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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. On
September 30, 2010, DOE’s Office of Civilian Radioactive Waste Management ceased
operations, and assigned its Yucca Mountain-related responsibilities to other offices within DOE.
The Atomic Safety and Licensing Board denied DOE’s motion to withdraw, and in September
2011, the Commission announced it was evenly divided on whether to overturn or uphold this
decision. The Commission directed the Atomic Safety and Licensing 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 directing the 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. For
example, 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 the 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 is to be published
separately as it is completed; however, the volume number may not be published in sequence
(e.g., Volume 3 is anticipated to be published before Volume 2). 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.



SER

Chapter | Section Title
Volume 1 General Information
1 1.1 General Description
Proposed Schedules for Construction, Receipt, and Emplacement of
2 1.2 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 Safety Before Permanent Closure
1 2111 Site Description as it Pertains to Preclosure Safety Analysis
Description of Structures, Systems, Components, Equipment, and
2 2.1.1.2 Operational Process Activities
3 21.1.3 Identification of Hazards and Initiating Events
4 2114 Identification of Event Sequences
5 21.1.5 Consequence Analyses
Identification of Structures, Systems, and Components Important to
6 21.1.6 Safety; and Measures to Ensure Availability of the Safety Systems
Design of Structures, Systems, and Components Important to Safety
7 2117 and Safety Controls
Meeting the 10 CFR Part 20 As Low As |s Reasonably Achievable
Requirements for Normal Operations and Category 1 Event
8 2.1.1.8 Sequences
9 21.2 Plans for Retrieval and Alternate Storage of Radioactive Wastes
Plans for Permanent Closure and Decontamination or
10 213 Decontamination and Dismantlement of Surface Facilities
Volume 3 Repository Safety After Permanent Closure
1 2211 System Description and Demonstration of Multiple Barriers
2 2.21.21 Scenario Analysis
3 22122 Identification of Events with Probabilities Greater Than 10° Per Year
4 2.2.1.3.1 Degradation of Engineered Barriers
5 2.21.3.2 Mechanical Disruption of Engineered Barriers
Quantity and Chemistry of Water Contacting Engineered Barriers and
6 2.21.3.3 Waste Forms
7 2.2.1.3.4 Radionuclide Release Rates and Solubility Limits
8 22135 Climate and Infiltration
9 2.21.3.6 Unsaturated Zone Flow
10 2.21.3.7 Radionuclide Transport in the Unsaturated Zone
11 2.21.3.8 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 Ground Water
15 2.2.1.3.13 | Airborne Transportation and Redistribution of Radionuclides
16 2.2.1.3.14 | Biosphere Characteristics
Demonstration of Compliance with the Postclosure Individual
17 2.2.1.41 Protection Standard
18 2214.2 Demonstration of Compliance with the Human Intrusion Standard




Chapter

SER
Section

Title

Volume 3

Repository

Safety 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 2.4 Performance Confirmation Program
3 2.5.1 Quality Assurance Program
4 2.5.2 Records, Reports, Tests, and Inspections
5 2.5.3.1 Training and Certification of Personnel

U.S. Department of Energy Organizational Structure as it Pertains to
6 25.3.2 Construction and Operation of Geologic Repository Operations Area
7 25.3.3 Personnel Qualifications and Training Requirements
8 2.5.5 Plans for Startup Activities and Testing

Plans for Conduct of Normal Activities, Including Maintenance,
9 2.5.6 Surveillance, and Periodic Testing
10 2.5.7 Emergency Planning
11 2.5.8 Controls to Restrict Access and Regulate Land Uses

Uses of Geologic Repository Operations Area for Purposes Other
12 2.5.9 Than Disposal of Radioactive Wastes

Volume 5 Proposed Conditions on the Construction Authorization and Probable
Subjects of License Specifications

1

2.5.10.1

Proposed Conditions on the Construction Authorization

2

2.5.10.2

Probable Subijects of License Specifications
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ABSTRACT

Volume 3, Repository Safety After 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), Chapter 2: Repository
Safety After Permanent Closure, provided in DOE’s June 3, 2008, license application, as
updated by DOE on February 19, 2009. In its application, DOE seeks authorization from the
Commission to construct a repository at Yucca Mountain. 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 3
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 after
the repository is permanently closed. The NRC staff finds, with reasonable expectation, that
DOE has demonstrated compliance with the NRC regulatory requirements for postclosure
safety, including, but not limited to, “Performance objectives for the geologic repository

after permanent closure” in 10 CFR 63.113, “Requirements for performance assessment” in

10 CFR 63.114, “Requirements for multiple barriers” in 10 CFR 63.115, and “Postclosure Public
Health and Environmental Standards” in 10 CFR Part 63, Subpart L. In particular, the NRC staff
finds that the proposed repository at Yucca Mountain (1) is comprised of multiple barriers and
(2) based on performance assessment evaluations that are in compliance with applicable
regulatory requirements, meets the 10 CFR Part 63, Subpart L limits for individual protection,
human intrusion, and separate standards for protection of groundwater.

Vi
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EXECUTIVE SUMMARY

1.0 Background

Volume 3, Repository Safety After 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), Chapter 2: Repository Safety After Permanent Closure, the
U.S. Department of Energy (DOE, or the applicant) 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 request
for additional information and other information that DOE provided related to the SAR. In
particular, this SER Volume 3 documents the results of the NRC staff’s evaluation to determine
whether the proposed repository design for Yucca Mountain complies with the performance
objectives and requirements that apply after 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 L. The NRC staff's safety evaluation considers the proposed geologic
repository’s multiple barriers, both natural and engineered (manmade); and the performance
assessments (including model abstractions) used for the individual protection, the separate
groundwater protection, and the human intrusion evaluations.

NRC 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
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 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), 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).

Risk-Informed and Performance-Based Review

The NRC staff evaluated DOE’s performance assessment using a risk-informed and
performance based review. A performance assessment 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? It involves various complex considerations
and evaluations, such as evolution of the natural environment; degradation of engineered
barriers; and disruptive events (e.g., seismicity and igneous activity). Because the DOE’s
Yucca Mountain performance assessment encompasses such a broad range of technical
subjects, the NRC staff used a risk-informed performance-based approach throughout the
review process to ensure that the NRC staff's review focused on those items most important to
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safety and waste isolation. YMRP Section 2.2.1 provides guidance to the NRC staff on how to
apply a risk-informed performance-based approach throughout its review of the DOE’s
Yucca Mountain performance assessment.

System Description and Demonstration of Multiple Barriers

NRC regulations at 10 CFR Part 63 require that a geologic repository at Yucca Mountain include
multiple barriers, both natural and engineered. Barriers prevent or limit the movement of water
or radioactive material. A multiple barrier approach ensures that the overall repository system is
robust and not wholly dependent on any single barrier. The NRC requires that DOE identify
these barriers when it calculates how the repository will perform. DOE is required to describe
the capability of each barrier and provide the technical basis for its description. In its SAR for
the proposed repository at Yucca Mountain, DOE identified three barriers: the Upper Natural
Barrier, the Engineered Barrier System (EBS), and the Lower Natural Barrier. The Upper
Natural Barrier is composed of features above the repository (i.e., topography, surficial soils,
and the unsaturated zone) that reduce the quantity and rate of movement of water downward
toward the repository, which in turn reduces the rate of movement of water from the radioactive
waste in the repository to the accessible environment. The EBS includes different engineering
features (e.g., emplacement drifts, drip shields, waste packages and its internal components,
and emplacement pallets and inverts) that are designed to (i) enhance the performance of the
waste package, preventing radionuclide releases while it is intact; (ii) limit radionuclide releases
after the waste package is breached by limiting the amount of water that can contact the waste
package; and (iii) limit radionuclide release from the engineered barrier system through sorption
processes. The Lower Natural Barrier comprises two features: the unsaturated zone below the
repository and the saturated zone, both of which prevent or reduce the rate of radionuclide
movement from the repository to the accessible environment through such processes as the
slow movement of water and sorption of radionuclides onto mineral surfaces. Each of these
barriers includes features that DOE described as important to waste isolation. The NRC staff's
review of the multiple barriers is provided in SER Section 2.2.1.1.

Review of Postclosure Total System Performance Assessment

DOE conducted an analysis, through its Total System Performance Assessment (TSPA)
computer model, that evaluates the behavior of the high-level waste repository due to the
potential release of radionuclides from the repository. The performance assessment provides a
method to evaluate the range of features (e.g., geologic rock types, waste package materials),
events (e.g., earthquakes, igneous activity), and processes (e.g., corrosion of metal waste
packages, sorption of radionuclides onto rock surfaces) that are relevant to the behavior of a
repository at Yucca Mountain. The NRC staff reviewed the TSPA analytic models and analyses
DOE provided in its SAR.

Scenario Analysis and Event Probability

To answer the question, “What can happen?” after the repository is closed, DOE considered a
wide range of specific features (e.g., geologic rock types, waste package materials), events
(e.g., earthquakes, volcanic activity), and processes (e.g., corrosion of metal waste packages,
sorption of radionuclides on rock surfaces) for possible inclusion in (or exclusion from) its Total
System Performance Assessment (TSPA) model. Once specific features, events, and
processes (FEPs) were selected for inclusion in the TSPA model, DOE then used these FEPs
to postulate a range of credible, future scenarios. A scenario is a well-defined sequence of
events and processes, which can be interpreted as an outline of one possible future condition of
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the repository system. Therefore, scenario analysis identifies the possible ways in which the
repository environment could evolve so that a representation of the system can be developed to
estimate the range of credible potential consequences. After the FEPs are selected and used to
postulate scenarios, similar scenarios are grouped into scenario classes, which are

screened for use in the TSPA model. The goal of the scenario analysis is to ensure that no
important aspect of the potential high-level waste repository is overlooked in the evaluation

of its safety.

The NRC staff evaluates the applicant’s scenario analysis in four separate SER

Sections (2.2.1.2.1.3.1 through 2.2.1.2.1.3.4). Section 2.2.1.2.1.3.1 contains the NRC staff’s
evaluation of both the applicant’s methodology to develop a list of FEPs and DOE’s list of the
FEPs that it considered for inclusion in the performance assessment. In Section 2.2.1.2.1.3.2,
the NRC staff evaluates DOE’s screening of its list of FEPs, including DOE's technical bases for
the exclusion of FEPs from its performance assessment. DOE’s formation of scenario classes
and the exclusion of specific scenario classes in DOE’s performance assessment are evaluated
in Sections 2.2.1.2.1.3.3 and 2.2.1.2.1.3.4, respectively.

The NRC staff’'s evaluation of the applicant’'s methodology and conclusions on the probability

of events included in the performance assessments is addressed in SER Section 2.2.1.2.2.
Hence, SER Section 2.2.1.2.2 is aimed at the second of the three risk questions, “How likely is it
to happen?” In SAR Section 2.2.2, DOE identified and described those events that exceeded
the probability threshold of 1 chance in 100 million per year (10 per year) of occurring. The
NRC staff’'s evaluation of the applicant’s approach for quantifying the event probabilities and the
technical basis for determining the probability estimates assigned to each event type with a
probability of 10 per year or higher are evaluated in SER Section 2.2.1.2.2.

Model Abstraction

The NRC staff's evaluation of the applicant’s model abstractions focuses on the consequences
of overall repository performance. In particular, the NRC staff’s evaluation considers the model
abstractions used in DOE’s TSPA model to represent the performance (i.e., expected annual
doses) of the repository.

The evaluation of the model abstraction process begins with the review of the repository design
and the data characterizing the geology and the performance of the design and proceeds
through the development of models used in the performance assessment. The model
abstraction review process ends with a review of how the abstracted models are implemented in
the TSPA model (e.g., parameter ranges and distributions, integration with model abstractions
for other parts of the repository system, representation of spatial and temporal scales, and
whether the TSPA model appropriately implements the abstracted model). The NRC staff has
separated its model abstraction review into 13 categories that are addressed in SER Sections
2.2.1.3.1 through 2.2.1.3.14. .

Expert Elicitation

Expert elicitation is a formal, structured, and well-documented process for obtaining the
judgments of multiple experts on various scientific topics. Pursuant to 10 CFR 63.21(c)(19),
DOE must explain how expert elicitation was used in its application. Consistent with YMRP
Section 2.5.4, DOE could elect to use the subjective judgments of experts, or groups of experts,
to interpret data and address technical issues and inherent uncertainties when assessing the
long-term performance of a geologic repository. In its SAR, the applicant used the results of
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three formal expert elicitations to complement and supplement other sources of scientific and
technical information such as data collection, analyses, and experimentation. The NRC staff
has reviewed DOE’s use of expert elicitation, which includes a technical review of the results of
these elicitations.

SER Section 2.5.4 provides the NRC staff’s review of the three expert elicitations DOE used
in support of its SAR. Expert elicitations were conducted in the areas of seismic hazard

(SAR Section 2.2.2.1); igneous activity (SAR Section 1.1.6.2, Section 2.2.2.2, and
Section 2.3.11); and saturated zone flow and transport (SAR Section 2.3.9.2).

2.0 Sections of the Postclosure Review

21 Multiple Barriers

The NRC staff’s review of DOE’s System Description and Demonstration of Multiple Barriers is
in SER Section 2.2.1.1.

SER Section 2.2.1.1 System Description and Demonstration of Multiple Barriers

This SER section provides the NRC staff’'s evaluation of DOE’s description of the capabilities of
the barriers for the repository. A system of multiple barriers is intended to ensure that the
repository system is robust and is not wholly dependent on a single barrier. The repository
performance objectives in 10 CFR 63.113 require that a geologic repository contain both natural
barriers and an engineered barrier system.

The emphasis of the U.S. Nuclear Regulatory Commission (NRC) staff’s integrated review of
the applicant’s performance assessment is not solely focused on the isolated performance of
individual barriers, but rather on ensuring that the repository system is robust. The purpose of
this SER section is to provide an understanding of how the natural barriers and the engineered
barrier system work in combination to enhance the resiliency of the geologic repository. As
described previously, DOE identified three barriers: the Upper Natural Barrier, the Engineered
Barrier System (EBS), and the Lower Natural Barrier.

The NRC staff has reviewed the SAR and other information submitted in support of

the license application and finds, with reasonable expectation, that an engineered barrier
system has been designed that, working in combination with natural barriers, satisfies the
requirements of 10 CFR 63.113(a) and 10 CFR 63.115(a—c).

2.2 Scenarios in DOE’s Total System
Performance Assessment

The NRC staff has separated its review of the scenarios used to support DOE’s TSPA model in
SER Sections 2.2.1.2.1 and 2.2.1.2.2.

SER Section 2.2.1.2.1 Scenario Analysis

This SER section provides the NRC staff’'s evaluation of the scenario analysis used to support
DOE’s TSPA model. A scenario analysis is generally composed of four parts (Nuclear Energy
Agency, 2001aa). First, a scenario analysis identifies FEPs relevant to the geologic repository
system. Second, in a process known as screening, the scenario analysis evaluates and
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identifies FEPs for exclusion from or inclusion into the performance assessment calculations.
Third, included FEPs are considered to form scenarios and scenario classes (i.e., related
scenarios) from a reduced set of events. Fourth, the scenario classes are screened for
implementation into the TSPA model. Limits on performance assessments are defined in

10 CFR 63.342 including the conditions for exclusion of FEPs on the basis of probability

or consequence.

The NRC staff has reviewed the SAR and other information submitted in support of the
license application, which includes information required by 10 CFR 63.21(c)(1) and (9),
and finds, with reasonable expectation, that relevant requirements of 10 CFR 63.114 and
10 CFR 63.342 are satisfied.

SER Section 2.2.1.2.2 Identification of Events With Probabilities Greater Than 10~ Per Year

This SER section provides the NRC staff’'s evaluation of information on event probability used to
support DOE’s TSPA model calculations. The performance assessment used to demonstrate
compliance with the individual protection standard for the proposed Yucca Mountain repository
must consider events that have at least 1 chance in 100 million per year of occurring. To
address this requirement, DOE identified and described those events that exceeded this
probability threshold (1078 per year).

The NRC staff reviewed the SAR and other information submitted in support of the license
application, which includes information required by 10 CFR 63.21(c)(1) and (9), and finds, with
reasonable expectation, that the relevant requirements of 10 CFR 63.114 and 10 CFR 63.342
are satisfied.

2.3 Model Abstractions in DOE’s Total System
Performance Assessment

The NRC staff has separated its review of the model abstractions used to support DOE’s TSPA
model in SER Sections 2.2.1.3.1 through 2.2.1.3.14:

SER Section 2.2.1.3.1 Degradation of Engineered Barriers

This SER section provides the NRC staff’'s evaluation of the chemical degradation of the drip
shields and waste packages that would be emplaced in the repository drifts. Chemical
degradation is primarily associated with the effect of corrosion processes on the metal surfaces
of the drip shields and the waste package outer barriers. The NRC staff's evaluation of the
corrosion processes focuses on the following: long-term passive film stability (i.e., passivity),
general corrosion, localized corrosion, stress corrosion cracking, early failure, and abstraction
and integration of evaluated processes. The drip shields and the waste packages are
engineered barriers, a subset of the EBS. The general functions of the EBS are to (i) prevent or
significantly reduce the amount of water that contacts the waste, (ii) prevent or significantly
reduce the rate at which radionuclides are released from the waste, and (iii) prevent

or significantly reduce the rate at which radionuclides are released from the EBS to the Lower
Natural Barrier. The complete EBS consists of the emplacement drifts, the drip shields, the
waste packages, the naval spent nuclear fuel structure, the waste forms and waste package
internal components, and emplacement pallets and inverts.
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The NRC staff has reviewed the SAR and other information submitted in support of the license
application, which includes information required by 10 CFR 63.21(c)(3),(9),(10) and (15), and
finds, with reasonable expectation, that the relevant requirements of 10 CFR 63.114 and 63.342
are satisfied regarding the abstraction of degradation of engineered barriers in the TSPA model.

SER Section 2.2.1.3.2 Mechanical Disruption of Engineered Barriers

This SER section provides the NRC staff’'s evaluation of the mechanical disruption

of the engineered barrier system (EBS) which includes, emplacement drifts, drip shields, waste
packages, waste forms, waste form internals, waste package pallets, and emplacement drift
inverts. Mechanical disruption of EBS components could generally result from external loads
generated by accumulating rock rubble. Rubble accumulation can result from processes such
as (i) degrading emplacement drifts due to thermal loads, (ii) time-dependent natural weakening
of rocks, and (iii) effects of seismic events (vibratory ground motion or fault displacements).
During seismic events, rubble loads on EBS components can increase as the accumulated rock
rubble is shaken.

The NRC staff has reviewed SAR Section 2.3.4 and other information submitted in

support of the license application, which includes information required by 10 CFR 63.21(c)
(1)—(3), (9), (10), (15), and (19) related to mechanical and structural performance of

EBS components, and finds, with reasonable expectation, that the relevant requirements of
10 CFR 63.114 and 63.342 are satisfied regarding the abstraction of mechanical disruption of
engineered barriers in the performance assessment.

SER Section 2.2.1.3.3 Quantity and Chemistry of Water Contacting Engineered Barriers and
Waste Forms

This SER section provides the NRC staff’s evaluation of DOE’s abstraction of the repository drift
system that may alter the chemical composition and volume of water contacting the drip shield
and waste package surfaces. It focuses on key features, events and processes that address

(i) the chemistry of water entering the drifts, (ii) the chemistry of water in the drifts (tunnels), and
(iii) the quantity of water in contact with the EBS. These three abstraction topics provide input to
model the features and performance of the EBS (e.g., drip shields and waste packages) and
their contributions to barrier functions. The range of testing environments was derived from a
range of potential starting water compositions and from knowledge of near-field and in-drift
processes that alter these compositions.

The NRC staff has reviewed the SAR and other information submitted in support of the license
application, which includes information required by 10 CFR 63.21(c)(1), (9), (10) and (15), and
finds, with reasonable expectation, that the relevant requirements of 10 CFR 63.114 and 63.342
are satisfied regarding the abstraction of the quantity and chemistry of water contacting
engineered barriers and waste forms.

SER Section 2.2.1.3.4 Radionuclide Release Rates and Solubility Limits

This SER section provides the NRC staff’'s evaluation of analytical models and the processes
that could result in water transport of radionuclides out of the EBS, including the waste
packages and the emplacement inverts, and into the unsaturated zone (the rock mass directly
below the repository horizon and above the water table). The NRC staff’s evaluation focuses on
the following: in-package chemical and physical environment, waste form degradation,
concentration limits, availability and effectiveness of colloids, and engineered barrier system
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radionuclide transport. The EBS and the transport pathway within the drift (repository tunnel)
are the initial barriers to radionuclide release. If a waste package is breached and water enters
the waste package, the radionuclides contained in the package may be released from the EBS.

The NRC staff has reviewed the SAR and other information submitted in support of the license
application, which includes information required by 10 CFR 63.21(c)(3),(9),(15), and finds, with
reasonable expectation, that the relevant requirements of 10 CFR 63.114 and 63.342 are
satisfied regarding the abstraction of radionuclide release rates and solubility limits.

SER Section 2.2.1.3.5 Climate and Infiltration

This SER section provides the NRC staff’'s evaluation of the representation of climate and
infiltration. This evaluation considers the reduction of water flux from precipitation to net
infiltration. Because of the generally vertical movement of percolating water through the
unsaturated zone in DOE’s representation of the natural system, water entering the unsaturated
zone at the ground surface (infiltration) is the only source for deep percolation water in the
unsaturated zone at and below the proposed repository.

The NRC staff has reviewed the SAR and other information submitted in support of the license
application, which includes information required by 10 CFR 63.21(c)(1), (9),(10),(15), and finds,
with reasonable expectation, that the relevant requirements of 10 CFR 63.114, 63.305, and
63.342 are satisfied regarding the abstraction of climate and infiltration.

SER Section 2.2.1.3.6 Unsaturated Zone Flow

This SER section provides the NRC staff’s evaluation of the abstraction of groundwater flow in
the portion of the repository system above the water table (i.e., the unsaturated zone). Water
percolating through the unsaturated zone above the repository (i.e., Upper Natural Barrier) may
enter drifts, providing the means to interact with and potentially corrode the waste packages.
Water percolating through the unsaturated zone below the repository (i.e., Lower Natural
Barrier) also provides a flow pathway for transporting radionuclides downward to the water
table. Once radionuclides pass below the water table, they may subsequently move laterally
within the saturated zone to the accessible environment.

The NRC staff has reviewed the SAR and other information submitted in support of the license
application, which includes information required by 10 CFR 63.21(c)(1), (9), (10), (15), and (19),
and finds, with reasonable expectation, that the relevant requirements of 10 CFR 63.114 and
10 CFR 63.342 are satisfied regarding the abstraction of unsaturated zone flow, thermal
conditions in the host rock, and in-drift thermohydrological conditions excluding conditions for
the engineered components.

SER Section 2.2.1.3.7 Radionuclide Transport in the Unsaturated Zone

This SER section provides the NRC staff’'s evaluation of the model abstraction for transport of
radionuclides in the unsaturated zone. The NRC staff’'s evaluation focuses on (i) advection,
because most of the radionuclide mass is carried through the unsaturated zone by water flowing
downwards to the water table; (ii) sorption, because sorption in porous media in the southern
half of the repository area has the largest overall effect on slowing radionuclide transport in

the unsaturated zone; (iii) matrix diffusion in fractured rock, because matrix diffusion

coupled with sorption slows radionuclide transport in the northern half of the repository area;

(iv) colloid-associated transport, because radionuclides attached to colloids may travel relatively
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unimpeded through the unsaturated zone; and (v) radioactive decay and ingrowth, because
these processes affect the quantities of radionuclides released from the unsaturated zone
over time.

The NRC staff has reviewed the SAR and other information submitted in support of the license
application, which includes information required by 10 CFR 63.21(c)(1), (9), (10), and (15), and
finds, with reasonable expectation, that the relevant requirements of 10 CFR 63.114 and 63.342
are satisfied regarding the abstraction of radionuclide transport in the unsaturated zone.

SER Section 2.2.1.3.8 Flow Paths in the Saturated Zone

This SER section provides the NRC staff's evaluation of the representation of flow paths in the
saturated zone (i.e., the direction and magnitude of water movement in the saturated zone).
Flow paths in the saturated zone provide the pathway for releases of radionuclides to

migrate from the saturated zone below the repository to the accessible environment
{approximately 18 km [11 mi] south of the repository}. The magnitude (specific discharge) of
water flow is used to determine the velocity of water moving through the saturated zone.

The NRC staff has reviewed the SAR and other information submitted in support of the license
application, which includes information required by 10 CFR 63.21(c)(1), (9), (10), (15), and (19),
and finds, with reasonable expectation, that the relevant requirements of 10 CFR 63.114 and
10 CFR 63.342 are satisfied regarding the abstraction of flow paths in the saturated zone.

SER Section 2.2.1.3.9 Radionuclide Transport in the Saturated Zone

This SER section provides the NRC staff’'s evaluation of the model abstraction for transport of
radionuclides in the saturated zone. The NRC staff’s technical review focuses on (i) how DOE
represented the geological, hydrological, and geochemical features of the saturated zone in a
framework for modeling the transport processes; (ii) how DOE integrated the saturated zone
transport abstraction with other TSPA model abstractions for performance assessment
calculations; and (iii) how DOE included and supported the important transport processes of
advection and dispersion, sorption, matrix diffusion, colloid-associated transport, and radioactive
decay and ingrowth in the saturated zone radionuclide transport abstraction.

The NRC staff reviewed the SAR and other information submitted in support of the license
application, which includes information required by 10 CFR 63.21(c)(1), (9), and (15), and finds,
with reasonable expectation, that the relevant requirements of 10 CFR 63.114 and 63.342 are
satisfied regarding the abstraction of radionuclide transport in the saturated zone.

SER Section 2.2.1.3.10 Igneous Disruption of Waste Packages

This SER section provides the NRC staff's evaluation of models for the potential consequences
of disruptive igneous activity at Yucca Mountain if basaltic magma rising through the Earth’s
crust intersects and enters a repository drift or drifts (DOE’s igneous intrusion modeling case) or
enters a drift and later erupts to the surface through one or more conduits (DOE’s volcanic
eruption modeling case). The proposed Yucca Mountain repository site lies in a region that

has experienced sporadic volcanic events in the past few million years, such that the

applicant previously determined the probability of future igneous activity at the site to exceed

1 x 1078 per year. The NRC staff’s technical review evaluates subsurface igneous processes
(i.e., intrusion of magma into repository drifts, waste package damage, and formation of
conduits to the surface), which involves entrainment of waste into the conduit and toward the
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surface. These processes control the amount of radionuclides that can be released during a
potential igneous event.

The NRC staff reviewed the SAR and other information submitted in support of the license
application, which includes information required by 10 CFR 63.21(c)(1), (9), and (15), and finds,
with reasonable expectation that the relevant requirements of 10 CFR 63.114 and 63.342 are
satisfied regarding the abstraction of igneous disruption of waste packages.

SER Section 2.2.1.3.12 Concentration of Radionuclides in Groundwater

This SER section provides the NRC staff’'s evaluation of the concentration of radionuclides in
groundwater extracted by pumping and used in the annual water demand. Radionuclides
transported through the saturated zone via groundwater to the accessible environment may be
available for extraction by a pumping well. The reasonably maximally exposed individual
(RMEI) is assumed to use well water with average concentrations of radionuclides and has an
annual water demand of 3,000 acre-ft [3.7 x 10° L].

The NRC staff has reviewed the SAR and other information submitted in support of the

license application relevant to the concentration of radionuclides in groundwater, and finds,

with reasonable expectation, that the requirements of 10 CFR 63.312(c) are satisfied.

The applicant adequately demonstrated that the RMEI uses well water with average
concentrations of radionuclides by dividing the annual mass fluxes of radionuclides reaching the
accessible environment boundary by the annual water use of 3,000 acre-ft [3.7 x 10° L].

SER Section 2.2.1.3.13 Airborne Transport and Redistribution of Radionuclides

This SER section provides the NRC staff’'s evaluation of the volcanic ash exposure scenario and
the groundwater exposure scenario. First, this SER section provides the NRC staff’s evaluation
of the airborne transport and deposition of radionuclides expelled by a potential future volcanic
eruption and the subsequent redistribution of those radionuclides in soil. Second, this SER
section evaluates redistribution of radionuclides in soil that arrive in the accessible environment
through groundwater transport.

The NRC staff has reviewed the SAR and other information submitted in support of the license
application, which includes information required by 10 CFR 63.21(c)(1),(9), and (15), and finds,
with reasonable expectation, that the relevant requirements of 10 CFR 63.114, 63.305,

and 63.342 are satisfied regarding the abstraction of airborne transport and redistribution

of radionuclides.

SER Section 2.2.1.3.14 Biosphere Characteristics

This SER section provides the NRC staff’'s evaluation of the model used to calculate biosphere
transport and the annual dose to the RMEI. The biosphere model calculates the transport of
radionuclides within the biosphere through a variety of exposure pathways (e.g., soil, food,
water, air) and applies dosimetry modeling to convert the RMEI exposures into annual dose.
Exposure pathways in the biosphere model are based on assumptions about residential and
agricultural uses of the water and indoor and outdoor activities. These pathways

include ingestion, inhalation, and direct exposure to radionuclides deposited to soil from
irrigation. Ingestion pathways include drinking contaminated water, eating crops irrigated with
contaminated water, eating food products produced from livestock raised on contaminated feed
and water, eating farmed fish raised in contaminated water, and inadvertently ingesting soil.
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Inhalation pathways include breathing resuspended soil, aerosols from evaporative coolers, and
radon gas and its decay products.

The NRC staff has reviewed the SAR and other information submitted in support of the license
application, which includes information required by 10 CFR 63.21(c)(1), and finds, with
reasonable expectation, that the requirements in 10 CFR 63.305, 63.311(b), and relevant
requirements of 10 CFR 63.114, 63.312, and 63.342 are satisfied regarding the

biosphere characteristics.

2.4 TSPA Model Calculations

The NRC staff has separated its review of DOE’s TSPA model calculations in
SER Sections 2.2.1.4.1 through 2.2.1.4.3:

SER Section 2.2.1.4.1 Demonstration of Compliance With the Postclosure Public Health and
Environmental Standards (Individual Protection)

This SER section provides the NRC staff’'s evaluation of the applicant’s compliance with the
individual protection standards. Section 63.311 requires that the average annual dose must not
exceed 0.15 mSv/yr [15 mrem/yr] during the initial 10,000 years following disposal and not
exceed 1.0 mSv/yr [100 mrem/yr] after 10,000 years up to 1 million years. The performance
assessment used for the individual protection calculation considers both likely and unlikely
events and the radiological exposure pathways.

The NRC staff has reviewed the SAR and the other information submitted in support of the
license application, which includes the information required by 10 CFR 63.21(c)(11), and finds,
with reasonable expectation, that the requirements of 10 CFR 63.113(b) are satisfied.

SER Section 2.2.1.4.2 Demonstration of Compliance With the Human Intrusion Standard

This SER section provides the NRC staff’'s evaluation of the applicant’s compliance with the
human intrusion standard. The human intrusion standard in Section 63.321 requires the
applicant to determine the earliest time after disposal that the waste packages would degrade
sufficiently so that a human intrusion from exploratory groundwater drilling could occur without
recognition by the drillers. Section 63.321(b) requires that the average annual dose must

not exceed 0.15 mSv/yr [15 mrem/yr] during the initial 10,000 years after disposal and not
exceed 1.0 mSv/year [100 mrem/yr] after 10,000 years up to 1 million years. The performance
assessment used for the human intrusion calculation considers likely events and the radiological
exposure pathways.

