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and to support the design of the GROA. The applicant provided the basic population distribution in
the demographic study area it established based on Regulatory Guide 4.2 (NRC, 1976aa).

DOE also described the population locations, regional population centers, and population
projections for the 50-year preclosure period of waste emplacement described in the license
application (2017-2067).

Demographic Study Area

DOE used census data from the U.S. Census Bureau, along with supplemental data from the states
of Nevada and California, to determine the population distributions as a function of distance from
the GROA. Other data used included electric utility data, economic and agricultural characteristics,
and data acquired from census survey information. (BSC, 2003ah)

The applicant established the demographic study area following the guidance in Regulatory

Guide 4.2 (NRC, 1976aa, Section 2.1). This area consists of an 84-km [52-mi] radial area, centered
on Nevada State Plane coordinates Northing 765621.5 and Easting 570433.6, where the GROA is
located. The area comprises parts of Clark, Esmeralda, Lincoln, and Nye Counties in Nevada, and
Inyo County in California. The study area was divided into study area grid cells, for which the
applicant estimated the 2003 resident population located in each study area grid cell and presented
these estimates in SAR Table 1.1-2 and Figure 1.1-11. This information provided the baseline
population distribution within the 84-km [52-mi] grid that the applicant used for population projection
estimates for the 50-year period of waste emplacement.

The applicant did not identify any permanent residents closer than about 22 km [13.7 mi] of the
GROA. The nearest resident population was located in the unincorporated town of

Amargosa Valley. The closest year-round housing was at the intersection of U.S. Highway 95 and
Nevada State Route 373, as presented in SAR Figure 1.1-11 and Table 1.1-2.

NRC Staff’s Evaluation

The NRC staff reviewed the applicant’s demographic study data in SAR Section 1.1.2 and
references therein and its methodology to establish the demographic study area. The NRC staff
performed confirmatory independent calculations (NRC, 2014aa) to estimate DOE’s baseline 2003
population distribution within 84 km [52 mi] of the GROA using the Nevada County population
estimates from 2001-2004 (Nevada Small Business Development Center, 2014aa). The NRC
staff’s results are comparable to those of the applicant’s baseline 2003 population distribution data
presented in the SAR. The NRC staff also compared 2010 population distribution within 84 km
[52 mi] of the GROA using the U.S. Census Bureau data (2010aa) with that of DOE’s projected
population distribution data and notes that DOE’s data estimate is generally higher, which is
conservative. The NRC staff finds that the applicant’s methodology to establish the demographic
study area is acceptable because it is consistent with the guidance in Regulatory Guide 4.2. While
Regulatory Guide 4.2 was developed for use in the evaluation of nuclear power stations, the
methodologies and conclusions in this regulatory guide are appropriate for use for analogous
activities proposed for the GROA, and also tend to be more conservative in their assumptions and
more protective of public health and safety than is required to ensure safety of the proposed
preclosure facilities and associated activities. Here, the accurate characterization of regional
demography is a process that is independent of the particular type of facility proposed; therefore,
the NRC staff finds that the applicant’s use of Regulatory Guide 4.2 is acceptable. The NRC staff
also finds that DOE used appropriate census data and that the distribution estimates are
reasonable, as confirmed by the NRC staff’'s independent confirmatory calculations.



Population Centers

In SAR Section 1.1.2.2, the applicant listed the nearby Nevada population centers:

Boulder City, Henderson, Las Vegas, Mesquite, and North Las Vegas in Clark County;
Caliente, Alamo, Panaca, and Pioche in Lincoln County; Beatty, Gabbs, Manhattan, Pahrump,
Round Mountain, Tonopah, and the town of Amargosa Valley in Nye County; and Goldfield and
Silver Peak in Esmeralda County. The nearby California population centers are Bishop and
Death Valley National Park in Inyo County. The closest large population center to the GROA
identified by DOE was Pahrump, primarily in Nye County, and partly in Clark County, Nevada,
56 km [35 mi] southeast of the repository with a population of 24,631 in the year 2000.

NRC Staff’s Evaluation

The NRC staff reviewed the applicant’s information in SAR Section 1.1.2 and references therein
pertaining to population centers near the Yucca Mountain Repository. The NRC staff evaluated the
applicant’s information using independent sources of information, by comparing the population
centers in county master plans (Lincoln County Board of Commissioners, 2007aa; Nye County
Board of Commissioners, 2011aa; Inyo County Board of Supervisors, 2001aa; Clark County,
2009aa) to those identified by the applicant. The NRC staff finds that the applicant followed the
guidance provided in Regulatory Guide 4.2 because the applicant identified all significant population
centers within an appropriate demographic study area within 84 km [52 mi] and used population
data consistent with other acceptable evaluations of demography and population centers in the
repository area.

Population Projections

The applicant’s population distribution projections were developed by using the 2003 baseline
population distribution presented in SAR Table 1.1-2 and then applying the same annual rate of
growth or decline of respective county populations and data compiled and documented in

BSC (2007bz). The annual rate of change for Nye County was taken from Nye County population
projections the Nevada State Demographer’s Office made for the period of 2003-2026; an
assumed constant average annual growth rate of 1.4 percent was used from 2027-2067. The
annual rate of change for Clark County was taken from Clark County population projections that the
Center for Business and Economic Research made for the period of 2003-2035; an assumed
constant average growth rate of 1.08 percent was used from 2035-2067 on the basis of constant
growth rate between 2032 and 2035 (BSC, 2007bz).

The applicant based its projections for the annual rate of change for Inyo County in California on
Inyo County population projections from 2000-2050 made by the Demographic Research Unit of
the California State Department of Finance (BSC, 2007bz). Those rates include negative growth
after 2020. On the basis of these decreasing population rates, an assumed constant average
decline of 1.96 percent was used from 2030-2040; an assumed constant average decline rate of
1.12 percent was used from 2040-2050; an assumed constant average decline rate of 0.6 percent
was used from 2050-2060; and the applicant assumed no change was applied from 2060-2067 on
the basis of the assumption that no decline in population is expected beyond 2060.

The applicant also estimated projected populations in Nye and Clark Counties due to construction
and operation of the proposed repository and the associated proposed railroad from Caliente,
Nevada, to the repository and included them in the population distribution projection estimates
within 84 km [52 mi] of the GROA (BSC, 2007bz). The estimated projected population within 84 km
[52 mi] of the GROA was provided for each year from 2003-2017 in SAR Table 1.1-3 and for years
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2017, 2020, 2030, 2040, 2042, 2050, 2060, and 2067 in SAR Table 1.1-4. The year 2042 was
specifically included in the population projections because the applicant considered it the midpoint
of the perceived 50-year operational period of 2017-2067. DOE also estimated the age group
distribution for the projected population for preclosure operations (midpoint in 2042) and presented
itin SAR Table 1.1-5. No population was observed for Lincoln and Esmeralda Counties within

84 km [52 mi] of the GROA for 2003; therefore, the applicant did not perform projection estimates
for Lincoln and Esmeralda Counties.

NRC Staff’s Evaluation

The NRC staff reviewed the applicant’s data, assumptions, and methodology used for the
population distribution projections within 84 km [52 mi] of the GROA in SAR Section 1.1.2 and
references therein. The NRC staff performed independent confirmatory comparisons

(NRC, 2014aa) to estimate the population projections using Nevada County Population Estimates
from 2013 to 2032 (Nevada Small Business Development Center, 2013aa) and Nevada County
Population Projections from 2008 to 2028 (Nevada Small Business Development Center, 2014ab).
The NRC staff finds that the applicant’s growth rate assumptions are acceptable because they are
based on state and county information, which is acceptable for use in these types of studies.

The applicant’s projections are also comparable to more recent information (Nevada Small
Business Development Center, 2013aa). The NRC staff’'s estimated population projection results
are comparable to the applicant’s presented population distributions within 84 km [52 mi] of the
GROA, or slightly lower based on 2010 census data, which represents conservatism by the
applicant. Therefore, the NRC staff concludes that DOE’s population distribution projections

are acceptable.

DOE did not address transient population estimates, which is recommended in Regulatory Guide
4.2, Section 2.1.2.3. Regulatory Guide 4.2, Section 2.1.2.3 recommends that the applicant provide
transient population distribution within 16 km [10 mi]. Most of the area within 16 km [10 mi] of the
GROA contains the preclosure controlled area and the NNSS, leaving an area less than 4 miles
south and 8 miles east of the preclosure controlled area available for potential residents. The most
recently available 2010 U.S. Census Bureau information is reported for the closest communities of
Amargosa Valley, Crystal, and Beatty, which are located at least 16 km [10 mi] away from the
GROA. Thus, because any transient populations would be centered in these communities, there is
not a transient population within the 16-km [10-mi] limit specified in Regulatory Guide 4.2.
Moreover, between 2005 and 2009, the 2010 census data indicates that less than 4 percent of

the population located within these communities moved into or out of those communities

(NRC, 2014aa). Therefore, the NRC staff does not consider transient populations to be significant
in the characterization of site demographics and finds that it is reasonable that DOE did not address
transient population estimates in its application.

NRC Staff’s Conclusion

The NRC staff finds that the applicant adequately described information regarding

Yucca Mountain regional demography, population centers, and population growth. The NRC
finds the population data used for determining current population centers and estimated
population growth is from credible, publicly-available sources, and that the methodologies used
adequately present population distributions as a function of distance from the GROA. The NRC
staff finds, with reasonable assurance, that the applicant’s information regarding preclosure
regional demography is acceptable for use in the PCSA, to support the GROA design, and
satisfies 10 CFR 63.21(c)(1)(i) and 10 CFR 63.112(c).
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211133 Local Meteorology and Regional Climatology

The applicant described local meteorology and regional climatology conditions that could pose
hazards to GROA facilities or repository safety during the preclosure period. This information,
presented in SAR Section 1.1.3, is also used to develop design bases for structures, systems,
and components (SSCs) at the site. Atmospheric conditions, such as atmospheric stability

categories, average wind speeds, and prevailing wind direction, are also described in SAR

Section 1.1.3. The applicant used this information in later sections of the SAR to evaluate the
consequences of airborne radionuclide transport in hypothetical preclosure release scenarios.

Data Collection Techniques and Summaries

The applicant used 12 meteorological monitoring stations to characterize site meteorological
conditions. The applicant stated that it used NRC Regulatory Guide 1.23, Meteorological
Monitoring Programs for Nuclear Power Plants (NRC, 2007aa, Section C), as well as earlier
versions of the Regulatory Guide, to design and operate the monitoring stations with respect to
wind, temperature, humidity, and precipitation measurements. The stations, located throughout
the GROA, include one 60-m [197-ft] tower site, eight 10-m [33-ft] tower sites, and three
precipitation-only monitoring sites. Five tower sites were established in 1985, the remaining
tower sites were established in 1992, and the three precipitation-only sites were established in
1999. The tower sites measure wind speed and direction, temperature, humidity, and
precipitation. The applicant described the sensors used (BSC, 2007bs) and described how
these sensors meet the accuracy and performance specifications of Regulatory Guide 1.23.

The information collected from 1994—-2006 was provided in the applicant’s report on local
meteorology of Yucca Mountain (BSC, 2007bs) and summarized in the SAR. The summaries
included mean monthly values as well as observed precipitation and temperature extremes.
The applicant also described the data reduction techniques it used to calculate atmospheric
stability and classify wind speed characteristics, according to atmospheric stability class, and
described how these techniques meet the specifications of Regulatory Guide 1.23.

NRC Staff’s Evaluation

The NRC staff examined the data collection techniques and summaries described in

SAR Section 1.1.3 and references therein. Specifically, the NRC staff reviewed the locations of
the tower and precipitation sites (SAR Figure 1.1-12) and regional sites (SAR Figure 1.1-13)
using the guidance in Regulatory Guide 1.23 and determined that (i) these are located such that
each type of primary geomorphic features of the Yucca Mountain site (i.e., ridgetop, major
wash, minor wash, and flat) is represented by at least one monitoring site and (ii) the regional
sites feature a variety of elevations and are located both upwind and downwind with respect to
prevailing wind directions. Regulatory Guide 1.23 was developed for use in evaluating nuclear
power plants; however, the methodologies and conclusions are applicable to the collection of
meteorological data independent of the type of facility, and thus, the NRC staff concludes that
use of this regulatory guide is acceptable here. Therefore, the NRC staff finds that the
monitoring site locations provide meteorological data representative of the Yucca Mountain site
consistent with guidance in Regulatory Guide 1.23, Section C.

The NRC staff reviewed the applicant’s collection techniques by comparing the applicant’s
system-accuracy requirements for wind, temperature, humidity, and precipitation measurements
summarized in SAR Table 1.1-9 with guidance in Regulatory Guide 1.23, Section C. The NRC
staff finds that the applicant’s collection techniques were based on accepted methods and
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DOE'’s reported system-accuracy requirements for these parameters are consistent with this
NRC guidance. In addition, the NRC staff finds that DOE’s reported data-recovery rates meet
or exceed the Regulatory Guide 1.23 values. Therefore, the NRC staff finds that the data
collected by these methods is acceptable.

Further, the NRC staff evaluated the applicant’s description in BSC Section 4.2 (2007bs) of the
methods used to determine atmospheric stability and joint frequency distributions of wind speed
and direction and finds they are consistent with guidance in Regulatory Guide 1.23, Section 2.2
because the applicant used an acceptable method to collect atmospheric stability and
frequency distribution of wind speed and direction at different vertical heights. The use of the
Pasquill Stability Classes is also consistent with Regulatory Guide 1.23, Section 2.2, and is
therefore acceptable.

Annual and Probable Maximum Precipitation

DOE summarized the site precipitation data collected by the methods described above to
characterize annual precipitation in SAR Section 1.1.3.2.1 and described the methodology used
to estimate probable maximum precipitation in SAR Section 1.1.4.3.1. The applicant included
site-specific precipitation data summaries for each precipitation station over the period of 1994
through 2006, that include (i) maximum hourly precipitation rate, (ii) maximum daily
precipitation, (iii) average number of days with precipitation, (iv) annual average precipitation
through 2006 for the set of meteorological and precipitation stations on both a monthly and
annual basis, and (v) the annual average precipitation at Site 1. DOE noted that Site 1 is the
location of the meteorological measurement station most representative of ambient weather
conditions at the GROA (SAR Section 1.1.3.1.1). The applicant provided the maximum 24-hour
precipitation totals for September 21 through 22, 2007, which the applicant described as the
largest precipitation event reported at the site, in SAR Table 1.1-23; the largest reported 24-hour
precipitation total among the 12 stations was 87.1 mm [3.4 in].

Following guidance for nuclear power plants specified in NUREG—-0800 (NRC, 2007ak,
Section 2.4.3), the applicant used a National Oceanic and Atmospheric Administration (NOAA)
procedure (Hansen, et al., 1977aa) to estimate probable maximum precipitation. The probable
maximum precipitation information is used to determine the flood hazards within the GROA.
Hansen, et al. (1977aa, Chapter 4) describes a procedure based on scaling a standardized
1-hour storm on a reference 2.6-km? [1-mi?] area to a standard 6-hour storm, adjusted to the
desired basin area, as described in Hansen, et al. (1977aa, Figures 4.5, 4.7, and 4.9). This
procedure uses historical records from meteorological stations across the Great Basin, including
several stations in southern Nevada. In SAR Section 1.1.4.3.1, the applicant estimated values
of the probable maximum precipitation to be 335 mm [13.2 in] for a 6-hour storm event for the
basins encompassing the North Portal pad and 328 mm [12.9 in] for the basins encompassing
the South Portal pad. For comparison, these 6-hour totals are approximately 3.8 times larger
than the largest reported 24-hour precipitation total observed at any Yucca Mountain
precipitation monitoring station.

To characterize snowfall at the site, DOE used data collected at the Desert Rock Airport
Weather Service Observatory, approximately 45 km [28 mi] southeast of Yucca Mountain at an
elevation of 1,006 m [3,301 ft] above mean sea level, with a maximum observed daily snowfall
of 15 cm [6 in] and maximum monthly snowfall of 17 cm [6.6 in] during the period of record from
January 1, 1983, through February 28, 2005.



NRC Staff’s Evaluation

The NRC staff reviewed the applicant’s precipitation information in SAR Section 1.1.3 and
references therein using the guidance in NUREG-0800 (NRC, 2007ak, Section 2.4.3). This
revision to NUREG-0800 contains the NRC’s most recent guidance on evaluating
precipitation data.

The NRC finds that the precipitation data the applicant provided was collected and processed
consistent with acceptable methods, and includes representative peak hourly and daily
precipitation rates and described seasonal and interannual variation in precipitation consistent
with the relevant guidance in NUREG-0800, Section 2.4.3.