The NRC staff has reviewed the SAR and the other information submitted in support of the
license application, which includes the information required by 10 CFR 63.21(c)(13), and finds,
with reasonable expectation, that the requirements of 10 CFR 63.113(d) are satisfied.

SER Section 2.2.1.4.3 Demonstration of Compliance With Separate Groundwater
Protection Standards

This SER section provides the NRC staff’'s evaluation of the applicant’s compliance with the
groundwater protection standard. The NRC'’s regulations provide separate standards to protect
the groundwater resources in the vicinity of Yucca Mountain and specify the approach for
estimating the concentration of radionuclides in groundwater. The groundwater protection
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standards provide for different limits, depending on the radionuclide. There are three distinct
groups of radionuclides with the following limits: (i) radionuclides that are characterized as
alpha emitters (e.g., Np-237) are grouped, and the combined concentration must be less than
15 pCi/L (this group explicitly excludes radon and uranium); (ii) radionuclides that are
characterized as beta- and photon-emitting radionuclides (e.g., 1-129, Tc-99) are grouped
together, and the combined concentration cannot result in a dose exceeding 0.04 mSv [4 mrem]
per year to the whole body or any organ, on the basis of drinking 2 L [0.53 gal] of water per day
at the combined concentration; and (iii) the combined concentration of Ra-226 and Ra-228
cannot exceed a concentration of 5 pCi/L. The performance assessment used for the

separate groundwater protection calculation considers likely events and the drinking water
exposure pathway.

The NRC staff has reviewed the SAR and other information submitted in support of the license
application, which includes information required by 10 CFR 63.21(c)(12), and finds with
reasonable expectation, that the requirements of 10 CFR 63.113(c) are satisfied.

SER Section 2.5.4 Expert Elicitation

SER Section 2.5.4 provides the NRC staff’s evaluation of the three expert elicitations DOE used
in support of its SAR. Expert elicitations were conducted in the areas of seismic hazard

(SAR Section 2.2.2.1), igneous activity (SAR Section 1.1.6.2, Section 2.2.2.2, and

Section 2.3.11), and saturated zone flow and transport (SAR Section 2.3.9.2).

The NRC staff has reviewed the SAR and other information submitted in support of the license
application, and finds, with reasonable expectation, that the requirement in 10 CFR 63.21(c)(19)
is satisfied.

3.0 Conclusions

The NRC staff has reviewed and evaluated the DOE’s Safety Analysis Report, Chapter 2:
Repository Safety After 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 expectation, that (i) the proposed
Yucca Mountain repository design meets the applicable performance objectives in Subpart E,
including the requirement that the repository be composed of multiple barriers and (ii) based on
performance assessment evaluations that are in compliance with applicable regulatory
requirements, meets the 10 CFR Part 63, Subpart L limits for individual protection, human
intrusion, and separate standards for protection of groundwater.
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ACRONYMS AND ABBREVIATIONS

AFM active fracture model

AMR analysis and model reports

APE annual probability of exceedance

ASTM American Society for Testing and Materials

BDCF Biosphere Dose Conversion Factors

BSC Bechtel SAIC Company, LLC

BWR boiling water reactor

CDSP codisposal package

CFR Code of Federal Regulations

CFu Crater Flat undifferentiated

CHn Calico Hills nonwelded

CNWRA® Center for Nuclear Waste Regulatory Analyses
CRWMS-M&O Civilian Radioactive Waste Management-Management & Operation
CSNF commercial spent nuclear fuel

DHLW defense high-level waste

DOE U.S. Department of Energy

DVRGFSM Death Valley Regional Groundwater Flow System Model
EBS engineered barrier system

EPA U.S. Environmental Protection Agency

ERD Error Resolution Document

ERMYN Environmental Radiation Model for Yucca Mountain Nevada
EWDP Early Warning Drilling Program

FAR Fortymile Wash Ash Redistribution

FEPs features, events, and processes

FEHM finite element heat transfer code

Gl Geologic Information

GROA geologic repository operations area

ITWI important to waste isolation

LA license application

MASSIF Mass Accounting System for Soil Infiltration and Flow
MCO multicanister overpack

MDEB mechanical disruption of engineered barriers

MIC microbially influenced corrosion

NC-EWDP Nye County Early Warning Drilling Program

NOAA U.S. National Oceanic and Atmospheric Administration
NRC U.S. Nuclear Regulatory Commission

OECD Organization for Economic Co-operation and Development
PCSA preclosure safety analysis

PFDHA probabilistic fault displacement hazard analysis

PGA peak ground acceleration

PGV peak ground velocity

PSHA probabilistic seismic hazard assessment

PTn Paintbrush Tuff nonwelded

PVHA probabilistic volcanic hazard assessment

PVHA-U probabilistic volcanic hazard assessment-update

PWR pressurized water reactor
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ACRONYMS AND ABBREVIATIONS (continued)

QA quality assurance

RAI request for additional information

RB repository block

RIPB risk-informed, performance-based

RMEI reasonably maximally exposed individual
RMS root-mean-square

RST residual stress threshold

SA spectral accelerations

SAR Safety Analysis Report

SCA Seismic Consequence Abstractions
SCC stress corrosion cracking

SDFR slip-dissolution aging and film-rupture
SER Safety Evaluation Report

SNF spent nuclear fuel

SNL Sandia National Laboratories

SSHAC Senior Seismic Hazard Analysis Committee
SZEE saturated zone flow and transport expert elicitation
TAD transportation, aging, and disposal

TCw Tiva Canyon welded

TEDE total effective dose equivalent

TSPA Total System Performance Assessment
TSw Topopah Spring welded

UDEC universal distinct element code

USGS U.S. Geological Survey

uz unsaturated zone

WAPDEG Waste Package Degradation

YMRP Yucca Mountain Review Plan
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INTRODUCTION

Volume 3, Postclosure: Repository Safety After 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 3 documents the results of the
NRC staff's evaluation to determine whether the proposed repository design for Yucca Mountain
complies with the performance objectives and requirements that apply after 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 L. The NRC staff's safety evaluation considers
the proposed geologic repository’s multiple barriers, both natural and engineered (manmade);
and the performance assessments (including model abstractions) used for the individual
protection, the separate groundwater protection, and the human intrusion evaluations.

Other portions of the NRC staff's safety review have been, or will be, documented in other
volumes. SER Volume 1, NUREG-1949 (NRC, 2010aa) documents the results of the NRC
staff’s review of DOE’s General Information. SER Volume 2 will document the results of the
NRC staff’'s review and evaluation of DOE’s compliance with preclosure safety objectives and
requirements. SER Volume 4 will document the results of the NRC staff's review and evaluation
of DOE’s demonstration of compliance with administrative and programmatic requirements.
SER Volume 5 will document the NRC staff’s review and evaluation of probable subjects of
license specifications and proposed conditions of construction authorization.

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 review to areas most significant to safety or performance. Therefore, the SER
includes discussions regarding how the NRC staff used risk information in its review of DOE’s
application. 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), 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).

Risk-Informed and Performance-Based Review
The NRC staff evaluated DOE’s performance assessment using a risk-informed and

performance based review. DOE’s performance assessment is a systematic analysis that
answers three basic questions that are used to define risk: What can happen? How likely is it
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to happen? What are the resulting consequences? The Yucca Mountain performance
assessment is an analysis that involves various complex considerations and evaluations,

such as evolution of the natural environment; degradation of engineered barriers; and
disruptive events (i.e., seismicity and igneous activity). Because the performance assessment
encompasses such 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
those items most important to safety and waste isolation. YMRP Section 2.2.1 provides
guidance to the NRC staff on how to apply a risk- informed, performance-based approach
throughout its review of the performance assessment.

To support its risk-informed, performance-based review, the NRC staff initially reviewed DOE’s
information on the repository’s natural and engineered barriers that DOE identified as important
to waste isolation in the performance assessment. The SAR describes each barrier’s capability
and provides the technical basis for that capability. This information describes DOE’s
understanding of each barrier’s capability to prevent or substantially delay the movement of
water or radioactive materials. The NRC staff's review of DOE’s information regarding the
repository barriers presented in SER Section 2.2.1.1 provides an understanding of each
barrier's importance to waste isolation to help focus the NRC staff’s review. Particular parts of
the NRC staff’s review are emphasized on the basis of the risk insights (i.e., those attributes of
the repository system most important to repository performance). Additionally, the NRC staff
has considered independent risk insights from previous performance assessments conducted
for the Yucca Mountain site, detailed process modeling efforts, laboratory and field experiments,
and natural analog studies and has identified this information, as appropriate.

System Description and Demonstration of Multiple Barriers

NRC regulations at 10 CFR Part 63 require that a geologic repository at Yucca Mountain include
multiple barriers, both natural and engineered. Barriers prevent or limit the movement of water
or radioactive material. A multiple barrier approach ensures that the overall repository system is
robust and not wholly dependent on any single barrier. The NRC requires that DOE identify
these barriers when it calculates how the repository will perform. DOE is required to describe
the capability of each barrier and provide the technical basis for its description. In its SAR for
the proposed repository at Yucca Mountain, DOE identified three barriers: the Upper Natural
Barrier, the Engineered Barrier System (EBS), and the Lower Natural Barrier. The Upper
Natural Barrier is composed of features above the repository (i.e., topography, surficial soils,
and the unsaturated zone) that reduce the movement of water downward toward the repository,
which in turn reduces the rate of movement of water from the radioactive waste in the repository
to the accessible environment. The EBS includes different engineering features

(e.g., emplacement drifts, drip shields, waste packages and its internal components, and
emplacement pallets and inverts) that are designed to (i) enhance the performance of the waste
package, preventing radionuclide releases while it is intact; (ii) limit radionuclide releases after
the waste package is breached by limiting the amount of water that can contact the waste
package; and (iii) limit radionuclide release from the engineered barrier system through sorption
processes. The Lower Natural Barrier comprises two features: the unsaturated zone below the
repository and the saturated zone, both of which prevent or reduce the rate of radionuclide
movement from the repository to the accessible environment through such processes as the
slow movement of water and sorption of radionuclides onto mineral surfaces. Each of these
barriers includes features that DOE described as important to waste isolation. The NRC staff's
review is provided in SER Section 2.2.1.1.
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Review of Postclosure Total System Performance

DOE conducted an analysis, through its Total System Performance Assessment (TSPA)
computer model, that evaluates the behavior of the high-level waste repository due to the
potential release of radionuclides from the repository. The performance assessment provides a
method to evaluate the range of features (e.g., geologic rock types, waste package materials),
events (e.g., earthquakes, igneous activity), and processes (e.g., corrosion of metal waste
packages, sorption of radionuclides onto rock surfaces) that are relevant to the behavior of a
repository at Yucca Mountain. The NRC staff reviewed the TSPA analytic models and analyses
DOE provided in its SAR.

Scenario Analysis and Event Probability

As stated above, to answer the question, “What can happen?” after the repository is closed,
DOE considered a wide range of specific features (e.g., geologic rock types, waste

package materials), events (e.g., earthquakes, volcanic activity), and processes (e.g., corrosion
of metal waste packages, sorption of radionuclides on rock surfaces) for possible inclusion in
(or exclusion from) its TSPA model. Once specific features, events, and processes (FEPs)
were selected for inclusion in the TSPA model, DOE then used these FEPs to postulate a range
of credible, future scenarios. A scenario is a well-defined sequence of events and processes,
which can be interpreted as an outline of one possible future condition of the repository system.
Therefore, scenario analysis identifies the possible ways in which the repository environment
could evolve so that a representation of the system can be developed to estimate the range of
credible potential consequences. After the FEPs are selected and used to postulate scenarios,
similar scenarios are grouped into scenario classes, which are screened for use in the
performance assessment model. The goal of the scenario analysis is to ensure that no
important aspect of the potential high-level waste repository is overlooked in the evaluation

of its safety.

The NRC staff uses YMRP Section 2.2.1.2.1 to evaluate the applicant’s scenario analysis,
which is documented in four separate SER sections (2.2.1.2.1.3.1 through 2.2.1.2.1.3.4).
Section 2.2.1.2.1.3.1 contains the NRC staff’s evaluation of both the applicant’'s methodology to
develop a list of FEPs and DOE’s list of the FEPs that it considered for inclusion in the
performance assessment analyses. In Section 2.2.1.2.1.3.2, the NRC staff evaluates

DOE'’s screening of its list of FEPs, including DOE’s technical bases for the exclusion of FEPs
from its performance assessment. DOE’s formation of scenario classes and the exclusion

of specific scenario classes in DOE’s performance assessment analyses are evaluated in

SER Sections 2.2.1.2.1.3.3 and 2.2.1.2.1.3.4, respectively.

The NRC staff’'s evaluation of the applicant’'s methodology and conclusions on the probability

of events included in the performance assessments is addressed in SER Section 2.2.1.2.2.
Hence, SER Section 2.2.1.2.2 is aimed at the second of the three risk questions, “How likely is it
to happen?”

Model Abstraction

The NRC staff’'s evaluation of the applicant’'s model abstractions focuses on the consequences
of overall repository performance. In particular, the NRC staff’s evaluation considers the model
abstractions used in DOE’s TSPA to represent the performance (i.e., expected annual doses) of
the repository.
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The evaluation of the model abstraction process begins with the review of the repository design
and the data characterizing the geology and the performance of the design and proceeds
through the development of models used in the performance assessment. The model
abstraction review process ends with a review of how the abstracted models are implemented in
the TSPA model (e.g., parameter ranges and distributions, integration with model abstractions
for other parts of the repository system, representation of spatial and temporal scales, and
whether the performance assessment model appropriately implements the abstracted model).

The TSPA is a complex analysis with many parameters, and DOE may use conservative
assumptions to address uncertainties or justify a simplified modeling approach. DOE provided a
technical basis for the selection of models and parameter ranges or distributions. The NRC
staff's evaluation of the technical bases supporting models and parameter ranges or
distributions considers whether the approach results in calculated doses that

would underestimate, rather than overestimate, the dose to the reasonably maximally exposed
individual (RMEI). In particular, DOE’s assumption of conservatism as a basis for simplifying
models and parameters is evaluated by the NRC staff to verify that any simplifications do not
unintentionally result in nonconservative results (i.e., underestimate dose to the RMEI).

The intentional use of conservatism to manage uncertainty also has implications for the NRC
staff’s efforts to risk inform its review. The NRC staff evaluated DOE assertions that a given
model or parameter distribution is conservative from the perspective of overall system
performance (i.e., the dose to the RMEI). The NRC staff used available information to risk
inform its review. For example, if DOE used an approach that overestimates a specific aspect
of repository performance, then the NRC staff would consider the effects of this approach on
other parts of the TSPA model, overall repository performance, and the representation or
sensitivity of important phenomena.

The NRC staff has separated its model abstraction review into 13 categories that are addressed
in SER Sections 2.2.1.3.1 through 2.2.1.3.14. Two of the topics in the YMRP are discussed as
a single topic in the SER; however, the numbering system in the YMRP was retained to the
maximum extent possible (e.g., Biosphere Characteristics is Section 2.2.1.3.14 in the YMRP
and the SER). The review of Airborne Transport of Radionuclides (YMRP Section 2.2.1.3.11)
and Redistribution of Radionuclides in Soil (YMRP Section 2.2.1.3.13) are discussed in SER
Section 2.2.1.3.13 because the NRC staff considers a single discussion of these two topics
provides for more clarity. Therefore, the SER does not contain a section numbered 2.2.1.3.11.

Expert Elicitation

Expert elicitation is a formal, structured, and well-documented process for obtaining the
judgments of multiple experts on various technical areas. Pursuant to 63.21(c)(19), DOE must
explain how expert elicitation was used. Consistent with YMRP Section 2.5.4, DOE could elect
to use the subjective judgments of experts, or groups of experts, to interpret data and address
technical issues and inherent uncertainties when assessing the long-term performance of a
geologic repository. In its SAR, the applicant used the results of three formal expert elicitations
to complement and supplement other sources of scientific and technical information such as
data collection, analyses, and experimentation. The NRC staff has reviewed DOE’s use of
expert elicitation, which includes a technical review of the results of these elicitations.

SER Section 2.5.4 provides the NRC staff’s review of the three expert elicitations DOE used
in support of its SAR. Expert elicitations were conducted in the areas of seismic hazard
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(SAR Section 2.2.2.1); igneous activity (SAR Section 1.1.6.2, Section 2.2.2.2, and
Section 2.3.11); and saturated zone flow and transport (SAR Section 2.3.9.2).

Sections of the Postclosure Review

The individual sections documenting the NRC staff review are:

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

System Description and Demonstration of Multiple Barriers (SER Section 2.2.1.1.1)
Scenario Analysis (SER Section 2.2.1.2.1)

Identification of Events With Probabilities Greater Than 1078 Per Year
(SER Section 2.2.1.2.2)

Degradation of Engineered Barriers (SER Section 2.2.1.3.1)
Mechanical Disruption of Engineered Barriers (SER Section 2.2.1.3.2)

Quantity and Chemistry of Water Contacting Engineered Barriers and Waste Forms
(SER Section 2.2.1.3.3)

Radionuclide Release Rates and Solubility Limits (SER Section 2.2.1.3.4)
Climate and Infiltration (SER Section 2.2.1.3.5)

Unsaturated Zone Flow (SER Section 2.2.1.3.6)

Radionuclide Transport in the Unsaturated Zone (SER Section 2.2.1.3.7)

Flow Paths in the Saturated Zone (SER Section 2.2.1.3.8)

Radionuclide Transport in the Saturated Zone (SER Section 2.2.1.3.9)

Igneous Disruption of Waste Packages (SER Section 2.2.1.3.10)

Concentration of Radionuclides in Groundwater (SER Section 2.2.1.3.12)
Airborne Transport and Redistribution of Radionuclides (SER Section 2.2.1.3.13)
Biosphere Characteristics (SER Section 2.2.1.3.14)

Demonstration of Compliance With the Postclosure Public Health and Environmental
Standards (Individual Protection) (SER Section 2.2.1.4.1)

Demonstration of Compliance With the Human Intrusion Standard
(SER Section 2.2.1.4.2)

Demonstration of Compliance With Separate Groundwater Protection Standards
(SER Section 2.2.1.4.3)

Expert Elicitation (SER Section 2.5.4)
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CHAPTER 1
2.2.1.1 System Description and Demonstration of Multiple Barriers

22111 Introduction

The performance objectives in 10 CFR Part 63 for the repository after permanent closure
require that the geologic repository must include multiple barriers, consisting of both natural
barriers and an engineered barrier system. Natural and engineered barriers isolate waste by
preventing or substantially reducing the rate of movement of water or radionuclides from the
Yucca Mountain repository to the accessible environment. A comprehensive description of the
capabilities of the natural and engineered barriers would identify the risk-significant attributes for
the repository performance. Safety Evaluation Report (SER) Section 2.2.1.1 evaluates the

U.S. Department of Energy’s (DOE’s or applicant’s) description of the capabilities of the

barriers in the geologic repository. The technical basis for the barrier capability is evaluated in
SER Section 2.2.1.3.

A system of multiple barriers is intended to ensure that the repository system is not wholly
dependent on a single barrier. Such a system is more robust in handling failures and external
challenges. Therefore, the repository performance objectives in 10 CFR 63.113 require that a
geologic repository contain both natural barriers and an engineered barrier system.

The emphasis of the U.S. Nuclear Regulatory Commission (NRC) staff’s integrated review of
the applicant’s performance assessment is not solely focused on the isolated performance of
individual barriers, but rather on ensuring that the repository system is robust. The purpose of
this SER Section is to provide an understanding of how the natural barriers and the engineered
barrier system work in combination to enhance the resiliency of the geologic repository. To
provide an understanding of integrated repository performance, 10 CFR 63.115 requires the
applicant to

¢ |dentify barriers considered important to waste isolation
o Describe each barrier’s capability

¢ Provide a technical basis for that capability which is based on and consistent with the
technical basis for the performance assessment used to demonstrate compliance with the
performance objectives in 10 CFR 63.113(b) and (c)

This risk information provides DOE’s understanding of each barrier’s capability to prevent or
substantially delay the movement of water or radioactive material. The NRC staff can use this
risk information to implement a risk-informed approach in its review of the applicant’s
performance assessment calculations.

The NRC staff’s evaluation is based on information provided in the Safety Analysis Report
(SAR) (DOE, 2008ab), as supplemented by DOE responses to the NRC staff’s requests for
additional information (DOE, 2009an,bu). DOE provided a description of the barrier capabilities
in SAR Chapter 2.1. This description, supplemented by DOE’s responses to the NRC staff’s
requests for additional information, is used by the NRC staff in its review of the technical bases
for the performance assessment, as documented in SER Section 2.2.1.3. SER Section 2.2.1.1
focuses on the adequacy of DOE’s description of the barrier capabilities. As discussed in the
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NRC staff's Yucca Mountain Review Plan (YMRP) Section 2.2.1 (NRC, 2003aa), the multiple
barrier review focuses on each barrier's importance to waste isolation. Following the guidance
in the YMRP Section 2.2.1, the NRC staff evaluated the information required by 10 CFR
63.21(c)(1), (9), (10), (14), and (15).

2211.2 Regulatory Requirements

The regulatory requirements applicable to multiple barriers are found in 10 CFR 63.113(a) and
10 CFR 63.115(a—c). These require an applicant to

o Ensure that the geologic repository includes multiple barriers, consisting of both natural
barriers and an engineered barrier system

° Identify those features of the repository that are considered barriers important to waste
isolation (ITWI)

o Describe the capabilities of those barriers, taking into account uncertainties in
characterizing and modeling the behavior of the barriers

. Provide a technical basis for the description of the capability that is based on and
consistent with the technical basis for the performance assessment used to demonstrate
compliance with 10 CFR 63.113(b) and (c)

Definitions and discussions of important terms and concepts, such as “barrier’ and “important to
waste isolation,” are located in 10 CFR 63.2 and 10 CFR 63.102(h). For example, 10 CFR 63.2
states that the term “barrier” means any material, structure, or feature that, for a period to be
determined by NRC, prevents or substantially reduces the rate of movement of water or
radionuclides from the Yucca Mountain repository to the accessible environment, or prevents
the release or substantially reduces the release rate of radionuclides from the waste.

The NRC staff reviewed information provided in the SAR (DOE, 2008ab), as supplemented by
DOE responses to NRC staff’s requests for additional information (DOE, 2009an,bu) using the
review methods and acceptance criteria provided in YMRP Section 2.2.1.1. The three
acceptance criteria that are based on meeting the requirements of 10 CFR 63.115 and

10 CFR 63.113(a) are

. Identification of barriers is adequate
. Description of barrier capability to isolate waste is acceptable
. Technical basis for barrier capability is adequately presented

The following technical review is largely organized according to these three acceptance criteria.
Because the description of the barrier capability and the technical basis for the barrier capability
are interrelated, the review activities associated with these two acceptance criteria are
discussed together in SER Section 2.2.1.1.3.2.

22113 Technical Review

Description of DOE Approach

DOE identified the barriers considered important to waste isolation and summarized their
capabilities and technical bases in SAR Section 2.1. This summary relies on more extensive



information documented in SAR Sections 2.2 through 2.4. DOE documented the analyses that
it used to identify and evaluate barrier capability in the “Postclosure Nuclear Safety Design
Bases” (SNL, 2008ad). As described in that document, DOE's identification of the barriers, and
the description of the capability of these barriers, is based on the scenario analysis summarized
in SAR Section 2.2 that identifies and evaluates the features, events, and processes to be
considered in the Total System Performance Assessment (TSPA) model. The TSPA model is
an abstracted model that quantitatively integrates inputs from the various supporting analytic
models. DOE used this abstracted integrating model to demonstrate compliance with the
postclosure performance standards.

DOE identified three barriers (upper natural, engineered, and lower natural) and provided the
features or components that make up these barriers in SAR Section 2.1.1.

DOE summarized the capability of the barriers in SAR Section 2.1.2. For each barrier, DOE
identified and provided a brief qualitative description of the key processes and events that
influence the capability of each barrier. DOE provided some of these descriptions at the level of
individual barrier features or components (e.g., the waste package component of the
engineered barrier system). DOE provided other descriptions at an aggregate level (e.g., the
waste form, waste canisters, and waste package internals taken together). DOE then described

° The specific function of each barrier component and how the barrier component carries
out its functions

. The time period over which the barrier functions and how DOE expects the capability of
the barrier to evolve over time

. How uncertainty in the barrier capability has been accounted for in the
performance assessment

. The impact of disruptive events on the barrier, if any
. A quantitative evaluation of the barrier capability to carry out its barrier functions

DOE summarized the technical basis for the description of barrier capability in SAR

Section 2.1.3. DOE stated that the technical basis for the barrier capability is the same as

the technical basis for the model used in the TSPA analyses. DOE also stated that the
technical basis for the description of the barrier capability is provided in SAR Section 2.3.

SAR Table 2.1-5 identified which TSPA model abstractions are associated with each barrier.
SAR Section 2.1.3 identified the location of the technical basis for the description of the barrier
capability for those abstractions. SAR Section 2.1.3 briefly summarized the technical basis for
each TSPA model component. Each summary identified the subsection of SAR Section 2.3
where DOE described the technical basis of the model component in more detail.

2.2.1.1.31 Identification of Barriers

The NRC staff reviewed DOE’s discussion of how it identified barriers important to waste
isolation in SAR Section 2.1.1. DOE identified three barriers (upper natural, engineered, and
lower natural) and then provided the features or components that made up these barriers.

In SAR Table 2.1-1, DOE identified the safety classification (i.e., whether DOE considers the
feature or component to be important to waste isolation) of each feature or component. These
barriers include features that are important to waste isolation from the upper and lower natural
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barrier and components that are important to waste isolation from the engineered barrier
system. In DOE (2009an, Enclosure 1), DOE expanded SAR Table 2.1-1 to include

o The features, events, and processes considered important to barrier capability
e A qualitative discussion of how the stated barrier functions are attained

e For each barrier feature or component considered important to waste isolation,
a quantitative summary of barrier capability based on information from the performance
assessment analysis

DOE'’s safety classification identified in SAR Table 2.1-1 indicates whether each individual
feature or component is considered important to waste isolation and whether each feature or
component is clearly linked to its capability and to the upper natural barrier, engineered barrier
system, or the lower natural barrier. Therefore, because DOE indicated whether features or
components are important to waste isolation and identified their capabilities, the NRC staff
concludes that DOE has identified the barriers that are relied on to achieve compliance with
10 CFR 63.113. Because the list in SAR Table 2.1-1 includes features from both the
engineered and natural systems, the NRC staff concludes that DOE identified barriers that
include at least one feature from the engineered system and one from the natural system.

DOE also identified three engineered system components as important to waste isolation on the
basis of their capability to reduce the probability of criticality. DOE used these system
components to screen out the criticality event class from the performance assessment

because of the low probability of occurrence (SAR Table 2.2-5; SNL, 2008ab). NRC staff’s
evaluation of DOE’s technical basis for screening out the criticality event class can be found in
SER Section 2.2.1.2.1.

221132 Description and Technical Basis for Barrier Capability
NRC Staff’s Review Process

The NRC staff’s review of the description and technical basis for barrier capability is based on a
list of 22 individual features presented in SAR Table 2.1-1. For purposes of evaluation, the
NRC staff consolidated these features to yield nine features as shown in the second column of
SER Table 1-1. The NRC staff consolidated the 22 barrier features because it found that
several features in the second column of SAR Table 2.1-1 are related. For example, the
emplacement drift is referred to twice. The NRC staff, therefore, consolidated the two
emplacement drift entries into a grouped entry titled “Emplacement Drift.” Also, 11 of the
features listed in SAR Table 2.1-1 were prefaced with the term “Waste Form and Waste
Package Internals.” The NRC staff grouped all of these 11 features into 1 component titled
“Waste Form and Waste Package Internals.” The NRC staff included cladding into this grouped
category because the cladding is a component that contains the waste form and is internal to
the waste package. The NRC staff also noted that neither the emplacement pallet nor the invert
was classified as important to waste isolation in SAR Table 2.1-1, and that both components
serve to support the waste package. The NRC staff, therefore, consolidated these two features
into a single barrier feature titled “Emplacement Pallet and Invert.” The resulting consolidated
list is consistent with the grouping that DOE used in SAR Section 2.1.2.2 in its summary of the
features, processes, and characteristics of the engineered barrier system that are important to
waste isolation.



Table 1-1. Summary of NRC Staff’'s Barrier Component Review

SAR Table 2.1-1

SAR Table 2.1-1 ITWI* Non-ITWI
Barrier Barrier Feature Components Components
Upper Natural Topography and Topography and Surficial None
Barrier Surficial Soils Soils
Upper Natural Unsaturated Zone Unsaturated Zone Above the | None
Barrier Above the Repository Repository

Engineered Barrier
System (EBS)

Emplacement Drift

Emplacement Drift

Emplacement Drift:
Nonemplacement
Openings, Closure,
Ground Support, and
Ventilation System

Invert

EBS Drip Shield Drip Shield None
EBS Waste Package Waste Package None
EBS Waste Form and Waste | e Transport, aging, and o DOE SNF canister
Package Internals disposal (TAD) canister e High-level waste
o Naval canister canister
¢ Commercial spent nuclear |e Codisposal
fuel (SNF) and high-level package internals
waste glass o DOE SNF
o Naval SNF » Cladding
« Naval SNF canister system
componentst
e TAD canister internalst
e DOE SNF canister
internalst
EBS Emplacement Pallet and | None e \Waste Package

Pallet

e Invert
Lower Natural Unsaturated Zone Below | Unsaturated Zone Below the | None
Barrier the Repository Repository
Lower Natural Saturated Zone Saturated Zone None
Barrier

probability of criticality.

*ITWI stands for “important to waste isolation.”
1DOE identified these components as important to waste isolation solely in relation to their capability to reduce the

The NRC staff reviewed the descriptions of the barrier capability of these nine consolidated
features. To evaluate the description of the barrier capability, the NRC staff reviewed how DOE

¢ Identified the safety classification and primary function of each barrier component

o |dentified the characteristics and processes important to barrier capability, including
both those that are potentially beneficial and those that are potentially detrimental to

barrier functions

o Described how the barrier component was represented in the performance assessment

o Described the qualitative and quantitative capabilities of each barrier component, consistent
with the performance assessment analyses
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e Characterized the time period over which the barrier functions and how DOE expects the
barrier capability to change over time

e Accounted for the uncertainty in the description of the barrier capability

To evaluate the technical bases for the barrier capability, the NRC staff reviewed the
consistency between the descriptions of the barrier capability documented in SAR Section 2.1.2
and the technical bases summarized in SAR Section 2.1.3 and further documented in SAR
Section 2.3. In addition, the NRC staff reviewed the description of the performance confirmation
plan to determine whether it was consistent with the descriptions of barrier capability.

SER Section 2.4 contains the results of the NRC staff’s review of the performance

confirmation plan.

The NRC staff also considered the insights gained from NRC (2005aa, Appendix D), as updated
(CNWRA and NRC, 2008aa), to determine whether DOE had omitted any features or processes
that might contribute significantly to barrier capability in its description of barrier capability. In
addition, the NRC staff reviewed DOE’s TSPA model described in SNL (2008ag) to assess
consistency between the descriptions of barrier capability and how the TSPA model
components actually represented the barrier capability.