The NRC staff finds that the applicant’s estimated values for probable maximum precipitation
are consistent with the procedure for a 16.8-km? [6.5-mi’] watershed by obtaining the
appropriate factors from the corresponding figures in Hansen, et al. (1977aa, Figures 4.5, 4.7,
and 4.9) and multiplying them together to obtain 34 cm [13.2 in], a value which is consistent with
the applicant’s estimate for the basin encompassing the North Portal pad. The NRC staff finds
that the applicant adequately estimated the probable maximum precipitation because the
methodology that the applicant used is consistent with the NRC’s guidance specified in
NUREG-0800, Section 2.4.3.

The NRC staff finds that the applicant’s estimate of a maximum daily snowfall of 15 cm [6 in]
and a maximum monthly snowfall of 17 cm [6.6 in] is adequate because the methodology the
applicant used to estimate the proposed maximum daily and monthly snowfall is consistent with
NRC guidance specified in NUREG-0800, Section 2.4.3 (NRC, 2007ak).

Severe Weather

The applicant’s assessment of severe weather was provided in SAR Section 1.1.3.6. This
information was based on regional information and local or site weather data. The following
severe weather types were included by the applicant: (i) tornadoes, (ii) thunderstorms and
lightning strikes, (iii) sandstorms, and (iv) snowfall.

While the applicant also listed wind hazards from hurricanes as one of many potential external
hazards for analysis in SAR Section 1.6.3.4.4, information concerning hurricanes was not
discussed by the applicant. The NRC staff’s evaluation of the wind hazard from hurricanes is
presented in SER Section 2.1.1.3.3.1.3.2.

The applicant’s discussion of sandstorms (dust storms) at the site (SAR Section 1.1.3.6.3)
concluded that sandstorms would be unlikely because a wind speed of greater than 40 km/hr
[25 mph]—rare at the site—would be needed to initiate them. Despite the conclusion that sand
storms are unlikely, the applicant included them in the PCSA (SAR Section 1.6.3). The NRC
staff evaluates the applicant’s assessment of sandstorms in SER Section 2.1.1.3.3.1.3.5.

The applicant included a brief discussion of snowfall characteristics in the severe weather
section of the SAR. Snowfall is included as part of the preceding discussion in
SER Section 2.1.1.1.3.3 that evaluates the applicant’s precipitation information.



Tornadoes

The applicant described tornadoes as infrequent and weak in the Yucca Mountain region
because of generally dry weather conditions and unfavorable terrain conditions. The applicant
reported that three tornadoes have been observed in Nye County (SAR Section 1.1.3.6.1)
during the period of 1950 through 2003. The applicant determined, however, that
meteorological conditions favorable for tornado formation could exist at the site on rare
occasions and therefore, the applicant stated that a tornado could initiate a detrimental event
sequence that would need to be evaluated in the PCSA.

The applicant followed procedures described in Regulatory Guide 1.76 (NRC, 2007ai) and a
DOE extreme hazard analysis (BSC, 2008ai) to develop design basis tornado characteristics.
The applicant established design basis tornado parameters including a wind speed of 304 km/hr
[189 mph], a pressure drop of 5.6 kPa [0.81 psi], and a rate of pressure drop of 2.1 kPa/s

[0.3 psi/s] (SAR Section 1.1.3.6.1). The calculated wind speeds developed are based on a

1 x 107" annual exceedance probability.

NRC Staff’s Evaluation

The NRC staff reviewed the applicant’s characterization of tornadoes in SAR Section 1.1.3 and
references therein using the guidance in Regulatory Guide 1.76 and finds that the applicant
adequately characterized tornado characteristics and other high wind hazards at the site.
Regulatory Guide 1.76 was developed for use in evaluating wind hazards for nuclear power
plants. However, the methodologies and conclusions for evaluating extreme weather described
in this regulatory guide are facility independent. Thus, the NRC staff finds that the hazard
evaluations using this guidance are applicable to the analogous activities and facilities proposed
for the GROA.

The applicant used appropriate site data to describe the past occurrence of tornadoes within
Nye County and that meteorological conditions could exist that favor tornado formation. The
NRC staff finds that the design basis wind speed of 304 km/hr [189 mph] is acceptable because
it is higher than the regional value in Regulatory Guide 1.76, which was updated in 2007 to
specify a maximum wind speed of 257 km/hr [160 mph]. Second, this updated wind speed in
Regulatory Guide 1.76 has an annual exceedance probability of 1 x 1077 (the likelihood of this
wind speed being larger in any year is smaller than 1 x 1077). This exceedance probability is
one order of magnitude less likely than the 1 x 107 probability for inclusion of the hazard in

the PCSA. Therefore, the NRC staff finds that this DOE design basis is conservative

and acceptable.

Lightning

The applicant estimated lightning strike frequencies using annual cloud-to-ground lightning
observations from 1991 through 1996 collected at the NNSS and warm-season cloud-to-ground
lightning data in the vicinity of the NNSS from 1993 through 2000 (SAR Section 1.1.3.6.2). The
Air Resources Laboratory and Special Operations and Research Division of NOAA collected
these observations using an automated lightning-detection system. Measured annual flash
density ranged from 0.06 to 0.4 strikes per km? [0.16 to 1.1 strikes per mi’] per year. The
applicant indicated that these observations are generally consistent with other estimates for
southern Nevada (Randerson and Sanders, 2002). Therefore, the applicant determined that
direct lightning strikes could initiate a detrimental event sequence that would need to be
evaluated in the PCSA (SAR Section 1.6.3.4.6).
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NRC Staff’s Evaluation

The NRC staff reviewed the applicant’s information in SAR Section 1.1.3, references therein,
and other cited sources of information and finds the analysis of the frequency and distribution of
lightning strikes within the GROA acceptable because the available lightning data are from
credible sources, including the NOAA Air Resources Laboratory, and are consistent with each
other. These data suggest that dozens of lightning strikes are expected within the GROA over
the proposed100-year-preclosure period, which is consistent with DOE’s characterization of
lightning strikes.

NRC Staff’s Conclusion

The NRC staff finds that the applicant adequately described information on the Yucca Mountain
site local meteorology and local climatology, including information characterizing the wind speed
and direction, temperature, humidity, and precipitation. The applicant used technically
acceptable instruments to collect the data and provided accurate summaries of the data,
including annual and maximum precipitation data. The applicant also used acceptable methods
to use this data and develop the probable maximum precipitation and adequately defined the
type, frequency, magnitude, and duration of severe weather using acceptable regulatory
guidance documents. Therefore, the NRC staff finds, with reasonable assurance, that the
applicant’s information regarding local meteorology and regional climatology is acceptable

for use in the evaluations in the PCSA, to support the GROA design, and satisfies

10 CFR 63.21(c)(1)(iii) and 10 CFR 63.112(c).

21.1.1.34 Regional and Local Surface and Groundwater Hydrology

The applicant provided regional and local surface and groundwater hydrological information in
SAR Section 1.1.4. The surface GROA, situated on the east side of Exile Hill in Midway Valley
at the eastern margin of Yucca Mountain, could be affected by water and debris flows
emanating from the eastern slopes of Exile Hill during storm events. Therefore, the applicant
estimated the probable maximum flood resulting from the probable maximum precipitation
(see SER Section 2.1.1.1.3.3) to determine the extent of the hazard posed by flood waters at
the GROA to include in the PCSA evaluations, and to support the design of the GROA by
providing the flood water depths for flood protection structures necessary to protect the GROA
from runoff and debris flows.

Surface and Groundwater Hydrologic Features
Surface Water

The applicant characterized the regional climate at Yucca Mountain and its vicinity as dry,
semiarid because the site annual average precipitation is 125 mm/yr [4.9 in/yr] at a 1,500-m
[4,921-ft] elevation, with infrequent regional rainstorms during the winter and localized
thunderstorms during the summer. The streams in the Yucca Mountain vicinity are ephemeral,
and no natural bodies of water or wetlands occur on the Yucca Mountain site. Winter storms
and localized summer thunderstorms provide the main source of runoff. Flash flooding resulting
from intense rainfall and runoff from localized convective storms or from high-intensity
precipitation cells within regional storm systems constitute the major flood hazard at and near
Yucca Mountain. The applicant summarized the flooding history in the Yucca Mountain area
on the basis of both literature reviews and actual stream gauging records, as described in
BSC (2004bj, Section 3.4.3).



If constructed, the Yucca Mountain surface GROA facilities would be situated on the east side of
Exile Hill in Midway Valley at the eastern margin of Yucca Mountain. The applicant portrayed
natural drainage channels near the Yucca Mountain site in SAR Figures 1.1-52 and 1.1-53.
Fortymile Wash is the main natural drainage channel on the Yucca Mountain site. On the basis
of site-specific climate (semiarid) and soil conditions (permeable surficial materials), the
applicant determined that the pooling or ponding of large quantities of water on the surface is
not likely to occur.

Ground Water

The applicant characterized the regional groundwater flow as occurring in an asymmetric radial
flow pattern, flowing from recharge areas in mountains and other highlands toward Death Valley
(SAR Section 1.1.4.2). The elevation of the surface GROA is 1,120 m [3,675 ft] above mean
sea level, whereas the water table is approximately 730 m [2,395 ft] above mean sea level, or
about 390 m [1,280 ft] below the surface (SAR Section 1.1.4.2.3). The minimum distance from
the floor of the emplacement area to the top of the current water table is about 210 m [685 ft] in
the northwestern part of the repository. The maximum distance to the water table is about

375 m [1,230 ft] in the southern part of the repository (SAR Section 1.1.4.2.3). Because the
saturated zone is so far below the surface and subsurface facilities of the GROA, the applicant
concluded that the saturated zone does not need to be considered for facility foundation or
other aspects of building design. Perched water (entrapped water) has been identified in
several boreholes (SAR Figure 1.1-56), however, they are located at depths of 100 to 200 m
[328 to 656 ft] beneath the emplacement drifts. Because the perched water bodies are deep
below the surface GROA and the emplacement drifts, the applicant concluded that they would
not impact the facility foundations or other aspects of the building design.

NRC Staff’s Evaluation

The NRC staff reviewed the applicant’s description of surface and groundwater hydrologic
features in SAR Section 1.1.3 and references therein. The NRC staff finds the descriptions of
the hydrologic features, including surface water drainage channels, runoff, the unsaturated
zone, saturated zone, flash flood, and perched water acceptable because the information is
consistent with the NRC staff’'s understanding of the hydrological systems at Yucca Mountain
based on first-hand experience obtained from staff field investigations of the site during the
pre-licensing period. The NRC staff finds that the applicant’s conclusions that the saturated
zone and perched water bodies need not be considered in the design of GROA facilities
acceptable because it is consistent with the NRC staff's understanding of the groundwater
system at Yucca Mountain (see SER Section 2.2.1.3.6). The NRC staff finds the applicant’s
regional flood history is adequately described because the applicant included complete
information from a comprehensive literature review (SAR Section 1.1.3) of the drainage system
patterns, paleo and historical surface water flow conditions, and historical flood occurrences and
flood discharges in the Yucca Mountain area, which included supporting stream gauge
measurements. The NRC staff finds that the flood history information is sufficient to support the
probable maximum flood review in the next SER section.

Probable Maximum Flood
In SAR Section 1.1.4.3, the applicant provided a flood inundation analysis for the surface
GROA. The applicant’s analysis was conducted in two parts, the first considered a surface

facility design without flood-inundation control measures, and the second part considered
possible surface facilities to control flood inundation. The applicant’s two-part analysis of the
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probable maximum flooding forms the basis for the applicant’s assessment of preventive
measures such as dikes and channels around facilities important to safety to control flooding.

The applicant used the U.S. Army Corps of Engineers HEC-1 (Version 4.0) software program to
calculate probable maximum flood events (surface runoff and channel discharge) resulting from
the probable maximum precipitation event (BSC, 2007db). The applicant used the U.S. Army
Corps of Engineers HEC-RAS (Version 2.1) software programs to calculate flood depths that
would occur during the probable maximum flood events produced by HEC-1 simulations. To
perform simulations with HEC-1 and HEC-RAS, topography; hydraulic properties for subareas
and channels, which are defined by the user of the models; and probable maximum precipitation
values are required. The subareas the applicant defined for use in the probable maximum flood
analysis models are depicted in BSC (2007db, Figure 6-1). The applicant used a 0.6-m [2-ft]
elevation contour map to produce a digital elevation model of the study area, and obtained the
length, slope, and channel dimensions using the topographic data for natural channels and
engineering drawings for man-made channels for each of the defined subareas. The probable
maximum precipitation value calculated by the applicant from precipitation data is also used for
this flooding analysis (see SER Section 2.1.1.1.3.3 for the NRC staff’s review of the applicant’s
probable maximum precipitation analysis).

Subarea Hydraulic Properties

The applicant used a unit hydrograph method to develop the probable maximum flood
hydrograph. Determination of a unit hydrograph requires subarea size and time of runoff
concentration. The applicant used a U.S. Bureau of Reclamation empirical formula to

calculate the time of concentration for each subarea because it gives the smallest time of
concentration, among common formulas available, as identified in BSC (2007db, Section 6.1.4)
and, thus, the largest peak flow. The applicant assumed a uniform infiltration rate of 38.1 mm/hr
[1.5 in/hr], which is lower than the lowest infiltration values obtained from in-situ infiltration tests
conducted in the surrounding area (lower infiltration leads to greater runoff), as described in
BSC (2007db, Section 6.1.4).

The applicant used a bulking factor of 10 percent to account for increased flow depths caused
by the presence of entrained air, debris, and sediment load. Use of this bulking factor
effectively increases the peak discharges by 10 percent in the probable maximum flood
analyses. A literature review by the applicant suggested that flow bulking may not be a
significant factor affecting probable maximum floods (BSC, 2007db), but the applicant chose to
include the 10 percent bulking factor as a conservatism in its analysis.

NRC Staff’s Evaluation

The NRC staff examined the division of subareas and probable maximum flood calculations,
described by DOE in SAR Section 1.1.4.3 and references therein, using the guidance in
NUREG-0800, Sections 2.4.1, 2.4.2, and 2.4.3. Based on the NRC staff's watershed modeling
experience and knowledge, the NRC staff finds that the elevation contour of 0.6 m [2 ft] used to
characterize the basin drainage is appropriate for characterizing the topography at the

Yucca Mountain site because it results in model resolution that adequately captures the
hydraulic properties for subareas and channels the applicant derived and used in the models.
The NRC staff finds that the applicant appropriately applied a standard approach in developing
a runoff hydrograph for HEC-1, an industry-standard code developed by the USACE for
event-based rainfall-runoff analysis. The NRC staff also finds the subarea properties the
applicant used in its HEC-1 and HEC-RAS model are reasonable and the assumptions are
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appropriate because they are based on applicable topographic and precipitation data and
calculated using standard runoff concentration techniques commonly applied in surface water
hydrology studies.

The NRC staff finds that the applicant assumed a reasonabile infiltration rate for all subareas
(Woolhiser, et al., 2006aa), which also represents a conservatism in the analysis because the
assumed infiltration rate of 38.1 mm/hr [1.5 in/hr] is lower than measured infiltration rates. The
NRC staff reviewed the inclusion of a bulking factor of 10 percent in the applicant's probable
maximum flood analysis. Because of the lack of site-specific data for Yucca Mountain, the
applicant considered a range of bulking factors between 4 and 10 percent to account for air,
debris, and sediment entrained in the flood flow. For this range of values, the bulking factor of
10 percent represents a conservative flood analysis. The NRC staff finds the use of a bulking
factor of 10 percent to be acceptable because the entrained air, debris, and sediment would be
negligible compared to the large volume of water conveyed during the probable maximum
flood event.

Channel Hydraulic Properties

Manning’s roughness coefficient is a channel property needed to calculate the hydraulic losses
of fluid flow through a channel system required for the HEC-1 and HEC-RAS modeling. In a
sensitivity study described in BSC (2007db, Section 6.1.5), the applicant considered the range
of Manning’s coefficient for three flow conditions: (i) clear water flow, (ii) high sediment
transport, and (iii) mudflow. The applicant used a Manning’s coefficient of 0.035 for the clear
water channel flow condition, 0.09 for high sediment transport flow, and 0.16 for the mudflow.
The values were selected on the basis of calibration studies provided in DOE (2009bf).

Results of the applicant’s sensitivity study showed that increasing the Manning’s coefficient from
0.035 to 0.09 resulted in a 2.4-m [8-ft] increase of predicted water surface elevation near the
North Portal pad; increasing Manning’s coefficient further from 0.09 to 0.16, however, resulted
only in a minimal additional increase of 0.15 m [0.5 ft] in predicted water surface elevation
(DOE, 2009bf). For a probable maximum flood analysis, the applicant considered that the
amount of clear water runoff would be large enough that a mudflow condition is unlikely to
develop. Therefore, the applicant used a Manning’s coefficient of 0.09 in its probable maximum
flood analysis, corresponding to the high sediment transport flow condition, because the
applicant concluded that a mudflow was not likely to occur, and even if it did, the resulting
increase in surface elevation would be negligible.