In each of the following sections, the NRC staff summarizes the results of the review of the
individual barrier components, as identified in the second column of Table 1-1. Specifically, the
NRC staff’'s evaluation

. Describes whether the barrier capability DOE described is consistent with the definition
of a barrier in 10 CFR 63.2

. Identifies the SAR sections where DOE described the capability of each barrier
component and briefly summarizes the described capabilities

. Describes whether the identified capabilities are consistent with the results from the total
system performance assessment (in reviewing these analyses, the NRC staff examined
whether the numerical results used to illustrate barrier capability were consistent with the
intermediate results used to compute the radiation dose in the total system performance
assessment calculation)

° Identifies where DOE has described the time period over which the barrier performs its
stated function and briefly summarizes whether DOE has adequately described the time
period over which the barrier performs its stated function

o Identifies where DOE has adequately described the uncertainty in the barrier capability
and describes whether DOE accounted for uncertainties in its characterization and
modeling of the barriers

. Identifies where DOE summarized the technical basis for barrier capability, describes
whether this technical basis is consistent with the technical basis for the performance
assessment models, and describes whether the technical basis is commensurate with
the importance of each barrier's capability



2.2.1.1.3.21 Upper Natural Barrier: Topography and Surficial Soils

The NRC staff reviewed DOE’s description of the barrier capability of the topography and
surface soils. DOE described the barrier capabilities of the topography and the surficial soils to
prevent or substantially reduce the rate of water movement qualitatively in SAR

Section 2.1.2.1.1 and quantitatively in SAR Section 2.1.2.1.6.1. DOE supplemented this
description in DOE (2009an, Enclosure 1). DOE used net infiltration as a percentage of annual
precipitation to quantify the barrier capability of topography and surficial soils. The NRC staff
concludes that the capabilities DOE described are consistent with the definition of a barrier at
10 CFR 63.2 because DOE described a capability that substantially reduces infiltration into the
unsaturated zone, which in turn reduces the rate of movement of water from the nuclear waste
in the repository to the accessible environment.

DOE'’s climate and infiltration analyses are summarized in SAR Tables 2.3.1-2, 2.3.1-3, and
2.3.1-4. DOE concluded in SAR Section 2.1.2.1.1 and in DOE (2009an, Enclosure 1) that for
approximately 10,000 years following closure of the repository, a limited amount of water would
infiltrate the unsaturated zone above the repository at Yucca Mountain. DOE attributed the low
rate of infiltration to low precipitation that is substantially further reduced by high rates of
evapotranspiration (e.g., uptake by plants, surface evaporation) and surface runoff. In SAR
Section 2.1.2.1.1, DOE stated that the average net infiltration rate estimates range from about
3 to 17 percent of the total precipitation, depending upon the climate state and the infiltration
scenario. For the post-10,000-year period, DOE stated that it used the deep percolation rate
distribution specified in the proposed 10 CFR 63.342(c)(2) rule. In DOE (2009cb, Enclosure 6),
DOE stated that use of the distribution of deep percolation specified in the final 10 CFR
63.342(c)(2) rule led to an insignificant increase in radiation dose.

Based on its review of the DOE description of the barrier capabilities of topography and surficial
soils in SAR Section 2.1.2.1 and in DOE (2009an, Enclosure 1), the NRC staff concludes that
DOE'’s description of the barrier capability is consistent with the results from the performance
assessment calculation because DOE based the description of barrier capabilities on
intermediate results from its infiltration model used in the performance assessment, as
documented in SAR Section 2.3.1.

DOE provided information in SAR Section 2.1.2.1.3 on the time period over which this upper
natural barrier feature performs its intended function. DOE stated that the topography and
surficial soils are not expected to change significantly in the 10,000 years following closure, but
changes in climate and vegetation are expected to affect the barrier capability during this period.
In SAR Tables 2.3.1-17 to 2.3.1-19 and DOE (2009an, Enclosure 1), DOE addressed when it
expects different climate states to occur and provided infiltration rates under different climate
scenarios. Because DOE explicitly discussed the time dependence of the infiltration rate, the
NRC staff concludes that DOE has adequately described the time period over which the
topography and surface soils perform as a barrier.

In SAR Section 2.1.2.1.4, DOE described sources of uncertainty that are considered in the
climate and infiltration model. Sources of uncertainty include (i) the interpretation of the
geologic record of past climates, (ii) the parameters describing evapotranspiration, (iii) the
applicability of models, and (iv) the characteristics of the Yucca Mountain site. DOE also
addressed the uncertainty in the barrier capability by describing results from its infiltration model
demonstrating the probability of different infiltration scenarios (SAR Section 2.3.2.4.1.2.4.5 and
Table 2.3.2-27). DOE demonstrated in DOE (2009bo, Enclosure 5) that adjusting the probability
weighting of these scenarios based on deep subsurface observations of chloride and
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temperature (SAR 2.3.2.4.1.2.4.5 and Table 2.3.2-27) reduced the average infiltration fluxes in
the initial 10,000 years following permanent closure by approximately 50 percent. DOE
addressed infiltration uncertainties in the post-10,000-year period in SAR Section 2.3.2.4.1.2.4.2
by using a weighting of net infiltration scenarios to yield a distribution of deep percolation

fluxes comparable to the distribution specified in the proposed 10 CFR 63.342(c)(2). DOE
(2009cb, Enclosure 6) stated that use of the distribution of deep percolation specified in the final
10 CFR 63.342(c)(2) rule led to an insignificant increase in radiation dose. Because DOE
described the sources of uncertainty and demonstrated the range of uncertainty in its infiltration
estimates, the NRC staff concludes that DOE has adequately addressed uncertainty in its
descriptions of barrier capability. SER Section 2.2.1.3.6.3.2 documents the NRC'’s staff’s
evaluation of DOE’s approach to and representation of infiltration uncertainty in the performance
assessment in the first 10,000 years and in the post-10,000-year period.

In SAR Section 2.1.3.1, DOE summarized the technical bases of the barrier capability
description of the upper natural barrier, which includes the topography and surficial soils
component. In this discussion, DOE indicated which TSPA models it used to support the
description of the barrier capability of the upper natural barrier. DOE based its description of the
barrier capability of the topography and surficial soils on the climate and infiltration model
described in SAR Section 2.3.1.

The NRC staff compared the technical bases descriptions in SAR Sections 2.1.2.1.1 and 2.1.3.1
with SAR Section 2.3.1 and concludes that the technical bases descriptions are consistent
among these SAR sections. Further, the NRC staff compared the quantitative representation of
the barrier capability in SAR Sections 2.1.2.1.1 and 2.1.3.1 with the results of the climate and
infiltration model described in SAR Section 2.3.1 and concludes that the net infiltration
calculation results are consistently represented among these SAR sections. The NRC staff
therefore concludes that the technical bases for the description of barrier capability in SAR
Sections 2.1.2.1.1 and 2.1.2.1.6.1 are consistent with the technical bases of the climate and
infiltration model.

SER Section 2.2.1.3.5 documents the NRC staff’s evaluation of the infiltration model that
provides the technical basis for this capability. The NRC staff concludes in SER

Section 2.2.1.3.5 that DOE provided acceptable technical bases for the climate and infiltration
model and for the range of net infiltration values used in the performance assessment
calculations. Therefore, the NRC staff concludes that DOE’s technical bases for the
description of the barrier capability of the topography and surface soils are commensurate
with the barrier capability described in SAR Sections 2.1.2.1.1 and 2.1.2.1.6.1 and in DOE
(2009an, Enclosure 1).

In summary, the NRC staff concludes that the capability of the topography and surficial soils to
prevent or substantially reduce the rate of movement of water from the Yucca Mountain
repository to the accessible environment is adequately described and that the technical bases
for the barrier capability are based on and consistent with the technical bases for the
performance assessment.

221.1.3.2.2 Upper Natural Barrier: Unsaturated Zone Above the Repository
The NRC staff reviewed the DOE description of the barrier capability of the unsaturated zone
above the repository. DOE described the capability of the unsaturated zone above the

repository to prevent or substantially reduce seepage qualitatively in SAR Section 2.1.2.1.2
and quantitatively in SAR Section 2.1.2.1.6.2. DOE supplemented this description in
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DOE (2009an, Enclosures 1 and 2). The NRC staff concludes that the capabilities DOE
described are consistent with the definition of a barrier at 10 CFR 63.2 because they describe a
capability to prevent or substantially reduce seepage of water into the emplacement drifts, which
in turn substantially reduces the rate of water movement from the nuclear waste in the
repository to the accessible environment.

In SAR Section 2.1.2.1.6.2, DOE explained that the average percolation flux at the repository
depth is, at most, a few percent less than the average net infiltration near the surface above the
repository. Because changes in the flow rate of water between the ground surface and the
repository level are relatively small, the NRC staff determines that DOE did not attribute barrier
capability to any significant processes that result in the diversion of water away from the
emplacement drift location. However, DOE explained in SAR Sections 2.1.2.1.2 and 2.1.2.1.6.2
and in DOE (2009an, Enclosures 1 and 2) that capillary diversion of water at the host rock—air
interface at the drift wall prevents much of the water flowing in the rock at the repository level
from entering the drift as seepage (i.e., dripping). DOE explained that at some drift locations, all
of the water is diverted around the drift, resulting in no drips at all; at others, only some of the
water enters, and the remainder is diverted around the drift. In addition, the short duration,
relatively higher flow rates resulting from infiltration following brief episodes of precipitation are
spread out in time and space as they pass through the Paintbrush Tuff. In DOE (2009an,
Enclosure 2), DOE explained that this damping of episodic infiltration pulses by the Paintbrush
Tuff results in water flow rates below the Paintbrush Tuff that are consistently lower than the
peak flow rate during the infiltration pulse, but which are more nearly constant over time

(i.e., steady-state fluxes below the Paintbrush Tuff). DOE explained that because capillary
diversion processes are more effective at low percolation flow rates, the damping of episodic
infiltration pulses by the Paintbrush Tuff contributes to the effectiveness of the capillary barrier.
DOE quantified the barrier capability of the unsaturated zone above the repository for each of
the five percolation subregions for the climate states projected for the first 10,000 years after
repository closure (SAR Section 2.1.2.1.2). DOE used an analysis based on the TSPA seepage
models and inputs to demonstrate that average seepage rates range from less than 1 to about
17 percent of the percolation fluxes for intact drifts within the first 10,000 years following
closure, as described in DOE (2009bo, Enclosure 3, Table 11). DOE expects capillary forces
to divert more than 80 percent of percolation flux away from the intact drifts for the initial

10,000 years after closure. DOE (2009bo, Enclosure 3, Table 5) identified that for intact drifts,
the fraction of the repository experiencing dripping conditions (i.e., the seepage fraction)

ranges from 10 to 70 percent. Results for the collapsed drift case, which is a likely scenario

in the post-10,000-year period, show that the mean seepage percentage ranges from about

40 to 56 percent, as described in DOE (2009bo, Enclosure 3, Table 11). DOE expects that
capillary forces would divert at least 44 percent of percolation flux away from collapsed drifts.
The post-10,000-year seepage fractions for the corresponding flow fields range from about 44 to
89 percent, as described in DOE (2009bo, Enclosure 3, Table 8).

Based on its review of the DOE description of the barrier capabilities of the unsaturated zone
above the repository in SAR Section 2.1.2.1, the NRC staff concludes that DOE’s description of
the barrier capability is consistent with the results from the performance assessment calculation
because DOE refers to analyses in SAR Section 2.3.3.4.2 (in which DOE provided examples of
the probabilistic calculation of seepage) and in DOE (2009bo, Enclosure 3), both of which are
based on TSPA models and input data.

In SAR Section 2.1.2.1.3, DOE provided information on the time period over which this upper

natural barrier feature performs its intended function. DOE stated that the unsaturated zone
above the repository is not expected to change in the 10,000 years following closure and that

1-9



changes in the barrier capability are due to changes in infiltration. SAR Figure 2.1-5
demonstrates how seepage changes as a function of time. Because DOE demonstrated how
the ability of the drift to divert water changes over time, the NRC staff concludes that DOE has
adequately described the time period over which the unsaturated zone above the repository
performs as a barrier.

In SAR Section 2.1.2.1.4, DOE discussed sources of uncertainty in the barrier capability of

the unsaturated zone above the repository. DOE stated that these primarily are associated
with uncertainties in the models and the characteristics of the Yucca Mountain site. SAR
Tables 2.1-6 through 2.1-9 demonstrate the range of uncertainty in seepage fractions. DOE
also discussed these uncertainties in SAR Section 2.3.3.4.2. Because DOE described sources
of uncertainty and demonstrated how these uncertainties affect the rate and extent of seepage,
the NRC staff concludes that DOE has adequately considered uncertainty in its descriptions of
barrier capability.

SAR Section 2.1.3.1 summarized the technical basis of the barrier capability of the upper
natural barrier, which includes the unsaturated zone above the repository. In its discussion,
DOE indicated which TSPA models it used to support the description of the barrier capability of
the upper natural barrier. DOE based its description of the barrier capability of the unsaturated
zone above the repository on the unsaturated zone flow model described in SAR Section 2.3.2
and on the seepage (ambient and thermal) models described in SAR Section 2.3.3.

The NRC staff compared the technical bases descriptions in SAR Sections 2.1.2.1.2 and 2.1.3.1
with SAR Sections 2.3.2 and 2.3.3 and concludes that the technical bases descriptions are
consistent among these SAR sections. Further, the NRC staff compared the quantitative
representation of the barrier capability in SAR Sections 2.1.2.1.6.2 and 2.1.3.1 with the results
of the site-scale unsaturated zone flow and seepage models described in SAR Sections 2.3.2
and 2.3.3 and concludes that the deep percolation, seepage, and seepage fraction estimates
are consistently represented among these SAR sections. The NRC staff therefore concludes
that the technical bases for the description of barrier capability in SAR Sections 2.1.2.1.2 and
2.1.2.1.6.2, as supplemented in DOE (2009an, Enclosures 1 and 2), are consistent with the
technical bases of the site-scale unsaturated zone flow and seepage models.

SER Section 2.2.1.3.6 documents the NRC staff’'s evaluation of the technical bases for the
unsaturated zone flow and seepage model abstractions that form the basis for this capability.
The NRC staff concludes in SER Section 2.2.1.3.6 that DOE provided technical bases for the
site-scale unsaturated zone flow and seepage models and for the ranges of deep percolation,
seepage, and seepage fraction values used in the performance assessment that are
adequate for their intended use. The NRC staff therefore concludes that DOE’s technical
bases for the description of the barrier capability of the unsaturated zone above the
repository are commensurate with the barrier capability described qualitatively in SAR
Section 2.1.2.1.2, quantitatively in SAR Section 2.1.2.1.6.2, and as supplemented by DOE
(2009an, Enclosures 1 and 2 ).

In summary, the NRC staff concludes that the capability of the unsaturated zone above

the repository to prevent or substantially reduce the rate of movement of water from the

Yucca Mountain repository to the accessible environment is adequately described and that the
technical basis for the barrier capability is based on and is consistent with the technical basis for
the performance assessment.



2.21.1.3.2.3 Engineered Barrier System: Emplacement Drift

The NRC staff reviewed the DOE description of the barrier capability of the emplacement drift.
DOE discussed the barrier capabilities of the emplacement drift in SAR Section 2.1.2.2 under
the discussion titled “Emplacement Drift” and in DOE (2009an, Enclosures 1 and 3). DOE
stated that the capability of the emplacement drift to prevent or substantially reduce the
movement of water is associated with the capillary barrier discussed under the upper natural
barrier in SAR Section 2.1.2.1. DOE associated the capability of the drift to prevent or reduce
the rate of movement of radionuclides with the effect of temperature and water chemistry on
various processes affecting the degradation of the other engineered barrier system (EBS)
components (e.g., drip shield, waste package, and waste form) and radionuclide transport.
DOE (2009an, Enclosures 1 and 3) specifically identified and discussed the roles of individual
processes in the capability of the emplacement drifts. The NRC staff finds that DOE has
described the emplacement drifts capabilities as follows:

. The intact emplacement drift opening represents a zero-capillarity feature within the rock
formation that supports diversion of unsaturated zone flow around the opening, which
reduces the rate of seepage into the drift.

° The collapsed, rubble-filled emplacement drift provides reduced seepage diversion
capabilities and limits drip shield and waste package motion under seismic activity.

. The mechanical integrity of the drift provides a stable environment that controls the
mechanical and chemical degradation of the drip shield and waste packages, which
divert seepage water and prevent or limit the rate of contact of water with the
waste form.

. The mechanical integrity of the drift provides a stable environment that controls the rate
of waste form degradation and the chemical conditions within the waste package, which
control the rate of movement of radionuclides.

The NRC staff finds that DOE has adequately described the capabilities of the emplacement
drift with respect to drift seepage because DOE described the effect of an intact and collapsed
drift on the performance of the capillary barrier associated with the unsaturated zone above the
repository. The NRC staff further finds that DOE has adequately described the capabilities of
the emplacement drift as a barrier important to waste isolation with respect to the effect of the
in-drift environment because DOE described the effect of the in-drift environment on
degradation and transport processes within the drift that are described as aspects of the other
components of the engineered barrier system. Therefore, the NRC staff concludes that the
capabilities DOE described, with respect to drift seepage and the effect of the in-drift
environment, are consistent with the definition of a barrier at 10 CFR 63.2 because these
capabilities substantially reduce the rate of movement of water or radionuclides.

DOE discussed the time period over which the emplacement drift functions in SAR

Section 2.1.2.2.3 and in DOE (2009an, Enclosure 3). DOE described the evolution of the
mechanical stability of the drift and the in-drift environment and discussed how these changes
affect the major processes associated with emplacement drift performance. The NRC staff
concludes that these evaluations, along with the discussion of the time period over which DOE
expects the drift to degrade due to seismic events, provide an adequate description of the time
period over which the emplacement drift performs its function because DOE described both the
timing and effect of seismically induced drift degradation. In SER Section 2.2.1.3.2.3.2, the
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NRC staff addresses the adequacy and uncertainty in the capabilities of the emplacement drift
related to the mechanical integrity of the drift opening.

DOE discussed the uncertainty in the performance of the emplacement drift in SAR

Sections 2.1.2.2.4 and 2.3.4.4.8 and in DOE (2009an, Enclosure 3). DOE indicated that the
uncertainties in the environmental conditions are a primary source of uncertainty in the
performance of the engineered barrier system. In SAR Section 2.3.4.4.8, DOE discussed the
sources and treatment of uncertainty in the evaluation of rockfall and demonstrated the effect of
these uncertainties in SAR Figure 2.1-14, which demonstrates the range of uncertainties in the
expected fraction of the drift filled with rubble. The NRC staff concludes that these discussions,
supplemented by probabilistic outputs of the rockfall model showing the range of times for
rubble to accumulate within the drift (SAR Section 2.1.2.2.6, Figure 2.1-14), demonstrate that
DOE has adequately addressed uncertainty in its descriptions of barrier capability.

DOE summarized the technical bases of the engineered barrier system capability, which
included the emplacement drift, in SAR Section 2.1.3.2. In its discussion, DOE indicated which
TSPA models it used to support the description of the barrier capability of the engineered
barrier system. DOE based its description of the barrier capability of the emplacement drift on
three TSPA submodels: (i) the ambient and thermal seepage models described in SAR
Section 2.3.3, (ii) the engineered barrier system mechanical degradation model described in
SAR Section 2.3.4, and (iii) the in-drift chemical and physical environment model described in
SAR Section 2.3.5.

The NRC staff compared the technical bases descriptions in SAR Sections 2.1.2.2 and 2.1.3.2
with SAR Sections 2.3.3, 2.3.4, and 2.3.5 and concludes that the technical bases descriptions
are consistent among these SAR sections. Further, the NRC staff compared the quantitative
representation of the barrier capability in SAR Sections 2.1.2.2 and 2.1.3.2 with the results of
the three emplacement drift TSPA submodels DOE described in SAR Sections 2.3.3, 2.3.4, and
2.3.5 and concludes that the seepage rate estimates, the expected time of collapse of the drifts,
and the in-drift physical and chemical environment are consistently represented among these
SAR sections. The NRC staff therefore concludes that the technical bases for the description of
barrier capability in SAR Section 2.1.2.2 are consistent with the technical bases of the
emplacement drift TSPA submodels.

In SER Sections 2.2.1.3.2, 2.2.1.3.3, and 2.2.1.3.6, the NRC staff evaluates the adequacy of the
technical bases used to support the barrier capability of the emplacement drift. The NRC staff
concludes in SER Sections 2.2.1.3.2, 2.2.1.3.3, and 2.2.1.3.6, that DOE provided technical
bases for the emplacement drift TSPA submodels, the range of values for the seepage rates,
the expected time of collapse of the drifts, and the in-drift physical and chemical environment
used in the performance assessment that are adequate for their intended use. The NRC staff
therefore concludes that DOE’s technical bases for the description of the barrier capability of
the emplacement drift are commensurate with the barrier capability described in SAR

Section 2.1.2.2 and in DOE (2009an, Enclosures 1 and 3).

In summary, the NRC staff concludes that the capability of the emplacement drift to prevent or
substantially reduce the rate of movement of water or radionuclides from the Yucca Mountain
repository to the accessible environment is adequately described and that the technical bases
for the barrier capability are based on and consistent with the technical bases for the
performance assessment.



2211324 Engineered Barrier System: Drip Shield

The NRC staff reviewed the description of the barrier capability of the drip shield. DOE
discussed the capability of the drip shield to prevent or substantially reduce contact of
seepage with the waste package in SAR Section 2.1.2.2 under the discussion titled “Drip
Shield,” in SAR Section 2.1.2.2.1, and quantitatively in SAR Section 2.1.2.2.6. DOE
supplemented its discussion in DOE (2009an, Enclosure 1). DOE addressed the drip shield’s
capability to prevent seepage water from contacting the waste package during the thermal
period in SAR Section 2.1.2.2. The thermal period is the time period when the temperature of
the host rock and EBS are above the ambient temperature of the host rock (SER Section
2.2.1.3.6). During the thermal period, seepage water, if contacting the waste package, could
lead to water chemistry that may initiate localized corrosion. The NRC staff concludes that the
capabilities DOE described are consistent with the 10 CFR 63.2 definition of a barrier because
they describe a capability to prevent or substantially reduce the rate of movement of water.

DOE does not expect extensive drip shield failures before 100,000 years. General corrosion of
the drip shield enhances the vulnerability of the drip shield to seismic events as the drip shield
plates become thinner as a result of corrosion. DOE expects drip shields to fail between
200,000 and 300,000 years, when general corrosion has weakened the drip shield plates
sufficiently such that a seismic event can rupture them. DOE attributes the capability of the drip
shield to divert water to corrosion-resistant materials coupled with a low probability of
mechanical damage from seismic events and a relatively benign chemical environment during
the thermal period.

Based on its review of the DOE description of the barrier capabilities of the drip shield in

SAR Sections 2.1.2.2 and 2.1.2.2.6 and DOE (2009an, Enclosure 1), the NRC staff concludes
that DOE’s description of the barrier capability is consistent with the results from the
performance assessment calculation because DOE described the capability using intermediate
results from the TSPA model showing the distribution of drip shield failure times.

SAR Section 2.1.2.2.3 addressed the time period over which the engineered barrier system,
including the drip shield, performs its barrier function. DOE stated that the barrier capability of
the drip shield and waste package is not impacted until sufficient corrosion has occurred to
create breaches in the waste package. SAR Section 2.1.2.2.6 quantified the change in the
effectiveness of the capability of the drip shield. The NRC staff concludes that DOE adequately
described the time period over which the drip shield performs its barrier function because it
described how the drip shields degrade over time and supplemented its description with
time-dependent outputs from the drip shield degradation model.

DOE described the sources of uncertainty in the drip shield capability in SAR Section 2.1.2.2.4
and quantitatively demonstrated the effect of uncertainties in SAR Section 2.1.2.2.6. These
include, for example, uncertainties in the environmental conditions affecting the drip shield.
DOE described specific analyses of uncertainty in the model abstractions for drip shield
degradation in SAR Sections 2.3.4.5 and 2.3.6.8. The NRC staff concludes that these
discussions, supplemented by probabilistic outputs of the drip shield degradation model
showing the range of times for failure of the drip shield (SAR Section 2.1.2.2.6, Figure 2.1-11),
demonstrate that DOE has adequately addressed uncertainty in its descriptions of

barrier capability.

SAR Section 2.1.3.2 summarized the technical bases of the barrier capability of the engineered
barrier system, which includes the drip shields. In its discussion, DOE identified which TSPA
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models it used to support the description of the barrier capability of the engineered barrier
system. DOE based its description of the barrier capability of the drip shield on three TSPA
submodels: (i) the mechanical damage model described in SAR Section 2.3.4.5, (ii) the general
corrosion model described in SAR Section 2.3.6.8.1, and (iii) the early failure model described in
SAR Section 2.3.6.8.4.

The NRC staff compared the technical bases descriptions in SAR Sections 2.1.2.2 and 2.1.3.2
with SAR Sections 2.3.4.5, 2.3.6.8.1, and 2.3.6.8.4 and concludes that the technical bases
descriptions are consistent among these SAR sections. Further, the NRC staff compared the
quantitative representation of the barrier capability in SAR Sections 2.1.2.2 and 2.1.3.2 with the
results of the three drip shield TSPA submodels DOE described in SAR Sections 2.3.4.5,
2.3.6.8.1, and 2.3.6.8.4 and concludes that the drip shield failure time estimates are consistently
represented among these SAR sections. The NRC staff therefore concludes that the technical
bases for the description of barrier capability in SAR Section 2.1.2.2 are consistent with the
technical bases of the drip shield TSPA submodels.

In SER Sections 2.2.1.3.1 and 2.2.1.3.2, the NRC staff evaluates the adequacy of the technical
bases used to support the barrier capabilities of the drip shield. The NRC staff concludes in
SER Sections 2.2.1.3.1 and 2.2.1.3.2 that DOE provided technical bases for the drip shield
TSPA submodels and for the range of values for the drip shield failure time used in the
performance assessment that are adequate for their intended use. The NRC staff therefore
concludes that DOE’s technical bases for the description of the barrier capability of the drip
shields are commensurate with the barrier capability described in SAR Section 2.1.2.2 and in
DOE (2009an, Enclosure 1).

In summary, the NRC staff concludes that the capability of the drip shield to prevent or
substantially reduce the rate of movement of water or radionuclides from the Yucca Mountain
repository to the accessible environment is adequately described and that the technical basis
for the barrier capability is based on and consistent with the technical basis for the
performance assessment.

221.1.3.25 Engineered Barrier System: Waste Packages

The NRC staff reviewed the description of the barrier capability of the waste packages. DOE
discussed the capability of the waste package to prevent or substantially reduce contact of
seepage with the waste form in SAR Section 2.1.2.2 under the discussion titled “Waste
Package,” in SAR Sections 2.1.2.2.1 and 2.1.2.2.2, and quantitatively in SAR Section 2.1.2.2.6.
DOE (2009an, Enclosures 1 and 4) supplemented this discussion. NRC staff concludes that the
capabilities DOE described are consistent with the definition of a barrier at 10 CFR 63.2
because they describe a capability to substantially reduce the rate of water or

radionuclide movement.

The NRC staff notes that DOE also credited the barrier capability of the waste package for
radionuclide transport through the engineered system. Specifically, the waste package inner
vessel contains a large amount of stainless steel that corrodes after breach of the outer vessel.
The corrosion products contain high sorption capabilities for some radionuclides. Although the
important to waste isolation component that DOE credited for this capability is the waste
package inner vessel, DOE described the barrier capabilities associated with sorption to
corrosion products as an aspect of the waste form and waste package internal components.
SER Section 2.2.1.1.3.2.6 addresses the NRC staff’s evaluation of this barrier capability.



In SAR Section 2.1.2.2, DOE attributed the capability of the waste package to divert water to
corrosion-resistant materials coupled with a low probability of mechanical damage from seismic
events and a relatively benign chemical environment. DOE discussed the incidence of waste
package failure and concluded that extensive early failures of the waste packages are unlikely.
DOE does not expect extensive waste package failures to occur until a seismic event capable of
damaging the waste packages occurs. Although a model for localized corrosion is included in
the TSPA analysis, DOE expects that the presence of the drip shields over the entire thermal
period will prevent the occurrence of localized corrosion under the nominal or seismic scenarios.
DOE indicated that waste package failures before approximately 200,000 years are primarily
due to seismically induced stress corrosion cracking of codisposal waste packages containing
DOE standard canisters and high-level waste. DOE attributed the higher resilience of the
commercial spent nuclear fuel waste packages under seismic conditions, relative to the
codisposal packages, to the damping provided by the massive transport, aging, and disposal
canister containing the commercial spent fuel. DOE stated that upon failure of the drip shield
and filling of the drift with rubble, damage from further seismic events is unlikely. DOE also
stated that subsequent failures are largely associated with nominal processes affecting both
commercial spent nuclear fuel waste packages and codisposal waste packages. Under nominal
conditions, DOE expects approximately 50 percent of both the commercial spent nuclear fuel
and codisposal waste packages to fail by stress corrosion cracking by 1 million years. DOE
predicted that the earliest general corrosion waste package failure (at the 95" percentile) would
occur at 560,000 years. At 1 million years, about 10 percent of the waste packages are
predicted to fail from general corrosion.

The ability of a breached waste package to prevent or reduce water flow is dependent upon the
type and extent of the failure. DOE modeled stress corrosion cracking breaches as allowing
only diffusive release from the waste package. Larger breaches (primarily due to general
corrosion and rarely due to rupture or puncture of the waste package during a seismic event)
allow water flow, but a small breached area may limit the rate at which water may enter the
waste package. DOE (2009an, Enclosure 4), based on the flux-splitting submodel documented
in SAR Section 2.3.7.12.3.1, indicated that a waste package breached by general corrosion is
still capable of significant water diversion provided that the breach area is limited to a small
percentage of the waste package surface area.

Based on its review of the DOE description of the barrier capabilities of the waste package in
SAR Section 2.1.2.2, the NRC staff concludes that DOE’s description of the barrier capability is
consistent with the results from the performance assessment calculation because (i) DOE
referred to intermediate results from the performance assessment to demonstrate waste
package failure times and breached areas and (ii) the results are supported by analyses based
on TSPA models and parameters showing water flow rates through breached packages.

SAR Section 2.1.2.2.3 addressed the time period over which the engineered barrier system,
including the waste package, performs its barrier function. DOE stated that the barrier capability
of the drip shield and waste package is not impacted until sufficient corrosion has occurred to
create breaches in the waste package. SAR Section 2.1.2.2.6 demonstrated the change in the
effectiveness of the capability by providing time-dependent outputs of the waste package
degradation model. Because DOE has described how the capability degrades over time, and
has provided intermediate outputs demonstrating how and when DOE expects the waste
packages to fail, the NRC staff concludes that DOE has adequately described the time period
over which the waste package performs its barrier function.



SAR Section 2.1.2.2.4 described the sources of uncertainty in the modeled performance of the
engineered barrier system. These include, for example, uncertainties in the environmental
conditions affecting the waste package, in the temperature dependence of the general corrosion
rate, in the effect of microbially induced corrosion, and in the treatment of stress corrosion
cracking and localized corrosion. DOE (2009an, Enclosure 4) also addresses the effects of
uncertainty in corrosion processes on the ability of the waste package to divert water, noting
that in most realizations, there is no breach of any waste package. Because DOE has
described the sources of uncertainty, described how these uncertainties are addressed in the
TSPA model, and provided probabilistic outputs demonstrating the range of uncertainty in waste
package failure times and breached area, the NRC staff concludes that DOE has

demonstrated that it has adequately addressed uncertainty in its description of the barrier
capability of the waste package.