NRC Staff’s Evaluation

The NRC staff reviewed the procedure the applicant used to estimate the Manning’s

coefficient of 0.09 for the probable maximum flood analysis in the documents supporting

SAR Section 1.1.4 (BSC, 2007db; DOE, 2009bf). The NRC staff finds the values used by the
applicant for the three cases of flow evaluated are acceptable because (i) they represent the full
range of likely flooding conditions and (ii) they were selected on the basis of an acceptable
calibration study performed by the applicant. The NRC staff finds that the sensitivity studies
were conducted appropriately because the studies examined the changes in water surface
elevation across the full range of applicable Manning coefficients and showed little change in
water surface elevation for the case of mudflow, which the NRC staff finds is unlikely to occur in
a flash flooding scenario, as discussed in the application. Therefore, the NRC staff concludes
that the value used for Manning’s coefficient is acceptable.



Results and Application of Probable Maximum Flood Analyses

The applicant calculated that the probable maximum flood peak flow rate resulting from the
HEC-1 model is 1,564 m®/s [55,240 cfs], as shown in BSC (2007db, Table 7-1). The applicant
used this peak flow rate and estimated peak probable maximum flood flows from subareas and
concentration points, as shown in BSC (2007db, Table 7-1), and flood inundation results for
man-made channel segments, as shown in BSC (2007db, Tables 7-2 to 7-4). The evaluation
included both a no-mitigation case and a mitigation case. For the no-mitigation case
(evaluated first), the applicant assumed that the planned facilities upstream were not
constructed and that no flood control measures were implemented. In SAR Figure 1.1-57, the
applicant showed that in the no-mitigation case, the runoff from the probable maximum flood
event would inundate the North Portal pad and important to safety (ITS) facilities in the vicinity
of the North Portal. The applicant’s calculations indicated that water would not overflow the
South Portal pad or the planned North Construction Portal during an unmitigated probable
maximum flood event.

In the second analysis, the flood mitigation case, the applicant showed in SAR Figure 1.2.2-7
that ITS structures, the North Portal, and the Aging Facility areas can be protected by
reasonable engineered features, such as dikes, and drainage and diversion channels, and
therefore, will include these features in PCSA evaluations and in the design of the GROA. The
NRC staff reviews and evaluates the design of important to safety flood control features in
SER Section 2.1.1.7.

The applicant also quantified the probable maximum flood in terms of annual exceedance
probability (BSC, 2008ai). The frequency of the probable maximum flood is based on the
combined probability of the probable maximum precipitation, antecedent moisture conditions,
and the spatial and temporal distribution of the storm. The resulting probability is approximately
1.1 x 107°, which is less than the screening criteria of 1 in 10,000 before permanent closure.
The flood flow rate of the million year return period flood is approximately 1,133 m%/s

[40,000 cfs]. The NRC staff’s review of the screening criteria for flood hazards is found in

SER Section 2.1.1.3, Identification of Hazards and Initiating Events.

NRC Staff’s Evaluation

The NRC staff reviewed the analysis of the probable maximum flood in SAR Section 2.1.1.7 and
references therein. The NRC staff finds that the applicant’s probable maximum flood analysis is
adequate because (i) the methodologies employed in determining inputs to computer codes,
including the unit hydrograph method, follow accepted professional practice in hydrological
engineering; (ii) the software codes HEC-1 and HEC-RAS the applicant used are standard
models employed to simulate flood analysis; (iii) the applicant’s use of the unit hydrograph
method and derivation of Manning’s coefficient to derive the watershed and channel properties
required for analyses are appropriate, as discussed in the previous subsection; and (iv) the
applicant used appropriate input data for probable maximum flood simulation on the basis of site
topography and probable maximum precipitation data that the NRC staff evaluated and found to
be acceptable in SER Sections 2.1.1.1.3.1 and 2.1.1.1.3.3. The NRC staff also compared the
applicant’s results with those predicted by Bullard (1986aa), who computed flood potentials

for 11 small drainage basins on Yucca Mountain for clear water flows, and found that the
applicant’s results for peak flow rate is about 20 percent higher than the maximum local
probable maximum flood peak flow rate predicted by Bullard. The NRC staff finds that the
applicant’'s HEC-1 probable maximum flood model simulation is comparable with this
independent study (Bullard (1986aa). The NRC staff also finds that comparing the maximum
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flow rate of the Bullard study at the assumed bulking factor of 10 percent against the applicant’s
analysis, the Bullard results are still lower than that calculated by the applicant. This further
supports the acceptability of the applicant’s probable maximum flood analysis because it is
conservative when compared to the Bullard study. The NRC staff also finds that the
probabilistic evaluation of the probable maximum flood is acceptable because it adequately
accounts for probabilistic estimates of maximum rainfall, antecedent moisture conditions, and
spatial and the temporal distribution of storms.

NRC Staff’s Conclusion

The NRC staff finds the applicant’s description of the Yucca Mountain surface and groundwater
hydrology adequately identifies features that are important to the PCSA and the GROA design.
The NRC staff finds that DOE’s probable maximum flood calculation and the analyses of
proposed changes that could impact drainage features, specifically the need for flood control
measures, are acceptable because (i) the applicant described the surface and groundwater
features consistent with the NRC staff's knowledge gained through many field observations of
the Yucca Mountain site, (ii) the applicant used appropriate modeling techniques and computer
simulation programs to calculate the probable maximum flood; (iii) the calculation of the
probable maximum flood is supported by sufficient and accurate precipitation and topographic
data, and reasonable assumptions concerning flooding for the drainage basin based on
historical information, and (iv) the two-part flood inundation analysis of the GROA is complete
and adequate. Therefore, the NRC staff finds, with reasonable assurance, that the regional and
local surface and groundwater hydrology information presented in the SAR is acceptable to
perform the PCSA, to support the design of the GROA, and satisfies 10 CFR 63.21(c)(1)(iii) and
10 CFR 63.112(c).

21.1.1.35 Site Geologic and Geotechnical Engineering Conditions,
and Seismology

The applicant provided information in SAR Section 1.1.5 and supplemental information related
to site geology and seismology, particularly to identify naturally occurring hazards, for use in the
PCSA and to support the GROA design. This information included descriptions of site geologic
conditions, seismology and probabilistic seismic hazard, seismic site response modeling, site
geotechnical conditions and stability of subsurface and surface materials, and fault
displacement hazards; these are each discussed in the following subsections.

2.1.1.1.3.5.1 Site Geologic Conditions

In SAR Section 1.1.5, the applicant provided the geologic information from its site
characterization investigations. In SAR Section 1.1.5.1, the applicant described the geologic
site conditions of the rocks and alluvial deposits (sediments deposited by streams in valleys) on
which the proposed surface GROA facilities are proposed to be built and into which waste
packages would be placed in the underground (subsurface) GROA. The applicant also
identified and described geologic structures, including faults, fractures, and the inclined layering
of rocks, and characteristics of the rocks such as the degree of fusion of the rock matrix and
relative abundance of lithophysae (voids in the rocks formed by volcanic-gas bubbles) that the
applicant concluded would be likely to affect GROA mechanical and hydrologic properties and
conditions. The NRC staff’s review and evaluation of the Yucca Mountain site geologic
conditions are described in the following subsections on the geology of the

subsurface GROA (SER Section 2.1.1.1.3.5.1.1) and the geology of the surface GROA

(SER Section 2.1.1.1.3.5.1.2).



2.1.1.1.3.5.11 Geology of the Subsurface Geologic Repository Operations Area

The subsurface GROA is composed entirely of layered tuff (solidified erupted ash). The layers
are inclined in an easterly direction, and they are fractured and faulted. The NRC staff
organized its review and evaluation of GROA geology into evaluations of the site’s stratigraphy
and structural geology.

Stratigraphy of the Subsurface GROA

In SAR Section 1.1.5.1, DOE described the stratigraphy of Yucca Mountain as layered volcanic
rocks that were erupted and deposited approximately 11 to 14 million years ago. The volcanic
rocks consist primarily of tuffs that originated from large explosive volcanoes north of

Yucca Mountain. The volcanic rock formations show widely varying thicknesses across

Yucca Mountain, generally thicker to the north and thinner to the south. Rocks classified as the
Paintbrush Group dominate the surface and subsurface at Yucca Mountain. These rocks are
subdivided and labeled Topopah Spring Tuff, Pah Canyon Tuff, Yucca Mountain Tuff, and

Tiva Canyon Tuff Formations, among others. The Topopah Spring Tuff Formation is a
12.8-million-year-old, mostly welded (dense, fused) tuff with a maximum thickness of
approximately 380 m [1,247 ft].

The Topopah Spring Tuff contains the proposed repository host horizon (RHH), which consists
of four zones where waste is proposed to be emplaced. These four zones, from bottom to top,
are the lower nonlithophysal, lower lithophysal, middle nonlithophysal, and upper lithophysal
zones. On the basis of its lithological studies of Yucca Mountain rocks, augmented by its
studies of the rocks in the Exploratory Studies Facility (ESF) and Enhanced Characterization of
the Repository Block (ECRB), DOE estimated that the two lithophysal zones in the RHH
comprise approximately 85 percent of the waste emplacement area (SAR Section 1.1.5.3.1.1).

NRC Staff’s Evaluation

The NRC staff reviewed the applicant’s description of stratigraphy of the subsurface GROA,
including SAR Section 1.1.5.1, references therein, and the applicant’s stratigraphical studies
conducted in the Yucca Mountain region (BSC, 2004bi; Sawyer, et al., 1994aa). DOE’s data
are consistent with independent NRC studies derived from geologic maps; from observations of
surface and subsurface rock exposures and alluvium; and from borehole logs, core samples,
and three-dimensional computer scale-models (Waiting, et al., 2007aa; NRC, 1999aa). The
NRC staff finds that DOE has adequately described the age of the rocks, rock layer stacking
order, and thickness variations of the volcanic rocks because these descriptions are consistent
with the NRC’s independent studies.

Structural Geology of the Subsurface GROA

In SAR Section 1.1.5.1, DOE provided information on site structural geology and tectonics to
describe past geologic hazards and potential future hazards caused by faulting, seismicity,
rockfall, and volcanism. DOE also provided information on the structural geologic studies it
conducted in the Yucca Mountain region (BSC, 2004bi; Day, et al., 1998aa). The principal
geologic deformation features and processes that might affect the volcanic rocks at

Yucca Mountain during the preclosure period are faulting and fracturing; which are
evaluated next.
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Faulting

DOE located and characterized hundreds of faults within a 100-km [62-mi] radius of

Yucca Mountain (BSC, 2004bi; Day, et al., 1998aa). DOE depicted the faults at

Yucca Mountain on geologic maps and geologic cross sections in SAR Section 1.1.5.1.2 and in
DOE (2009ar,bg). This information was used to identify faults that might affect the proposed
repository site indirectly by generating earthquakes or directly by causing SSCs located
sufficiently close to faults to slip, shear, or tilt. DOE described large faults, called
block-bounding faults (e.g., the Solitario Canyon and Bow Ridge Faults), that control the
structural framework of the site and intrablock faults (e.g., the Sundance and Ghost Dance
Faults) that have been formed in response to strains developed in the faulted blocks resulting
from slip of the block-bounding faults. DOE observed additional small-displacement faults and
shear fractures in the ESF and ECRB.

The block-bounding faults are dominantly north-south-striking normal faults that dip moderately
(30-60°) to steeply (60-90°) to the west, and separate 1 to 5-km [0.6 to 3.1-mi]-wide, and tilted
blocks of gently (less than 30°) east-dipping volcanic rocks. DOE determined that displacement
of such block-bounding faults could generate the largest displacement and vibratory ground
motions (i.e., earthquakes) at the site.

DOE determined that the block-bounding faults were active during formation of the volcanic
rocks that comprise the RHH (Paintbrush Group, 12.8 to 12.7 million years ago).

Significant motion on the faults occurred about a million years later, after emplacement of the
11.6-million-year-old Rainier Mesa Tuff Formation. DOE provided further evidence that the
block-bounding faults were reactivated in the Quaternary Period (less than 2 million years ago)
and have the potential for significant future movement.

DOE stated that the regional east-west-directed extension of the Basin and Range Province, in
which Yucca Mountain is located, is accommodated primarily by slip on block-bounding faults.
DOE also observed greater crustal extension in the southern portion of the site than in the
northern portion. DOE stated that the transition to greater extension in the south is marked by
an increase in the number of fault splays off the block-bounding faults and an increase in
displacement on faults such as the Solitario Canyon and Paintbrush Canyon faults.

In response to the NRC staff's RAls, DOE described significant fault displacements and how
such displacements were determined (DOE, 2009as). The main block-bounding faults that
bound the subsurface GROA are the Solitario Canyon and Bow Ridge Faults to the west and
east, respectively. DOE stated that the 60-m [197-ft] setback distance it established as design
control parameter 01-05 was applied to these two faults as a postclosure criterion.

The applicant’s proposed setback distance from this significant Quaternary fault is a prerequisite
for completing the subsurface GROA design. The setback distance determination depends on
the characterization of the main fault and splays and their displacements, width of fault damage
zones, and attendant zones of influence (DOE, 2009as,bf). In particular, the location of the
westernmost endpoints of emplacement drifts (and, therefore, the location and length of
emplacement drifts) depends on the location of the west access main, which the applicant also
proposes to setback from the Solitario Canyon fault (DOE, 2009bf). DOE estimated the setback
distance for subsurface openings on the basis of the locations, strikes, and dips of known faults.
DOE stated in SAR Section 1.1.5 that this information on which its estimates are based will be
confirmed during excavation of the openings In particular, DOE stated that, “Emplacement drifts
shall be located a minimum of 60 m from a Quaternary fault with potential for significant
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displacement” (SAR Table 1.9-9, DCP 01-05); “During construction activities (underground)
in the vicinity of the Solitario Canyon fault, the location of the fault will be confirmed, and
the condition of the rock near the fault will be examined” (DOE 2009bf, Enclosure 1;

DOE 2009as, Enclosure 3); “A construction standoff [setback] will then be evaluated on
observational data to confirm the design basis” (SAR Section 1.3.4.2.2).

DOE also stated that a setback distance of 60 m [197 ft] from Quaternary block-bounding faults
with potential for significant displacement also provides a safety margin from preclosure fault
displacement hazards. This is based on an analysis of displacement and stress adjacent to an
active fault for displacements up to 1 m [3.3 ft]. The largest mean preclosure displacement

on the Solitario Canyon fault is 32 cm [1 ft] with an annual exceedance probability of 10™°
(BSC, 2003aj). In addition to the hazard of direct fault displacement, the applicant determined
that faults and their damage zones can disturb drift stability (SAR Section 1.3.4.2.2) and
increase rockfall hazard (DOE, 2009bf). DOE stated that the 60-m [197-ft] setback of
emplacement drifts from the Solitario Canyon fault is sufficient to mitigate this increased hazard
and determined that this hazard is not present at the Bow Ridge Fault due to that fault’s
distance from the subsurface GROA (SAR Figure 2.2-12).

DOE determined that the subsurface GROA will only approach the Solitario Canyon fault

(not the Bow Ridge Fault) closely enough for this 60-m [197-ft] setback to apply

(SAR Figure 2.2-12). Because the proposed subsurface GROA will have its western boundary
delimited by the subsurface trace of the Solitario Canyon fault at the level of the subsurface
GROA, the component of the GROA that will be closest to the Solitario Canyon fault will be the
perimeter access main (DOE, 2009bf). Further, because the access mains are subject to the
60-m [197-ft] standoff design control parameter 01-05 and because the applicant stated that
waste emplacement will be located an additional 60 m [197 ft] from the access main as
measured perpendicular to the access main (DOE, 2009bf), the closest a waste package can be
to the Solitario Canyon fault would be 120 m [394 fi].

DOE expects to encounter faults during drift construction and recognizes the need to
characterize their orientation, displacement, and widths of damage zone and zone of

influence to assess the appropriate setback and predict the location of intersections in adjacent
drifts [DOE (2009as, Section 1.2.3.1); SAR Table 5.10-3].

DOE determined that, for preclosure safety considerations, fault shear displacements of more
than 3 m [10 ft] during a 100-year-preclosure period have annual exceedance probabilities of
less than 107 and, therefore, found these displacements to not be important for its hazard
analysis. Furthermore, narrow faults with observed total displacement of 2 m [6.7 ft] or less are
estimated by DOE to have an annual probability of exceedance of less than 1078 for future
displacements of 3 m [10 ft].

NRC Staff’s Evaluation

The NRC staff reviewed DOE’s description of faulting of the subsurface GROA in

SAR Section 1.1.5.1, references therein, and responses to RAIs (DOE, 2009ar,as,bg). The
NRC staff also used its professional experience and knowledge gained from its own
independent field, laboratory, and natural analog studies (Ferrill and Morris, 2001aa;

Dunne, et al., 2003aa; Ferrill, et al., 1999ab; Stamatakos, et al., 2000aa; NRC, 2005aa). The
NRC staff concludes that the applicant’s cross sections covering the entire length and width of
the subsurface GROA reasonably depict stratigraphic layering and faults because they are
consistent with the NRC staff’'s independently derived knowledge of the subsurface GROA and
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are sufficient for the NRC staff’'s evaluation of the layout and design of emplacement drifts and
other underground excavations. The cross sections also represent the ESF, ECRB, the
elevation, relative angle of the planned repository underground excavations (i.e., tunnel, ramp,
and emplacement drift), and the rock formations within which the excavations would take place.

The NRC staff finds acceptable the applicant’s representation and interpretation of the spatial
relationship between the major block-bounding faults that influence GROA design because DOE
extended the geological cross sections beyond major faults and provided adequate
supplemental explanations in response to RAIs (DOE, 2009ar,as,bg). Thus, the NRC staff
concludes that DOE provided adequate information on the subsurface GROA structural
geology. The NRC staff also finds that DOE’s evaluation of block-bounding fault displacement
and setback provided in DOE (2009as,bf) is acceptable because the applicant used an
appropriate method to estimate the shortest distance from a waste package to a fault or

fault zone.

The NRC staff finds adequate both (i) the analysis of fault displacement and rockfall

hazard (BSC, 2003aa) the applicant utilized to establish the standard of a 60-m [197-ft]
standoff from a Quaternary block-bounding fault with potential for significant displacement

(i.e., the Solitario Canyon fault) and (ii) the applicant’s stated approach to assess the
significance of fault displacement in PCSA. The NRC staff concludes that these approaches
are adequate based on the NRC staff’s scientific and engineering judgment, and that they will
enable DOE to clearly identify active faults that might affect the proposed repository site
indirectly by generating earthquakes or directly by causing SSCs located sufficiently close to
faults to slip, shear, or tilt, and thus to setback from these potentially active faults. On the basis
of the NRC staff’s review, as described previously, the NRC staff finds that the applicant
provided adequate information on the subsurface GROA structural geology and the site faulting
hazard for use in the PCSA and GROA design.

Fracture Characteristics

In SAR Section 1.1.5.1.3, the applicant characterized fractures of the rocks in the subsurface
GROA. In SAR Section 1.1.5.1.3.3, the applicant described that fractures are found everywhere
at Yucca Mountain, except in alluvium. Understanding the fracture characteristics in the
different rock formations is important for the orientation, design, and construction of
emplacement drifts and other subsurface structures and is also important to the design of
ground-support systems (e.g., rock bolts, shotcrete) to stabilize emplacement drifts and
ventilation shafts during the preclosure period. The applicant explained fracture formation

and assessed its characteristics, including (i) orientation, (ii) dip angle, (iii) length, (iv) spacing,
and (v) connectivity.

The applicant considered rockfall (spallation of tunnel wall rock blocks) and drift degradation
(major tunnel collapse) to be “fracture hazards” controlled by aspects of the fracture networks
measured in different RHH zones. The applicant considered the fracture hazard to drift
degradation to be bounded by the hazard from seismic loading conditions, as described in
SAR Sections 1.6 and 1.7 and evaluated by the NRC staff in SER Sections 2.1.1.1.3

and 2.1.1.1.4.

The applicant’s description of fractures was based on data collected in the ESF and the cross

drift (BSC, 2004al; Sweetkind, et al., 1997aa; Mongano, et al., 1999aa). Fractures in the two
nonlithophysal zones, which make up approximately 15 percent of the proposed RHH, were
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formed during the early cooling of the tuffs. These fractures are longer than fractures in the two
lithophysal zones, which make up 85 percent of the RHH.

DOE described the fractures in the upper lithophysal zone as having a predominantly north- and
northwest-striking tectonic orientation, with spacing that ranges from 0.5 to 3 m [1.6 to 9.8 fi]
and lengths of less than 3 m [10 ft]. The lower lithophysal zone—the rock layer proposed to
contain most of the waste packages—has a few long fractures but many small fractures less
than 1 m [3 ft] long, which are steeply dipping and have a spacing of a few centimeters

[few inches]. The applicant characterized the middle nonlithophysal zone as a network of long,
relatively closely spaced fractures that the applicant separated into four sets on the basis of
orientation: two sets are subvertical with northwest- and northeast-striking orientations, the third
set strikes to the northwest with a moderate dip, and the fourth set strikes northwest with a
shallow dip.

For fractures in the lower nonlithophysal zone along the ECRB cross drift, the applicant
identified three steeply dipping sets, with the most prominent striking northwest. The applicant
also identified a northwest-striking, shallowly dipping set among the lower nonlithophysal zone
fractures. The applicant indicated high fracture frequencies {19 to 24 fractures per each 3-m
[10-ft] interval} in the lower nonlithophysal zone, similar to the intensities in the middle
nonlithophysal zone.

The applicant described the zone of influence around faults (DOE, 2009bf). This zone is
defined as the region near a fault where fracture intensity is increased or orientation changes.
According to the applicant, the intensity of long fractures {greater than 1 m [3.3 fi]} correlates
with rock type but not with proximity to faults. However, for shorter fractures, the applicant
made four general observations on the zone of influence. First, the width of the zone of
influence adjacent to a fault ranges from 1 to 7 m [3.3 to 23 ft]. Second, small displacement
faults {1 to 5 m [3.3 to 16 ft]} have narrow zones of influence, whereas larger displacement
faults have wider zones. Third, the zone of influence does not correlate with the depth below
the ground surface. Fourth, the amount of observed deformation associated with a fault partly
depends on the strata. Nonwelded tuffs are characterized by sharp faults and smaller zones of
influence. Welded tuffs are characterized by less well-defined faults and relatively larger zones
of influence.

NRC Staff’s Evaluation

The NRC staff reviewed the applicant’s information on fractures in SAR Section 1.1.5.1,
references therein, and associated RAls. The NRC staff conducted independent analyses of
surface fractures at Yucca Mountain (Dunne, et al., 2003aa) and subsurface fracture data for
the RHH intervals (Smart, et al., 2006aa). The applicant’s description of fracture orientations in
the RHH intervals is consistent with the NRC staff's independent analyses, and the NRC staff
finds that the applicant’s fracture-orientation information is adequate to support its use in other
SAR sections, the PCSA, and GROA design. For example, the results of staff fracture
analyses (Smart, et al., 2006aa) show that the prevailing fracture orientations are consistent
with the applicant’s proposed alignment of emplacement drifts within the RHH, as identified in
DOE (2009as, Enclosure 4) and SAR Section 1.3.4.2.3.

Fracture spacing and connectivity are considerations for design of ground support systems for
safety during operations and are relevant to analyses of drift degradation, rockfall, and seepage
(NRC, 2004ab, 2005aa; Ofoegbu, et al., 2007aa). The NRC staff analyses show that the
applicant’s characterization of fracture networks for use in the GROA design reflected several
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sampling biases (Smart, et al., 2006aa). The applicant’s interpretation of fracture spacing and
connectivity may not adequately capture the full range of uncertainties of these parameters.
The NRC staff analyses show that the applicant overestimated fracture spacing at

Yucca Mountain because of sampling biases (Smart, et al., 2006aa). Therefore, the NRC staff
finds the applicant’s analysis of fracture spacing and connectivity does not fully address all of
the uncertainties in fracture spacing. However, the NRC staff notes that the applicant stated in
the SAR that it will confirm the fracture parameter input to the design and performance to reflect
actual field observations made during construction of underground openings. In particular, DOE
stated in the SAR that rock conditions will be observed as emplacement drift boring is
accomplished, including fracture characteristics such as orientation, spacing, length, intensity,
and connectivity (PSC-25), in part to ensure that emplacement drifts are constructed nominally
parallel with the design azimuth (70-80°) [SAR Table 1.9-9, DCP 01-08 and DCP 01-14;

DOE (2009as, Enclosure 4)].

2.1.1.1.351.2 Geology of the Surface Geologic Repository Operations Area

In SAR Section 1.1.5.1.4, the applicant provided information on the stratigraphy and structural
geology of the surface GROA. The surface GROA facilities would be constructed mainly in
Midway Valley on alluvium. Characterization of alluvium and rock properties and conditions at
the surface GROA are necessary for the design of facilities and their foundations and cut and fill
slopes during construction. The applicant also used this information for analyses of potential
hazards to the facilities such as earthquakes, surface faulting, landslides, and erosion of and
deposition on the surface GROA.

Stratigraphy of the Surface GROA

In SAR Section 1.1.5.1.4, the applicant characterized the near-surface stratigraphy using
geologic mapping, boreholes, test pits, trenches, and geophysical investigations (BSC, 2002aa;
SNL, 2008af). The applicant determined that the surface GROA is underlain by tuff, partly
covered with Quaternary-age alluvium, colluvium, and soil. The alluvium thickness varies from
zero at the eastern base of Exile Hill to a maximum of approximately 61 m [200 ft] in the middle
of Midway Valley.

NRC Staff’s Evaluation

The NRC staff reviewed the applicant’s stratigraphic information in SAR Section 1.1.5.1 and
references therein and finds that the applicant’s general description and thicknesses of the
bedrock formations and alluvium are adequate because they are consistent with the NRC staff’s
field observations and independent studies (Waiting, et al., 2007aa; NRC, 1999aa). Further
discussion of the properties, variations, and thicknesses of the volcanic rocks and alluvium is
provided in SER Section 2.1.1.1.3.5.4. Therefore, the NRC staff concludes that the applicant’s
information regarding the subsurface GROA structural geology is adequate to provide inputs to
design and assess potential seismic and fault displacement hazards in the PCSA.

Structural Geology of the Surface GROA

The dominant geologic structural features of the surface GROA are north-south striking normal
faults separating dipping rock layers. The applicant stated that Midway Valley is cut by several
steeply dipping normal faults interpreted to offset (displace) the bedrock units but not the
Quaternary alluvium. Exile Hill, the location of the North Portal, is bounded on the west by

the west-dipping Bow Ridge Fault and on the east by the east-dipping Exile Hill fault. A
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north-northwest-striking, east-dipping fault, the Exile Hill fault splay crosses through the middle
of the surface GROA. The Midway Valley fault underlies the northeastern portion of the surface
GROA. Displacement on this north-northeast-striking, west-dipping normal fault in Midway
Valley is estimated to be 40 to 60 m [131 to 197 ft] on the basis of gravity and magnetic surveys,
but bedrock exposures of the fault north of Yucca Wash show 120 m [394 ft] of displacement.
On the basis of geophysical data, the applicant also identified several potential additional faults
with smaller displacements underneath the surface GROA (BSC, 2002aa; Keefer, et al.,
2004aa). These geologic interpretations are depicted on geologic maps and geologic cross
sections in SAR Section 1.1.5.1.4, Figures 1.1-64 through 1.1-67.

The applicant revised previous data and relocated the trace of the Bow Ridge Fault by about
100 m [330 ft] to the east and updated fault slip values (Orrell, 2007aa; SAR Figure 1.1-59).
This relocation was based on 2006—2007 well-boring data. However, the applicant indicated
that the revised fault location and slip information was consistent with previous interpretations
because these values fall within the uncertainty ranges used by the applicant to estimate the
probabilistic fault displacement and ground motion hazards. The applicant stated that during
initial construction activities, the locations, widths, and age of displacement of damage zones
from the Bow Ridge Fault, interpreted buried faults, and potential unknown faults in Midway
Valley will be evaluated.

NRC Staff’s Evaluation

The NRC staff reviewed the applicant’s faulting information described in SAR Section 1.1.5,
references therein, SAR Figures 1.1-64 through 1.1-67, and responses to RAls

(DOE, 2009at,bg) and found the information to be adequate because the mapping sufficiently
encompasses the surface GROA at a detailed scale of 1:12,000 and accurately depicts the
topographic and surface geological features in relation to the major surface facilities. The
information includes the description of the relocated Bow Ridge Fault (DOE, 2009at,bg). The
NRC staff based its conclusion on technical knowledge gained through experience, including
direct observations from site visits during the prelicensing period.

The NRC staff finds that the applicant adequately explained how the geological maps and cross
sections were developed, as well as their intended use, limitations, assumptions, and
associated uncertainties. To address any potential uncertainties in faulting interpretations, the
applicant stated that if buried or unknown faults were encountered in the course of excavating
for foundations, these faults would be investigated further to define the potential associated
hazards (DOE, 2009bf). The NRC staff finds that the applicant’s approach for further fault
investigation during construction is adequate because it follows standard engineering practice to
inform the design of a facility as new geotechnical and geological information becomes available
during excavation and drilling activities conducted at the time of construction. Therefore, the
NRC staff concludes that the applicant’s information regarding the surface GROA structural
geology is adequate to provide inputs to design and assess potential seismic and fault
displacement hazards in the PCSA.

2.1.1.1.3.5.1.3 Fault Displacement Hazard Assessment

In SAR Section 1.1.5.2.4.1, the applicant described (i) the potential for fault displacement

(the relative displacement of bedrock, sediment, and soils on opposite sides of a fault) that
might adversely affect the surface and subsurface GROA,; (ii) the probability that fault slip will
exceed design specifications; and (iii) the expert elicitation process that led to the applicant’s
assessment. A fault that intersects the surface GROA could displace bedrock, sediment, or soil
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and thereby damage foundations of surface facilities by shearing or tilting them and disrupting
surface drainage and erosion-protection features. Also, fault displacement is a potential hazard
to the subsurface GROA because it could damage or shear drifts or waste packages, trigger
rockfall within the drifts and shafts, degrade drift walls and ground-support systems, or degrade
other components of the engineered barrier system.

Probabilistic Fault Displacement Hazard Assessment Methodology

The applicant conducted a Probabilistic Fault Displacement Hazard Assessment (PFDHA)
within the Probabilistic Seismic Hazard Assessment (PSHA) expert elicitation (CRWMS M&O,
1998aa). The PFDHA relied on the same expert elicitation process as the PSHA; the NRC
staff’s evaluation of this process is in SER Section 2.1.1.1.3.5.2. The applicant convened a
panel of experts from the PSHA to develop probabilistic fault displacement hazard curves.
These PFDHA curves are analogous to seismic hazard curves, in which increasing levels of
fault displacements are computed as a function of the annual probability that those
displacements will be exceeded.

The process the applicant followed in the PFDHA included an assessment of specific
characteristics and uncertainties, including (i) identifying sources of fault displacement;

(i) evaluating the location, frequency, and size of displacements at selected points in the
repository; (iii) evaluating displacements as a function of magnitude and distance; and

(iv) integrating these data into a hazard curve that depicts possible fault slip as a function of
annual exceedance probability.

To conduct the PFDHA, the applicant convened a panel of experts as described in

SAR Section 2.2.2.1.1.1. The expert panel consisted of six 3-member teams of geologists

and geophysicists who developed probabilistic distributions to characterize potential fault
displacements in the Yucca Mountain region. The expert elicitation teams used two methods to
generate fault displacement hazard curves, as applied in the PFDHA: the displacement
approach and the earthquake approach. The displacement approach uses fault-specific data,
such as cumulative displacement, fault length, paleoseismic measurements from fault trench
studies, or data from records of earthquakes correlated with the known seismogenic faults. The
displacement approach relies on direct observational evidence of faulting. The experts derived
fault displacement and displacement probability over time directly from (i) paleoseismic
displacement and recurrence rate data, (ii) geologically derived slip rate data, or (iii) scaling
relationships that relate displacement to fault length and cumulative fault displacement.

The earthquake approach relates the frequency and magnitude of the faults’ slip events to the
frequency and magnitude of earthquakes on the seismic sources, as they were defined in the
seismic-source models in the PSHA (CRWMS M&O, 1998aa). The earthquake approach uses
earthquake recurrence models from the seismic hazard analysis. For this approach, the experts
assessed three probabilities: (i) the probability that an earthquake will occur; (i) the probability
that this earthquake will produce surface rupture on the source fault; and (iii) the probability that
the earthquake will produce distributed surface displacements.

The probability that an earthquake will occur was derived from the frequency distribution of
earthquakes for each source used in the seismic hazard assessment and based on geologic,
historical seismic, or paleoseismic data. The probability of surface rupture was determined by
an analysis of historical earthquake and surface rupture data from the Basin and Range
Physiographic Provinces and from focal depth calculations. In the focal depth calculations, the
size and shape of the fault rupture for each earthquake was estimated from empirical scaling
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relationships (e.g., Wells and Coppersmith, 1994aa). Depending on focal depth, the surface
displacement (if any) along the fault was determined. The applicant introduced an additional
variable that randomized the rupture along the fault length because the maximum surface
displacement of a fault may not coincide with the location for which the fault displacement
hazard curve is being generated (i.e., the demonstration point, as described in a following
subsection). The probability of distributed faulting was determined from Basin and

Range historical rupture data in which distributed faulting was mapped after an

earthquake (e.g., Pezzopane and Dawson,1996aa) or through slip tendency analysis
(Morris, et al., 1996aa).