DOE summarized the technical bases of the barrier capability description of the engineered
barrier system, which includes the waste package, in SAR Section 2.1.3.2. DOE based its
description of barrier capability of the waste package on six TSPA submodels: (i) the early
failure model described in SAR Section 2.3.6.6.3, (ii) the general corrosion model described in
SAR Section 2.3.6.3.3, (iii) the localized corrosion model described in SAR Section 2.3.6.4.3,
(iv) the stress corrosion cracking model described in SAR Section 2.3.6.5.3, (v) the mechanical
damage model described in SAR Section 2.3.4.5, and (vi) the flux-splitting model described in
SAR Section 2.3.7.12.3.1.

The NRC staff compared the technical bases descriptions in SAR Sections 2.1.2.2 and 2.1.3.2
with SAR Sections 2.3.6.6.3, 2.3.6.3.3, 2.3.6.4.3, 2.3.6.5.3, 2.3.4.5, and 2.3.7.12.3.1 and
concludes that the technical bases descriptions are consistent among these SAR sections.
Further, the NRC staff compared the quantitative representation of the barrier capability in
SAR Sections 2.1.2.2 and 2.1.3.2 with the results of the six waste package TSPA submodels
DOE described in SAR Sections 2.3.6.6.3, 2.3.6.3.3, 2.3.6.4.3, 2.3.6.5.3, 2.3.4.5, and
2.3.7.12.3.1 and concludes that the waste package lifetime, waste package failed area, and
waste package water flow estimates are consistently represented among these SAR sections.
The NRC staff therefore concludes that the technical bases for the description of barrier
capability in SAR Section 2.1.2.2 are consistent with the technical bases of the waste package
TSPA submodels.

SER Sections 2.2.1.3.1, 2.2.1.3.2, and 2.2.1.3.3 address the NRC staff’'s evaluation of the
adequacy of the technical bases used to support the barrier capability of the waste packages.
The NRC staff concludes in SER Sections 2.2.1.3.1, 2.2.1.3.2, and 2.2.1.3.3 that DOE provided
technical bases for the waste package TSPA submodels and for the ranges of values for the
waste package lifetime, waste package failed area, and waste package water flow used in the
performance assessment that are adequate for their intended use. The NRC staff therefore
concludes that DOE’s technical bases for the description of the barrier capability of the waste
packages are commensurate with the barrier capability described in SAR Section 2.1.2.2 and in
DOE (2009an, Enclosures 1 and 4).

In summary, the NRC staff concludes that the capability of the waste package to prevent or
substantially reduce the rate of movement of water or radionuclides from the Yucca Mountain
repository to the accessible environment is adequately described and that the technical basis for
the barrier capability is based on and consistent with the technical basis used in the
performance assessment.



2.21.1.3.2.6 Engineered Barrier System: Waste Form and Waste Package
Internal Components

The NRC staff reviewed the description of the barrier capability of the waste form and waste
package internal components. DOE provided a qualitative description of how the waste form
and waste package internal components limit the release of radionuclides from a failed waste
package in SAR Section 2.1.2.2 under the discussion titled “Waste Form and Waste Package
Internals,” in SAR Section 2.1.2.2.2, and in DOE (2009an, Enclosures 1 and 5). DOE
described the performance of the waste package internal components quantitatively in

SAR Section 2.1.2.2.6. DOE discussed the impacts of these processes in an aggregated
fashion, using a metric that indicates the extent to which radionuclides are retained within the
entire engineered system over time. Specifically, the approach identifies, for selected
radionuclides, the decayed cumulative release from the engineered system (this means, the
amount of radionuclides existing within either the lower natural barrier or the accessible
environment relative to the total inventory in the entire system). The capabilities DOE described
are consistent with the definition of a barrier at 10 CFR 63.2 because DOE described a
capability to substantially reduce the rate of release and movement of radionuclides from the
waste package.

DOE attributed the barrier capability of the waste form and waste package internal components
to a number of significant processes that can affect release rates. These processes include
waste form degradation, precipitation and dissolution, colloid generation and stability, and
sorption to and desorption from waste package internal components. These processes are in
turn affected by the chemistry of the aqueous solution inside the failed waste packages as

well as the water flow rate within the package. DOE described how these processes limit
releases from the engineered barrier system and how these processes are associated with the
different internal components of the waste package in DOE (2009an, Enclosures 1 and 5). NRC
staff found that DOE provided the following information:

o DOE (2009an, Enclosure 1) provided a discussion of the relationship between specific
processes and the safety classification of individual waste form and waste package
internal components. For example, DOE explained that it considers the waste package
inner vessel to be the dominant source of corrosion products for corrosion product
sorption, and that corrosion of other internal components is not as significant and is
therefore not considered important to waste isolation.

. DOE provided specific information on the rate at which waste forms degrade in
DOE (2009an, Enclosure 5, Section 1.1). DOE provided calculations based on TSPA
model input parameters that evaluate mean waste form lifetimes on the order of up to a
few thousand years for spent fuel and tens to hundreds of thousands of years for
high-level waste glass waste forms, as identified in DOE (2009an, Enclosure 5,
Tables 1.1-1 and 1.1-2). Based on the DOE results provided in DOE (2009an,
Enclosure 5, Tables 1.1-1 and 1.1-2), the high-level waste glass waste form lifetime is
significantly more uncertain, with waste form lifetimes that can range anywhere from a
few hundred years to over 100 million years.

o DOE discussed in DOE (2009an, Enclosure 5, Section 1.2), on the basis of a selection
of TSPA model realizations, the effectiveness of the limited breach area associated with
cracks for retaining radionuclides under diffusive release conditions, and demonstrated
that the effect of breach area on release depends on the nuclide and the magnitude of
the breach area. DOE concluded that for soluble nuclides, releases are sensitive to the
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breach area for low breach area fractions, but become insensitive to the breach area as
the breached area approaches just a few hundred square millimeters. For sorbing,
solublility-limited nuclides, DOE concluded that the sensitivity persists for higher
breached areas.

. DOE (2009an, Enclosure 5, Sections 1.3 and 1.4) discussed, on the basis of sensitivity
analyses and selected TSPA model realizations, the effectiveness of solubility limits and
sorption to corrosion products for limiting the releases from the waste package. DOE
observed that for the relatively insoluble, sorbing nuclides such as Np-237 and Pu-242,
both precipitation/dissolution processes and sorption onto corrosion products are
significant in limiting releases from the engineered barrier system.

o DOE addressed the significance of colloidal processes in DOE (2009an, Enclosure 5,
Section 1.5). DOE does not identify transport facilitated by colloidal suspensions as
significant to the barrier capability of the waste form and waste package internal
components. DOE explained that colloids do not facilitate significant releases relative to
dissolved forms of the same radionuclides.

On the basis of its review of the information DOE presented in SAR Section 2.1.2.2 and in DOE
(2009an, Enclosures 1 and 5), the NRC staff concludes that the capabilities of the waste form
and waste package internal components described by DOE and summarized in the preceding
paragraphs are consistent with the results from the performance assessment calculation
because DOE described these capabilities using TSPA model input parameters and
intermediate results, and analyses based on the TSPA models and parameters.

The time period over which the waste form and waste package internals limit the release of
radionuclides is described in SAR Section 2.1.2.2.3, in which DOE described the degradation
rates of the different waste forms. DOE supplemented this information in DOE (2009an,
Enclosure 5), which identified important processes controlling releases at different times in a
discussion of selected TSPA model realizations and described how DOE expects the
significance of various processes (e.g., solubility, radionuclide sorption) to change with time.
SAR Section 2.1.2.2.6 demonstrated the change in the effectiveness of the capability by
providing intermediate results from the TSPA model that demonstrated the time-dependent
performance of the engineered barrier system to retain selected radionuclides. The NRC staff
concludes that this information adequately describes the time period over which the waste form
and waste package internal components perform their barrier functions because the significance
of different processes at different times is discussed.

DOE identified the sources of uncertainty in the barrier capabilities in SAR Section 2.1.2.2.4.
These include, for example, uncertainties in the source term, in the evolution of in-package
chemistry, in waste form degradation rates, and in radionuclide solubilities and sorption
behaviors. In SAR Section 2.1.2.2.6, DOE demonstrated the effect of uncertainty on predictions
of the ability of the waste form and waste package internals to limit the release of radionuclides
from a failed waste package by showing uncertainty bounds on the amount of selected
radionuclides retained within the engineered barrier system. The NRC staff concludes that
these analyses in SAR Sections 2.1.2.2.4 and 2.1.2.2.6 demonstrate that DOE has adequately
considered uncertainty in its descriptions of barrier capability because DOE identified sources of
uncertainty and demonstrated the effect of these uncertainties on radionuclide release.

DOE summarized the technical bases of the barrier capability description of the engineered
barrier system, which included the waste form and waste package internal components, in
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SAR Section 2.1.3.2. DOE based its description of barrier capability of the waste form and
waste package internal components on seven TSPA submodels: (i) the in-package water
chemistry model described in SAR Section 2.3.7.5; (ii) three waste form degradation models
described in SAR Sections 2.3.7.7, 2.3.7.8, and 2.3.7.9; (iii) the dissolved concentrations limits
model described in SAR Section 2.3.7.10; (iv) the colloidal radionuclide availability model
described in SAR Section 2.3.7.11; and (v) the engineered barrier system flow and transport
model described in SAR Section 2.3.7.12.

The NRC staff compared the technical bases descriptions in SAR Sections 2.1.2.2 and 2.1.3.2
with SAR Sections 2.3.7.5 and 2.3.7.7 through 2.3.7.12, and concludes that the technical bases
descriptions are consistent among these SAR sections. Further, the NRC staff compared the
quantitative representation of the barrier capability in SAR Sections 2.1.2.2 and 2.1.3.2 with

the results of the seven waste package internals TSPA submodels DOE described in

SAR Sections 2.3.7.5 and 2.3.7.7 through 2.3.7.12, and concludes that the radionuclide release
rate estimates are consistently represented among these SAR sections. The NRC staff
therefore concludes that the technical bases for the description of barrier capability in

SAR Section 2.1.2.2 are consistent with the technical bases of the waste package internals
TSPA submodels.

The NRC staff’'s evaluation of the adequacy of the technical bases for these models is
documented in SER Section 2.2.1.3.4. The NRC staff concludes in SER Section 2.2.1.3.4 that
DOE provided technical bases for the waste package internals TSPA submodels and for the
ranges of values for the radionuclide release rates used in the performance assessment that are
adequate for their intended use. The NRC staff therefore concludes that DOE’s technical bases
for the description of the barrier capability of the waste form and waste package internals are
commensurate with the barrier capability described in SAR Section 2.1.2.2 and in DOE
(2009an, Enclosures 1 and 5).

In summary, the NRC staff concludes that the capability of the waste form and waste package
internal components to prevent or substantially reduce the rate of movement of water or
radionuclides from the Yucca Mountain repository to the accessible environment is adequately
described and that the technical basis for the barrier capability is based on and consistent with
the technical basis for the performance assessment abstraction of radionuclide release and
engineered barrier system transport properties.

2.21.1.3.2.7 Engineered Barrier System: Emplacement Pallet and Invert

DOE discussed the capabilities of the emplacement pallet and invert in SAR Section 2.1.2.2
and in DOE (2009an, Enclosure 1). DOE did not consider the emplacement pallet and invert to
be important to waste isolation, and DOE, therefore, did not provide a detailed description of
their capabilities.

DOE identified a potential barrier capability of the emplacement pallet to reduce diffusive
releases from the engineered barrier system by preventing contact between the waste package
and invert, thereby reducing diffusive releases, but explained that this capability was not
included in the TSPA model. The NRC staff notes that the mechanical integrity of the
emplacement pallet affects the analyses of damage to waste packages during seismic events.
Therefore, the NRC staff has separately evaluated DOE’s assumptions about the potential
mechanical stability of the emplacement pallet in SER Section 2.2.1.3.2.3.3.



DOE explained that the invert contributes to barrier capability because low diffusion rates and
potential sorption of radionuclides in the crushed tuff ballast slow the release rate of
radionuclides from the waste package to the unsaturated rock beneath the drift. However,
DOE determined that the delaying effect in the invert is not significant over long time frames,

so DOE classified the invert as not important to waste isolation. The NRC staff notes that

the potential for precipitation of low solubility radionuclides, a process DOE discussed under the
waste package internal components, is also a potential capability that can be associated with
the invert. However, this process is likely to be more effective within the failed waste packages,
where water flows are typically much lower, than within the more dilute conditions of the

invert. The NRC staff’'s evaluation of the adequacy of the technical basis for the dissolved
concentrations limits model, described in SAR Section 2.3.7.10, is documented in

SER Section 2.2.1.3.4.

The NRC staff reviewed DOE’s description of barrier capability for the emplacement pallet and
invert. The NRC staff determined that DOE did not include the emplacement pallet as part of
the transport path length from waste package to the invert and, as a result, attributed no barrier
capability to the emplacement pallet in the performance assessment. Therefore, because DOE
did not attribute barrier capability to the emplacement pallet in its performance assessment, the
NRC staff concludes that DOE has adequately characterized the emplacement pallet as not
important to waste isolation. Based upon examination of the engineered barrier system
radionuclide transport abstraction described in SAR Section 2.3.7 and evaluated in

SER Section 2.2.1.3.4, the NRC staff determined that the invert does not have a significant
delaying effect on radionuclide transport from the waste package to the unsaturated zone below
the repository footprint. Therefore, the NRC staff concludes that DOE appropriately considered
the invert as not important to waste isolation, because the capabilities of the invert would not
have a significant delaying effect on radionuclide transport.

221.1.3.2.8 Lower Natural Barrier: Unsaturated Zone Below the Repository

The NRC staff reviewed DOE’s description of the barrier capability of the unsaturated zone
below the repository. DOE identified the unsaturated zone beneath the repository as important
to waste isolation because it prevents or substantially reduces the rate of movement of
radionuclides (SAR Table 2.1-1). DOE provided a qualitative description of the barrier
capabilities of the unsaturated zone below the repository in SAR Section 2.1.2.3.1. In

SAR Section 2.1.2.3.6 and in DOE (2009an, Enclosures 1, 6, and 7), DOE quantified the barrier
capability with calculations of radionuclide travel times and reduction of radionuclide activity
between the repository and the water table. The NRC staff concludes that the barrier
capabilities DOE described are consistent with the definition of a barrier at 10 CFR 63.2
because DOE described a capability to substantially reduce the rate of movement of
radionuclides from the repository to the water table.

DOE explained in SAR Section 2.1.2.3.1 that downward flow from the repository occurs
primarily in well-connected fracture networks in the Topopah Spring welded tuff. DOE explained
in SAR Section 2.1.2.3.6 that radionuclides leaving the emplacement drift invert will enter either
the repository host rock matrix (primarily under nondripping conditions, where advective flows
through the invert are negligible) or the fractures (primarily under dripping conditions, where
advective flows through the invert are relatively high). In DOE’s unsaturated zone transport
abstraction (SAR Section 2.3.8), radionuclides may be retarded by sorption in the matrix but

not in fractures. However, radionuclides can migrate from fractures to the rock matrix by

matrix diffusion. DOE identified matrix diffusion, coupled with sorption in the matrix, as
contributing to barrier performance in the fracture-dominated flow paths. DOE explained in
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SAR Sections 2.1.2.3.1 and 2.1.2.3.6 that radionuclide travel times through the lower
unsaturated zone are fast in the northern part of the repository area because fracture-dominated
flow from the repository host rock encounters a low-permeability, sparsely fractured rock unit,
the zeolitic Calico Hills nonwelded tuff, and the flow is diverted laterally along the interface into
transmissive faults that connect with the water table. In contrast, DOE stated that in the
southern part of the repository area, the fracture-dominated flow from the repository host rock
passes into the vitric Calico Hills nonwelded tuff, a permeable rock unit that is dominated by
matrix flow conditions. DOE also stated that low flow velocities and the opportunity for sorption
in the rock matrix result in long transport times through the unsaturated zone in the southern
part of the repository area, particularly for radionuclides that can undergo sorption in the matrix.

DOE provided quantitative information on the barrier capability of the unsaturated zone

below the repository in SAR Sections 2.1.2.3.6 and 2.3.8.5.4 and in DOE (2009an,

Enclosures 1, 6, and 7). Using results from the TSPA model with median parameter values,
SAR Figures 2.3.8-43 through 2.3.8-49 indicate that the barrier performance of the lower
unsaturated zone varies according to the location of the radionuclide release (i.e., northern or
southern part of the repository area) and the mode of release from the repository drift into the
unsaturated zone (i.e., into fractures or matrix). DOE explained in SAR Sections 2.1.2.3.6 and
2.3.8.5.4 and in DOE (2009an, Enclosures 1, 6, and 7) that fracture flow dominates in the
welded tuffs beneath the northern part and matrix flow dominates in the vitric Calico Hills tuff
beneath the southern part of the repository. DOE stated that radionuclides released from a
northern location will therefore tend to reach the water table much faster than those released
from a southern location. However, initial releases into the rock matrix will result in slow travel
times regardless of release location. For example, DOE calculated that the median travel time
of an unretarded tracer (Tc-99) through the lower unsaturated zone in the northern area is about
20 years for releases into fractures and about 5,000 years for releases into the matrix. For a
southern release location, the calculated median travel times to the water table are slow
regardless of whether releases are into fractures or the matrix, with either release mode
resulting in a median arrival time of about 2,000 years (SAR Figure 2.3.8-49). Analyses
documented in DOE (2009an, Enclosures 1, 6, and 7) showed that radioactive decay in the
unsaturated zone coupled with a combination of matrix diffusion and sorption in the northern
repository area and sorption in the vitric Calico Hills tuff layer in the southern repository area
would substantially reduce releases of sorbing, short-lived radionuclides such as Cs-137. For
longer lived radionuclides, DOE’s analyses demonstrated that sorption slows but does not
prevent their transport through the unsaturated zone. For example, DOE (2009an, Enclosure 7,
Tables 1-5 through 1-8) indicated that the unsaturated zone beneath the repository

(northern and southern areas combined) reduced the release of long-lived radionuclides such
as Np-237 (weakly sorbing) and Pu-242 (moderately to strongly sorbing) from the engineered
barrier system to the saturated zone by about 30-50 percent during the 10,000-year period and
by about 5 to 30 percent over a million-year time frame.

On the basis of its review of information DOE provided in SAR Section 2.1.2.3, the NRC staff
finds that DOE’s description of the barrier capability of the unsaturated zone below the
repository is consistent with the results from the performance assessment calculation because
DOE described these capabilities using analyses based on TSPA models and input data as well
as referring to intermediate results from the performance assessment model.

In SAR Section 2.1.2.3.3 and DOE (2009an, Enclosure 7, Section 1.3), DOE discussed the
time period over which the unsaturated zone functions as a barrier. DOE stated that

the hydrogeology and physical characteristics of the lower natural barrier, which includes
the unsaturated zone below the repository, are not expected to significantly change
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within 10,000 years after closure. DOE assumed that the intrinsic hydrologic, geologic, and
geochemical characteristics of the lower natural barrier will not change significantly after
10,000 years following closure. DOE expects changes in the unsaturated zone capability to be
associated with projected increases in percolation and in the water table elevation due to
changes in climate. DOE (2009an, Enclosure 7) indicates that the relative barrier capability of
the unsaturated zone decreases compared to the saturated zone for the post-10,000-year
period because of faster travel times in the unsaturated zone. Information in DOE (2009an,
Enclosures 6 and 7) demonstrated that the barrier capability of the unsaturated zone is more
pronounced for the initial 10,000-year time frame than for a 1-million-year time frame because
sorption slows but does not prevent the release of long-lived sorbing radionuclides to the
saturated zone. DOE demonstrated that delay times on the order of 1,000 years significantly
affect short-lived radionuclides and that even the transported mass of long-lived radionuclides
may be diminished by long travel times in the unsaturated zone. The NRC staff concludes that
this information adequately describes the time period over which the unsaturated zone performs
its stated barrier functions because it identifies which aspects of the capability will change and
which will remain constant.

DOE discussed and evaluated the uncertainties in the unsaturated zone in SAR

Sections 2.1.2.3.4 and 2.3.8.5.5. DOE attributed the main uncertainties for barrier capability

to (i) the variability of site characteristics and future climate and (ii) applicability of the

models and assumptions used to estimate the performance of the repository system

(SAR Section 2.1.2.3.4). Some examples of the uncertain characteristics included percolation
flux, the extent of fracture—matrix interaction, matrix diffusion coefficients, and radionuclide
distribution coefficients. DOE incorporated uncertainty in the TSPA unsaturated zone transport
model by using sampled probabilistic distributions for parameter uncertainty and by using
assumptions in models that would not overestimate performance. DOE demonstrated the
impact of various uncertainties in SAR Figures 2.3.8-50 to 2.3.8-62. It supplemented this
information with discussions of sensitivity analyses for various parameters in DOE

(2009an, Enclosure 7, Section 1.2). The NRC staff concludes that DOE has adequately
considered uncertainty in its descriptions of barrier capability for the unsaturated zone below the
repository because DOE described specific sources of uncertainty and indicated the
performance impact of each of the sources of uncertainty.

In SAR Section 2.1.3.3, DOE summarized the technical bases of the barrier capability
description of the lower natural barrier, which includes the unsaturated zone below the
repository. DOE based its description of barrier capability of the unsaturated zone below
the repository on the unsaturated zone flow model described in SAR Section 2.2.2.4 and on
the unsaturated zone transport model described in SAR Section 2.3.8.

The NRC staff compared the technical bases descriptions in SAR Sections 2.1.2.3.1 and 2.1.3.3
with SAR Section 2.3.8 and concludes that the technical bases descriptions are consistent
among these SAR sections. Further, the NRC staff compared the quantitative representation of
the barrier capability in SAR Sections 2.1.2.3.6 and 2.1.3.3 with the results of the unsaturated
zone transport model described in SAR Section 2.3.8 and concludes that the estimates of
radionuclide travel time and reduction in radionuclide activity within the unsaturated zone are
consistently represented among these SAR sections. The NRC staff therefore concludes that
the technical bases for the description of barrier capability in SAR Sections 2.1.2.3.1 and
2.1.2.3.6 are consistent with the technical bases of the unsaturated zone transport model.

The NRC staff documents its evaluation of the technical bases for the unsaturated zone flow
model abstraction in SER Section 2.2.1.3.6 and for the unsaturated zone transport model
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abstraction in SER Section 2.2.1.3.7. The NRC staff concludes in SER Section 2.2.1.3.7 that
DOE provided an acceptable technical basis for the unsaturated zone transport. The NRC staff
therefore concludes that DOE’s technical bases for the description of the barrier capability of the
unsaturated zone below the repository are commensurate with the barrier capability

described in SAR Sections 2.1.2.3.1 and 2.1.2.3.6 and in DOE (2009an, Enclosures 1, 6,

and 7).

In summary, the NRC staff concludes that the capability of the unsaturated zone below the
repository to prevent or substantially reduce the rate of movement of radionuclides from the
Yucca Mountain repository to the accessible environment is adequately described and that the
technical basis for the barrier capability is based on and consistent with the technical basis for
the performance assessment.

2.21.1.3.29 Lower Natural Barrier: Saturated Zone

The NRC staff reviewed the description of the barrier capability of the saturated zone. DOE
described the barrier capabilities of the saturated zone qualitatively in SAR Section 2.1.2.3.2
and used median transport times and reduction of radionuclide activity between the water table
below the repository footprint and the accessible environment to quantify the barrier capability in
SAR Section 2.1.2.3.6 and in DOE (2009an, Enclosures 1, 6, and 7). The NRC staff concludes
that the capabilities DOE described are consistent with the definition of a barrier at 10 CFR 63.2
because they describe a capability to substantially reduce the rate of movement of radionuclides
from the water table below the repository footprint to the accessible environment.

In SAR Section 2.1.2.3.2, DOE explained that water in the saturated zone component of the
lower natural barrier flows initially through approximately 12—14 km [7.4—-8.7 mi] of fractured
volcanic rocks. Beyond this distance, flow is predominantly within a saturated layer of alluvium.
DOE explained that the flow in the fractured volcanic aquifers occurs primarily in the fractures.
DOE explained that hydraulic conductivities are much lower in the matrix of the volcanic tuffs
than in the fractures, because the rock matrix is more porous than the fractures. These relative
properties support exchange of radionuclides between the fractures and matrix through matrix
diffusion. Hence, diffusion into the matrix followed by matrix sorption function to delay
radionuclide transport to the accessible environment. DOE explained that flow and transport
occur in the intergranular pores of the alluvial sediments after leaving the fractured volcanic
aquifer. Because of the low water velocity, the rate of radionuclide movement is slow, allowing
more time for sorption to occur onto the mineral surfaces to further delay radionuclide transport
to the accessible environment. DOE explained that the presence of colloids also affects the rate
of movement of radionuclides in the saturated zone. Radionuclides embedded in or irreversibly
sorbed onto colloids are retarded when the associated colloids are temporarily filtered from
transport. Radionuclides that are sorbed reversibly to colloids are delayed by matrix diffusion in
the volcanic aquifers and by sorption in the alluvial sediments.

DOE provided quantitative information on the barrier capability of the saturated zone in

SAR Sections 2.1.2.3.6 and 2.3.9.3.4.1. SAR Figures 2.3.9-16 and 2.3.9-45 through 2.3.9-47
illustrated the combined effects of matrix diffusion and sorption in delaying radionuclide
transport to the accessible environment. Median transport times ranged from about 10 to
10,000 years for nonsorbing radionuclides (e.g., Tc-99) and from 100 to 100,000 years for
moderately sorbing radionuclides (e.g., Np-237). Median transport times generally exceeded
10,000 years for highly sorbing radionuclides (e.g., Pu-239). The median transport times for
radionuclides irreversibly attached onto colloids ranged from 100 to 600,000 years. In DOE
(2009an, Enclosures 6 and 7), DOE used TSPA model results to provide quantitative
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information on the barrier capability of the saturated zone in terms of reduction of radionuclide
activity between the release from the unsaturated zone into the water table and the release into
the accessible environment. DOE presented information on the performance of the saturated
zone in DOE (2009an, Enclosure 7, Tables 1-5 through 1-8). This information indicates that
DOE expects activities of soluble, short half-life radionuclides (e.g., Cs-137 and Sr-90) to drop
by 100 percent during transport to the accessible environment. For radionuclides with moderate
to strong sorption and long half-life (e.g., Np-237 and Pu-242), DOE calculated the activities to
drop by 70 to 98 percent during the 10,000-year period and by 20 to 50 percent during

the post-10,000-year period over the transport time in the saturated zone to the

accessible environment.

Based on its review of the DOE description of the barrier capabilities of the saturated zone in
SAR Section 2.1.2.3, the NRC staff concludes that DOE’s description of the barrier capability for
the saturated zone is consistent with the results from the performance assessment calculation
because DOE describes the capabilities using TSPA intermediate results, supported by
analyses based on TSPA models and parameters.

DOE provided information on the time period over which the saturated zone performs its
intended function in SAR Section 2.1.2.3.3 and DOE (2009an, Enclosure 7, Section 1.3).
Additional information on the time period over which the saturated zone functions as a barrier is
contained in SAR Section 2.3.9.3.4.1. DOE stated that the hydrogeology and physical
characteristics of the lower natural barrier, which includes the saturated zone, are not expected
to change in any significant way within 10,000 years after closure. DOE assumed that the
intrinsic hydrologic, geologic, and geochemical characteristics of the lower natural barrier will
not change significantly after 10,000 years following closure. DOE addressed changes in the
barrier function of the saturated zone by reference to an expected increase in groundwater
recharge under projected wetter future climate conditions, resulting in a rise in the water table
and increased groundwater flow. DOE did not expect these changes in groundwater flow to
change the processes of sorption and matrix diffusion that control radionuclide transport to the
accessible environment. DOE explained that sorption increases the barrier capability because it
delays the release and allows for radioactive decay within the natural system to reduce the
radionuclide mass in the system. Information in DOE (2009an, Enclosures 6 and 7)
demonstrated that the barrier capability of the saturated zone is more pronounced for the initial
10,000-year time frame than for a million-year time frame. On the basis of its review of the
information DOE provided, the NRC staff concludes that this difference in barrier capability is
caused by sorption that slows but does not prevent the release of long-lived sorbing
radionuclides to the saturated zone and that the effects of a delay are more pronounced in the
initial 10,000 years after closure relative to the post-10,000 years after closure. DOE
demonstrated that delay times on the order of 1,000 years significantly affect short-lived
radionuclides and that even the transported mass of long-lived radionuclides may be diminished
by long travel times in the saturated zone. The NRC staff concludes that this information
adequately describes the time period over which the saturated zone performs its stated barrier
functions because it identifies which aspects of the capability will change and which will remain
constant.

In SAR Section 2.1.2.3.4, DOE described the uncertainty in the barrier capability in terms of the
conceptual and numerical models, observational data, and parameters used to represent water
flow and radionuclide transport processes in the saturated zone. Some examples of the
uncertain characteristics include groundwater-specific discharge, porosity, the spatial variation
of aquifer properties, matrix diffusion coefficients, and radionuclide distribution coefficients.
DOE incorporated parameter uncertainty in the TSPA saturated zone transport model through
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various probabilistic distributions. Effects of transport parameter uncertainty on radionuclide
breakthrough at the accessible environment are presented in SAR Section 2.3.9.3.4.1 and
SAR Figures 2.3.9-16 and 2.3.9-45 through 2.3.9-47. DOE also provided quantitative
demonstrations of the impacts of barrier uncertainties on saturated zone flow processes in
SAR Section 2.3.9.2.3.4. DOE supplemented this information with discussions of sensitivity
analyses for various parameters in DOE (2009an, Enclosure 7, Section 1.2). The NRC staff
concludes DOE has adequately described and considered uncertainty associated with the
modeling of water flow and radionuclide transport processes in its descriptions of barrier
capability because DOE described specific sources of uncertainty and indicated the
performance impact of different sources of uncertainty.

In SAR Section 2.1.3.3, DOE summarized the technical basis of the barrier capability
description of the lower natural barrier, which includes the saturated zone. DOE based its
description of barrier capability of the saturated zone on the saturated zone flow model
described in SAR Section 2.3.9.2 and the saturated zone transport model described in
SAR Section 2.3.9.3.

The NRC staff compared the technical bases descriptions in SAR Sections 2.1.2.3.2 and 2.1.3.3
with SAR Section 2.3.9 and concludes that the technical bases descriptions are consistent
among these SAR sections. Further, the NRC staff compared the quantitative barrier

capability description for the saturated zone in SAR Sections 2.1.2.3.6 and 2.1.3.3 with the
results of the saturated zone transport model described in SAR Section 2.3.9 and concludes
that the estimates of radionuclide travel time and reduction in radionuclide activity within the
saturated zone are consistently represented among these SAR sections. The NRC staff
therefore concludes that the technical bases for the description of barrier capability in

SAR Sections 2.1.2.3.2 and 2.1.2.3.6 are consistent with the technical bases of the saturated
zone flow and transport models.

The NRC staff’s evaluation of the technical bases for these models is documented in

SER Sections 2.2.1.3.8 and 2.2.1.3.9. The NRC staff concludes in SER Sections 2.2.1.3.8 and
2.2.1.3.9 that DOE provided technical bases for the saturated zone flow and transport models
that are adequate for their intended use. The NRC staff therefore concludes that DOE’s
technical bases for the description of the barrier capability of the saturated zone are
commensurate with the barrier capability described in SAR Sections 2.1.2.3.2 and 2.1.2.3.6 and
in DOE (2009an, Enclosures 1, 6, and 7).

In summary, the NRC staff concludes that the capability of the saturated zone to prevent or
substantially reduce the rate of movement of radionuclides from the Yucca Mountain
repository to the accessible environment is adequately described and that the technical
basis for the barrier capability is based on and consistent with the technical basis for the
performance assessment.