NRC Staff’s Evaluation

The NRC staff finds that the PFDHA methodology described in SAR Section 1.1.5.2 and
references therein is acceptable for developing reasonable hazard estimates because it

was derived from a formal expert elicitation that followed the guidance in NUREG-1563
(NRC, 1996aa). In addition, based on the NRC staff's observation of DOE’s elicitation
workshops and review of materials produced during the PFDHA, the NRC staff finds that the
applicant’s process was acceptable. The NRC staff also has extensive knowledge gained
through experience evaluating geological evidence for recurrence and slip rates of faults that
the applicant considered in the PFDHA (e.g., Stamatakos, et al., 2003aa). Based on this
knowledge, the NRC staff concludes that the PFDHA captured the current scientific
understanding of probabilistic fault displacement analyses and that the results represent the
center, body, and range of viable interpretations, including uncertainty. The detailed NRC staff
review of expert elicitation, as used by the applicant in the PFDHA, is provided in

SER Section 2.5.4.

Input Data and Interpretations

The applicant’s PFDHA integrated two data types: (i) faulting activity on mapped faults, defined
by historic earthquakes or measured Quaternary fault displacements and (ii) faulting activity that
may occur on unmapped faults or newly developed faults based on an assessment of the
overall tectonic setting, in-situ stresses in the rock mass, geomechanical properties of the rock
mass, and regional estimates of crustal strain. The applicant analyzed 100 earthquakes in the
Basin and Range region to determine the relationships among the amounts and patterns of both
principal and distributed fault displacements, the minimum magnitude at which an earthquake
may produce surface faulting, and the maximum magnitude at which an earthquake does not
displace the surface.

For the largest mapped faults at Yucca Mountain, the PFDHA curves were based on the same
detailed paleoseismic and earthquake data used to characterize these faults as potential
seismic sources in the PSHA. The expert elicitation relied on both anecdotal evidence

and expert judgment to develop conceptual models of distributed faulting and to estimate the
probabilities of secondary faulting along smaller faults and fractures in the repository

(Youngs, et al., 2003aa; CRWMS M&O, 1998aa).

The applicant chose nine sites in and near Yucca Mountain as demonstration sites for the
application of the PFDHA, as shown in SAR Table 1.1-67. These demonstration sites were
selected to represent a range of faulting and related fault deformation conditions in the
subsurface and near the proposed surface facility sites in the GROA, including large block
bounding faults such as the Solitario Canyon and Bow Ridge Faults, smaller mapped faults
within the repository footprint such as the Ghost Dance fault, unmapped minor faults near the
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larger faults, fractured tuff, and intact tuff. Individual PFDHA curves were developed to
characterize fault displacements at each of the nine demonstration sites. Fault displacement
curves for several of the nine demonstration sites are provided in SAR Figure 2.2-13.

Results of the PFDHA (CRWMS M&O, 1998aa) show that, except for the Bow Ridge and
Solitario Canyon faults, mean fault displacements are estimated to be less than 1 m [3.28 ft]
over the next 10 million years (SAR Table 2.2-15). Mean displacements for the demonstration
sites within the current repository footprint [demonstration sites (v), (vii), and (viii)] do not exceed
0.40 m [1.3 ft] in 10 million years. For a 10,000-year period, mean displacements are calculated
to be less than 0.01 m [0.03 ft] for all 9 demonstration sites (SAR Table 1.1-67).

NRC Staff’s Evaluation

The NRC staff evaluated the applicant’s information regarding site characterization input data
and interpretations to the PFDHA in SAR Section 1.1.5.1, references therein, and supporting
documents. The NRC staff also conducted independent analyses using slip tendency

(Morris, et al., 1996aa) of faults within the Yucca Mountain region (Morris, et al., 2004aa).
Based on the NRC staff's professional experience and knowledge gained from its own
independent field, laboratory, and natural analog studies, the NRC staff finds that the input data
to the PFDHA and the resulting interpretations are acceptable because (i) the broad collection
of geological and seismological information allowed interpretations about fault displacement in
the scientific community to be evaluated by the panel experts (the NRC staff evaluates DOE’s
expert elicitation process in SER Section 2.5.4), (ii) the fault displacement and earthquake
approaches used by the experts to interpret the data and develop the fault displacement curves
are acceptable because they are consistent with seismological theory and supported by
geological observations, and (iii) the interpretations made by the expert panel are consistent
with the NRC staff’'s independent evaluations of faulting (Ferrill and Morris, 2001aa; Dunne, et
al., 2003aa; Ferrill, et al., 1999ab; Stamatakos, et al., 2000aa; NRC, 2005aa). On the basis of
the NRC staff’s review, the NRC staff finds acceptable DOE’s methodology, input data, and
probabilistic fault displacement hazard analyses. In particular, the NRC staff finds that the
probabilistic estimates provided by the applicant in SAR Table 2.2-15 and SAR Table 1.1-67
are acceptable.

NRC Staff’s Conclusion

The NRC staff finds that the applicant’s information on the site geologic setting, stratigraphy,
and structural geology of the surface and subsurface at the Yucca Mountain Site is acceptable.
The geologic information is based on adequate field characterizations and test results of the
correct rock and stratigraphic layers where construction may take place and adequately
represents features such as faulting and fracturing that may be important in the design of GROA
facilities. The NRC staff finds the methodology, input data, and interpretations of the PFDHA to
be adequate. Therefore, NRC staff finds, with reasonable assurance, that the information on
surface and subsurface geology is adequate for use in the PCSA, supports the GROA design,
and satisfies 10 CFR 63.21(c)(1)(ii) and 10 CFR 63.112(c), with respect to site geology.

21.1.1.35.2 Seismology
DOE investigated the geological, geophysical, and seismic characteristics of the
Yucca Mountain region to obtain sufficient information to estimate how the site would respond to

vibratory ground motions from earthquakes. In SAR Section 1.1.5.2, the applicant provided
its description of site seismology. The applicant described its analysis of potential seismic
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hazards in SAR Section 1.1.5.2.4, the overall approach to developing a seismic hazard
assessment for Yucca Mountain in SAR Section 2.2.2.1, and the conditioning (adaption or
modification) of the ground motion hazard for seismic design at Yucca Mountain in

SAR Section 1.1.5.2.5.1. Additional information was provided in DOE (2009ab, Enclosure 19),
DOE (2009aq, Enclosures 6, 7, and 8), and references therein.

DOE's overall approach to developing a seismic hazard assessment for Yucca Mountain,
including fault displacement hazards, as described in SAR Section 2.2.2.1, involved the
following three steps:

1. Conducting an expert elicitation in the late 1990s to develop a PSHA for Yucca Mountain
(CRWMS M&O, 1998aa). This assessment included a PFDHA that is discussed in
SER Section 2.1.1.1.3.5.5. The PSHA was developed for a reference bedrock outcrop,
specified as a free-field site condition with a mean shear wave velocity (Vs) of
1,900 m/sec [6,233 ft/sec] and located adjacent to Yucca Mountain. This value was
derived from a Vs profile of Yucca Mountain with the top 300 m [984 ft] of tuff and
alluvium removed, as provided in Schneider, et al. (1996aa, Section 5).

2. Conditioning PSHA ground motion results to constrain the large low-probability ground
motions to ground motion levels that, according to the applicant, are more consistent
with observed geologic and seismic conditions at Yucca Mountain, as provided in
BSC (2005aj, ACNO02).

3. Modifying the conditioned PSHA results, using site-response modeling, to
account for site-specific rock material properties of the tuff in and beneath the
emplacement drifts and the site-specific rock and soil material properties of the
strata beneath the GROA.

The applicant applied these three steps for seismic hazard assessment for preclosure seismic
design and safety analyses as well as for its postclosure performance assessment. Moreover,
many of the geological and geophysical data, conceptual and process models, and supporting
technical analyses underpinning the applicant’s conclusions in the SAR are common to the
preclosure seismic design and safety analyses as well as the applicant’s postclosure
performance assessment calculations.

The first two steps described here are evaluated in this subsection of the SER. The third step
involving site response modeling is evaluated in SER Section 2.1.1.1.3.5.3.

This three-step process to develop seismic inputs for the PCSA and preclosure seismic design
involves a series of sub-steps that are described in this section. The process is linear, in that
the outputs from earlier steps are used as inputs in subsequent steps. For this review, an
intermediate evaluation is provided for each of these sub-steps regarding the adequacy of the
applicant’s results and methods. These intermediate evaluations are then consolidated in the
NRC staff’s conclusion.

2.1.1.1.3.5.21 Probabilistic Seismic Hazard Analysis (PSHA)
Methodology
The applicant conducted an expert elicitation on PSHA in the late 1990s (CRWMS M&O,

1998aa) on the basis of the methodology described in the Yucca Mountain Site Characterization
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Project (DOE, 1997aa). The applicant stated that its PSHA methodology followed the
guidance for expert elicitation described in the DOE-NRC-Electric Power Research Institute
(EPRI)-sponsored Senior Seismic Hazard Analysis Committee (Budnitz, et al., 1997aa).

To conduct the PSHA, the applicant convened two panels of experts as described in

SAR Section 2.2.2.1.1.1. The first expert panel consisted of six 3-member teams of geologists
and geophysicists (seismic source teams) who developed probabilistic distributions to
characterize potential seismic sources in the Yucca Mountain region. These distributions
included location and activity rates for fault sources, spatial distributions and activity rates for
background sources, distributions of earthquake moment magnitude and maximum magnitude,
and site-to-source distances. The second panel consisted of seven seismology experts
(ground motion experts) who developed probabilistic point estimates of ground motion for a
suite of earthquake magnitudes, distances, fault geometries, and faulting styles. These point
estimates incorporated randomness and uncertainties that were specific to the regional crustal
conditions of the western Basin and Range. The ground motion attenuation point estimates
were then fitted to yield the ground motion attenuation equations used in the PSHA. The two
expert panels were supported by technical teams from the applicant: (i) the U.S. Geological
Survey and (ii) Risk Engineering, Inc. (1998aa). Both organizations provided the experts with
relevant data and information; facilitated the formal elicitation, including a series of workshops
designed to accomplish the elicitation process; and integrated the hazard results.

NRC Staff’s Evaluation

The NRC staff reviewed the applicant's PSHA methodology described in SAR

Sections 1.1.5.2.4 and 2.2.2.1.1, references therein, and responses to RAls, using the guidance
provided in NUREG-1563. The NRC staff finds that the applicant’'s PSHA included the four
basic elements of an expert elicitation, as described in Budnitz, et al. (1997aa). These are

(i) identification of seismic sources, such as active faults or seismic zones; (ii) characterization
of each of the seismic sources in terms of their activity, recurrence rates for various earthquake
maghnitudes, and maximum magnitude; (iii) ground motion attenuation relationships to model the
distribution of ground motions that will be experienced at the site when a given magnitude
earthquake occurs at a particular source; and (iv) incorporation of the inputs into a logic tree to
integrate the seismic source characterization and ground motion attenuation relationships,
including associated uncertainties. In this methodology, each logic tree pathway represents one
expert's weighted interpretations of the seismic hazard at the site. The computation of the
hazard for all possible pathways results in a distribution of hazard curves that is representative
of the seismic hazard at a site, including variability and uncertainty.

In addition, the NRC staff observed all expert elicitation meetings and reviewed summary
reports of those meetings as they were produced. On the basis of these reviews, including the
evaluation with respect to Budnitz, et al. (1997aa) and the NRC staff’s direct observations of the
expert elicitation process, the NRC staff concludes that the applicant’s elicitation for the PSHA is
consistent with the implementation guidance for conducting an expert elicitation described in
NUREG-1563. Therefore, the NRC staff finds that the applicant’s implementation of the PSHA
expert elicitation is adequate to develop estimates of seismic hazards for use in the PCSA and
GROA design. The NRC staff notes that the applicant’'s PSHA methodology is also consistent
with updated NRC guidance on how to implement the Senior Seismic Hazard Assessment
Committee (SSHAC) guidelines in NUREG-2117 (NRC, 2012aa), as described in the NRC
staff’'s evaluation of the DOE PSHA expert elicitation provided in SER Section 2.5.
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Input Data and Interpretations

During the expert elicitation, the applicant’s seismic source teams considered a range of
information from many resources, including the applicant, the U.S. Geological Survey,
project-specific Yucca Mountain studies, and information published in the scientific literature.
This information is presented in SAR Sections 1.1.5.2 and 2.2.2.1.1 and includes Figures 1.1-68
through 1.1-94 and Table 1.1-65. This information included (i) data and models for the geologic
setting; (ii) seismic sources and seismic source characterization, including earthquake
recurrence and maximum magnitude; (iii) historical and instrumented seismicity, as outlined in
CRWMS M&O Appendix G (1998aa); (iv) paleoseismic data (Keefer, et al., 2004aa); and

(v) ground motion attenuation (e.g., Spudich, et al., 1999aa). The applicant also supported the
PSHA with a broad range of data, process models, empirical models, and seismological wave
propagation theory (CRWMS M&O, 1998aa). The expert panels built their respective inputs to
the PSHA on the basis of this information and information they received during the elicitation
meetings (CRWMS M&O, 1998aa). The resulting set of hazard curves were intended to provide
the applicant with sufficient representation of the seismic hazard for use in the PCSA and
GROA design.

The applicant expressed the PSHA curves in increasing levels of ground motion as a function of
the annual probability that the ground motion will be exceeded. These curves are developed for
the bedrock conditions with a mean Vs of 1,900 m/sec [6,233 ft/sec] located adjacent to

Yucca Mountain, as described previously in this section, and they include estimates of
uncertainty (see SAR Figure 1.1-74 for an example of one of the applicant’s seismic hazard
curves). The SAR provided PSHA results on horizontal and vertical components of peak
acceleration (defined at 100 Hz); spectral accelerations at frequencies of 0.3, 0.5, 1, 2, 5,

10, and 20 Hz; and peak ground velocity (PGV).

NRC Staff’s Evaluation

The NRC staff reviewed the applicant’'s PSHA input data and interpretations, as described in
SAR Sections 1.1.5.2 and 2.2.2.1.1, references therein, and responses to RAls. The NRC staff
concludes that the applicant adequately developed the geological, geophysical, and
seismological information necessary to support the expert elicitation. This conclusion is based
in part on the NRC staff’'s evaluations in NUREG-1762 (NRC, 2005aa), where the NRC staff
found that the applicant’s information was consistent with site conditions at Yucca Mountain.
This conclusion is also based on the NRC staff’s first-hand knowledge of the geology and
seismic characteristics of the Yucca Mountain region, which includes more than a decade of
independent geological and geophysical research and study (e.g., Ferrill, et al., 1996aa,ab;
Stamatakos, et al., 1998aa; Waiting, et al., 2003aa; Gray, et al., 2005aa; Biswas and
Stamatakos, 2007aa). The NRC staff also finds that the resulting suite of ground motion hazard
curves; horizontal and vertical components of peak acceleration (defined at 100 Hz); spectral
accelerations at frequencies of 0.3, 0.5, 1, 2, 5, 10, and 20 Hz; and PGV are adequate because
they are consistent with NRC guidance in Regulatory Guide 3.73 (NRC, 2003ae) and
Regulatory Guide 1.208 (NRC, 2007ah). Although these regulatory guides were developed for
other types of NRC-regulated facilities (e.g., nuclear power plants and interim spent fuel storage
facilities), they are applicable here because (i) the seismic hazard assessment is independent of
the type of potentially affected facility and (ii) the methodologies and conclusions in these
Regulatory Guides are generally applicable to analogous activities proposed for the GROA.

The NRC staff also reviewed additional geological, geophysical, and seismological information
in Wernicke, et al., (2004aa) and Hanks, et al., (2013aa), which were developed after the DOE
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PSHA elicitation was performed. Wernicke, et al., (2004aa) provided updates to the Global
Positioning Satellite (GPS) data for Yucca Mountain to include data from a continuously
operating network. These results showed that the anomalously large crustal strain rates
indicated by GPS results (Wernicke, et al., 1998aa) considered in the PSHA were in part
transient strains associated with the 1992 Little Skull Mountain earthquake and not indicative of
increased seismic hazard at the site. Results in Hanks, et al. (2013aa) are based on two
studies: one on the physical limits of ground velocities that the lithology at Yucca Mountain
could have experienced since deposition, based on the physical limits of rock strength, and a
second detailed analysis of the age, distribution, and geometries of precariously balanced rocks
along the steep hill slopes in the Yucca Mountain region. Both the physical limits and
precarious rock studies in Hanks, et al. (2013aa) suggest upper limits on the amplitudes of
earthquake ground motions that occurred in the geological past at Yucca Mountain. These
results, thereby, constrain the upper limits of the PSHA at low annual exceedance probabilities
and suggest that extremely large ground motions at low annual exceedance probabilities in the
DOE PHSA are conservative. These new results, therefore, further support the NRC staff’s
conclusion that DOE’s probabilistic seismic hazard analysis input data and interpretations are
adequate. On the basis of its detailed understanding of the Yucca Mountain geology, the NRC
staff concludes that new geological and seismological information would not substantially alter
the PSHA results, with the exception of over estimation of ground motions at low annual
exceedance probabilities, which is described in the following section regarding conditioning of
low probability ground motions.