22114 NRC Summary of Evaluation Findings for Multiple Barriers
2.21.1.41 Identification of Barriers

As discussed in SER Section 2.2.1.1.3.1, DOE has identified specific features and components
that are relied upon for repository performance. DOE has linked these features and
components to a description of their capabilities. These features and components include at

least one barrier from the engineered system and one from the natural system. Therefore, the
NRC staff finds that DOE adequately identified the barriers.
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221142 Description of Barrier Capability To Isolate Waste Upper
Natural Barrier

The NRC staff reviewed the description of the barrier capabilities of the upper natural barrier.
This barrier comprises two features: (i) the topography and surface soils at the repository
location and (ii) the unsaturated zone above the repository. On the basis of the evaluations
documented in SER Sections 2.2.1.1.3.2.1 and 2.2.1.1.3.2.2, NRC staff concludes that the
capability of the upper natural barrier has been adequately described. The descriptions are
consistent with the definition of a barrier in 10 CFR 63.2 because they address a capability to
prevent or substantially reduce the rate of movement of water from the Yucca Mountain
repository to the accessible environment. The descriptions of the capabilities are consistent
with the results from the total system performance assessment because they are described by
using component-specific intermediate results from the performance assessment or by analyses
based on models and data used in the performance assessment. Information on the time
period over which the upper natural barrier feature performs its intended function has been
provided. DOE has adequately addressed uncertainty in the description of barrier capability by
identifying sources of uncertainty and describing how these uncertainties affect repository
performance. Therefore, the NRC staff finds that DOE has adequately described the capability
of the upper natural barrier to prevent or substantially reduce the rate of movement of water or
radionuclides from the Yucca Mountain repository to the accessible environment.

Engineered Barrier

The NRC staff reviewed the description of the barrier capabilities of the engineered barrier
system. This barrier comprises four components that are important to waste isolation: (i) the
emplacement drift, (ii) the drip shield, (iii) the waste package, and (iv) the waste form and waste
package internals. On the basis of the evaluation documented in SER Sections 2.2.1.1.3.2.3
through 2.2.1.1.3.2.7, the NRC staff finds that the capability of the engineered barrier system
has been adequately described. The descriptions are consistent with the definition of a barrier
in 10 CFR 63.2 because they identify a capability to prevent or substantially reduce the rate of
movement of water or radionuclides from the Yucca Mountain repository to the accessible
environment. The described capabilities are consistent with the results from the total system
performance assessment because they are described by referring to component-specific
intermediate results from the performance assessment or by analyses based on models and
data used by the performance assessment. Information on the time period over which the
features of the engineered barrier system perform their intended functions has been provided.
DOE has adequately addressed uncertainty in the description of the barrier capability by
identifying sources of uncertainty and describing how these uncertainties affect repository
performance. Therefore, the NRC staff finds that DOE has adequately described the capability
of the engineered barrier system to prevent or substantially reduce the rate of movement of
water or radionuclides from the Yucca Mountain repository to the accessible environment.

Lower Natural Barrier

The NRC staff reviewed the description of the barrier capabilities of the lower natural barrier.
This barrier comprises two features: the unsaturated zone below the repository and the
saturated zone. On the basis of the evaluation documented in SER Sections 2.2.1.1.3.2.8 and
2.2.1.1.3.2.9, the NRC staff concludes that the capability of the lower natural barrier has been
adequately described. The described capabilities are consistent with the definition of a barrier
in 10 CFR 63.2 because they address a capability to prevent or substantially reduce the rate of
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movement of radionuclides from the Yucca Mountain repository to the accessible environment.
The described capabilities are consistent with the results from the total system performance
assessment because they are described by reference to input data or component-specific
intermediate results from the performance assessment or by analyses based on models and
data used in the performance assessment. Information on the time period over which the
features of the lower natural barrier system perform their intended functions has been
adequately addressed. DOE has adequately addressed uncertainty in the description of the
barrier capability by identifying sources of uncertainty and describing how these uncertainties
affect repository performance. Therefore, the NRC staff concludes that DOE has adequately
described the capability of the lower natural barrier to prevent or substantially reduce the rate
of movement of water or radionuclides from the Yucca Mountain repository to the

accessible environment.

221143 Technical Basis for Barrier Capability

The SAR presents an overview of the technical bases for the models used to represent the
performance of the barriers in the TSPA. This overview, summarized in SAR Section 2.1 and
more fully documented in SAR Section 2.3, identifies the types of field investigations, laboratory
studies, analog studies, literature surveys, and other technical approaches used to develop the
conceptual TSPA model components. The NRC staff concludes that the technical bases for the
descriptions of barrier capability summarized in SER Sections 2.2.1.1.3.2.1 through
2.2.1.1.3.2.9 are consistent with the technical bases of the abstraction models described in
SAR Section 2.3 and evaluated in SER Sections 2.2.1.3.1 through 2.2.1.3.9. The technical
basis is commensurate with the barrier capability described in SAR Sections 2.1 and 2.3 and in
DOE responses to NRC staff’s requests for additional information documented in DOE
(2009an).

221144 Evaluation Findings

The NRC staff has reviewed the SAR and other information DOE submitted in support of

its license application and finds, with reasonable expectation, that the requirements of

10 CFR 63.113(a) are satisfied. An engineered barrier system has been designed that,
working in combination with natural barriers, satisfies the requirement for a system of multiple
barriers, in compliance with the postclosure performance objectives. DOE’s proposed barrier
system includes multiple barrier features and components in the upper natural barrier

(the topography and surface soils at the repository location and the unsaturated zone above the
repository), engineered barrier (emplacement drift, drip shield, waste package, and waste form
and waste package internals), and lower natural barrier (the unsaturated zone below the
repository and the saturated zone). The NRC staff concludes that this system of multiple
barriers is not wholly dependent on a single barrier because, as described in the evaluation
section above, each barrier DOE identified as important to waste isolation has the capability to
prevent or substantially reduce the rate of movement of water or radionuclides from the
repository to the accessible environment.

The NRC staff has reviewed the SAR and other information DOE submitted in support of

its license application and finds, with reasonable expectation, that the requirements at

10 CFR 63.115(a—c) are satisfied. The design features of the engineered barrier system and
the natural features of the geologic setting that are considered barriers important to waste
isolation have been identified. A description has been provided of the capability of barriers
identified as important to waste isolation, and the NRC staff concludes that the description is
consistent with the definition of a barrier at 10 CFR 63.2 because it describes a capability to
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prevent or substantially reduce the rate of water or radionuclide movement. The NRC staff
further concludes that the description takes into account uncertainties in characterizing and
modeling the barriers, and the technical basis for this description has been provided that is
based on and consistent with the technical basis for the performance assessment.
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CHAPTER 2

2.2.1.2.1 Scenario Analysis
221.211 Introduction

Safety Evaluation Report (SER) Section 2.2.1.2.1 provides the U.S. Nuclear Regulatory
Commission (NRC) staff's evaluation of the U.S. Department of Energy’s (DOE or the applicant)
scenario analysis used in its performance assessment. The NRC staff evaluated information in
the Safety Analysis Report (SAR) (DOE, 2009av) as supplemented by the DOE responses to
the NRC staff’s requests for additional information (RAIs) (DOE, 2009ab,ae,af,ah—aj,al,bo,bv—
bz,ca—cj,co,cq,gp,gq, 2010ad,ah).

A performance assessment is a systematic analysis that answers the following risk triplet
questions: What can happen? How likely is it to happen? What are the resulting
consequences? Scenario analysis answers the first question: What can happen? A scenario is
a well-defined, connected sequence of features, events, and processes (FEPs) that can be
interpreted as an outline of a possible future condition of the repository system. Therefore, a
scenario analysis identifies possible ways in which a geologic repository environment can
evolve so that a defensible representation of the system can be developed to estimate
consequences. The goal of scenario analysis is to ensure that no important aspect of the
potential high-level waste repository is overlooked in the evaluation of its safety.

A scenario analysis is generally composed of four parts (Nuclear Energy Agency, 2001aa).
First, a scenario analysis identifies FEPs relevant to the geologic repository system. Second, in
a process known as screening, the scenario analysis evaluates and identifies FEPs for
exclusion from or inclusion into the performance assessment calculations. Third, included FEPs
are considered to form scenarios and scenario classes (i.e., related scenarios) from a reduced
set of events. Fourth, the scenario classes are screened for implementation into the
performance assessment.

Consistent with this general approach and the review areas in the Yucca Mountain Review Plan
(YMRP) Section 2.2.1.2.1 (NRC, 2003aa), the NRC staff evaluates the applicant’s scenario
analysis in four separate sections [SER Sections 2.2.1.2.1.3.1 t0 2.2.1.2.1.3.4]. SER Section
2.2.1.2.1.3.1 evaluates both the applicant's methodology to develop a list of FEPs and its list of
FEPs. In SER Section 2.2.1.2.1.3.2, the NRC staff evaluates the applicant’s screening of its list
of FEPs, including the applicant’s technical bases for the exclusion of FEPs. The applicant's
formation of scenario classes and the exclusion of classes in the applicant’s performance
assessments are evaluated in SER Sections 2.2.1.2.1.3.3 and 2.2.1.2.1.3.4, respectively.

A performance assessment is defined, in part, in 10 CFR 63.2 as an analysis that identifies

the features, events, processes (except human intrusion), and sequences of events and
processes (except human intrusion) that might affect the Yucca Mountain disposal system

and their probabilities of occurring. A functional overview of the performance assessment

used to demonstrate compliance with the postclosure performance objectives is presented in
10 CFR 63.102(j). Section 63.102(j) also contains criteria for including FEPs on the basis of
consequence [those expected to materially affect compliance with 10 CFR 63.113(b) or be
potentially adverse to performance] in the performance assessment. Section 63.102(j) provides
that events (event classes or scenario classes) which are very unlikely (less than 1 chance in
10,000 over 10,000 years) can be excluded from the analysis on the basis of probability.



The NRC staff’'s evaluation of the applicant’'s methodology and conclusions on the probability
of events included in the performance assessments is presented in SER Section 2.2.1.2.2.
That section is aimed at the second risk triplet question: How likely is it to happen? The
NRC staff’'s evaluation of the applicant’'s model abstraction is documented in SER

Sections 2.2.1.3.1-2.2.1.3.14 and Sections 2.2.1.4.1-2.2.1.4.3. These sections focus on the
included FEPs and the third risk triplet question (What are the resulting consequences?) and
present the NRC staff’'s evaluation of the adequacy of consequence assessment for included
FEPs and scenario classes used in the applicant’s performance assessments.

221.21.2 Regulatory Requirements

The postclosure performance objectives of 10 CFR 63.113 stipulate that a performance
assessment must be used to demonstrate compliance with (i) the individual protection standard
after permanent closure (10 CFR 63.311); (ii) the human intrusion standard (10 CFR 63.321
and 63.322); and (iii) the separate standards for protection of groundwater (10 CFR 63.331).
Requirements for any performance assessment used to demonstrate compliance with

10 CFR 63.113 for 10,000 years after disposal are presented in 10 CFR 63.114(a).

Section 63.114(a)(4) requires that the performance assessment consider only

FEPs consistent with the limits on performance assessment specified at 10 CFR 63.342.
Section 63.114(a)(5)—(6) requires the applicant to provide the technical basis for either inclusion
or exclusion of FEPs and also defines criteria for inclusion of the FEPs into the performance
assessment [specific FEPs must be evaluated in detail if the magnitude and time of the resulting
radiological exposures to the reasonably maximally exposed individual, or radionuclide releases
to the accessible environment, for 10,000 years after disposal, would be significantly changed
by their omission].

Section 63.113 also requires that the performance assessments used to demonstrate
compliance with the individual protection standard after permanent closure, the human intrusion
standard, and the separate standards for protection of groundwater must also meet the
requirements of 10 CFR 63.342. The limits on performance assessments are defined in

10 CFR 63.342. According to 10 CFR 63.342(a), the performance assessment for 10,000 years
after disposal to show compliance with 10 CFR 63.311(a)(1), 63.321(b)(1), and 63.331

shall not include FEPs with less than 1 chance in 100,000,000 per year of occurring. Also,

10 CFR 63.342(a) provides that the performance assessments need not evaluate the impacts
resulting from any FEP or sequence of events and processes with a higher chance of occurring
if the results of the performance assessments would not be changed significantly in the initial
10,000-year period after disposal.

An additional basis for excluding FEPs in the performance assessments used to demonstrate
compliance with 10 CFR 63.321(b)(1) and 63.331 during the first 10,000 years after disposal
is provided in 10 CFR 63.342(b). For those performance assessments, 10 CFR 63.342(b)
states that unlikely FEPs or sequences of events and processes (i.e., those that are

estimated to have less than 1 chance in 100,000 per year of occurring and at least 1 chance in
100 million per year of occurring) can be excluded from the performance assessment.

Section 63.342(c) specifies how to project the continued effects of FEPs beyond 10,000 years in
the performance assessment models to show compliance with 10 CFR 63.311(a)(2) and
63.321(b)(2). Section 63.342(c) requires that DOE’s performance assessment shall project

the continued effects of the features, events, and processes included in 10 CFR 63.342(a)
beyond the 10,000-year post disposal period through the period of geologic stability.

Section 63.342(c)(1) requires that DOE assess the effects of seismic and igneous activity
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scenarios, subject to the probability limits in 10 CFR 63.342(a) for very unlikely features, events,
and processes, or sequences of events and processes. Section 63.342(c)(1)(i) states that the
seismic analysis may be limited to the effects caused by damage to the drifts in the repository,
failure of the waste packages, and changes in the elevation of the water table under

Yucca Mountain (i.e., the magnitude of the water table rise under Yucca Mountain).

Section 63.342(c)(1)(ii) specifies limitations for the igneous activity analysis and igneous event.
Section 63.342(c)(2) requires that DOE assess the effects of climate change; it also specifies
that the climate change analysis may be limited to the effects of increased water flow through
the repository as a result of climate change, and the resulting transport and release of
radionuclides to the accessible environment. In addition, 10 CFR 63.342(c)(2) specifies that the
nature and degree of climate change may be represented by constant-in-time climate
conditions. Section 63.342(c)(3) requires that DOE assess the effects of general corrosion on
engineered barriers and specifies that DOE may use a constant representative corrosion rate
throughout the period of geologic stability or a distribution of corrosion rates correlated to other
repository parameters.

The cited regulations contain criteria for excluding FEPs and scenario classes on the basis of
probability or consequence from performance assessments used to demonstrate compliance
with the 10 CFR Part 63 standards. Guidance in YMRP Section 2.2.1.2.1.3, p. 2.2-9 provides
that specific FEPs and scenario classes can be excluded on the basis that they are

specifically ruled out by regulation or are contrary to stated regulatory assumptions. For
example, 10 CFR 63.305 defines the required characteristics of the reference biosphere. FEPs
that are contrary to these required characteristics can be excluded.

The NRC staff’s evaluation of the applicant’s scenario analysis in the SAR and other
information submitted in support of the license application, including information required by

10 CFR 63.21(c)(1) and (9), follows the methodologies and acceptance criteria identified in
YMRP Section 2.2.1.2.1 (NRC, 2003aa), as supplemented by additional guidance for the period
beyond 10,000 years after disposal (NRC, 2009ab). The guidance in YMRP Section 2.2.1.2.1
provides four criteria that DOE may use to demonstrate compliance with 10 CFR 63.114(a)(4)-

(a)(6).

. The identification of a list of FEPs is adequate.

. Screening of the list of FEPs is appropriate.

. Formation of scenario classes using the reduced set of events is adequate.
. Screening of scenario classes is appropriate.

Additionally, YMRP Section 2.2.1 provides guidance to the NRC staff on an acceptable process
to apply risk information in its review of the DOE license application. Following the YMRP
guidance, the NRC staff considered DOE'’s risk information (derived from DOE’s treatment of
multiple barriers) and risk insights in SAR Section 2.4.2.2.1.2. The level of detail of the NRC
staff’'s review of particular parts of the scenario analysis is based on the risk information DOE
provided; from consideration of the risk insights identified in NRC (2005aa, Appendix D), as
updated (CNWRA and NRC, 2008aa); on detailed process modeling efforts, laboratory and field
experiments, and natural analog studies; and on the NRC staff knowledge gained through
experience and independent analyses.



2.21.21.3 Technical Review

The applicant summarized in SAR Section 2.2.1 its five-step scenario analysis method used to
develop a performance assessment model: (i) identification and classification of a list of FEPs,
(i) evaluation of the FEPs for inclusion or exclusion from the performance assessment model,
(iii) formation of scenario classes, (iv) screening of scenario classes, and (v) definition of the
implementation of scenario classes in the performance assessment model and documentation
of the treatment of included FEPs. The first four steps are evaluated in this section. Step five is
evaluated in SER Sections 2.2.1.4.1 (Demonstration of Compliance with the Postclosure
Individual Protection Standard), 2.2.1.4.2 (Demonstration of Compliance with the Human
Intrusion Standard), and 2.2.1.4.3 (Demonstration of Compliance with the Separate
Groundwater Standard).

The NRC staff evaluated the completeness and comprehensiveness of the FEPs list following
the first acceptance criterion in YMRP Section 2.2.1.2.1(SER Section 2.2.1.2.1.3.1). In SER
Section 2.2.1.2.1.3.2, the NRC staff reviewed the applicant’s screening of the list of FEPs
following the second acceptance criterion in YMRP Section 2.2.1.2.1 and as supplemented by
additional guidance for the period beyond 10,000 years after disposal (NRC, 2009ab). This
acceptance criterion includes the following three subcriteria: (i) all FEPs that are excluded are
identified; (ii) justification for each excluded FEP is provided [an acceptable justification for
excluding FEPs is that either the FEP is specifically excluded by regulation, probability of the
FEP (generally an event) falls below the regulatory criterion, or omission of the FEP does not
significantly change the magnitude and time of the resulting radiological exposures to the
reasonably maximally exposed individual, or radionuclide releases to the accessible
environment]; and (iii) an adequate technical basis for each excluded FEP is provided. The
NRC staff evaluated the technical bases of the 222 excluded FEPs. In reviewing the technical
bases for exclusion of FEPs, the NRC staff focused in greater detail on items that were deemed
to have the largest impact on risk and used progressively less detail on items that were
considered to have lower to negligible impact on risk. For example, drift collapse is a process
that could affect multiple aspects of the repository (e.g., temperature, moisture distribution, rock
loads acting on the drip shield, response of the drip shield subjected to seismic excitations;
Ofoegbu, et al., 2007aa) and that could affect the performance of multiple engineered barrier
components which impact risk (NRC, 2005aa). Accordingly, the NRC staff devoted greater
effort to evaluate the technical basis for exclusion of the Drift Collapse FEP. On the other hand,
a number of FEPs were deemed to be not risk significant (e.g., Meteorite Impact, Copper
Corrosion in the Engineered Barrier System), and these FEPs were reviewed in less detail.

2.21.2.1.31 Identification of a List of Features, Events, and Processes

Identification of a list of FEPs is the initial step in the scenario analysis and is aimed at
assembling a list that includes all FEPs with the potential to influence repository performance.
The NRC staff’s technical review of the identification of the list of FEPs follows the methodology
established in YMRP Section 2.2.1.2.1.2.

The applicant summarized the process to identify the list of FEPs in SAR Section 2.2.1.1.1

and in SNL (2008ac). DOE has published two major versions of the list of FEPs for the

Yucca Mountain project: the FEPs list for site recommendation and the FEPs list for the license
application. The applicant stated that the site recommendation FEPs list was developed based
on a Nuclear Energy Agency compilation of FEPs, supplemented with Yucca Mountain project
literature, information in analysis reports, technical workshops, and reviews, and resulted in a



collection of 328 FEPs considered in the site recommendation total system performance
assessment, as outlined in SNL (2008ac, p. 6-1).

DOE stated that the site recommendation FEPs list was further refined to enhance classification
strategies and to achieve a consistent level of detail among FEPs, and that additional FEPs
were identified on the basis of audits and technical information updates subsequent to the site
recommendation, such as changes in design parameters. DOE stated that to verify
comprehensiveness in the list of FEPs, an alternative list was developed using a top-down
functional analysis of the repository (SNL, 2008ac). Each function was divided into smaller,
more specialized functions until a level of detail was attained comparable to the existing list of
FEPs. This alternative list was then compared to the FEPs list for the license application to
build confidence that the FEPs list for the license application was indeed complete or to identify
missing FEPs. The applicant further compared the FEPs list for the license application to a
version of an international list of FEPs by the Nuclear Energy Agency, Organisation for
Economic Co-operation and Development (OECD) (Nuclear Energy Agency, 2000aa,

Appendix D) to inquire about the completeness of the list of FEPs. The applicant noted that the
International FEPs Database was updated in 2006 (Nuclear Energy Agency, 2006aa); however,
the applicant concluded that the update did not present additional information beyond the FEPs
already addressed in the FEPs list for the license application (SAR p. 2.2-8) and in SNL
(2008ab, Appendix F).

DOE stated that further analyses were applied to address changes in the regulations and in the
design of the repository and disposal packages. The final count of FEPs is 374. The applicant
stated that the iterative approach, including expanding on the existing FEPs list, brainstorming,
multiple reviews by subject matter experts, top-down elicitation from an independent
classification scheme, and use of the Yucca Mountain project analyses support the

conclusion that the FEPs list for the license application was complete, as described in

SNL (2008ac, p. 6-4).

NRC Staff’s Review

The NRC staff evaluated the adequacy of the list of FEPs. The FEPs were classified by
technical area (Leslie, 2010aa), following a similar approach as used in NRC (2005aa,

Table 5.1.2.1-2). In numerous instances, the same FEP was classified as pertaining to several
technical areas, to cover broad aspects, consequences, and couplings associated with that
FEP (Leslie, 2010aa). The objective of assigning an FEP to multiple technical areas was to
attain a thorough and integral review of the list of FEPs covering multiple technical perspectives
and to facilitate identifying aspects potentially overlooked by the existing FEPs. The NRC

staff evaluated the description of the scope for the individual FEPs, the screening decision of
the individual FEPs, the technical basis for excluding FEPs, and the disposition of the included
FEPs. The NRC staff's review of the identification of the list of FEPs was based on knowledge
gained reviewing the Yucca Mountain site and regional characterization data, including previous
independent Yucca Mountain-related studies and prelicensing interactions (documented, for
example, in NUREG-1762; NRC, 2005aa), and DOE’s description of the modes of degradation,
deterioration, and alteration of the engineered barriers. An NRC staff’s prelicense application
review of DOE’s identification of FEPs (Pickett and Leslie, 1999aa) was also considered.

The NRC staff also used available, internationally developed generic lists of FEPs

(Nuclear Energy Agency, 1997ab) to determine the completeness of the DOE list of FEPs.

The NRC staff found in NRC (2005aa, Section 5.1.2.1.4.1) that the FEPs list for site
recommendation was based on a Nuclear Energy Agency international database of FEPs
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(Nuclear Energy Agency, 1997ab). Using SNL (2008ab, Appendix G), a cross comparison of
the FEPs lists for site recommendation and license application, the NRC staff verified that the
FEPs list for the license application appropriately encompasses the FEPs list for site
recommendation. Using SNL (2008ab, Appendix F), tables that map the license application
FEPs into the Organisation for Economic Co-operation and Development FEPs and vice versa,
the NRC staff confirmed that the license application list of FEPs encompasses the Organisation
for Economic Co-operation and Development features, events, and processes.

Because the FEPs list for the license application encompasses generic comprehensive lists of
internationally approved FEPs (Nuclear Energy Agency, 2006aa, 2000aa, 1997ab) and is
consistent with the site characterization data and the license application design features, the
NRC staff finds DOE’s list of FEPs acceptable.

The NRC staff finds that DOE’s complete listing of FEPs considered (SAR Table 2.2-5)
includes FEPs which address potentially disruptive events related to igneous activity

(e.g., FEP 1.2.04.03.0A and FEP 1.2.04.07.0A); seismic shaking (e.g., FEP 1.2.03.02.0A
and FEP 1.2.03.02.0B); tectonic evolution (e.g., FEP 1.2.01.01.0A); climatic change

(e.g., FEP 1.3.01.00.0A and FEP 1.3.07.02.0B); and criticality (e.g., FEP 2.1.14.16.0A and
FEP 2.1.14.17.0A).

Based on the information in SAR Section 2.2.1.1.1 and references cited therein, the NRC staff
finds that

. SAR Table 2.2-5 contains a complete list of FEPs related to the geologic setting or the
degradation, deterioration, or alteration of engineered barriers (including those
processes that would affect the performance of natural barriers) that have the potential
to influence repository performance

. The list of FEPs in SAR Table 2.2-5 is consistent with the site characterization data

. The FEP list includes, but is not limited to, potentially disruptive events related to
igneous activity, seismic shaking, tectonic evolution, climatic change, and criticality

Therefore, the NRC staff finds acceptable the DOE’s identification of a list of FEPs.
2.2.1.2.1.3.2 Screening of the List of Features, Events, and Processes

Screening of the list of FEPs is aimed at identifying FEPs that should be evaluated in detail in
the performance assessment due to their potential to influence repository performance. The
NRC staff’'s technical review of the screening of the list of FEPs follows the methodology
established in YMRP Section 2.2.1.2.1.2, p. 2.2-7, as supplemented by additional guidance for
the period beyond 10,000 years after disposal (NRC, 2009ab).

The applicant summarized the screening of FEPs in SAR Section 2.2.1.2. SAR Table 2.2-5
summarized the screening decision (to include or exclude) for each FEP and the justification for
exclusion. SAR Table 2.2-5 cited other SAR tables summarizing the technical basis for
including the FEPs and also cited SNL (2008ab) as the document that detailed the technical
basis for excluding FEPs.

In SAR Section 2.2.1.2 DOE developed criteria for exclusion on the basis of low probability, of
low consequence, or by regulation. DOE used the NRC’s proposed 10 CFR 63.342(a)
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(NRC, 2005af) as its low probability screening criterion. Proposed 10 CFR 63.342(a) identified
that performance assessments shall not include consideration of very unlikely FEPs [i.e., those
that are estimated to have less than 1 chance in 10,000 of occurrence within 10,000 years of
disposal (less than 1 chance in 100,000,000 per year)]. DOE identified in DOE (2009cb,
Enclosure 1) that it considered the probability criterion to screen all types of FEPs, rather than
selectively applying the probability criterion to events only (i.e., the probability criterion was
also considered for features and processes). DOE used the proposed 10 CFR 63.114(a)(5),
10 CFR 63.114(a)(6), and 10 CFR 63.342(a) (NRC, 2005af) as the basis for its low
consequence screening criterion. DOE stated that low consequence means omission of an
FEP would not result in a significant change in the magnitude or timing of the radiological
exposures to the reasonably maximally exposed individual or radionuclide releases to the
accessible environment. “By regulation” means that FEPs can be excluded if they are
inconsistent with the characteristics, concepts, and definitions specified in 10 CFR Part 63, as
described in SNL (2008ab, Section 6.1).

In SAR Section 2.1.2.2 the applicant described that the regulations require inclusion of

certain FEPs in the performance assessment evaluations which are conducted to demonstrate
compliance with the individual protection standards for the period after the first 10,000 years
following disposal, but within the period of geologic stability. The applicant described the
proposed 10 CFR 63.342 requirements (NRC, 2005af). The applicant described that FEPs
associated with the requirements were evaluated for inclusion in the appropriate

performance assessments. The applicant stated that no changes to screening decisions were
necessary to address the inclusion of FEPs specified by the proposed 10 CFR 63.342(c)(1), (2),
and (3). The applicant restated this issue in two parts. First, the applicant stated that the
FEPs required by regulation to be included in the performance assessments for the period
after the first 10,000 years following disposal, but within the period of geologic stability, are
also included in the performance assessments for the 10,000 years after disposal. Second,
the applicant stated FEPs that are excluded from the performance assessments for the
10,000 years after disposal remain excluded in the performance assessments for the period
after the first 10,000 years following disposal, but within the period of geologic stability. In
SAR Section 2.1.2.2 the applicant identified the specific included FEPs that address the
proposed 10 CFR 63.342(c)(1)(i) regulatory requirement and described that excluded

FEP 1.2.03.02.0B, Seismic Induced Rockfall Damages EBS [Engineered Barrier System]
Components, was also evaluated with respect to proposed 10 CFR 63.342(c)(1)(i). DOE
(2009cb, Enclosure 6) identified that the excluded FEP 1.2.10.01.0A, Hydrologic Response to
Seismic Activity, addresses 10 CFR 63.342(c)(1)(i). In SAR Section 2.1.2.2 the applicant also
identified the included FEPs that address 10 CFR 63.342(c)(1)(ii), 10 CFR 63.342(c)(2), and
10 CFR 63.342(c)(3).

The applicant in DOE (2009cb, Enclosure 6) performed a detailed comparison between the
proposed 10 CFR Part 63 (NRC, 2005af) rule and the final 10 CFR Part 63 rule that became
effective on April 13, 2009, and identified material changes in the final rule and how those
changes may materially impact the license application. DOE (2009cb, Enclosure 6) specifically
discussed (i) the post-10,000-year 10 CFR Part 63 individual protection standard (350 mrem vs.
100 mrem); (ii) arithmetic mean of projected doses; (iii) water table rise due to seismic activity
[an additional requirement added to 10 CFR 63.342(c)(1)(i) in the final rule]; (iv) changes to the
range of deep percolation rates; and (v) dosimetry. In addition, DOE (2009cb, Enclosure 6,
Section 1.6) evaluated the potential impacts of all changes identified in DOE (2009cb, Enclosure
6, Appendix, Table A-1) [e.g., the specific words in 10 CFR 63.342(a) and 10 CFR 63.342(b) for
probability of very unlikely events and unlikely events, respectively, changed] and concluded



that none of the conclusions in the license application require modification as a result of the
final rule.

With respect to procedural safety controls and design configuration controls, the applicant
stated that SAR Table 2.2-3 identified FEPs which relate to parameters requiring procedural
safety controls or design configuration control to ensure that the performance assessment
analysis basis is met. SAR Table 1.9-9 summarized the parameters requiring such controls.
The applicant noted that the repository design (as defined in the included FEP 1.1.07.00.0A,
Repository Design, and the controlled design parameters in SAR Table 2.2-3) was used to
define the initial state or boundary conditions in the models and the analyses which are
abstracted in the postclosure performance assessment. The applicant also stated in SAR
Section 2.2.1.2 that controlled parameters and the repository design were used as a basis for
describing other FEPs and as a basis for screening decisions of included and excluded FEPs.
According to the applicant, SAR Table 1.9-9 presented design control parameters that describe
the bases for the repository design.

NRC Staff’s Review

The NRC staff reviewed DOE'’s list of excluded FEPs and initially found a number of FEPs to
lack adequate technical basis to support the applicant’s exclusion conclusion. DOE
supplemented (DOE, 2009ab,ae,af,ah—aj,al,bv—bz,ca—ci,co,cq,gp,gq, 2010ad,ah) the
information in SNL (2008ab) to respond to the NRC staff's RAl. The NRC staff reviewed the
information in SNL (2008ab), the supporting analyses referenced therein, and the DOE
responses to the RAI (DOE, 2009ab,ae,af,ah—aj,al,bo,bv-bz,ca—cj,co,cq,gp,gq, 2010ad,ah).

The NRC staff used YMRP Section 2.2.1.2.1.3, Acceptance Criterion 2, as supplemented

by additional guidance for the period beyond 10,000 years after disposal (NRC, 2009ab), to
evaluate whether the screening of the list of FEPs is appropriate. The YMRP Section
2.2.1.2.1.3 acceptance criterion evaluates (i) whether the applicant identified all FEPs that have
been excluded, (ii) whether the applicant provided justification for exclusion of those FEPs, and
(iii) whether the applicant provided adequate technical basis for exclusion of those FEPs.

The NRC staff finds that the applicant has identified all FEPs related to either the geologic
setting or to the degradation, deterioration, or alteration of engineered barriers (including those
processes that would affect the performance of natural barriers) which have been excluded.
SAR Table 2.2-5 listed all of the FEPs the applicant considered, and it identified the excluded
FEPs. With regard to YMRP Section 2.2.1.2.1.3, Acceptance Criterion 2, Subcriterion (2), the
NRC staff finds acceptable the applicant’s criteria for exclusion on the basis of low probability,
low consequence, or by regulation, because these criteria are consistent with regulatory
requirements for scenario analysis discussed in SER Section 2.2.1.2.1.2. The applicant clearly
stated in SAR Table 2.2-5 the criterion it applied for exclusion of each FEP; therefore, the NRC
staff finds that the applicant has provided acceptable justification for the excluded FEPs (on the
basis of low probability, low consequence, or by regulation).

With regard to YMRP Section 2.2.1.2.1.3, Acceptance Criterion 2, Subcriterion (3), the NRC
staff's evaluation of the technical basis for the exclusion of FEPs is provided in the remainder of
this section. First, the NRC staff evaluates the applicant’s information on screening of FEPs for
the period after 10,000 years following disposal, but within the period of geologic stability. Then,
the NRC staff evaluates the applicant’s information on screening of FEPs for the 10,000 years
after disposal.



The NRC staff reviewed the applicant’s information in SAR Section 2.1.2.2 on the screening of
FEPs for the period after 10,000 years following disposal, but within the period of geologic
stability using the guidance for the period beyond 10,000 years after disposal (NRC, 2009ab).
The NRC staff finds the following applicant statements acceptable because they are consistent
with 10 CFR 63.342(c): (i) FEPs that are required by regulation to be included in the
performance assessments for the period after the first 10,000 years following disposal, but
within the period of geologic stability, are also included in the performance assessments for the
10,000 years after disposal and (ii) FEPs that are excluded from the performance

assessments for the 10,000 years after disposal remain excluded in the performance
assessments for the period after the first 10,000 years following disposal, but within the

period of geologic stability. The NRC staff finds acceptable the list of included FEPs, which the
applicant identified in SAR Section 2.1.2.2, that address the proposed 10 CFR 63.342(c)(1)(i),
10 CFR 63.342(c)(1)(ii), 10 CFR 63.342(c)(2), and 10 CFR 63.342(c)(3) requirements, because
the FEPs listed are consistent with the requirements of the final 10 CFR 63.342(c)(1)—(3). In
particular, the NRC staff finds acceptable the applicant’s identification of the two excluded FEPs
{FEP 1.2.03.02.0B, Seismic Induced Rockfall Damages EBS [Engineered Barrier System]
Components, and FEP 1.2.10.01.0A, Hydrologic Response to Seismic Activity} because they
are consistent with the final 10 CFR 63.342(c)(1)(i). The NRC staff finds that the included FEPs
identified in SAR Section 2.1.2.2, p.2.2-19-20, and the two excluded FEPs previously
mentioned, are acceptable because they are consistent with the final 10 CFR 63.342(c)(1)—(3).
Therefore, the NRC staff finds acceptable the DOE’s identification of FEPs applicable to the
final 10 CFR 63.342(c)(1)—(3).

The NRC staff evaluates the adequacy, and consistency with the regulatory requirements, of the
applicant’s analyses of included FEPs in SER Sections 2.2.1.3.1-2.2.1.3.14 and Sections
2.2.1.4.1-2.2.1.4.3. The NRC staff evaluates the applicant’s technical basis for the exclusion of
FEPs in this section.

The NRC staff reviewed all of the descriptions, screening decisions, and screening

justifications (i.e., the applicant’s technical basis) of the FEPs the applicant classified as
excluded (Leslie, 2010aa; a total of 222 FEPs were excluded by DOE). FEPs that the NRC staff
identified as requiring additional information or clarification are specifically discussed in this
section as described next. The additional information provided by DOE was sufficient for

the NRC staff to complete its evaluation. The discussed FEPs represent approximately

10 percent of the total number of excluded FEPs and are summarized later in this section under
individual FEP headings (with the exception of the criticality FEPs that are all reviewed under
the criticality FEPs heading). For each FEP discussed under an individual FEP heading and for
the group of criticality FEPs, the NRC staff's evaluation includes a summary of DOE’s
information followed by the NRC staff's review of the technical basis for the exclusion of the
individual FEP (or FEPs, in the case of the criticality FEPs). Additional subheadings, where
needed to enhance readability, are used to identify the NRC staff’s review or to identify the
review of specific technical aspects associated with the individual FEP (or FEPs, in the case of
the criticality FEPs).

The NRC staff’s review is supported by years of prelicensing interactions and application of
risk-informed methods. For example, NUREG-1762 (NRC, 2005aa) includes a detailed list of
FEPs reviewed by the NRC staff and an appendix documenting the NRC staff's technical
comments and corresponding DOE responses during technical exchanges. For the license
application review, the NRC staff evaluated the applicant’s screening analyses for specific FEPs
in relevant technical areas. For instance, FEPs related to water chemistry were reviewed by
multidisciplinary teams of NRC staff on Quantity and Chemistry of Water Contacting Engineered
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Barriers and Waste Forms, on Degradation of Engineered Barriers, and on Radionuclide
Release and Solubility Limits (Leslie, 2010aa). The teams then discussed overlapping FEPs
and documented technical questions in RAls (e.g., NRC, 2009ad,ae). The technical review of a
limited number of FEPs (approximately 10 percent) is documented in this SER section. On the
basis of the NRC staff’'s detailed and multidisciplinary review (Leslie, 2010aa), the NRC staff
finds that the excluded FEPs which are not discussed in this section (i.e., the remaining

90 percent of the excluded FEPs) were adequately defined and that adequate technical bases
were provided to support the applicant’s exclusion decision.

The next three sections describe (i) the review that supports the NRC staff’'s conclusion and
(i) examples supporting the NRC staff’'s conclusion for FEPs that are not discussed in this
section and that were excluded by regulation, probability, and consequence.

Exclusion by Regulation

For each FEP that was excluded by regulation and that is not explicitly addressed in

SER Section 2.2.1.2.1.3.2, the NRC staff checked to see whether DOE provided an appropriate
regulatory citation to exclude the FEP by regulation. The NRC staff also reviewed the adequacy
of the technical basis (SNL, 2008ab) for each FEP by comparing the technical basis asserted by
the applicant to the cited regulation and ensuring the technical basis was consistent with the
cited regulation. The NRC staff finds for those FEPs that the applicant excluded by regulation,
the applicant’s screening basis and technical justification is consistent with applicable
regulations. For example, the NRC staff finds that DOE adequately excluded FEP 1.1.10.00.0A,
Administrative Control of the Repository Site, on the basis of the regulation, by citing 10 CFR
63.102(k). Section 10 CFR 63.102(k) states that it is not appropriate to include consideration of
human intrusion into a performance assessment evaluation for purposes of addressing
compliance with 10 CFR 63.113(b). Instead, 10 CFR 63.102(k) requires consideration of
human intrusion in a stylized manner, which does not give credit to passive or active institutional
controls, consistent with the applicant’s rationale to exclude FEP 1.1.10.00.0A. Similarly, for the
other FEPs excluded on the basis of the regulation, as described earlier in SER Section
2.2.1.2.1.3.2, the NRC staff conducted a detailed and multidisciplinary review and found that the
applicant provided adequate technical bases.

Exclusion by Probability

For each FEP that was excluded by probability and that is not explicitly addressed in

SER Section 2.2.1.2.1.3.2, the NRC staff reviewed the adequacy of the technical basis

(SNL, 2008ab) provided for each FEP. The NRC staff finds that the applicant’s technical basis
for excluding low probability FEPs by showing the annual probability is less than 1078 in the first
10,000 years is acceptable. For example, for FEP 1.5.01.01.0A, Meteorite Impact, the applicant
provided a quantitative analysis of meteorite impact probability and used crater information,
repository site information, and a design parameter to demonstrate that the low probability
criterion would be met. The NRC staff finds the applicant’s basis for FEP 1.5.01.01.0A
acceptable because DOE used impact rates that are consistent with data from available
literature. DOE overestimated the impact footprint of the repository, and DOE’s analysis was
consistent with repository site characteristics and the repository’s design. Similarly, for the other
FEPs excluded on the basis of low probability, as described earlier in SER Section 2.2.1.2.1.3.2,
the NRC staff conducted a detailed and multidisciplinary review and found that the applicant
provided acceptable technical bases.



Exclusion by Low Consequence

For each FEP that was excluded by low consequence and that is not explicitly addressed

in SER Section 2.2.1.2.1.3.2, the NRC staff reviewed the adequacy of the technical basis

(SNL, 2008ab) provided for each FEP. The NRC staff finds that for those FEPs the applicant
excluded on the basis of low consequence, the applicant provided acceptable technical basis by
showing that omission of the FEP does not significantly change the magnitude and time of the
resulting radiological exposures to the RMEI, or radionuclide releases to the accessible
environment. For example, the applicant excluded FEP 1.1.02.00.0A, Chemical Effects of
Excavation and Construction in the Engineered Barrier System, on the basis that (i) relevant
construction materials are design-controlled parameters or subject to controls and (ii) analyses
show negligible impact from engineered materials on the groundwater chemistry (SNL, 2008ab).
The NRC staff finds the applicant’s technical basis for excluding FEP 1.1.02.00.0A acceptable
because DOE described the analyses which evaluated the effects and identified the controls
that will be imposed (e.g., constraints will be imposed on the administrative control of tracers,
fluids, and materials; construction materials; and committed materials). Similarly, for the other
FEPs excluded on the basis of low consequence, as described earlier in SER Section
2.2.1.2.1.3.2, the NRC staff conducted a detailed and multidisciplinary review and found that the
applicant provided acceptable technical bases for exclusion.

In addition to the screening justifications previously mentioned, the NRC staff determines that
the use of repository design and controlled parameters is also acceptable as a technical basis to
complement the screening justifications for the following reasons. The NRC staff finds the
applicant’'s commitment to control parameters identified in SAR Table 1.9-9, through use of
management systems, provides a basis for the repository design considered in the development
of screening justifications for FEPs. The NRC staff also finds that SAR Table 2.2-3 is an
adequate mechanism to track interdependencies and identify FEPs with screening technical
bases which would need reevaluation if some parameters depart from initial design
considerations. Furthermore, the NRC staff finds acceptable the applicant’s use of repository
design and controlled parameters to define the scope of FEPs, as well as to define the initial
states or boundary conditions of systems analyzed in the performance assessment. The NRC
staff concludes that the design information and the design assumptions are appropriate to
develop performance assessments to demonstrate compliance with 10 CFR 63.113. The NRC
staff also concludes that the extent of information the applicant provided in regard to repository
design for postclosure performance assessments is consistent with the performance-based
approach of 10 CFR Part 63.

FEP 1.1.01.01.0B, Influx Through Holes Drilled in Drift Wall or Crown

The applicant excluded Influx Through Holes Drilled in Drift Wall or Crown on the basis of low
consequence SNL (2008ab) and supplemented its technical basis for exclusion in DOE
(2009cb, Enclosures 2 and 7). As defined by the applicant, FEP 1.1.01.01.0B addresses the
potential of openings (or holes) that may be drilled through the drift walls or crown to promote
flow or seepage into the drifts and onto the waste packages. In addition, holes may be drilled
for a variety of reasons including, but not limited to, rock bolt and ground support, monitoring
and testing, or construction-related activities. For FEPs 1.1.01.01.0B and 2.1.06.04.0A, Flow
Through Rock Reinforcement Materials in the Engineered Barrier System, according to the
applicant’s definitions, these two FEPs cover similar processes and features because open
space will be present in boreholes regardless of whether rock bolts degrade.



The applicant stated in SNL (2008ab) that boreholes will be drilled into the walls of
emplacement drifts for ungrouted rock bolts and ground support. The applicant also identified in
SAR Table 2.2-3 that Control Parameters 01-15 and 01-16 apply to FEPs 1.1.01.01.0B and
2.1.06.04.0A. Using a modified version of the seepage model used for the performance
assessment in BSC (2004be, Sections 6.5 and 6.6.4), DOE examined the potential for liquid
water to flow into open rock bolt boreholes that extend vertically upwards from the drift crown.
The applicant concluded, supported by numerical simulations, that boreholes have only a minor
effect on seepage, increasing the predicted seepage rates by less than 2 percent compared to
seepage simulations without rock bolts. DOE based this result on the following considerations
and assumptions: (i) an open borehole without grout acts as a capillary barrier to unsaturated
flow; (ii) the cross-sectional area of the rock bolt borehole, onto which flow may be incident, is
small; and (iii) water that may have flowed into the borehole can imbibe back into the rock
matrix elsewhere along the borehole length. On the basis of this analysis, the applicant
concluded that the presence of boreholes drilled in the drift wall or crown would not have a
significant effect on seepage into drifts, and excluded the FEP Influx Through Holes Drilled in
Drift Wall or Crown from the performance assessment model on the basis of low consequence.

NRC Staff’s Review

The NRC staff assessed the seepage modeling evaluation for boreholes and considered
observations from ambient and thermally perturbed field tests. Given the widespread presence
of boreholes in the drifts, the NRC staff performed a more detailed evaluation of the exclusion
basis for FEP 1.1.01.01.0B. The NRC staff estimated that there will be approximately 26 rock
bolts per waste package in the circumferential extent of the drift wall used to estimate seepage.
This number was derived from the repository design whereby rock bolts will be installed with
circumferential and axial spacing of 1.25 m [4.1 ft] in a 240° arc around the drift periphery and
above the invert structure (SAR Section 1.3.4.4.1).

The NRC staff finds that DOE’s previously listed considerations and assumptions [assumption
(i): an open borehole without grout acts as a capillary barrier to unsaturated flow; assumption
(ii): the cross-sectional area of the rock bolt borehole, onto which flow may be incident, is small;
and assumption (iii): water that may have flowed into the borehole can imbibe back into the
rock matrix elsewhere along the borehole length] acceptable as bases for supporting the
exclusion of the FEP for the following reasons. DOE provided the technical bases supporting
the considerations and assumptions in a discussion of the results from the applicant’'s seepage
modeling exercise (SNL, 2008ab; DOE, 2009cb, Enclosures 2 and 7). The NRC staff evaluated
the technical bases and analyzed the consistency of observations from field tests and site
characterization with results from the DOE seepage modeling exercise for boreholes. First,
observations of temperature fluctuations from the heater tests may be indicative of water flowing
in boreholes at host-rock temperatures above boiling (Green, et al., 2008aa). Second, post-test
visual observations indicate water entered the drifts and did not absorb back into the wall of the
borehole, though the timing and temperature at which this occurred is not known (Green, et al.,
2008aa). Third, secondary mineralization in large aperture (open) fractures, which DOE
attributed to percolating water under ambient conditions, suggests capillary diversion may not
keep water from entering boreholes. Fourth, observations of liquid water in the drift during the
passive test may be explained and modeled as vapor flux through fractures from within the host
rock and condensation in cooler rock spots (Salve and Kneafsey, 2005aa) rather than by a
capillarity-based seepage model of liquid water dripping into drifts.

In response to an NRC staff's RAI, DOE (2009cb, Enclosures 2 and 7) supplemented the
technical basis and provided additional information on the relationship of field observations to
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flow in boreholes and seepage into drifts. The applicant framed the supplemental information in
terms of effects during thermal and ambient periods and relied on a total-system performance
perspective; in particular, on the drip shield seepage barrier function. For the thermal period,
DOE (2009cb, Enclosure 7) pointed out the drip shield function of diverting water that has
entered the drift. According to the applicant, the drip shields are expected to divert water during
the thermal period and are expected to fail by general corrosion and cease to be a barrier
against seepage well after the thermal pulse has dissipated and the system has returned to
ambient conditions. DOE (2009bo, Enclosure 5) referred to supplemental analyses showing
that radionuclide releases are relatively insensitive to the occurrence of seepage in the event of
seismic damage to waste packages under intact drip shields.

DOE also analyzed other cases where the drip shield may fail during the thermal period

(e.g., early failure, seismic fault displacement, and seismic ground motion modeling cases) and
concluded that in none of those cases would borehole effects on seepage significantly alter the
dose estimates. For the early failure case, the applicant referred to the low contribution of this
case to the total mean dose and stated that changes in reflux would marginally affect the dose.
For the fault displacement modeling case, the applicant stated that full collapse of the drift is
generally associated with fault displacement, and therefore, thermal reflux in open boreholes
has a negligible effect on the mean annual dose from seismic fault displacement, as described
in DOE (2009cb, Enclosure 7). In the seismic modeling case, the applicant described that the
drip shield would fail only for large magnitude seismic events, which would be accompanied by
large rockfall and borehole collapse. Therefore, thermal reflux in such boreholes would have a
negligible effect on dose estimates, as detailed in DOE (2009cb, Enclosure 7). The NRC staff
finds acceptable the exclusion of the FEP 1.1.01.01.0B during the thermal period, because the
drip shield protects the waste package against seepage and because of the weak effect of
seepage on the mean dose in the applicant’s performance assessment.

The NRC staff’'s evaluation for the ambient period focused on the potential increase in water
entering the drift, either by seepage from boreholes or by vapor flux through boreholes. For
seepage from boreholes, FEP 1.1.01.01.0B (SNL, 2008ab) cited sensitivity analyses suggesting
a 2 percent increase in seepage compared to domains without boreholes. The NRC staff
determines that this difference would fall in the range of uncertainty incorporated in the seepage
results for the performance assessment. Furthermore, boreholes are not a factor in the seismic
ground motion and igneous intrusion modeling cases, which are the two largest contributors to
dose. According to the DOE model, seismic events would cause significant collapse of the host
rock above drifts (e.g., SAR Figure 2.1-14; DOE, 2008ab) by the time drip shields are expected
to fail by general corrosion (e.g., SAR Figure 2.1-11; DOE, 2008ab), hence eliminating any
potential effect of boreholes on seepage. In addition, the DOE abstraction for the igneous
intrusion modeling case eliminates the seepage barrier capability of drifts. For the vapor flux
through boreholes, DOE (2009cb, Enclosure 2) described that the magnitude of the vapor flux
asymptotically decreases from the latter stages of the thermal period to the ambient period.
Consistent with DOE’s technical basis is the possibility that some of the water observed in the
drift of the passive test would coincide with early entrance of vapor into the drifts. This flux will
decrease with time as the entire system (drift and rock) moves closer to hydrological
equilibrium. Using its condensation model, DOE stated that the magnitude of the condensation
flux estimated for later times (after the thermal period) is much less than the estimated seepage
flux derived from the seepage model. To provide confidence in the condensation flux estimate
for early times, DOE stated that a conservative assumption of relative humidity at the drift wall of
100 percent was used in the condensation model. The NRC staff finds this assumption
acceptable to estimate condensation on the basis of the condensation model review in SER
Section 2.2.1.3.6.3.5, where the NRC staff concluded that the condensation model was
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adequate for its intended purpose within the context of the performance assessment model.
The NRC staff finds acceptable DOE’s technical basis for excluding FEP 1.1.01.01.0B from the
performance assessment on the basis of low consequence.

FEP 1.1.03.01.0A, Error in Waste Emplacement

The applicant excluded Error in Waste Emplacement on the basis of low consequence

(DOE, 2009av; SNL, 2008ab) and supplemented its technical basis for exclusion in

DOE (2009af, Enclosure 1; 2009cq, Enclosure 2). FEP 1.1.03.01.0A, according to the
applicant, refers to deviations from the design or errors in waste emplacement that could affect
long-term performance of the repository. The applicant identified two types of waste
emplacement errors: the first concerns spacing of waste packages and the second concerns
emplacement of a waste package on a fault. The applicant described controls that will be
carried out to restrict by detection, evaluation, and mitigation the probability of both types of
waste emplacement errors. These controls include controlled parameters and management
controls. The applicant also assessed the potential consequences of undetected and
unmitigated waste emplacement errors in DOE (2009af, Enclosure 1; 2009cq, Enclosure 2).
The applicant assessed the probability for waste package misplacement and violation of the
thermal limits for the repository. The applicant estimated the mean number of misplaced waste
packages to be less than one. The applicant compared the consequences of waste
emplacement errors to the consequences of the waste package early failure modeling case and
the seismic fault displacement modeling case; the applicant included both of these in the
performance assessment.

NRC Staff’s Review

The NRC staff reviewed the screening justification and the technical basis for excluding

FEP 1.1.03.01.0A. The applicant provided an exclusion justification of low consequence in
DOE (2009af, Enclosure 1; 2009cq, Enclosure 2). The NRC staff used its knowledge of the
proposed repository operations and repository performance assessments to assess potential
consequences of waste emplacement errors. On the basis of the applicant’s description of the
FEP and the NRC staff's knowledge and experience, both types of waste emplacement errors
that the applicant identified are sufficient to evaluate potential consequences on repository
performance from waste emplacement errors. The NRC staff assessed whether the controls
the applicant identified in DOE (2009af, Enclosure 1, Tables 1 and 2; 2009cq, Enclosure 2)
were adequate to limit errors in emplacing the waste. The NRC staff finds the applicant’s
proposed controls acceptable. The applicant’'s assessment of the probabilities of undetected
and unmitigated waste emplacement errors is acceptable because the rates are consistent with
error rates for comparable controlled activities reviewed in SER Section 2.2.1.2.2.3. The
applicant identified both the probability and consequence of waste emplacement error as less
than that assessed in the waste package early failure model case. The NRC staff finds
acceptable both the low probability and the comparison to the early failure case to assess waste
emplacement spacing errors, because in the early failure case, DOE assumed damaged waste
packages, while waste emplacement errors do not necessarily imply the presence of a
damaged waste package leading to radionuclide release. On the basis of the low
consequences associated with the seismic fault displacement modeling case (SAR Section
2.4.2.2.1.2.2.2) and the NRC staff's independent assessment of the risk from seismic fault
displacement (Waiting, et al., 2003aa), the NRC staff finds acceptable the applicant’s conclusion
that waste emplacement on a fault is of low consequence. Therefore, the NRC staff finds
acceptable the applicant’s justification for exclusion. The NRC staff also finds acceptable the



technical basis to exclude the FEP 1.1.03.01.0A, Error in Waste Emplacement, on the basis of
low consequence.

FEP 1.2.04.07.0B, Ash Redistribution in Groundwater

The applicant excluded Ash Redistribution in Groundwater on the basis of low consequence.
According to the applicant’s definition of FEP 1.2.04.07.0B, during a volcanic eruption, magma
may interact with waste packages, resulting in erupted deposits of volcanic ash contaminated
with radionuclides. The applicant limited FEP 1.2.04.07.0B to the leaching of radionuclides from
the ash and their subsequent transport in groundwater through the subsurface to the accessible
environment. The applicant considered other processes, such as ash remobilization by wind,

in separate FEPs.

The DOE volcanic eruption model considers the mass and types of waste impacted by erupted
magma (a maximum of seven damaged waste packages), the fraction of waste-containing
magma that is incorporated into a tephra plume, and the fraction of the tephra plume that is
deposited near the eruptive vent (i.e., in or near the repository footprint) (SNL, 2008ag). In
contrast, the DOE igneous intrusion model assumes that (i) all waste packages in the repository
are compromised by an igneous intrusion and (ii) the subsequent release of waste is not
reduced by the amount which could be transported to the surface in an accompanying eruption
(SNL, 2007ab). In excluding ash redistribution in groundwater as a potential FEP, DOE
reasoned that because eruptive events are always associated with intrusive events in the DOE
model, the potential dose consequences from radionuclides leached into groundwater from
volcanic ash would be small compared with the consequences of exposing the entire inventory
of radionuclides to seepage and transport in groundwater from the repository (SNL, 2008ab).

In the DOE volcanic eruption modeling case, short-lived, high-activity radionuclides, such as
Cs-137, Sr-90, Am-241, and Pu-238, which have half-lives on the order of decades or hundreds
of years, are important contributors to dose (e.g., SAR Figure 2.4-32). In DOE (2009ab,
Enclosure 1), the applicant supplemented its technical basis for exclusion of ash redistribution in
groundwater with a supporting calculation to assess the effect of leaching and shallow
groundwater transport of contaminated ash deposited near the accessible environment
boundary. The applicant’s supporting calculation addressed differences in travel times
depending on where the contaminated ash was deposited within the drainage basin of
Fortymile Wash (i.e., very short flow paths for leaching of ash deposited near the accessible
environment boundary and longer flow paths for ash deposited upstream). The transport
calculation included the effects of radioactive decay and retardation of radionuclides. The
calculation results indicated that leaching of contaminated ash would not contribute

significantly to mean annual dose compared to the volcanic eruption modeling case, as detailed
in DOE (2009ab, Enclosure 1, Figure 1).

NRC Staff’s Review

The NRC staff examined the DOE supporting calculations for leaching and transport from
contaminated ash deposited in Fortymile Wash, as described in DOE (2009ab, Enclosure 1).
The NRC staff's evaluation focused on short-lived radionuclides because of their high
radioactivity levels that could dominate dose estimates for this fast pathway scenario. The NRC
staff contrasted the applicant’s computations for this fast transport pathway scenario with the
contribution to dose from the same short-lived radionuclides in the applicant’s volcanic eruption
modeling case (e.g., SAR Figure 2.4-32) and determined that the applicant adequately
demonstrated the technical basis for excluding FEP 1.2.04.07.0B with respect to leaching and
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transport in short groundwater flow pathways for the following reasons. First, the applicant’s
supporting calculations demonstrated that the transport of the short-lived radionuclides was
delayed sufficiently, even in the relatively short groundwater transport pathways in Fortymile
Wash, to allow radioactive decay to significantly diminish their potential contribution to dose.
Second, the models the applicant used for the supporting calculations are consistent with those
models that the NRC staff reviewed for water flow paths and radionuclide transport in SER
Sections 2.2.1.3.8 and 2.2.1.3.9, which the NRC staff found to be adequate in the context of the
applicant’s performance assessments. Third, the potential dose consequences near the
eruptive vent (i.e., farther from the accessible environment boundary) are bounded by the dose
consequences of igneous intrusion because the groundwater transport pathways are similar for
both the volcanic and igneous examples. Therefore, the NRC staff concludes that the model
the applicant used in the supporting calculations to evaluate potential fast pathways is
adequate. Therefore, the NRC staff finds acceptable the applicant’s technical basis for
excluding FEP 1.2.04.07.0B on the basis of low consequence.

FEP 1.2.07.01.0A, Erosion/Denudation

The applicant excluded the FEP 1.2.07.01.0A, Erosion/Denudation, from the performance
assessment on the basis of low consequence. Erosion involves the transport of surficial
material away from the site by mechanisms including glacial, fluvial, eolian, and chemical
processes. As part of FEP 1.2.07.01.0A, the applicant also considered processes such as
weathering, mass wastage processes (e.g., landslides), and local uplift (SNL, 2008ab).

The applicant cited site characterization studies concluding erosion would range from 0.4 to
2.7 cm [0.16 to 1.06 in] in 10,000 years for bedrock outcrops and 0.2 to 6 cm [0.08 to 2.4 in] in
10,000 years for unconsolidated material in hillslopes. The applicant stated that the maximum
expected erosion of 6 cm [2.4 in] in 10,000 years is consistent with existing surface irregularities
and that erosion would be negligible compared with the minimum distance of 200 m [656.2 fi]
from the ground surface to the repository emplacement areas (SNL, 2008ab). The applicant
considered the effect of erosion on the extent of net infiltration and determined that any
shortening of the flow path length due to erosion would be negligible. The applicant described
that the homogenizing action of the Paintbrush nonwelded hydrogeologic unit would buffer any
localized change in net infiltration (SNL, 2008ab). Moreover, the applicant stated that bedrock
weathering in some cases could increase the soil thickness, which would decrease, rather than
increase, net infiltration. The applicant also cited site characterization studies that determined
processes such as landslides and debris flows do not play a significant role in the erosional
regime at Yucca Mountain.

The applicant stated that climatic conditions strongly influence erosional patterns, with
deposition occurring during wetter periods and erosion occurring during drier periods.
Because the 10,000-year period after disposal is dominated by the glacial-transition climate
(8,000 years of wetter climate), deposition is expected to be the dominant geomorphic process
for the 10,000-year period. The applicant stated that deposition leads to soil buildup, and
therefore, disregarding deposition is conservative. Another process affecting erosion

is uplift, and the applicant stated that local rates of uplift are low—on the order of 0.01 mm/yr
[3.94 x 10™* in/yr].

NRC Staff’s Review

The NRC staff reviewed the supporting information and the analysis the applicant developed for
exclusion of FEP 1.2.07.01.0A. The NRC staff concludes that the technical basis for excluding
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FEP 1.2.07.01.0A, Erosion/Denudation, is acceptable because erosion rates the applicant cited
are consistent with the site description data at BSC (2004bi) and are expected to cause
negligible amounts of erosion in 10,000 years. The NRC staff finds acceptable the applicant’s
conclusion that neglecting the effects of erosion in the performance assessment would not
significantly affect the timing or magnitude of radionuclide releases into the accessible
environment. Therefore, the NRC staff finds acceptable the exclusion of FEP 1.2.07.01.0A,
Erosion/Denudation, on the basis of low consequence.

FEP 1.2.10.01.0A Hydrologic Response to Seismic Activity

The applicant excluded Hydrologic Response to Seismic Activity on the basis of low
consequence (SNL, 2008ab). The technical basis for the exclusion of this FEP was
supplemented as described in DOE (2009ab, Enclosure 19; 2009by, Enclosures 1-6; 2009bz,
Enclosure 1; 2009ca, Enclosures 1-2; 2009cb, Enclosure 6). In supplementing the technical
basis for this FEP, DOE also addressed compliance with the water table rise requirement due to
seismic activity beyond the 10,000-year post-disposal period through the period of geologic
stability [10 CFR 63.342(c)(1)(i)] and included information on potential permanent changes in
hydrologic properties (DOE, 2009cb, Enclosure 6). According to the applicant’s definition of
FEP 1.2.10.01.0A, seismic activity associated with fault movement may enhance existing or
create new flow pathways or connections and barriers between stratigraphic units, or it may
change the stress (and therefore fluid pressure) within the rock. These physical changes have
the potential to alter groundwater flow directions, water level, water chemistry, and temperature.
Seismically induced changes to the local stress fields can cause a transient change in the water
table elevations and lead to seismic pumping—a phenomenon the applicant defined as the
temporary change in water table elevation resulting from fault movement and the opening and
closing of fractures during an earthquake.

The low consequence screening decision is based on the applicant’s conclusion that

seismic events will result in relatively minor changes to the Yucca Mountain hydrologic
system—changes which have no impact on repository performance. The applicant’s rationale is
based on implicit assumptions of how the repository will respond to seismic loads typical for
relatively large-magnitude western U.S. earthquakes, observational evidence from recent
earthquakes, and modeling results used to support the National Research Council study
(1992aa) on the effects of earthquakes on the water table at Yucca Mountain.