Conditioning of Ground Motion Hazard

DOE provided in SAR Section 1.1.5.2.5.1 the conditioning of ground motion hazard at the
reference bedrock outcrop where the PSHA was developed. Since completion of the PSHA in
1998, several studies and reports, including ones from the NRC staff (NRC, 1999aa), the
Nuclear Waste Technical Review Board Panel on Natural System and Panel on Engineered
Systems (Coraddini, 2003aa), and DOE itself (BSC, 2004bj) questioned whether the very large
ground motions the PSHA predicted at low annual exceedance probabilities (below ~10~%/yr)
were physically realistic. DOE stated that these ground motion values are well beyond the limits
of existing earthquake accelerations and velocities from even the largest recorded earthquakes
worldwide. They are deemed physically unrealizable because they require a combination of
earthquake stress drop, rock strain, and fault rupture propagation that cannot be

sustained without wholesale fracturing of the bedrock, which is not observed at Yucca Mountain
(Kana, et al., 1991aa).

For Yucca Mountain, however, the seismic hazard curves were extrapolated to estimate
ground motions with annual exceedance probabilities as low as 1078 (SAR Section 1.1.5.2.5.1).
At these low probabilities, the seismic hazard estimates are driven by the tails of the
untruncated Gaussian distributions (the tail is not defined by the data, but by the assumed
distribution) of the input ground motion attenuation models (Bommer, et al., 2004aa).

As Anderson and Brune (1999aa) pointed out, overestimates of the hazards may also arise
because of the way in which uncertainty in ground motion attenuation from empirical
observations or theory is distributed between aleatory and epistemic uncertainties.

To account for these large ground motions, DOE modified or conditioned the hazard using both
a shear-strain-threshold approach and an extreme-stress-drop approach, as described in

SAR Section 1.1.5.2.5.1. The applicant used these two independent methods for conditioning
the PSHA results to make the seismic hazards consistent with the geologic setting of

Yucca Mountain. The first method in the SAR used geological observations at the repository
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level to develop a limiting distribution on shear strains experienced at Yucca Mountain

(BSC, 2005aj). The second method in the SAR used expert judgment (BSC, 2008bl) to develop
a distribution of extreme stress drop in the Yucca Mountain vicinity. The distribution is based on
available data (stress drop measurements and apparent stress drops from laboratory
experiments) and interpretations. As discussed in SAR Section 1.1.5.2.5.1 and BSC (2008bl),
the applicant conducted conditioning using the shear-strain-threshold and extreme-stress-drop
approaches in series (the combined conditioning) because these two methods are independent.

Rather than reconvene the PSHA expert elicitation and redo the hazard analysis, DOE chose to
treat the issue as part of the ground response analysis. Accordingly, DOE’s second step in
developing ground motion inputs for analyses, after the development of PSHA, was to condition
the ground motion hazard. This second step in the three-step DOE process includes
information on the level of extreme ground motion that is consistent with the geological setting
of Yucca Mountain. Conditioning of the ground motion hazard is a unique study developed for
the Yucca Mountain project.

The unconditioned hazard curve DOE developed, which is the annual probability of exceedance
(APE) as a function of ground motion, is convolved with the distribution of extreme ground
motion for the reference bedrock outcrop to produce the conditioned ground motion hazard of
the same bedrock outcrop. The impact of conditioning at higher probabilities is less significant
and increases as the probability of exceedance decreases (i.e., annual probabilities of
exceedance of 107, 107, 1077, and 107%) (SAR Section 1.1.5.2.5.1). SAR Figures 1.1-79 and
1.1-80 compared the unconditioned and conditioned peak ground accelerations (PGAs) and
PGV mean hazard curves for the reference bedrock outcrop.

For the extreme-stress-drop approach, BSC (2008bl, Appendix A) outlined the workshops,
which included presentations, discussions, and assessments that were conducted to develop
the expert judgment. The stress-drop data from the United States and other countries were
used in the expert elicitation. The parameter variability involved in the empirical ground motion
attenuation relationship and numerical simulations of ground motions that the experts relied on
was included in the conditioning. Variability in velocity profile, stress drop, source depth, and
kappa (the site- and distance-dependent parameter representing the effect of intrinsic
attenuation of the wave field as it propagates through the crust from source to the receiver)
were considered in the modeling to map the stress drop into ground motion distribution.

In response to the NRC staff's RAls (DOE, 2009aq), DOE provided information explaining its
application of the two methods in series where the output of the extreme-stress-drop
conditioning becomes the input for the shear-strain-threshold approach. In the RAI responses,
DOE also clarified and updated the formulations for the two conditioning methods, as described
in BSC (2008bl, Appendix A).

NRC Staff’s Review

The NRC staff reviewed the applicant’s methods for conditioning PSHA results in

SAR Section 1.1.5.2.5.1 and the applicant’s responses to the NRC staff's RAls (DOE, 2009aq)
to evaluate whether the applicant’s two independent conditioning methods are adequate. The
NRC staff finds that the shear-strain-threshold approach is adequate because it follows
appropriate mechanical, material, and seismological principles and is based on laboratory rock
mechanics data and corroborated by numerical modeling.
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The NRC staff finds that the extreme stress drop method is adequate because it is supported by
observations from worldwide earthquake recordings (SAR Section 1.1.5.2.5.1). These
earthquake observations were used by the applicant’s experts to develop limits on stress drop.

The NRC staff also finds acceptable that the DOE applied these two methods in series because,
as DOE described in SAR Section 1.1.5.2.5.1 and its RAI response (DOE, 2009aq), they are
independent from each other. The NRC staff, therefore, concludes that applying both in series
would not duplicate or double count their respective effects on conditioning the hazard curve.
Moreover, the NRC staff notes that the shear-strain-threshold approach has less of an effect on
reducing the hazard as compared to the extreme-stress-drop approach. For example, for an
APE of 1 x 1078, the shear-strain-threshold conditioned PGV hazard is reduced from

1,200 cm/sec to about 1,100 cm/sec [472 to 433 in/sec] or about 10 percent; the stress-drop-
conditioned PGV hazard is reduced from 1,200 cm/sec to about 480 cm/sec [472 to 189 in/sec]
or about 60 percent, as identified in BSC (2008bl, Section A4.5.1).

The NRC staff also finds that the final conditioned ground motion levels at very low APE are
conservative when compared with the observed worldwide strong motion data, which include
records from earthquakes much stronger than those expected in the Yucca Mountain region.
DOE assumed that stress drops from earthquakes in the Yucca Mountain region will remain
consistent during the next 1 million years. The NRC staff finds that the applicant’s assumption
that the tectonic setting and therefore the stress drops of earthquakes from the existing faults at
Yucca Mountain are not going to change significantly in the next 1 million years is also
reasonable on the basis of the NRC staff's understanding of the seismotectonic history of the
Yucca Mountain region (NRC, 2005aa).

21.1.1.35.2.2 Seismic Site Response Modeling

The applicant provided information in SAR Section 1.1.5.2.5.2 on how the surface and
subsurface GROA might behave if the site was subjected to seismic loads. Seismic site
response modeling is the last step in the development of seismic inputs for preclosure seismic
design and PCSA.

To address the effects of earthquakes at the site for the preclosure period, the applicant
provided information in the following areas: (i) site-response modeling methodology;

(ii) geophysical information to develop compression wave velocity (Vp), shear wave velocity
(Vs), and density profiles; (iii) geotechnical information used to develop dynamic material
properties; and (iv) development of seismic design inputs. The NRC staff’s review of the
applicant’s information and analyses within these four topical areas follows.

Overall Approach to Site-Response Modeling

In SAR Section 1.1.5.2.5.2, the applicant discussed how the various types and thicknesses of
rocks, alluvium, and soils that comprise the GROA and the site would likely respond to
earthquake ground motions. The results of site-response modeling included quantifying the
amplification or damping factor of ground motion at or near the location of SSCs and
determining any vertical-to-horizontal motion ratio variance from place to place (factors and
ratios are important to the design of earthquake-resistant facilities). The applicant used the
site-specific ground motion curves that are consistent with the conditioned PSHA ground
motion hazard curves, which staff have reviewed in the previous SER section and found to
be acceptable.
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The applicant used Approach 3 from NUREG/CR-6728 (McGuire, et al., 2001aa) for its
site-response modeling used to develop hazard-consistent, site-specific ground motion spectra
(the spectra consistent with the annual probability of exceedance). In this approach, the
site-specific hazards are calculated using rock hazards and the site-response modeling

(see SER Section 2.1.1.1.3.5.3.1). Two frequency ranges (1-2 and 5-10 Hz) are covered in
this approach to accommodate the magnitude distributions of design earthquakes. In
Approach 3, the results are averaged to take into account model uncertainty in the
site-response inputs (SAR Section 1.1.5.2.5.3).

NRC Staff’s Evaluation

The NRC staff reviewed the applicant’s overall approach to site-response modeling presented in
SAR Section 1.1.5.2.5.2 and references therein using the guidance in NUREG/CR-6728. There
are five approaches (1, 2A, 2B, 3, and 4) described in NUREG/CR—-6728 to conduct this
analysis. The approaches are each applicable under certain circumstances, according to
available data and information. The site-specific data and information needed increase with
each successive approach, and the resulting analyses yield increasing levels of accuracy.
Approach 4 requires site-specific soil attenuation relations that are based on detailed
observations of earthquake data, which were not available for Yucca Mountain. The

applicant adopted Approach 3 from NUREG/CR-6728 for preclosure site-response analyses,
which the staff concludes is adequate because it is one of the approaches recommended in
NUREG/CR-6728 for site-response modeling. The NRC staff concludes that Approach 3 is
also adequate because the two frequency ranges (1-2 and 5-10 Hz) used in the calculations of
input control motions conform to NRC guidance provided in Regulatory Guide 1.208

(NRC, 2007ah). The use of these frequency ranges for input control motions is also consistent
with Regulatory Guide 1.208.

RVT-Based Point-Source Equivalent-Linear Site-Response Modeling

The applicant relied on a Random Vibration Theory (RVT)-based point-source equivalent-linear
site-response model to perform the site-response calculation in the adopted Approach 3
discussed above. The RVT-based point-source model produces amplification factor transfer
functions, which model the nonlinear amplification behavior of the site tuff and alluvium

(BSC, 2004aj, 2008bl). This is described in the applicant’s ground motion report, BSC (20044a;,
Section 6.1.1). The important aspects of this model, which the applicant validated, are

(i) description of the earthquake source (point source v. finite source), (ii) assumed behavior of
the rock and soil (equivalent linear v. nonlinear), and (iii) dimensionality of the model (one, two,
or three dimensions).

NRC Staff’s Evaluation

The NRC staff reviewed the RVT-based point-source model combined with one-dimensional
equivalent-linear site-response in SAR Section 1.1.5.2, references therein, and supporting
documentation (BSC, 2004aj, 2008bl). The NRC staff review focused on the applicability and
accuracy of the model to develop earthquake ground-motion input for the PCSA and GROA
design. The applicant established the applicability of this site-response model for developing
the ground motions for preclosure at Yucca Mountain on the basis of prior published studies
and well-documented validations that compare the model’s predictions with observed data

and alternative models (such as the nonlinear and two-dimensional models). The simplification
and approximation of the model the applicant made included choosing point source over

finite source, stochastic over deterministic for the source modeling, and one-dimensional

1-36



over two-dimensional or three-dimensional equivalent-linear over nonlinear for the site-response
modeling. The NRC staff concludes that the applicant adequately justified these simplifications
and approximations through validation results, which showed the model predictions having
near-zero bias and low variability compared with observations (BSC, 2004aj; 2008bl). The
model parameter uncertainties and the geotechnical data, such as the material dynamic
properties’ uncertainties and the velocity profiles, were adequately incorporated in the model.
This modeling approach has been well tested and validated by the seismic community for
decades and has been adopted by the NRC for reevaluating the site responses at all

US power plants following the accident at the Fukushima Da’ichi nuclear power plant in Japan
(EPRI, 2013aa).

In addition, the NRC staff conducted independent calculations using velocity profiles and
material properties similar to the applicant’s with the software package SHAKE2000
(Ordonez, 2006aa), which is also a one-dimensional equivalent linear model, to calculate the
amplification factors between the output surface ground motion and the input outcrop ground
motion. The NRC staff calculations (Gonzalez, et al., 2004aa) are consistent with the
applicant’s results shown in BSC (2008bl, Figures 6.5.2-1a to 3d).

The NRC staff concludes that the applicant provided evidence from independent researchers
(BSC, 2008bl) that strong two- and three-dimensional effects are not significant at

Yucca Mountain. Two- and three-dimensional effects arise when deep alluvial basins are
present and the seismic sources are dominated by low-frequency (< 0.5 Hz) energy.
Geotechnical data collected at Yucca Mountain (BSC, 2002aa) do not show evidence for these
conditions. Therefore, the NRC staff finds that the one-dimensional RVT-based model is
adequate for modeling the Yucca Mountain site.

2.1.1.1.3523 Geophysical Information to Develop Compression Wave Velocity, Shear
Wave Velocity, and Density Profiles

As part of site characterization activities, the applicant collected geotechnical and geophysical
data across the GROA and in the repository block (the tilted section of welded and nonwelded
tuff situated between the Solitario Canyon and Bow Ridge Faults). These data, described in
SAR Section 1.1.5.3, were used to develop necessary inputs for the seismic site-response
modeling. The applicant’s information included the following: (i) depth to the alluvium-tuff
contact; (ii) subsurface configuration of volcanic strata and subsurface location of faults;

(iii) Vs and Vp profiles; (iv) density; and (v) dynamic material properties (shear modulus and
damping ratios) obtained from geophysical measurements in boreholes, surface geophysical
measurements, and dynamic laboratory testing from combined resonant column and

torsional shear experiments. These geotechnical properties influence how the seismic energy
is attenuated or amplified through the soil and near-subsurface strata at the site. In

SAR Section 1.1.5.2.7.2, the applicant described the methodology and site characterization
studies used to develop this information.

The applicant collected data from 89 exploratory boreholes and surface wave survey lines
across the site to develop depth to the base of the alluvium and the Vs, Vp, and density profiles
for the surface GROA. The applicant used several standard methods to obtain the data:

(i) conventional downhole logs, including gamma ray logs to obtain density information;

(i) downhole suspension surveys; and (iii) spectral analysis of the surface wave (SASW)
profiles. Data collection can be organized within three periods of data collection activities:

(i) prior to 2005, (ii) the 2005—-2006 campaign, and (iii) the 2006—2007 campaign. These three
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campaign periods reflect additional data needs associated with revisions of the GROA design
during the prelicensing period.

The NRC staff organized its review as follows: (i) evaluation of the applicant’s alluvium
thickness calculations, (ii) Vs of the subsurface strata, (iii) primary wave velocities of the
subsurface strata, and (iv) density profiles. These four properties of the bedrock and alluvium
are used in the applicant’s one-dimensional site-response models. The NRC staff’s review of
the dynamic material property information is provided in SER Section 2.1.1.1.3.5.3.3.

Alluvium Thickness Calculations

The applicant identified alluvium thickness as an important factor in developing a suite of
representative profiles used in its one-dimensional site-response models. The applicant
developed a contour map of the depth to the alluvium-tuff contact (SAR Figure 1.1-130) on
the basis of data from the boreholes drilled during the pre-2005 and 2005-2006 campaigns,
as well as data from 23 of the 43 boreholes from the 2006—2007 campaign. The applicant
provided the information from all 43 boreholes drilled during the 2006—2007 campaign in
DOE (2009ap).

NRC Staff’s Evaluation

The NRC staff reviewed the applicant’s information on alluvium thickness provided in

SAR Section 1.1.5, references therein, and RAI responses (DOE, 2009ap). Alluvial thickness is
important because of the strong impedance contrast between alluvium and bedrock and
because the overall thickness of the alluvium has the greatest influence on surface ground
motion calculated by the site response. The staff review included checking the modeled
alluvium thicknesses in the contour map (SAR Figure 1.1-130) against recorded alluvium
thickness from selected borehole logs. Additionally, the NRC staff independently evaluated
alluvium thicknesses using information provided by the applicant (DOE, 2009ap) from the

20 boreholes from the 2006—2007 campaign that the applicant did not use to develop the
contour map. The NRC staff finds that the contour map adequately represents the observed
alluvium thickness for most of the GROA surface facility sites. Discrepancies between the
applicant’s alluvium thickness model and observations of alluvium thickness from the borehole
data can be as large as 12 m [40 ft]. For example, the observed thickness of alluvium in
borehole RF 94, as indicated in the information provided in DOE (2009ap), was 43 m [141 fi],
but the location of this well on SAR Figure 1.1-130 indicated an alluvium thickness of more than
55 m [180 ft]. However, as discussed next in the NRC staff’'s evaluation of the applicant’s
seismic velocity profiles for the surface GROA, these uncertainties in alluvium thickness are
bounded by the applicant’s representative base case Vs profiles, which included profiles with as
much as 61 m [200 ft] of alluvium, 6 m [20 ft] thicker than those indicated on the applicant’s
alluvium thickness map. By developing the model with the thickest possible alluvium, in this
case 61 m [200 ft], the applicant derived the site-response amplifications that bound
site-response values compared to models with less conservative alluvium thicknesses

(the thicker the alluvium, the greater the amplification of seismic energy). Thus, the NRC

staff concludes that the applicant has adequately included information on alluvium

thickness to develop representative soil profiles sufficient for use in its one-dimensional
site-response models.
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Shear Wave Velocity

The applicant described how Vs profiles were obtained from a range of techniques, including
SASW, downhole seismic velocity surveys, suspension logging surveys, sonic velocity logging,
and vertical seismic profiling in SAR Section 1.1.5.3.1.3.1. Of these, the applicant relied on the
borehole and SASW methods to develop profiles for site-response models because the
borehole-based techniques provided reliable information on velocities in the immediate vicinity
of the borehole. SASW surveys complemented the borehole-based measurements and
provided information on the average Vs over a larger volume of the subsurface.