In SNL (2008ab), the applicant cited modeling investigations that have been conducted to
estimate the hydrologic response (i.e., change in water table elevations), given predicted fault
displacements (National Research Council, 1992aa, Chapter 5). As described in SNL (2008ab),
the National Research Council study estimated, using two fault displacement modeling
approaches (i.e., a dislocation approach and a “changes in the regional stress” approach), that
the maximum seismically induced water table rise over a 10,000-year period would be 17 m
[56 ft] for the dislocation approach and 50 m [160 ft] for the regional stress approach. In
addition, SNL (2008ab) described that the hydrologic effects of three seismic events in 1992
which were observed in groundwater monitoring wells at Yucca Mountain provide estimates of
water-level fluctuations occurring in response to earthquakes. The applicant examined the
effects of the Landers—Big Bear—Little Skull Mountain earthquake sequence that occurred
June 28-29, 1992, and indicated the water table rise observed at several Yucca

Mountain vicinity monitoring wells ranged from 0.2 to 0.9 m [0.7 to 3 ft]. On the basis of the
earthquake-caused water table change data and analyses in the National Research Council
study (1992aa), the applicant concluded the maximum change will be no more than a 50-m
[160-ft] water table rise beneath the repository.
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SNL (2008ab) also cited Gauthier, et al. (1996aa, pp. 163—-164), who analyzed the potential
effects of seismic activity resulting from three fault displacement types (normal, listric, and
strike-slip) with 1-m [0.3-ft] displacement and 30-km [19-mi] rupture length. Gauthier, et al.
(1996aa) concluded that a strike-slip seismic event would cause a water table rise of 50 m
[160 ft] within 1 hour and would return to steady-state conditions within 6 months. Other types
and magnitudes of displacement were shown to cause smaller water table rises with similar
transient durations.

The applicant revised the rationale in SNL (2008ab) for excluding FEP 1.2.10.01.0A, Hydrologic
Response to Seismic Activity, in supplemental documents (DOE, 2009ab, Enclosure 19;
2009by, Enclosures 1-6; 2009bz, Enclosure 1; 2009ca, Enclosures 1-2; 2009cb, Enclosure 6).
First, the applicant drew a distinction between two modeling types it used to evaluate water
table rise from seismic activity in the Yucca Mountain area: the regional stress change model
and the dislocation model. In making this distinction, the applicant emphasized the bounding
nature of the regional stress change model; this model gave high values of predicted water table
rise (higher than the dislocation model) that should be regarded as representative of the upper
limits (bounds) of potential water table rise. The applicant attributed these high estimates of
seismically induced water table rise to a series of simplifying assumptions in the model. Using
data from several studies since 1992, the applicant cited evidence to suggest that the
dislocation model more realistically represents the actual magnitude of seismically induced
water table rise. The applicant concluded that the water table rise values of the regional stress
change model are overestimates of the seismically induced water table rise at Yucca Mountain.

Using the (bounding) regional stress change model and results from the Probabilistic Seismic
Hazard Assessment (PSHA), the applicant performed calculations to evaluate the potential of
local (to Yucca Mountain) faults as sources for future water table rise at Yucca Mountain.
Using the likely seismic characteristics of faults as given in the PSHA, the applicant
generated scenarios to calculate the values of maximum water table rise for each fault.

Of 3,150 calculated scenarios, 13 generated water table rise exceeding 175 m [574 ft]. The
applicant then calculated the probabilities that such events will occur using the PSHA hazard
probabilities. Although some of the probabilities are greater than the 1078 per year threshold,
the applicant stated that because the regional stress change model overestimates water table
rise, these results support excluding this FEP. Through the use of Probabilistic Fault
Displacement Hazard Assessment results, the applicant estimated that slip events with a

10® per year probability of exceedance would produce water table rise values between 30 and
122 m [100 and 400 ft].

The applicant described that water table rises of these magnitudes are not sufficient to reach
the proposed repository, even in the case of future wetter climate conditions. The applicant
estimated that the highest water table elevation beneath the repository footprint due to future
wetter climate conditions would be limited to 850 m [2,790 ft] above sea level. This assumed
water table elevation is generally consistent with results of a separate analysis by the applicant
that used the saturated zone site-scale flow model. This separate analysis evaluated the
potential effects of a future wetter climate on saturated zone flow and estimated future
climate-induced water table elevations as high as 875 m [2,870 ft] above sea level

(SNL, 2007ax) beneath northwestern portions of the repository. Given that the range of
repository drift elevations falls between 1,040 and 1,100 m [3,400 and 3,610 ft] above sea level,
the applicant concluded water table depths under a future wetter climate would range between
187 and 250 m [620 and 820 ft] below the repository floor. Therefore, the additional transient
water table rise due to a seismic event would remain below the repository drifts.



SNL (2008ab) addressed, as part of the FEP 1.2.10.01.0A, Hydrologic Response to Seismic
Activity, long-term changes in water table elevations that could be associated with
seismic-induced permanent changes in regional permeability. SNL (2008ab) described that
longer term changes are not expected to result from such permanent changes in stress,
because the existing data do not show any relationship between the long-term state of stress
and water table elevation. DOE (2009cb, Enclosure 6) described that the effects of seismic
activity which could lead to permanent changes in hydrologic properties were evaluated

(SNL, 2008ab) in the screening justifications for excluded FEPs 2.2.06.01.0A (Seismic Activity
Changes Porosity and Permeability of Rock), 2.2.06.02.0A (Seismic Activity Changes Porosity
and Permeability of Faults), and 2.2.06.02.0B (Seismic Activity Changes Porosity and
Permeability of Fractures). These three FEPs were defined to address localized changes in
porosity and permeability in intact rock, faults, and fractures and were excluded based on
results from the drift scale test, the PSHA, modeling and sensitivity studies, and information
from the National Research Council (1992aa).

NRC Staff’s Review

The NRC staff reviewed the information the applicant provided in DOE (2009ab, Enclosure 19;
2009by, Enclosures 1-6; 2009bz, Enclosure 1; 2009ca, Enclosures 1-2; 2009cb, Enclosure 6)
and SNL (2008ab, 2007ax) and finds exclusion of FEP 1.2.10.01.0A is supported by information
and analyses in the SAR and supplemental documents, and the technical basis for exclusion is
acceptable for the following reasons.

First, the applicant supported the poroelastic model and transient nature of any water-level
changes due to an earthquake with observations from historical earthquakes, including
earthquakes in the western United States and earthquakes in the vicinity of Yucca Mountain.
The NRC staff finds the applicant’s conclusion that there are no permanent changes in water
table elevations which could be associated with seismic-induced permanent changes in regional
permeability acceptable because existing data do not show any relationship between the
long-term state of stress and water table elevation and because DOE (2009cb, Enclosure 6)
identified that, based on National Research Council (1992aa), earthquake-induced water table
rise is expected to be transient. Therefore, the NRC staff finds acceptable the applicant’s
conclusion that any potential changes to the water table from earthquakes in the vicinity of
Yucca Mountain are transient. The NRC staff finds acceptable the applicant’s conclusion that
even in the least likely case of an earthquake which causes water levels to rise sufficiently to
wet the waste packages, water levels would return to ambient elevations quickly, within a few
years after the earthquake. In addition, the NRC staff finds that the risk (probability-weighted
consequences) would be negligible because the likelihood of earthquakes with magnitudes
large enough to induce changes in the water table is small (less than about 1075/yr). Therefore,
the NRC staff finds the potential impacts on repository performance would be negligible.

Second, the NRC staff finds adequate the statement in the applicant’s supplemental
assessments (DOE, 2009ab, Enclosure 19; 2009by, Enclosures 1 and 5; 2009bz, Enclosure 1;
2009ca, Enclosures 1-2) that the analyses used to estimate seismically induced water table rise
overestimate the extent of seismically induced water table rise. The modeling and analyses the
National Research Council Study (1992aa) and Kemeny and Cook (1992aa) relied on are based
on assumed confined aquifer conditions. The water table below Yucca Mountain in the tuff
aquifer is indicative of unconfined aquifer conditions. As the applicant documented in DOE
(2009ca, Enclosure 1), recent observations of changes to water table elevations in unconfined
aquifers from large earthquakes in Taiwan and Japan were substantially smaller than the
changes in the hydraulic head of nearby confined aquifers. The applicant attributed differences

2-19



in the reaction between confined and unconfined aquifers to the substantially smaller storability
of confined aquifers.

Third, both the National Research Council (1992aa) and the Kemeny and Cook (1992aa)
analyses relied on a regional stress change model. The NRC staff finds acceptable the
applicant’s view that of the two modeling approaches (i.e., the dislocation model and the
regional stress change model), the regional stress change model overestimates the seismically
induced water table rise. The NRC staff also finds acceptable the applicant’s view that two
simplifying assumptions in the regional stress change model—uniform stress changes
throughout the rock body and uniform changes in pore pressures—cause this model to
overestimate the seismically induced water table rise. Because the regional stress change
model’'s overestimates of seismically induced water table rise indicate the water table will
remain below the level of waste emplacement drifts after an earthquake, even during future
wetter climates, the NRC staff finds that the applicant’s technical basis supports the exclusion of
FEP 1.2.10.01.0A from the performance assessment model.

Further, the NRC staff finds that the applicant’s screening rationale is also applicable to the
period of geologic stability because the applicant considered, in general, seismic events with
recurrence rates of at least 10'8/yr, as described in DOE (2009cb, Enclosure 6). The National
Research Council performed a study in 1995 and concluded that a probable maximum transient
would not exceed 20-m (National Research Council, 1995aa, p. 94). This 20-m rise is less than
the estimated water table rises in a 1992 study (National Research Council, 1992a). DOE
considered this 1992 study in determining the magnitude of the water table rise from seismic
activity beyond the 10,000-year post-disposal period through the period of geologic stability
(DOE, 2009cb, Enclosure 6). Because the NRC staff determines that analyses by the applicant
and those in National Research Council (1992aa) used to estimate seismically induced water
table rise overestimate the extent of seismically induced water table rise, and because the
applicant’s technical basis supports the exclusion of FEP 1.2.10.01.0A from the performance
assessment model for the initial 10,000-year period after disposal, the NRC staff finds
acceptable the applicant’s technical basis to exclude FEP 1.2.10.01.0A from the performance
assessment analysis beyond the 10,000-year post-disposal period through the period of
geologic stability.

FEP 1.4.01.00.0A, Human Influences on Climate

The applicant excluded Human Influences on Climate on the basis of the exclusion by
regulation criterion. The applicant stated (SNL, 2008ab) that the proposed 10 CFR 63.305
(NRC, 2005af) excludes speculative prediction of changes to human behavior.

DOE identified two types of human influences on climate: past and present, and future.

The applicant stated that present and past human influences on climate are implicitly

included in estimates of modern climate used in the performance assessment (SNL, 2008ab).
The past and present human influences on climate are evaluated by the NRC staff in

SER Section 2.2.1.3.5. The DOE defined the scope of FEP 1.4.01.00.0A, Human Influences on
Climate, to address only future human influences on climate. The applicant excluded the aspect
of human influences on climate that depends on future human behavior on the basis of the
exclusion by regulation criterion.

Several changes between the proposed and final rule related to treatment of climate change in

the performance assessment. The applicant identified (DOE, 2009cb, Enclosure 6) changes
between the proposed and final rule, including the change to 10 CFR 63.305(c). DOE did not
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identify any changes between the proposed and final rule affecting the excluded
FEP 1.4.01.00.0A, Human Influences on Climate.

NRC Staff’s Review

The NRC staff reviewed the DOE implementation of 10 CFR 63.305, including its analysis of the
changes between the proposed and final rule. The NRC staff concludes that the changes in

10 CFR 63.305(c) do not have an effect on the excluded FEP 1.4.01.00.0A. Because

the applicant constrained this FEP to changes in climate caused by future changes in human
activity, the applicant used the proposed regulation for its exclusion determination and the NRC
staff determined that the changes between the proposed and final rule do not have an effect on
the exclusion analysis, the NRC staff determines that the applicant’s exclusion of this FEP is
consistent with the final rule in 10 CFR 63.305. Therefore, the NRC staff finds acceptable

the applicant’s exclusion of the FEP from the performance assessment on the basis of

the regulation.

FEP 1.4.01.02.0A, Greenhouse Gas Effects

The applicant excluded Greenhouse Gas Effects on the basis of the exclusion by regulation
criterion. The applicant constrained the scope of the FEP to future changes in human activities
that may influence the concentrations of atmospheric gases. The applicant noted that
greenhouse gases affect climate.

DOE identified two types of greenhouse gas effects caused by human behavior: past and
present, and future. The applicant defined FEP 1.4.01.02.0A, Greenhouse Gas Effects, to
include only the changes to greenhouse emissions that may be caused by future changes in
human behavior. The applicant stated (SNL, 2008ab) that the proposed 10 CFR 63.305
(NRC, 2005af) excludes speculative prediction of changes by human behavior, including
human influence on greenhouse emissions. Present and past increases in greenhouse gases
attributed to human activity are implicitly included in estimates of modern climate used in

the performance assessment (SNL, 2008ab) and are evaluated by the NRC staff in

SER Section 2.2.1.3.5.

Several changes between the proposed and final rule related to the treatment of climate change
and greenhouse gas effects in the performance assessment. The applicant evaluated

(DOE, 2009cb, Enclosure 6) changes between the proposed and final rule, including the change
to 10 CFR 63.305(c). DOE did not identify any changes between the proposed and final rule
that affect the excluded FEP 1.4.01.02.0A, Greenhouse Gas Effects.

NRC Staff’s Review

The NRC staff reviewed the screening analysis in SNL (2008ab) and the DOE implementation
of 10 CFR 63.305, including its analysis of the changes between the proposed and final rule
(DOE, 2009, Enclosure 6). The NRC staff concludes that the changes in 10 CFR 63.305(c) do
not have an effect on the excluded status of FEP 1.4.01.02.0A. Because the applicant
constrained this FEP to changes in greenhouse gases caused by future changes in human
activity, the applicant used the proposed regulation for its exclusion determination and the NRC
determined that the changes between the proposed and final rule do not have an effect on the
exclusion analysis, the NRC staff determines that the applicant’s exclusion of this FEP is
consistent with the final rule in 10 CFR 63.305. Therefore, the NRC staff finds acceptable the
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applicant’s exclusion of the FEP from the performance assessment on the basis of
the regulation.

FEP 1.4.07.03.0A, Recycling of Accumulated Radionuclides from Soils to Groundwater

The applicant excluded Recycling of Accumulated Radionuclides from Soils to Groundwater on
the basis of low consequence using a recycling model that estimated effects on the total
system performance results (SNL, 2008ab). The applicant supplemented its technical basis

in DOE (2009af, Enclosures 2—4). The applicant used this FEP to refer to the downward
migration of contaminated irrigation water to the water table and the subsequent recapture and
reuse (i.e., recycling) by irrigation wells within the contaminant plume that can potentially
increase the concentration of radionuclides in the groundwater and dose to the reasonably
maximally exposed individual. According to the applicant, this contaminant concentration
through recycling can occur only when the infiltrating irrigation water is applied within the
capture zone of a pumping well that is also capturing all or part of the contaminant plume.

The DOE screening analysis for radionuclide recycling in groundwater is based on a model

that assumes a single hypothetical water supply well with an uninterrupted withdrawal rate of
3,000 acre-ft [3.7 x 10° L] per year from the center of a contaminant plume. Capture zone
dimensions for this hypothetical well are computed based on the local-groundwater-specific
discharge and saturated aquifer thicknesses upgradient and downgradient of the well. The
applicant considered three mechanisms by which radionuclides can be lost from the recycling
process: (i) irrigation water usage on fields located outside of the capture zone, (ii) residential
water usage at locations outside of the capture zone, and (iii) erosion of soil from irrigated fields
to locations outside of the recycling system. On the basis of current water usage in

Amargosa Valley, about 90 percent of withdrawn water is used for irrigation. The applicant’s
screening analysis concludes that recycling could increase the total mean annual dose by
approximately 7 to 11 percent for the seismic ground motion and igneous intrusion scenarios for
the 1-million-year simulation period and by an average of 11 percent for the 10,000-year
simulation period (SNL, 2008ab), which is not significant compared with the range of uncertainty
simulated by the total system performance assessment model. On the basis of this result, the
applicant excluded FEP from the performance assessment.

NRC Staff’s Review

The NRC staff reviewed the applicant’s screening analysis (SNL, 2008ab; DOE, 2009af,
Enclosures 2—4) and consulted available literature relevant to irrigation practices,

infiltration of irrigation water, and methods for determining capture zone geometry. The

NRC staff evaluated the reasonableness of the applicant’s supplemental information in

DOE (2009af, Enclosures 2—4) that addressed the technical basis of the three aspects of the
applicant’s screening analysis: (i) assumed capture zone geometry, (ii) assumed distances
between the hypothetical pumping well and irrigated fields, and (iii) the assumption that
radionuclides reaching the water table and within the well capture zone are returned to the well
volume without accounting for transport within the saturated zone does not underestimate doses
at later times.

The assumed geometry of the capture zone for the hypothetical pumping well in the applicant’s
analysis (SNL, 2008ab) was based on an idealized system of a pumping well applied to a
background of uniform, parallel groundwater flow lines, whereas the observed pattern of water
levels in the Amargosa region indicates a converging flow field in the vicinity of the compliance
point. A converging flow field can lead to a wider capture zone compared to the one used in the

2-22



applicant’s analysis in SNL (2008ab), which in turn could result in increased recycling and
concentrations of radionuclides in groundwater. The applicant demonstrated, as identified in
DOE (2009af, Enclosure 2), that the results of its screening analysis are not affected
significantly when a converging flow field is considered. The NRC staff finds the applicant’s
conclusion acceptable on the basis that the applicant demonstrated converging flow fields did
not significantly change the capture fraction (i.e., the fraction of irrigation recharge that is
captured by the reasonably maximally exposed individual’s well).

The result of the screening model is strongly dependent on the capture fraction, which the
applicant calculated to be approximately 10 percent. This value is a reflection of the spatial
distribution of irrigated fields relative to the steady-state capture zone (which the applicant
assumed to be located anywhere within the community). The applicant used a probabilistic
distribution based on evidence of field locations in the Amargosa Valley community and
considered a single hypothetical water supply well. This approach tended to spread the
distances between the fields and the well, potentially resulting in a relatively small capture
fraction. Farmers might minimize the distance between the fields and the well as a cost-cutting
approach. For example, in a study by Stonestrom, et al. (2003aa) on estimates of deep
percolation, each of the three fields investigated had its own well for irrigation. A reduction in
the distances of fields to the hypothetical pumping well could result in a greater well recapture
fraction and increased radionuclide recycling. The applicant explained in DOE (2009af,
Enclosure 3) that the distances between irrigated fields and the well were not intended to
represent actual distances. Rather, the screening analysis was a stylized approach constrained
by requiring the pumping well to be at the location of highest concentration in the plume. The
applicant’s supplementary analysis in DOE (2009af, Enclosure 3) was based on a model in
which the pumping wells within and adjacent to the plume are coincident with irrigated fields that
vary in location and pumping duration during a 10,000-year simulation period. This
supplemental analysis, as identified in DOE (2009af, Enclosure 4), explicitly accounted for
transport time of recycled irrigation water through the saturated zone before the water is
potentially recaptured by other randomly located irrigation wells. The analysis indicated that the
average increase in radionuclide concentrations due to recycling of pumped water was

4.9 percent for nonsorbing radionuclides and negligible for sorbing radionuclides. This updated
model does not use the steady-state approach involving a single well intersecting the highest
concentration of the plume as in the original model in SNL (2008ab). The applicant concluded
that the updated model is more reasonable and realistic, mimicking current practices.

To evaluate the case where the well intersects the highest concentration in the plume and
irrigated fields are in proximity to the well, the NRC staff considered a hypothetical case where a
well was used to irrigate a number of fields. The NRC staff considered the well located within
the accessible environment and above the maximum plume concentration. If the irrigated fields
were distributed in space at random, half of the fields would be located upstream from the well
and half downstream. As an approximation, the NRC staff considered that upstream fields
would be within the well capture zone and downstream fields outside the well capture zone.
Therefore, in this simplified assessment, if pumping were to continue indefinitely with no soil
erosion losses, a maximum of 50 percent of the radionuclides in the irrigated water could be
recycled, causing concentrations of radionuclides to double at most. The NRC staff considers
that a factor-of-two increase in the concentrations and dose consequences is a relatively
moderate effect, because this simplified analysis represents a hypothetical case and the
applicant’s mean dose estimates are well below the 10 CFR Part 63 individual protection
standard. (Note that in SER Section 2.2.1.2.2.3.1, the NRC staff considered uncertainties
affecting dose estimates for the igneous scenario by a factor of two were not risk significant,
given the large margin to the regulatory limit.) On the basis of its review of the applicant’s
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analysis and the NRC staff’s independent risk insights, the NRC staff finds acceptable the
applicant’s technical basis to exclude the FEP from the performance assessment on the basis of
low consequence.

FEP 2.1.03.02.0B, Stress Corrosion Cracking of Drip Shields

The applicant excluded the Stress Corrosion Cracking of Drip Shields FEP from the
performance assessment model on the basis of low consequence (SNL, 2008ab) and
supplemented its technical basis for exclusion in DOE (2009ab, Enclosure 2). The applicant
used this FEP to consider consequences of stress corrosion cracking on drip shield materials.
The applicant stated that the stress corrosion cracking of Titanium Grades 7 and 29 could occur
when tensile stresses exceed a threshold tensile stress value of 80 percent and of 50 percent of
the yield strength at a given temperature, respectively (SNL, 2007bb). The applicant stated that
there are four possible sources of residual tensile stresses: (i) weld induced, (ii) caused by
thermal expansion (i.e., thermal loading), (iii) plasticity caused by seismic events, and

(iv) produced by rockfall and drift collapse. The applicant stated that an annealing process will
be used to reduce weld-induced residual stresses below the threshold tensile stress

{annealing by furnace heating at 593 °C + 10 °C [1,100 °F £ 50 °F] for a minimum of 2 hours}.

The applicant considered that stress corrosion cracking may occur due to residual stresses
caused by seismic events or due to stresses caused by rockfall and drift collapse. Under

such conditions, through-wall cracks may form on the drip shield and seepage water may

flow through those cracks. The applicant supplemented the screening justification in

DOE (2009ab, Enclosure 2), explaining that even if stress corrosion cracks are assumed to
penetrate the drip shield plates and remain open to water flow and if drift seepage flows through
the cracks and contacts the waste package during the thermal period, the potential
consequences to waste isolation are insignificant. The applicant provided an additional
probabilistic analysis to compute the expected number of failed waste packages within

10,000 years on the basis of the assumption that (i) waste packages could be breached by
stress corrosion cracking as a result of seismic-induced residual-stress damage of the drip
shield and (ii) stress corrosion cracks on the drip shield remain open for 10,000 years and
seepage water flows through unplugged cracks. The probabilistic analysis in DOE (2009ab,
Enclosure 2) estimated that the mean of the expected number of waste package failures due to
advection through open stress corrosion cracks on drip shields is two to three orders of
magnitude lower than the mean of the expected number of waste packages failed due to early
failure of the drip shields or due to seismic fault displacement involving advective flow through
the waste packages (the latter cases are included in the performance assessment model). The
applicant concluded that because the early failure drip shields and seismic fault displacement
cases are not the major contributors to the mean annual dose in the performance assessment,
as shown in SAR Figure 2.4-18 and in DOE (2009ab, Enclosure 2, Section 1.2), the inclusion of
stress corrosion cracks on the drip shields would not significantly change the results of the
performance assessment.

NRC Staff’s Review

The NRC staff finds that the proposed stress-relieving process conditions are consistent

with recommended industry practice (ASM International, 2003aa) to reduce residual stresses.
Therefore, stress corrosion cracking of the drip shield is unlikely to occur because of
weld-induced residual stresses. The thermal expansion of drip shield joints may cause residual
stresses; however, the applicant stated that drip shield connectors are designed to allow for
thermal expansion with no effect on drip shield performance up to 300 °C [572 °F]. The thermal
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expansion coefficient of Titanium Grades 7 and 29 is 9.2 x 10° K" and 9.5 x 10°K™,
respectively (ASM International, 1994aa). The NRC staff finds acceptable the applicant’s
conclusion that thermal expansion will not cause any significant tensile stresses, including
stresses to induce stress corrosion cracking, because the drip shield temperature will remain
below 300 °C [572 °F]. The NRC staff also finds this conclusion acceptable for the following
reasons: (i) DOE quantified the additional number of waste packages that could fail by stress
corrosion cracking, as a consequence of seepage infiltrating the failed drip shields, following

an approach consistent with the waste package localized corrosion model evaluated in

SER Section 2.2.1.3.1 and the seismic consequence abstraction model evaluated in SER
Section 2.2.1.3.2; (ii) DOE concluded that the additional number of failed waste packages would
be less than the number of failed waste packages for the early failure and seismic fault
displacement modeling cases; and (iii) given that the contribution to the total dose of these latter
cases is minimal, DOE adequately concluded the dose contribution from the additional failed
waste packages by stress corrosion cracking would be negligible. In addition, the applicant
pointed out in DOE (2009ab, Enclosure 2, Sections 1.2 and 1.6) that volumetric flow through
open (unplugged) cracks is expected to be smaller than the seepage flow approaching drip
shields. The NRC staff finds the applicant’s conclusion on the flow reduction acceptable,
because (i) openings can act as capillary barriers to seepage water under unsaturated
conditions and (ii) DOE provided experimental evidence for the flow reduction through cracks in
DOE (2009ab, Enclosure 2, Figure 1). The applicant provided the same justifications to also
exclude FEP 2.1.03.10.0B, Advection of Liquids and Solids Through Cracks in the Drip Shield,
and the NRC staff also finds the technical basis to be adequate for this other FEP as described
later in this SER Section. In summary, the NRC staff finds acceptable the applicant’s technical
basis to exclude both FEPs 2.1.03.02.0B, Stress Corrosion Cracking of Drip Shields, and
2.1.03.10.0B, Advection of Liquids and Solids Through Cracks in the Drip Shield, on the basis of
low consequence.

FEP 2.1.03.03.0B, Localized Corrosion of Drip Shields

As identified in the conclusion of the screening justification (technical basis) for this FEP

(SNL, 2008ab), the applicant excluded the Localized Corrosion of Drip Shields FEP from the
performance assessment model on the basis of low consequence. The applicant used this FEP
to consider consequences of localized corrosion on drip shields. The applicant stated that it
evaluated Titanium Grade 7 over all the anticipated ranges of pH, chloride concentration, and
temperature relevant to the proposed repository. On the basis of available information, the
applicant concluded that localized corrosion of Titanium Grade 7 is not expected to occur.
Literature results suggest that the presence of fluoride ions can enhance the general corrosion
rate of titanium alloys and possibly lead to localized corrosion. The applicant stated it examined
localized corrosion of titanium alloys in fluoride-containing solutions and concluded that these
types of solutions would rarely occur and low fluoride concentration in combination with
expected inhibiting species (such as nitrate, carbonate, and sulfate) is unlikely to lead to
localized corrosion (SNL, 2008ab). The applicant noted that long-term corrosion tests of
titanium alloys in repository-relevant environments up to 5 years did not indicate any evidence
of localized corrosion. The applicant acknowledged that data on Titanium Grade 29 are sparse
and it is less resistant to localized corrosion. The applicant, therefore, postulated that localized
corrosion may initiate on Titanium Grade 29. In other words, the applicant stated that existing
information on localized corrosion on Titanium Grade 29 is not sufficient to rule out this process
or support a notion that localized corrosion is of low probability. The applicant noted that the
majority of the Titanium Grade 29 components, except the side framework, would be located
underneath the Titanium Grade 7 plates and would be exposed to benign environments.
Therefore, the applicant concluded that the drip shield could experience localized corrosion only
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on the side framework. However, if these side frameworks collapsed, the applicant concluded
that the drip shield would continue to function and protect the waste package against seepage
flowing through the Titanium Grade 7 plates (SNL, 2008ab). Therefore, the applicant excluded
the FEP on the basis of low consequence.

NRC Staff’s Review

The NRC staff reviewed the technical basis (SNL, 2008ab) and supporting information provided
by the applicant (BSC, 2004as; DOE, 2009ab, Enclosures 2-6). The NRC staff examined the
applicant’s model assumptions and model support in the area related to localized corrosion of
the drip shield. The NRC staff finds that the 2.5- and 5-year testing the applicant conducted
indicates the possibility for localized corrosion of the drip shield is small in the potential
repository environment. The NRC staff performed independent analyses that indicate the
concentration of fluoride, which at higher levels increases the localized corrosion

susceptibility, would not likely achieve high levels in the proposed repository (Lin, et al., 2003aa;
Pabalan, 2010aa). The independent analyses indicate that fluoride precipitates with common
chemicals in the groundwater, limiting the concentration of free fluoride ions in the water.
Independent localized corrosion analyses of Titanium Grade 7 support the conclusion that
localized corrosion of Titanium Grade 7 is not likely under repository conditions (Brossia and
Cragnolino, 2000aa). The NRC staff's evaluation of fluoride effects and long-term immersion
tests are provided in SER Section 2.2.1.3.1.3.1.1.

Measurements of hydrogen absorption described in the applicant’s information in

DOE (2009ab, Enclosure 6) and literature information (e.g., Okada, 1983aa) imply a state of
passivity. The NRC staff concludes that the passivity of titanium and titanium alloyed with
platinum or nickel is likely to be preserved, even in acid solutions with pH as low as 3.5 at 25 °C
[77 °F] under cathodic polarization. Corrosion studies by Smailos, et al. (1992aa) on titanium
alloyed with 0.17 percent palladium did not show localized corrosion in German rock salt
repository environments under gamma radiation and temperatures ranging from 90 to 200 °C
[194 to 392 °F]. In other studies by the same group, the metallic samples were subjected to
adhering salts and corrosion products without significant corrosion affecting the titanium alloys
(Smailos and Koster, 1987aa). The NRC staff conducted corrosion tests in concentrated
chloride solutions at 95 °C [203 °F] of Titanium Grade 7 galvanically coupled with Alloy 22 to
form a crevice and found no indication of localized or galvanic corrosion of Titanium Grade 7
(He, et al., 2007ab). Therefore, the NRC staff finds acceptable the applicant’s technical basis to
exclude localized corrosion of Titanium Grade 7 from the performance assessment.

The NRC staff, in SER Section 2.2.1.3.2, evaluated the ability of the drip shield to maintain its
seepage barrier function if the side framework, made of Titanium Grade 29 and welded to
Titanium Grade 7 using Titanium Grade 28 as filler metal, buckled. On the basis of that
evaluation, the NRC staff finds acceptable the applicant’s conclusions that the drip shield would
continue to function and protect the waste package against seepage flowing through the
Titanium Grade 7 plates, and that localized corrosion of other drip shield parts would not have a
significant effect on dose calculations. Therefore, the NRC staff finds acceptable the applicant’s
technical basis for exclusion of the FEP, Localized Corrosion of Drip Shields, on the basis of
low consequence.

FEP 2.1.03.04.0B, Hydride Cracking of Drip Shields

The applicant excluded Hydride Cracking of Drip Shields from the performance assessment
model on the basis of low probability (SNL, 2008ab) and supplemented its technical basis for
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exclusion in DOE (2009cb, Enclosure 1). According to the applicant’s definition, this FEP refers
to the absorption of hydrogen into the titanium drip shield materials to form mechanically weak
hydrides, which could lead to the formation of cracks. The applicant noted that hydrogen
absorption in titanium alloys could occur under repository conditions. The applicant evaluated
hydride cracking by developing a model where hydrogen-induced cracking is assumed to occur
if the absorbed hydrogen resulting from general corrosion of the drip shield into

Titanium Grades 7 and 29 exceeds a critical hydrogen concentration (SNL, 2008ab). The
applicant estimated that the amount of hydrogen uptake in 10,000 years would be below this
critical hydrogen concentration. The applicant tracked the drip shield materials and thickness in
SNL (2008ad, Table 7-5, Design Control Parameter 07-04).