NRC Staff’s Evaluation

The NRC staff evaluated the applicant’s information in SAR Section 1.1.5.3 and references
therein, including the application of the SASW methodology, which was used by the applicant to
acquire much of the Vs data used in the site-response calculations. Vs velocity profiles are
important components of the site-response models because they define the acoustic impedance
contrasts between strata layers. Larger acoustic impedance contrast between the strata layers
causes the seismic wave amplitude to change as it passes through the strata. The NRC staff
also reviewed the applicant’s site data and information collected prior to 2005, as documented
in Gonzalez, et al. (2004aa). The NRC staff finds the applicant’s use of the SASW methodology
adequate for the following reasons. The SASW method has yielded similar results when
compared to conventional downhole testing at numerous sites (e.g., Brown, et al., 2002aa).

The NRC staff's comparisons (e.g., Gonzalez, et al., 2004aa) of the downhole and SASW
measurements at Yucca Mountain show they are consistent with each other (within one-sigma
statistical measurement uncertainties). Moreover, the number and spatial distribution of SASW
profiles, supported by borehole information, cover the entire area of the GROA, the crest of
Yucca Mountain, and the ESF and cross drift, which the NRC staff finds sufficient to
characterize the full range of Vs for the site. Because the NRC staff finds the methods the
applicant used and the spatial coverage to be adequate, the NRC staff concludes that the
applicant has collected sufficient information on the Vs of the rocks and alluvium at

Yucca Mountain to develop adequate site-response models.

Compression Waves

The applicant described development of Vp information used for its site-response models in
SAR Section 1.1.5.2.7.2 and in the applicant’s supplemental ground motion input document
(BSC, 2008bl). According to the applicant, Vp values were developed from a combination of
direct measurements and derived values on the basis of Vsand Poisson’s ratio. Initial
measurements of Vp were made in the 15 boreholes drilled in 2000 and 2001. These Vp values
were then used with Vg from the same boreholes to generate smoothed Poisson ratio curves.
These smoothed Poisson ratio curves were extrapolated to greater depths on the basis of
vertical seismic profiling data. The smoothed and extrapolated Poisson ratio curves were then
combined with Vs profiles to recompute the Vp profiles. These recomputed Vp profiles were
used in the site response analysis and to support average Poisson ratio values for the Calico
Hills Formation and Prow Pass Tuff. In addition, the applicant developed sensitivity analyses
(DOE, 2009aq), which showed that the seismic hazard at the surface GROA and in the
repository are insensitive to uncertainties in both Poisson’s ratio and Vp.
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NRC Staff’s Evaluation

The NRC staff evaluated the applicant’s information in SAR Section 1.1.5.2.7.2, references
therein, and supporting documentation, including DOE (2009aq). The applicant made direct
measurements of Vp at 15 boreholes and calculated interpolated Vp values in combination with
other geotechnical information (e.g., Poisson’s ratio). The NRC staff finds that the use of
interpolated Vp values is appropriate because of the well-established theoretical relationships
between Vs, Vp, and Poisson’s ratio and the lack of hazard sensitivity to uncertainties in both
Poisson’s ratio and Vp. Therefore, the NRC staff concludes that DOE has developed
adequate information on Vp of the rocks and alluvium at Yucca Mountain to develop adequate
site-response models.

Density

The applicant provided information on bulk density of rocks and alluvium beneath the surface
GROA in SAR Section 1.1.5.3.2.3, and in BSC (2002aa). The applicant determined the bulk
density of the rocks in the repository and alluvium beneath the surface GROA using both field
gamma-gamma measurements (a type of geophysical assay) and laboratory measurements
from core samples.

NRC Staff’s Evaluation

The NRC staff evaluated the applicant’s use of gamma-gamma measurements and core
samples provided in SAR Section 1.1.5.3.2.3 and in BSC (2002aa) to determine bulk density of
the rocks in the repository and alluvium beneath the surface GROA. The NRC staff finds that
the bulk density is important because it influences the site-response modeling, especially
damping of the seismic energy. The NRC staff finds that the measurements and core samples
are acceptable because they follow standard industry practice. The NRC staff compared the
applicant’s site data and information, as described in SAR Section 1.1.5.3.2.3, with more
recent measurements of density for core samples from the Topopah Spring Tuff provided in
SNL (2008af). The NRC staff concludes that the field sample data provided in SNL (2008af) is
consistent with the applicant’s initial data and that the values provided in the SAR are
appropriate. Therefore, the NRC staff concludes that the applicant’s information on the bulk
density of the rocks and soil at Yucca Mountain is adequate to develop site-response models for
use in the PCSA and GROA design.

Seismic Velocity Profiles for Surface GROA

The development of seismic velocity profiles as input to the seismic site-response model for the
surface GROA is described in SAR Section 1.1.5.2.7.2, with additional detailed information in
BSC (2008bl), SNL (2008af), and in the applicant’s response to the NRC staff's RAI

(DOE, 2009aq). On the basis of the available velocity data and site geology, the applicant
developed 13 base-case velocity profiles for the surface GROA to fully capture the variability
and uncertainty of the site. To capture the randomness of the site response, the applicant used
each base-case profile as the basis for stochastically generating 60 randomized profiles that
remain consistent with the given uncertainty and the mean profile. A site-response model is
generated for each of the 60 velocity profiles, and the resulting seismic response spectra or
amplification transfer functions are averaged to determine the mean response spectra and its
associated uncertainty. This process is repeated using a suite of input ground motions that
correspond to a range of exceedance probabilities in the PSHA to develop representative
surface hazard curves. To capture the spatial variability of the site, including differences across
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the Exile Hill fault splay or variability in the stiffness of the underlying tuff, the applicant
enveloped the site-specific hazard results to develop a single hazard curve for the entire
surface GROA.

NRC Staff’s Evaluation

The NRC staff evaluated the applicant’s information in SAR Section 1.1.5.2.7.2, references
therein, and supporting documentation, including DOE (2009aq) by performing confirmatory
calculations of the one-dimensional linear-equivalent site-response modeling

(Stamatakos, 2014aa). These calculations were for 26 borehole-specific lithologic profiles
throughout the GROA using the SHAKE2000 code, which is a well-established industry code for
site-response modeling. Mean transfer functions based on the individual profiles for each of the
additional 26 boreholes are bounded by the applicant’s site response model. These results are
also consistent with the NRC staff’s earlier evaluation of the applicant’s site data provided in
Gonzalez, et al. (2004aa). In Gonzalez, et al. (2004aa) the NRC staff performed a similar
one-dimensional site-response evaluation using data from the initial 15 site-response boreholes
drilled within the GROA. Results of the staff’'s independent calculations showed that the
applicant’s approach captures both the randomness and uncertainty of the site velocity
measurements, as well as the spatial variability of the site conditions, including spatial variations
in the thickness of alluvium. All of the NRC staff’'s independent, one-dimensional profiles result
in site amplification curves that fall within the applicant’s distribution. Because of these results,
the NRC staff finds that the site hazard curves are conservative because they are based on an
envelope of the individual site-specific hazard curves. Therefore, the NRC staff concludes that
the applicant developed sufficient information and an acceptable approach to develop adequate
velocity profiles for seismic site-response models. These models are adequately representative
of site conditions for use in PCSA and for the GROA design for the development of the field-free
uniform hazard spectra, as described in SER Section 2.1.1.1.3.5.2.5.

Seismic Velocity Profiles for Subsurface GROA

As described in SAR Section 1.1.5.2.7.2, seismic profiles for the repository block were derived
from 21 SASW profiles from 2004—2005 together with the SASW data from the 2000-2001
campaign. Vsvalues varied spatially within the ESF and ECRB. DOE determined that these
variations coincided with lateral changes in rock conditions, such as variations in lithology,
stratal contacts, or the degree of fracturing in the tuffs. As a result, the applicant developed four
separate velocity profiles to represent a central “stiff” zone and three relatively “softer” zones.
Similar to the methodology for the surface GROA, the applicant developed a suite of
site-response models that were combined to produce representative hazard curves for the
repository block.

NRC Staff’s Evaluation

The NRC staff evaluated the applicant’'s methods and information on one-dimensional
linear-equivalent site-response modeling described in SAR Section 1.1.5.2.7.2 and references
therein. The NRC staff finds the seismic velocity profiles for the subsurface GROA to be
adequate because the approach used to develop velocity profiles for the repository block
parallels the approach the applicant used for the surface GROA. Similar to the evaluation of the
applicant’s velocity profiles for the surface GROA, the NRC staff concludes that the information
and approach the applicant used are sufficient to develop adequate velocity profiles for seismic
site-response models. These models are adequately representative of site conditions in the
repository block for use in the PCSA and the GROA design.
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2.1.1.1.3.5.24 Geotechnical Information Used to Develop Dynamic Material Properties

The applicant provided information on the dynamic properties of the site materials (rocks and
soils) across the GROA and the repository block in SAR Sections 1.1.5.2.7.2 and 1.1.5.3.2.6.3.
The dynamic properties of the alluvium and rock underlying the site are a component of the
applicant’s calculation to estimate the vibratory ground motion at the surface. The normalized
shear moduli and damping ratios of rock and alluvium control the propagation of ground motion
through the geologic medium in the applicant’s site-response analysis. The applicant derived
these values from experiments conducted over the past two decades. The applicant detailed
descriptions of the data acquisition activities in BSC (2002aa). Both resonant column and
torsional shear tests were performed in a sequential series on the same specimen over a shear
strain range from about 10™ percent to 107" percent (BSC, 2002aa, 2004aj; SNL, 2008af).

Normalized Shear Modulus and Damping

The applicant provided normalized shear modulus and material damping values used to assess
the ground response at the surface from a controlled ground motion at the rock outcrop level
[SAR Section 1.1.5.3.2.6.3 and BSC (2008bl, Section 6.4.4)]. Additional information needed for
shear modulus and damping value reductions for each rock layer and alluvium present at the
site is available in BSC (2004aj) and SNL (2008af). BSC (2004aj, Section 6.2.4) described the
original experimental results of normalized shear modulus and damping curves for alluvium and
tuff samples obtained from boreholes near the North Portal and waste-handling building areas.
SNL (2008af) reported results of testing tuff samples from 2004 through 2006. These samples
are from the major geologic units above, at, and below the waste emplacement level. These
normalized shear modulus and damping curves in SNL (2008af), originally developed in

BSC (2004aj), include the effects of confining pressure.

NRC Staff’s Evaluation

The NRC staff reviewed the information on normalized shear modulus and damping provided in
SAR Section 1.1.5.3.2.6.3, references therein, and BSC (2008bl, Section 6.4.4). The NRC staff
concludes that the applicant appropriately tested samples of alluvium from the surface facilities
area and tuff from the repository block to determine the normalized shear modulus and damping
ratio curves at different shear-strain levels. Because the applicant tested samples of tuff from
the complete range of tuff strata at Yucca Mountain, including the repository horizon, the NRC
staff concludes that the applicant adequately characterized the range of dynamic material
properties at the site. The NRC staff concludes that, although some of the available data

from the repository block for Tiva Canyon tuff and Yucca Mountain tuff samples in BSC (2004aj)
are unqualified under the applicant’s quality assurance program, as outlined in

BSC (2008bl, Section 6.4.4.2), results from qualified tests (SNL, 2008af) from the same area
corroborate the curves developed in BSC (2008bl).

The NRC staff also concludes that the applicant used appropriate methodologies to characterize
the dynamic material properties, namely, normalized shear modulus and damping ratios, for
both alluvium and rock strata lying underneath the repository area for the following reasons:

(i) the applicant used acceptable industry standard guidance provided in EPRI (1993ab), which
recommended using these properties to model the behavior of the geologic units to estimate the
ground motion at the surface; (i) DOE’s results obtained for both normalized shear modulus and
damping ratio adequately represent the characteristics of both alluvium and rock at the
repository area for a shear strain about 10™ percent to 10~ percent; (iii) scatter of the
experimental data for both normalized shear moduli and damping ratios follows the idealized
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shape of the cohesionless soil curve, as given in EPRI (1993ab). For these reasons, the NRC
staff finds that the use of this “type curve” shape is reasonable to represent both tuff and
alluvium response.

The NRC staff concludes that uncertainty exists in both curves, as indicated by the scatter of the
experimental data. The applicant used two sets of mean normalized shear modulus and
damping ratio curves developed for both tuff and alluvium to bound that uncertainty. The
applicant extended the curves for both alluvium and rock at shear strains larger than

0.1 percent. This extension was conducted using the curve for cohesionless soil as a guide, in
addition to engineering judgment. The NRC staff finds that this extension is acceptable
because the applicant demonstrated that the data trend is consistent with the cohesionless soil
curve in EPRI (1993aa). Therefore, the NRC staff concludes that the applicant has adequately
characterized the normalized shear modulus and damping, including uncertainty, for use in the
seismic hazard assessment in the PCSA and GROA design.

21113525 Seismic Design Inputs

The applicant’s development of the seismic design inputs was provided in SAR

Sections 1.1.5.2.5.3,1.1.5.2.54,1.1.5.2.5.5, and 1.1.5.2.5.6. The applicant developed
site-specific hazard curves for various combinations of velocity profiles, dynamic material
property curves, and alluvium thicknesses (SAR Section 1.1.5.2.5.3). The hazard curves
represent uncertainties in averaged velocity and dynamic properties. However, hazard curves
for different cases representing observed variability in site properties that include the various
depths of alluvium are combined, and a single curve is developed that envelopes all the
individual cases (i.e., the single enveloping curve bounds all the input data). For the repository
block, hazard results for two velocity profiles (northeast and south of the Exile Hill Fault splay)
were enveloped. These two velocity profiles were used to account for the significant difference
in alluvial thickness juxtaposed across the fault. This process incorporates uncertainty in
hazard curve development. On the basis of the final hazard curves for the surface and
subsurface GROA, the applicant provided design response spectra, time histories, and
strain-compatible soil properties that are used to calculate the potential seismic hazards at the
GROA and inputs into the GROA design. The applicant developed vertical hazard curves by
applying distributions of vertical-to-horizontal 5 percent damped response spectral ratios to

the site-specific horizontal hazard curves. The applicant followed NUREG/CR—-6728

(McGuire, et al., 2001aa) to develop these ground motion inputs.

NRC Staff’s Evaluation

The NRC staff reviewed the information on seismic design inputs provided in SAR

Sections 1.1.5.2.5.3, 1.1.5.2.5.4, 1.1.5.2.5.5, 1.1.5.2.5.6, and references therein, to evaluate the
adequacy of the methods to develop site-specific ground motion parameters, which included

(i) site-specific hazard curves and uniform hazard spectra, (ii) design-response spectra

(5 percent damped), (iii) scaled earthquake time histories, and (iv) strain-compatible soil
properties. The NRC staff finds the applicant’s approach acceptable because the analyses
followed the recommended fully probabilistic Approach 3 (NUREG/CR—-6728) to develop the
site-specific hazard curves for the surface and subsurface GROA for the horizontal motions. In
addition, the applicant used an averaging process to account for uncertainties and an
enveloping process to accommodate spatial variability of the alluvium thickness across the site.
The NRC staff determines that the applicant’s predicted ground motions are acceptable
because they were developed with appropriate inputs to the validated site-response model and
incorporated uncertainties. The NRC staff also finds that those final ground motion results are
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conservatively high at low annual exceedance probabilities (<107°) compared with the available
worldwide strong motion data, which include records from earthquakes much greater than those
expected in the Yucca Mountain region. The NRC also notes that the newly developed design
spectra (BSC, 2008bl) supplement the 2004 version (BSC, 2004aj). The conditioning of PSHA
results was also applied in the new derivation.

NRC Staff’s Conclusion

The NRC staff finds that the seismic information for the Yucca Mountain site is acceptable
because it has been properly characterized by the applicant through the use of a PSHA, which
is considered state-of-the-art for determining the potential hazards from seismic events for
nuclear facilities.

The NRC staff finds the PSHA methodologies and input data and interpretation of the PSHA
and conditioning of PSHA results for the Yucca Mountain site to be adequate. The NRC staff
finds that the applicant relied on the collective judgment of established experts, followed an
acceptable procedure to elicit and document the experts’ conclusions, and supported the expert
elicitation with sufficient technical and scientific information. Also, the NRC staff finds that new
information about the seismic hazards at Yucca Mountain published since DOE completed its
expert elicitation, as presented in Hanks, et al., (2013aa), suggests that the DOE PSHA
provided in the SAR is conservative at low annual exceedance probabilities, further supporting
the NRC staff finding that the probabilistic seismic hazard analysis is acceptable.

The NRC staff also finds that the applicant used appropriate methods and information to
perform seismic site-response modeling. In particular, the NRC staff finds that the RVT-based
point-source/one-dimensional equivalent-linear site-response model combined with Approach 3
and the conditioned hazard is adequate for use in characterizing the seismic ground motions at
Yucca Mountain. Further, the NRC staff reviewed the applicant’s description of geophysical
information to develop Vp, Vs, and density profiles; the NRC staff finds that the applicant
provided sufficient information about these geotechnical properties of the subsurface materials
to develop adequate seismic site-response models. The NRC staff finds the applicant
adequately accounted for uncertainty and variability in these parameters across the GROA
through use of bounding analyses. The NRC staff finds that application of these results in the
applicant’s site-response models is sufficient to develop an adequate seismic hazard for the
surface and subsurface GROA as input to the seismic design and PCSA. Moreover, the NRC
staff finds that the applicant adequately described the basis for the development of the dynamic
material properties used in its site-response calculations.

Therefore, the NRC staff finds, with reasonable assurance, that the information the applicant
provided on seismicity at the Yucca Mountain site for the preclosure period is acceptable

for use in the evaluations in the PCSA and to support the GROA design, and satisfies

10 CFR 63.21(c)(1)(i) and (ii) and 10 CFR 63.112(b) and (c) with respect to site seismology.

2.1.1.1.353 Site Geotechnical Conditions and Stability of Subsurface Materials

The applicant described the geotechnical properties and conditions of the repository site for use
in the PCSA and GROA design in SAR Section 1.1.5.3. The applicant described the types

and geometrical configuration of subsurface materials (rocks and soil) at the site and
mechanical properties of these materials. These properties are used to evaluate the stability of
subsurface materials. On the basis of the applicant’s information in SAR Section 1.1.5.3 and
the applicant’s responses to the NRC staff's RAIs, the NRC staff organized its review of the site
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geotechnical conditions and stability of subsurface materials into (i) types and geometrical
configurations of subsurface materials at the surface GROA, (ii) inputs to analyses of stability
of subsurface materials present beneath the surface facilities at the GROA, and

(iii) geotechnical conditions of the materials present in the subsurface GROA.

2.1.1.1.3.5.31 Types and Geometrical Configuration of Subsurface Materials at the
Surface GROA

The applicant provided information pertaining to the nature and configuration of subsurface
materials (rocks and soils) at the surface facility GROA in SAR Section 1.1.5, including

Figures 1.1-2, 1.1-130, 1.1.59, and 1.1-60. The applicant conducted geological and geophysical
studies at the site, including geologic mapping of outcrops, characterization of cuttings from
geophysical testing boreholes, observations in test pits and trenches, and surface- and
borehole-based geophysical testing. The applicant concluded that the surface facility site is
underlain by Quaternary alluvium and colluvium up to 61 m [200 ft] thick, which overlies a
sequence of volcanic tuff, as shown in SNL (2008af, Table 6.2-1). The applicant stated that the
tuff is much stronger than the alluvium and poses no constraints on site development because
tuff deformation would be much smaller than the alluvium deformation. Thus, the applicant
focused its analysis on the deformation of alluvium rather than tuff.

As shown in SAR Figure 1.1-130, the alluvium thickness varies in the east-west direction from
none at the base of Exile Hill to a thickness of approximately 9.1 m [30 ft] at the west boundary
of the proposed Initial Handling Facility, increasing to approximately 61 m [200 ft] thick in the
middle of Midway Valley near the location of the easternmost proposed Canister Receipt and
Closure Facility. The applicant interpolated variations of the alluvium thickness from borehole
data, as described in SNL (2008af). The applicant described the alluvium as soil material
consisting of interbedded calcite-cemented and noncemented, poorly sorted, coarse-grained
gravel with sand and some fine-sized particles, cobbles, and boulders (BSC, 2007bq). The
alluvium in the area of the North Portal is overlain by up to 9.1 m [30 ft] of nonengineered fill that
will be replaced with engineered fill as part of surface facilities construction.

NRC Staff’s Evaluation

The NRC staff reviewed the applicant’s information pertaining to the types and configuration of
subsurface materials at the surface facility site in SAR Section 1.1.5.3, and references therein,
to assess the adequacy of the applicant’s geotechnical studies at the site in determining the
stratigraphy of the subsurface conditions at the GROA site. The NRC staff concludes that the
applicant’s site characterization from test pits and cutting samples from boreholes is adequate
for use in engineering evaluations in the PCSA because the information was obtained through
appropriate site investigations using geologic and geophysical techniques consistent with
Regulatory Guide 1.132 (NRC, 2003ag). These techniques are commonly used for geological
and geophysical investigations (NRC, 2003ag). Regulatory Guide 1.132 was developed for use
in evaluating nuclear power plants; however, the methodologies and conclusions are generally
applicable to site characterization and are appropriate for use in characterizing the GROA.
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2.1.1.1.353.2 Inputs to Analyses of Stability of Subsurface Materials at the
Surface GROA

Shear Strength of the Alluvium

The applicant provided information on the stability of the subsurface materials (rocks and soils)
beneath the surface GROA in SAR Sections 1.1.5.3.2.3 and 1.1.5.3.2.4. The applicant’s
assessment of the performance of surface facility structures assumed that the subsurface
materials supporting the foundations will be stable during the preclosure period and undergo
only elastic deformations when subjected to static and seismic loading (BSC, 2007ba). To
support this assumption, the applicant provided information pertaining to the allowable bearing
capacity of the alluvium, which the applicant calculated using the estimated shear strength of
the alluvium.

To estimate the shear strength of the alluvium, the applicant conducted laboratory and field
investigations to measure the relative density of the alluvium. The applicant used relative
density in empirical relationships to estimate shear strength (BSC, 2002ab). To obtain relative
density, the applicant first determined the bulk density of the alluvium from geophysical
measurements in seven boreholes (BSC, 2002aa,ab) and water-replacement and sand-cone
density tests in test pits. Then, maximum and minimum density indices were measured in the
laboratory from samples obtained from the test pit locations. Relative density of the alluvium
was then calculated from the minimum and maximum density indices and in-situ measured bulk
densities. For the range of relative densities considered, the applicant determined that the
angle of internal friction ranged from 33" to 52°. DOE proposed an internal friction angle of 39°
with zero cohesion to represent the shear strength parameters of the alluvium at the site

(SAR Section 1.1.5.3.2.4). The applicant justified the use of 39° based on several correlations
that showed that the proposed value was between the low and the mean of the test data.

The applicant stated that an internal friction angle of 39° with zero cohesion represents the
shear strength parameters of the alluvium at the site. The applicant concluded, and provided
additional information in DOE (2009bg,aq,eh) to support its conclusion that this value is
appropriate and may be conservative because, at the scale of building foundations, the very
large volume of alluvial material exhibits a behavior that can be conservatively represented by
average laboratory and field test results. The applicant further supported its analyses based on
additional measurements of relative density (SAR Section 1.1.5.3.2.3, SAR Table 1.1-85).
Further, the applicant explained that the effects of cementation were implicitly included in the
analysis of field measurements of shear wave velocity (Vs) used to assess potential settlement
(DOE, 2009aq; BSC, 2007bq). The applicant also stated that although the alluvium is laterally
discontinuous and layered over small scales, when considered at a large scale, for example
averaging data across the GROA, which is more appropriate for evaluating these building
foundations, the alluvial material can be accurately represented as homogeneous.

NRC Staff’s Evaluation

The NRC staff reviewed the information in SAR Sections 1.1.5.3.2.3 and 1.1.5.3.2.4, references
therein, and responses to RAls (DOE, 2009bg,aq,eh) on the stability of the subsurface materials
at the surface GROA, and evaluated the field testing procedures and the applicant’s use of
those results and the applicant’s empirical relationships to determine the shear strength
parameters of alluvium. The NRC staff finds that the applicant appropriately used in-situ and
laboratory and field test procedures to determine geotechnical parameters of the alluvium
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because these tests and procedures are generally accepted and used in the geotechnical
engineering profession.

The NRC staff also concludes that the empirical methods used to correlate field measurements
with shear strength parameters (e.g., the angle of internal friction) are adequate because the
methodology used by the applicant is widely accepted by the geotechnical community. The
NRC staff finds that the DOE-proposed value of angle of internal friction in the SAR is
conservative because this value assumes cohesionless soils and uniform soil strength with
depth, where there is evidence that shear strength may increase with depth, as shown in

SAR Figures 1.1-133 and 1.1-144, and evidence that some of the alluvium is cemented or
partially cemented and thus may be stronger than assumed. Therefore, the NRC staff finds that
the proposed 39° angle of internal friction, in combination with zero cohesion, is acceptable for
use in foundation design.

The NRC staff notes that additional geotechnical characterization will be performed by DOE
prior to the construction of the surface facilities. As is typical for construction of large-scale
buildings in alluvial basins (such as the numerous large DOE facilities constructed across the
NNSS), characterizations of the bearing capacity and spatial distribution of cemented alluvium
across the site and over the zone of influence of the foundation loadings will be evaluated in
further detail through systematic measurements of alluvial thickness and distribution of
cementation. These characterizations will be conducted in accordance with appropriate industry
codes and standards.

In summary, the NRC staff concludes that for the purpose of the PCSA and GROA design, the
applicant’s information on the shear strength of alluvium is adequate to assess the engineering
design and performance of the foundations of surface facilities.

Compressibility of Low-Density Tuff

The applicant stated in SAR Section 1.1.5.3.2.6.2.1.1 that the presence of low-density bedded
tuff could potentially affect the engineering performance of structures if the low-density tuff is
more compressible than the overlying alluvium. However, DOE provided shear wave velocity
data (DOE, 2009aq) to show that the low-density tuffs and other tuffs directly underlying the
alluvium at the surface facility site have shear wave velocity (Vs) equal to or greater than that of
the alluvium, indicating that the low-density tuff is stronger and less compressible than the
alluvium, and therefore does not affect potential deformation of surface facility SSCs.

NRC Staff’s Evaluation

The NRC staff reviewed the test results provided in SAR Section 1.1.5.3.2.6.2.1.1, references
therein, and responses to RAIls (DOE, 2009aq), and, based on the shear wave velocities of the
tuff compared to the alluvium, the NRC staff concludes that the results from DOE’s geophysical
tests sufficiently demonstrate that the tuff material is stronger and less compressible than
alluvium and, thus, deformation of the tuff will not have any significant effect on the stability of
subsurface materials underlying the proposed surface facility structures.

Allowable Bearing Pressure and Settlement of Foundations of Surface GROA Facilities
The applicant provided information pertaining to allowable bearing pressure for the foundations

of the surface facility structures (BSC, 2007bq). The applicant determined the allowable bearing
pressure for three conditions using shear strength of alluvium on the basis of an internal friction

1-47



angle of 39: (i) square and strip footings with no limit on settlement, as described in

BSC (2007bq, Figure B6-2); (ii) square and strip footings with settlement limited to 12.7 mm
[0.5 in], as shown in BSC (2007bq, Figures B6-7, B6-8, and B7-2); and (iii) square and strip
footings with settlement limited to 25.4 mm [1.0 in], as outlined in BSC (2007bq, Figures B6-13
and B7-1). The applicant’s results for condition (i) determined potential limits on foundation
loading without causing a generalized shear failure of the subsurface materials (i.e., rotational
failure of the foundation and underlying materials). Conditions (ii) and (iii) determined potential
limits on foundation loading without causing excessive settlement due to localized shear failure
of the subsurface materials. The allowable bearing pressure from condition (i) increased as the
footing width increased. Conditions (ii) and (iii), in contrast, yielded results of allowable bearing
pressure that decreased as the footing width increased, but approached a minimum value for
large footing widths.

In response to an RAI (DOE, 2009ei), the applicant stated that its approach to design mat
foundations at the surface facility is based on a finite element (FE) model in which the
subsurface material is represented by soil springs and the resulting deformation is used to
calculate foundation pressures and settlements. The FE model is also used to check the
calculated pressures and settlements. The applicant calculated the bearing pressure from
empirical relationships as described in Terzaghi, et al. (1996aa, Section 50.2) using relative
densities measured at the site. For footings up to 9.1 m [30 ft] wide, the allowable bearing
pressure in BSC (2007bq, Figures B7-1 and B7-2) was controlled by settlement criteria of
25.4 and 12.7 mm [1.0 and 0.5 in], respectively. Similarly, the applicant performed an FE
analysis to design mat foundations for the design-basis seismic load.

In BSC (2007bq), the applicant analyzed elastic settlement of a 91.4 by 122.9-m [300 by 400-ft]
mat on a 36.6-m [120-ft]-thick alluvium surface, subjected to normal loading conditions

(dead load plus live load) of 144, 239, and 335 kPa [3, 5, and 7 ksf]. BSC (2007qq, Table B7-1)
presented the calculated settlements, ranging from 5 to 76 mm [0.2 to 3.0 in] for the range of
load. The applicant provided the following in DOE (2009ei): (i) Table 1, presenting new results
of total and differential settlements for the static loading conditions (normal load) for all potential
ITS structures; (ii) Figure 1, showing calculated allowable bearing capacity for foundations up to
92.6 m [300 ft] wide, which is similar to BSC (2007qq, Figure B6-2) for rotational shear failure of
foundation material discussed previously; and (iii) Figure 2, showing allowable bearing pressure
for foundations up to 92.6 m [300 ft] wide, which would limit the settlement to 50 mm [2 in]. On
the basis of DOE (2009ei, Figure 2), limiting the settlement to 50-mm [2-in] criteria for large mat
foundations, DOE proposed an allowable bearing pressure of 479 kPa [10 ksf] for normal
loading conditions. The applicant provided the rationale for a settlement limit not to exceed

50 mm [2 in] for large mat foundations of ITS structures based on technical literature

(DOE, 2009ei, Section 1.3,). For extreme loading conditions, such as a design basis seismic
event, the applicant proposed an allowable bearing capacity of 2,394 kPa [50 ksf] from DOE
(2009ei, Figure 1) on the basis of rotational shear failure of the foundation material criterion with
no consideration of settlement criterion. DOE (2009ei, Table 1) lists the average foundation
pressure for various potential ITS structures under normal loading to range from 81 to 225 kPa
[1.7 to 4.7 ksf], which is below the recommended allowable bearing pressure of 479 kPa [10 ksf]
for normal loading.

NRC Staff’s Evaluation
The NRC staff reviewed the applicant’s methodology and data used to determine allowable

bearing pressure for surface GROA facility foundations provided in SAR Sections 1.1.5.2 and
1.1.5.3, references therein, and responses to RAls (DOE, 2009ei). The NRC staff finds that
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DOE'’s general approach to mat foundation design is acceptable because it is based on
standard methods used in foundation engineering and documented in standard engineering
texts and handbooks. The NRC staff finds that the applicant’s analysis method and proposed
allowable bearing pressure for footing and mat foundations are acceptable because they were
determined by methods commonly used in the geotechnical engineering profession and are
further supported by numerical analyses. The NRC staff finds that, while there might be some
uncertainty associated with computation of shear strength parameters by correlating relative
density to the angle of internal friction, and that such correlations could impact the estimated
bearing capacity of alluvium, the NRC staff also finds that high factors of safety in the
applicant’s use of well-established conventional methods of static bearing capacity analysis
adequately account for such uncertainties. For example, the allowable bearing capacity
estimated by DOE is approximately 30 to 100 times the calculated average foundation pressure
for the cases presented in the RAI response (DOE, 2009ei), indicating significant conservatism.

For large mat foundations, the allowable bearing pressure is controlled by settlement criterion
rather than shear failure criterion. Therefore, the bearing capacity calculated for rotational shear
of the foundation material alone may not control the design of large mat foundations. The NRC
staff finds that the methodology the applicant used to calculate elastic settlement for normal

load conditions is acceptable because the calculated elastic settlement of the mat foundation
was based on a range of uniform loads, a uniformly thick alluvium layer, and elastic moduli of
soil calculated from shear wave velocity (Vs) data. The applicant presented these calculated
settlements at the center and corners of the mat foundation for the range of loads

(BSC, 2007bq).

The applicant provided the rationale for limiting settlement to 2 inches for large mat foundations
in DOE (2009ei). The NRC staff finds that this rationale is acceptable because the calculations
are based on empirical relationships. The empirical relationships were developed from cas