The applicant also evaluated uphill diffusion along Titanium Grade 29 to Grade 7 welds,
which could lead to locally elevated hydrogen concentrations near the welds. The applicant
concluded in DOE (2009ab, Enclosure 8; 2009dr, Enclosure 4) that the use of a filler

metal (Titanium Grade 28) with a composition comparable to both welded components would
mitigate this particular issue. By using Titanium Grade 28, the applicant intended to

provide a gradual aluminum concentration gradient to limit hydride formation due to hydrogen
redistribution. The applicant tracked the drip shield design including welds in

SNL (2008ad, Table 7-5, Design Control Parameter 07-01) and the use of Titanium Grade 28
in SNL (2008ad, Table 7-5, Design Control Parameter 07-12) as weld filler material for
Titanium Grade 7 to Grade 29 welds.

The applicant concluded that, given the limited extent of hydrogen formation and the use of
Titanium Grade 28 filler material on weld lines, Hydride Cracking of Drip Shields can be
excluded from the performance assessment model (SNL, 2008ab).

NRC Staff’s Review

The NRC staff reviewed the FEP screening technical basis in SNL (2008ab) and

DOE (2009ab, Enclosures 3-8). The NRC staff analyzed the applicant’'s model assumptions
and model support in areas related to hydride cracking induced by hydrogen absorption
resulting from general corrosion of the drip shield and hydrogen diffusion along dissimilar
titanium welds. From this review, the NRC staff determines that the critical hydrogen
concentrations the applicant assumed to lead to fast fracture are reasonable for the following
reasons. Although delayed hydride cracking is possible at hydrogen concentrations as low as
30 ppm in Titanium Grade 5 steel, the applied stress intensification for the delayed hydride
cracking is near the fracture toughness limit, as described in DOE (2009ab, Enclosure 3). The
applicant described that palladium and ruthenium played a beneficial role by increasing the
critical hydrogen concentration value and decreasing the hydrogen absorption. The NRC staff
finds this acceptable because independent literature data indicate that palladium and ruthenium
can increase the critical hydrogen concentration and because the repository is predicted to be
an oxic environment, as outlined in DOE (2009ab, Enclosure 4). The applicant’s assessment
of hydrogen absorption efficiency, as identified in DOE (2009ab, Enclosure 6), is acceptable
because the experimental condition used to test hydrogen absorption bounds the range of
conditions important to this mode of degradation. The applicant provided distributions of
hydrogen in titanium due to uphill diffusion by a stress gradient in DOE (2009ab, Enclosure 7)
and due to uphill diffusion by aluminum concentration in SNL (2008ab). The NRC staff finds
those hydrogen distributions acceptable on the basis of the analysis of the applicant’s
assumptions. Furthermore, the NRC staff developed an uphill diffusion model (Mintz and

He, 2009aa), applied the model to potential repository conditions to examine the hydrogen
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concentration around the weld zones, and concluded that hydrogen concentrations would
be minimal.

The applicant excluded Hydride Cracking of Drip Shields from the performance assessment
model on the basis of low probability (SNL, 2008ab). The applicant updated the technical

basis to show that the probability of hydride cracking of drip shields is less than 107 in

10,000 years, as detailed in DOE (2009cb, Enclosure 1). The applicant described that even
with a high corrosion rate at a probability level of 2.5 x 107 (applied for 10,000 years), the
hydrogen concentration would be below the critical hydrogen concentration for hydride cracking.
The NRC staff finds the exclusion of hydride cracking of the drip shields from the performance
assessment on the basis of low probability acceptable because the applicant (i) considered high
corrosion rates leading to overestimating the amount of hydrogen produced from the general
corrosion process, (ii) mitigated hydrogen diffusion through selection and control of titanium
alloy material and weld filler metal, and (iii) demonstrated through analysis that the hydrogen
concentration would not be sufficient to induce hydride cracking on the drip shield plate

and frame.

FEP 2.1.03.10.0B, Advection of Liquids and Solids Through Cracks in the Drip Shield

The applicant excluded the Advection of Liquids and Solids Through Cracks in the Drip Shield
from the performance assessment model on the basis of low consequence (SNL, 2008ab) and
supplemented its technical basis for exclusion in DOE (2009ab, Enclosure 2). According to the
applicant’s definition of the FEP, if cracks develop on the drip shield, water could flow through
those cracks and contact the waste package. The applicant presented technical reasons for
excluding the potential of advective flow of water through cracks in a drip shield. These
involved (i) creep/stress relaxation in a drip shield (of Titanium Grade 7) could limit the
development and penetration of stress corrosion cracks; (ii) a small damaged area (less than
0.5 percent) on the drip shield surface from seismic-induced rockfall could limit the surface area
available for advective flow of seepage water; (iii) a low chance of large rockfall from the
lithophysal rock zone above the drip shield could cause sufficient stress corrosion cracks and
denting of a drip shield; (iv) a low chance of large rock-block falls from the nonlithophysal rock
zone above the drip shield could occur due to low probability of seismic events of sufficient
magnitude; (v) potential filling and plugging of stress corrosion cracks by mineral precipitates
and corrosion products could potentially limit the advective flow of water through a drip shield;
(vi) a low chance of perfect alignment of tight and tortuous cracks on a drip shield surface could
occur with impinging seepage drips from the drift wall; (vii) in the absence of drip shields, in less
than 10 percent of the waste packages, localized corrosion would be initiated (SNL, 2008ag,
Appendix O); and (viii) if leakage through a crack-damaged drip shield caused localized
corrosion of the waste package, only a small flux {4 mL/yr [0.244 in®/yr]} would directly flow into
the waste package, which would be insignificant from the repository performance standpoint
(SNL, 2008ab). Therefore, DOE excluded the FEP from the performance assessment model on
the basis of low consequence.

The applicant provided its low consequence screening justification in DOE (2009ab,

Enclosure 2). The applicant described that potential consequences to waste isolation are
insignificant even if stress corrosion cracks are assumed to penetrate the drip shield plates and
remain open to water flow, and if drift seepage flows through the cracks and contacts the waste
package during the thermal period. The applicant provided an additional probabilistic analysis
in DOE (2009ab, Enclosure 2) to compute the expected number of failed waste packages within
10,000 years on the basis of the assumption that (i) waste packages could be breached by
stress corrosion cracking as a result of seismic-induced, residual-stress damage to the drip
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shields and (ii) stress corrosion cracks on the drip shield remain open for 10,000 years and
seepage water flows through unplugged stress corrosion cracks. DOE concluded that the
additional number of failed waste packages would be too small to change dose estimates. In
addition, the applicant stated in DOE (2009ab, Enclosure 2, Sections 1.2 and 1.6) that
volumetric flow through open (unplugged) cracks is expected to be smaller than volumetric
seepage approaching drip shields and provided experimental evidence in DOE

(2009ab, Enclosure 2, Figure 1) to support this statement.

NRC Staff’s Review

The NRC staff reviewed the technical basis (SNL, 2008ab) and supporting information provided
by the applicant (BSC, 2004as; DOE, 2009ab, Enclosure 2), which are applicable to both this
FEP and FEP 2.1.03.02.0B, Stress Corrosion Cracking of Drip Shields. The NRC staff finds the
technical basis for exclusion of this FEP on the basis of low consequence to be adequate for the
same reasons provided under FEP 2.1.03.02.0B, Stress Corrosion Cracking of Drip Shields. In
its review of FEP 2.1.03.02.0B, the NRC staff noted that DOE quantified the additional number
of waste packages which could fail by stress corrosion cracking as a consequence of seepage
infiltrating the failed drip shields. DOE concluded that the additional number of failed waste
packages would be less than the number of failed waste packages for the early failure and
seismic fault displacement modeling cases. Given that the contribution to the total dose of these
latter cases is minimal, DOE concluded the dose contribution from the additional failed waste
packages by stress corrosion cracking would be negligible. In addition, the applicant pointed
out in DOE (2009ab, Enclosure 2, Sections 1.2 and 1.6) that volumetric flow through open
(unplugged) cracks is expected to be smaller than the seepage flow approaching drip shields.
The NRC staff finds the applicant’s conclusion on the flow reduction acceptable, because

(i) openings can act as capillary barriers to seepage water under unsaturated conditions and

(i) DOE provided experimental evidence for the flow reduction through cracks in DOE (2009ab,
Enclosure 2, Figure 1). Therefore, the NRC staff finds acceptable the applicant’s technical
basis to exclude FEP 2.1.03.10.0B, Advection of Liquids and Solids Through Cracks in the Drip
Shield, on the basis of low consequence.

FEP 2.1.06.04.0A, Flow Through Rock Reinforcement Materials in the Engineered
Barrier System

The applicant excluded Flow Through Rock Reinforcement Materials in the Engineered Barrier
System on the basis of low consequence (SNL, 2008ab) and supplemented its technical basis
for exclusion in DOE (2009cb, Enclosures 2 and 7). As defined by the applicant, this FEP
addresses the potential of groundwater flow to occur through the ground support materials, such
as wire mesh, rock bolts, grout, and liner. This FEP also evaluates the potential for ground
support or its degradation products to enhance or decrease seepage into emplacement drifts,
or to divert water flow within the drifts. In the performance assessment model, DOE assumes
that seepage is not affected by any rock reinforcement materials. For boreholes, FEPs
1.1.01.01.0B, Influx Through Holes Drilled in Drift Wall or Crown, and 2.1.06.04.0A, as defined
by the applicant, cover similar processes and features because open space will be present in
boreholes regardless of whether rock bolts degrade.

DOE stated plans to employ friction-type carbon steel rock bolts with plates, for use as
temporary ground support during construction of the emplacement drifts, to be left in place
between the rock and the permanent (Bernold-type sheets) ground support shown in SNL
(2008ad, Design Parameter Number 01-15). The applicant stated in the screening justification
that the seepage model indicates the presence of rock bolts does not lead to significant
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seepage enhancement. DOE supported this conclusion by assuming that (i) an open borehole
without grout acts as a capillary barrier to unsaturated flow; (ii) a cross-sectional area of the
rock bolt borehole, onto which flow may be incident, is small; and (iii) water which may have
flowed into the borehole can imbibe back into the rock along its length (assumptions also related
to FEP 1.1.01.01.0B, Influx Through Holes Drilled in Drift Wall or Crown). In addition, DOE
indicated that the Bernold-type sheets, which are bolted to the drift walls and roof, may divert
seepage. However, the applicant stated that this diversion may be limited as these sheets will
be perforated and the supporting rock bolts will degrade as outlined in SNL (2008ad, Design
Parameter 01-16). Therefore, DOE chose not to take credit for seepage diversion by the
Bernold-type liner sheets for the period before the liner would fully corrode.

DOE stated that neither the rock bolts used as temporary ground support nor those holding

the Bernold-type sheets will have a significant effect on the seepage flow rate. DOE also

noted that the ground support system is expected to degrade as a result of drift degradation
(BSC, 2004al). Therefore, the applicant described that excluding the temporary ground support
in the representation of seepage in the performance assessment model is a realistic
representation of the system with respect to groundwater flow into the drift. Therefore, DOE
excluded Flow Through Rock Reinforcement Materials in the Engineered Barrier System from
the performance assessment model.

NRC Staff’s Review

The NRC staff's evaluation for FEP 1.1.01.01.0B, Influx Through Holes Drilled In Drift

Wall or Crown, discussed previously in this SER section, also applies to the rock bolt aspect of
FEP 2.1.06.04.0A. The basis for excluding FEP 1.1.01.01.0B in DOE (2009cb, Enclosures 2
and 7) included the function of the drip shield, the effect on seepage rates caused by vapor flux,
and the uncertainty of capillary diversion in boreholes. Hence, for boreholes used for rock bolts,
the NRC staff finds that DOE provided an acceptable technical basis for excluding the FEP on
the basis of low consequence. The basis for this NRC staff’s finding is presented under the
NRC staff's evaluation of FEP 1.1.01.01.0B, Influx Through Holes Drilled in Drift Wall or Crown
in this SER section. For the Bernold-type sheets, the NRC staff finds acceptable the applicant’s
view that the water diversion capability of these engineered components should be neglected
because they may only partially divert seeping water from contacting the drip shield or waste
package until a time when the liners would fully corrode. Therefore, the NRC staff finds
acceptable the applicant’s technical basis to exclude the FEP Flow Through Rock
Reinforcement Materials in the Engineered Barrier System from the performance assessment
on the basis of low consequence.

FEP 2.1.06.06.0B, Oxygen Embrittlement of Drip Shields

The applicant excluded Oxygen Embrittlement of Drip Shields from the performance
assessment model on the basis of low probability (SNL, 2008ab) and supplemented its technical
basis for exclusion in DOE (2009ab, Enclosure 9). The applicant used this FEP to refer to
oxygen embrittlement as a potential failure mechanism for the drip shields, resulting from
diffusion of oxygen in titanium alloys. According to the applicant, oxygen embrittlement may
affect mechanical properties of the drip shield materials. The applicant’s screening justification
considered oxygen diffusion data at 300 °C [572 °F] by Rogers, et al. (1988aa), who used single
crystal, pure titanium to estimate the oxygen lattice diffusion coefficient in alpha-phase titanium.
The applicant considered oxygen lattice diffusion data to estimate oxygen penetration depth for
Titanium Grade 7 and concluded that any penetration depth would be minimal in 10,000 years.
The applicant used 300 °C [572 °F] as the bounding drip shield temperature for analysis of
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oxygen embrittlement. The applicant stated that the 300 °C [572 °F] temperature selected for
the analysis could only be exceeded in the case of a drift collapse and the probability of
conditions leading to drip shields exceeding 300 °C [572 °F] is about 1 in 10,000 within the first
10,000 years of disposal. Therefore, because of this low probability and minimal oxygen
penetration that may occur in 10,000 years, oxygen embrittlement of the drip shields was
deemed unlikely and this process was excluded from the performance assessment model on
the basis of low probability.

NRC Staff’s Review

The NRC staff reviewed the screening rationale and the applicant’s conclusion in DOE

(2009ab, Enclosure 9) and SNL (2008ab) that the penetration depth of oxygen would be
minimal in 10,000 years. The applicant cited the work of Liu and Welsch (1988aa) to support
the statement that for alpha-phase titanium (e.g., Titanium Grade 7), oxygen diffusivity is
independent of the form of the material (single crystal or polycrystalline) and mass transport of
oxygen is controlled by bulk diffusion through the alpha matrix (which is a slow process). For an
alpha-beta alloy such as Titanium Grade 29, the applicant cited additional work by Liu and
Welsch (1988ab) to support the statement that the properties of the alpha phase solely control
the overall oxygen embrittlement. Therefore, on the basis of its review of work the applicant
cited, the NRC staff finds that the use of the bulk diffusivity of oxygen through the alpha matrix
for the embrittlement calculation for both alpha (Titanium Grade 7) and alpha-beta (Titanium
Grade 29) alloys is acceptable. Also, the NRC staff concludes that DOE overestimated the
oxygen penetration depth due to the assumption of a constant temperature of 300 °C [572 °F] in
analyses in DOE (2009ab, Enclosure 9) and SNL (2008ab). The applicant’s results of
temperature computations for the drift-collapsed case indicate average waste package
temperatures below 300 °C [572 °F] (SAR Figure 2.3.4-98), implying drip shield temperatures
also below 300 °C [572 °F]. The NRC staff evaluates system temperature computations in

SER Section 2.2.1.3.6. The NRC staff finds acceptable the applicant’s conclusion that oxygen
penetration would be minimal on the basis of applicant’s computations at 300 °C [572 °F], which
indicate oxygen embrittlement of the drip shield is unlikely. Therefore, the NRC staff finds
acceptable the applicant’s technical basis to exclude the FEP on the basis of low probability.

FEP 2.1.07.02.0A, Drift Collapse

As defined by the applicant, this FEP considered nonseismic drift collapse; specifically, the
degradation of emplacement drifts that may result from the combination of excavation-induced
rock stress and thermal loading in the absence of significant seismic events. DOE considered
seismically induced drift collapse as a separate FEP that was included in its performance
assessment evaluation. Seismically induced drift collapse is reviewed as a model abstraction in
SER Section 2.2.1.3.2 and, hence, is not addressed in this subsection.

DOE stated degradation of waste emplacement drifts can occur from stresses that exceed the
strength of the rock mass surrounding the drift. These stresses are attributed to several causes.
One cause is excavation-induced stresses that are superimposed on the in-situ (geostatic)
stresses soon after the drifts are constructed. Another cause is thermally generated stresses.
After waste emplacement, thermal stresses develop in the rocks from heat generated through
radioactive decay of the emplaced waste. In addition, rocks under the influence of combined
mechanical and thermal stresses may experience a gradual weakening with time. Rocks can
be expected to fail when any of the stresses, individually or in combination, exceed the rock
strength. Such failures can cause a gradual accumulation of rubble on and around the
engineered barriers as a result of a continuing but slow process of rockfall. Alternatively, rocks
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above the emplacement drift could collapse due to a combination of all the stresses that exceed
the strength of the rock mass. (In this context, “rock mass strength” refers to the strength of the
larger volume of rock around the waste emplacement drift whose behavior under stress is
controlled by the presence of fractures, discontinuities, and cavities, as opposed to the strength
of a small-sized intact rock core sample measured in laboratory testing.) Both the gradual
accumulation of rubble and instantaneous collapses of massive rocks may have undesirable
consequences on the performance of the engineered barriers, depending on their magnitude
(e.g., small, medium, or large amounts of rockfall).

DOE characterized the rock properties and applied several analytical tools and numerical
models to assess the long-term behavior of rocks under coupled natural and repository-induced
processes as a function of time. Uncertainties in the long-term behavior of the rocks were
incorporated in the analyses.

The applicant stated that drift degradation could occur rapidly if the stress change is large
enough to cause instantaneous rock failure or gradually if the stress change is too small to
cause rapid failure but large enough to weaken the rock with time. DOE summarized its basis
for excluding drift collapse in SNL (2008ab). The applicant concluded that nonseismic drift
degradation would cause only minor, localized rockfall that results in insignificant impact on the
thermal and hydrologic conditions of the drift and minimal consequences to the engineered
barrier system components.

DOE addressed the analytical models it developed for lithophysal and nonlithophysal rock types
in BSC (2004al, Sections 6.3 and 6.4). The predominant surroundings of the emplacement
drifts consist of lithophysal rocks.

The applicant evaluated effects of post-excavation and thermal stresses in lithophysal rocks
using a two-dimensional, drift-scale discontinuum Voronoi block model when applying the
UDEC code (ltasca International, Inc., 2004ac) to analyze the mechanical behavior of drifts for
five rock-strength categories of lithophysal rock, as detailed in BSC (2004al, Section 6.4.2.1).
UDEC is a computer code used internationally by the rock mechanics and mining industries
both as a research tool and a design tool. There are numerous, extensively peer-reviewed
scientific papers and refereed journal articles on the use of UDEC code. In its implementation
of the UDEC code, DOE chose the discontinuum Voronoi approach because the model allows
computation of both the time-dependent stress-strain response of rock to thermal loading and
the dynamic response of the rock mass under seismic events that can lead to rockfall.

The processes considered within the Voronoi domain are gravitational stresses,
excavation-induced stresses, thermally induced stresses, and time-dependent strength
degradation. Under the defined model domain and boundary conditions, the UDEC-Voronoi
model is used to calculate mechanical response of the Voronoi domain to a set of

imported temperature distributions that are updated at 45 discreet timesteps to cover a
10,000-year period. Based on its analyses, the applicant provided the bases to support the
exclusion of drift collapse due to non-seismic causes (such as a combination of thermal and
excavation-induced stresses, taking into account any time-dependent weakening of rocks).

NRC Staff’s Review
The NRC staff evaluated the applicant’s analyses and calculations supporting its screening
basis and its use of bounding or representative estimates for the consequences. The NRC staff

performed independent calculations using analytical tools and numerical models to scope
potential issues and to verify or confirm the applicant’s conclusions (Cao, 2010aa). In
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evaluating the applicant’s technical basis for excluding the FEP, the NRC staff also considered
its independent prelicensing analysis (Ofoegbu, et al., 2007aa).

DOE summarized its basis for excluding drift collapse in SNL (2008ab). DOE provided detailed
supporting analyses in BSC (2004al). DOE also supplemented its technical basis, in responses
to NRC staff’'s RAI, in DOE (2009ae, Enclosures 1-8; 2009cd, Enclosure 1; 2009ce,

Enclosure 1-2; 2009cf, Enclosure 1; 2009cg, Enclosure 1; 2009ch, Enclosure 1). On the basis
of the NRC staff’s review of that information, the NRC staff focused its detailed review on the
following aspects of the DOE model that are important in estimating rock response to post-
excavation and thermal stresses:

Characterization of rock mechanical and thermal properties
Model domain and boundary conditions

Initial stress state and rock temperature inputs

Block size and shape in the Voronoi domain

Parameter uncertainty and model calibration

Model results (extent and timing of rockfall)

Model support and consistency with available observations
Treatment of time-dependent failure

Alternative conceptual models

The following subsections summarize DOE’s approach and the NRC staff's evaluations for each
of these aspects of the DOE technical basis and conclusions for excluding this FEP.

Characterization of Rock Mechanical and Thermal Properties

The Yucca Mountain site-specific geologic characterization of the rock units was accomplished
by geologic mapping of the Topopah Spring Tuff, which was identified as the host rock. The
Topopah Spring Tuff includes both lithophysal and nonlithophysal rock units. Approximately

15 percent of the emplacement block consists of nonlithophysal rocks that are hard, strong,
fractured masses. The remaining 85 percent of the repository block consists of lithophysal
rocks that are more deformable with lower compressive strength than the nonlithophysal units.
Different rockfall analysis methods were used for these two rock types (SNL, 2008ab). Because
the emplacement drifts consist of predominantly lithophysal rocks, the NRC staff focused its
review of DOE’s technical basis for excluding drift collapse in lithophysal rocks.

DOE performed laboratory and in-situ testing to derive the mechanical and thermal properties
of the lithophysal rocks used in its analysis. The mechanical and physical properties included
elastic moduli, unconfined and triaxial compressive strength, tensile strength, density, porosity,
normal and shear stiffness, and shear strength. The geometric rock fracture properties included
dip and dip direction, spacing, length, surface roughness, and microstructure. These properties
were obtained from laboratory tests of small- and large-diameter cores. The rock mass
strength properties were established by in-situ measurements. Thermal properties measured

in the laboratory and in situ included thermal conductivity, thermal expansion coefficient, and
heat capacity.

The applicant studied the time dependence of intact rock strength. These parameters

(e.g., static-fatigue data at given environmental conditions of moisture and temperature) were
used in the time-dependent drift degradation calculations to define the rate of strength decay as
a function of stress state. The effects of sample size, anisotropy, and sample saturation were
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studied. DOE demonstrated that the unconfined compressive strength decreases with
increases in sample size. DOE reported a maximum anisotropy of 10 percent in the average
matrix moduli, which, according to DOE, is a second-order effect compared to the effect of
lithophysae (voids within the rock mass) and fracturing on moduli and strength, as described in
BSC (2004al, Appendix E). The applicant also found that the variability in elastic and strength
properties is not a function of lateral or vertical position within the repository host horizon, but
primarily is a function of porosity of the samples (BSC, 2004al). The applicant accounted for
uncertainty in modeling the time dependence of intact rock strength by bounding the range of
rock mechanical properties as a function of porosity, temperature, and saturation.

DOE stated that the major difference in fracture characteristics between the nonlithophysal and
the lithophysal rocks is the trace, or fracture length. For the nonlithophysal rocks, the average
fracture length is greater than or equal to 1 m [3.28 ft]; for the lithophysal rocks, fracture
lengths average less than 1 m [3.28 ft]. The abundant small-scale fractures in the lithophysal
rocks result in the weaker nature of this rock, and the potential failure will be in a raveling mode
that results in generally small block sizes. The major fracture differences between lithophysal
and nonlithophysal rocks influenced DOE's choice for the numerical codes used for the drift
stability analyses.

The thermal properties of the lithophysal rocks were derived from laboratory and field
measurements (BSC, 2004al). To account for the uncertainty in the thermal properties,
DOE used a coefficient for intact rock in the thermal-mechanical rockfall analysis, which
DOE concludes leads to larger and, hence, conservative, thermally induced stresses
(BSC, 2004al, Appendix E).

A commercial discontinuum numerical model (particle flow code PFC2D; Itasca International,
Inc., 2004ab, as described in BSC, 2004al) was used to evaluate the effect of lithophysal size,
shape, and distribution on the variability of the mechanical properties. This numerical analysis
simulates the basic deformation and failure response mechanism of lithophysal tuff

(BSC, 2004al). Bounding ranges for mechanical properties were established using this method.
To determine rock-strength characteristics, DOE combined the modeling results of the particle
flow code with the laboratory test data. The unconfined compressive strength was plotted as a
function of the Young’s modulus in BSC (2004al, Appendix E). The analysis identified a lower
bound strength cutoff at 10 MPa for lithophysal rocks. The sensitivity studies using models
found that instability would be expected to occur if the in-situ rock strength was below about

10 MPa (BSC, 2004al, Appendix E). DOE supported this conclusion with field observations
from the existing Exploratory Studies Facility and the Enhanced Characterization of the
Repository Block cross-drift tunnels. Hence, this strength—Young’s modulus plot is used as the
basis for dividing the lithophysal rocks into five strength categories for rockfall modeling. DOE
stated in BSC (2004al, Section 6.4.1.2) that the lowest ranges of strength categories with
porosity greater than 20 percent likely underestimate the true rock-mass strength.

NRC Staff’s Review of Characterization of Rock Mechanical and Thermal Properties

The NRC staff reviewed the methods described in BSC (2004al) and finds that the applicant
followed standard industry practices and methods for host rock characterization. The
mechanical and thermal properties of the rocks were acquired through laboratory and field tests
with samples and/or sites to adequately characterize uncertainty in relevant parameters. The
NRC staff finds acceptable the applicant’s use of numerical analyses to supplement laboratory
data and field measurements because of the practical limitations of obtaining large samples in
weakly coherent lithophysal rocks. The NRC staff reviewed the applicant’s use of the PFC2D
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modeling code (Itasca International, Inc., 2004ab, as described in BSC, 2004al) to simulate
deformation and failure response mechanisms of lithophysal rocks. The NRC staff finds this
modeling approach acceptable, because the applicant applied standard industry practices and
qualified methods, as detailed in BSC (2004al, Section 3), for characterizing the rock properties.
The data uncertainty and their natural variability were captured and used in the numerical
modeling to analyze drift stability.

In a RAI, the NRC staff asked DOE how uncertainties in stress-strain relationships for
lithophysal rocks were characterized by the number of laboratory tests conducted, as outlined in
DOE (2009ce, Enclosure 1). DOE (2009ce, Enclosure 1) provided additional details on the
stress-strain relationships for lithophysal rocks, which showed that the tested rocks have a more
ductile response (i.e., less prone to failure at peak stress) than the simulated rock mass in the
UDEC (ltasca International, Inc., 2004ac), as described in BSC (2004al) models. The NRC staff
reviewed this information and concluded that uncertainties in the stress-strain relationships for
lithophysal rocks would not affect the model results significantly, because DOE represents the
modeled rock mass as more prone to brittle failure than the actual rock mass.

Model Domain and Boundary Conditions

DOE used the NUFT thermo-hydrology continuum model (Lawrence Livermore National
Laboratory, 1998aa), as described in BSC (2004al), to simulate the two-dimensional, drift-scale,
thermal-hydrologic behavior and the FLAC 2-D continuum code (ltasca International, Inc.,
2004aa), as described in BSC (2004al), to calculate thermally induced stresses. DOE used the
UDEC 2-D discontinuum computer code (ltasca International, Inc., 2004ac) as described in
BSC (2004al) for the drift stability analysis in lithophysal rock because the discontinuum
approach best represented the highly fractured character of the lithophysal rock. In the UDEC
lithophysal rockfall model, the region around the drift, where inelastic deformation is expected to
occur, is discretized into blocks using a relationship called Voronoi tessellation. The Voronoi
model was used to represent the random orientations of the rock blocks. DOE obtained the
specified average dimension from the characterization of the rocks. In the UDEC model, the
Voronoi block domain around the drift is bounded by large, continuous blocks with elastic
properties. The temperature-time history from NUFT was mapped onto the UDEC grid blocks.
To assess the repository edge effects and topographic influences on the temperature and
thermal stress distributions, DOE performed coupled, three-dimensional (multiple drifts),
regional- and drift-scale calculations using FLAC3D [three-dimensional continuum code; Itasca
International, Inc., 2004aa)], as described in BSC (2004al).

A coupled three-dimensional regional- and drift-scale thermal-mechanical calculation was
conducted to support the two-dimensional drift-scale calculation. The three-dimensional
analysis was performed in two steps. First the regional scale thermal-mechanical calculation
was used to calculate the temperature and stress changes on the entire mountain. Then the
detailed local scale [also called large scale in BSC (2004al, Appendix C)] thermal-mechanical
analysis was performed such that the boundary conditions for temperature and stresses were
obtained from the regional-scale calculation, as outlined in BSC (2004al, Section 6.2).

The temperatures and stresses calculated by the drift-scale model (NUFT-FLAC results), in
which simplified rigid boundary conditions (zero displacement) are assumed for the vertical and
bottom boundary planes, were compared with the coupled, three-dimensional, regional- and
drift-scale model (FLAC3D results). The comparison demonstrated that the simplified rigid
boundary condition used in the two-dimensional drift-scale model resulted in higher horizontal
stresses compared to the three-dimensional regional model, especially at the repository edge
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where the confinement and temperatures are less than in the middle of the repository.
Therefore, DOE concluded in BSC (2004al, Section 6.2) that the two-dimensional model
provides conservative conditions for use in the drift degradation analyses.

In the drift-scale calculation, a symmetric boundary condition is applied on a vertical plane
halfway between the emplacement drifts. This modeling technique results in zero
displacements (i.e., full confinement) perpendicular to the boundary and zero heat flux across
the boundary, as described in BSC (2004al, Section 6.2). These boundaries account for the
symmetry of mechanical behavior on either side of the vertical plane between parallel drifts,
assuming that parallel drifts undergo similar thermal loads. The applicant compared the
stresses calculated using these boundary conditions to stresses from the coupled regional- and
drift-scale calculations. On the basis of this comparison, DOE concluded in BSC (2004al,
Section 6.2) the vertical boundary conditions in the UDEC—Voronoi model overestimate the
thermal stress for drifts near the margins of the repository area.

The bottom boundary of the UDEC—Voronoi model is also fixed, which treats the underlying
Earth’s crust as a rigid body. The top of the model is assigned a constant-stress

boundary condition, fixed at the estimated vertical in-situ stress at a 300-m [984-ft] depth. In
BSC (2004al, Appendix W), DOE provided sensitivity analyses that show the calculated
stresses at the drift walls are insensitive to extension of the model boundaries beyond the
distances considered in the current models.

NRC Staff’s Review of Model Domain and Boundary Conditions

The NRC staff reviewed the details of the applicant’s numerical models and related calculations
used to determine boundary conditions. The NRC staff finds that the computer codes
(NUFT-FLAC and UDEC) the applicant used in the thermal-mechanical boundary calculations
are well tested and widely used in geotechnical industries and research communities.

To evaluate the acceptability of the codes used by DOE’s and the associated boundary
conditions, the NRC staff conducted confirmatory thermal-mechanical calculations (Cao,
2010aa) using analytical and finite element methods (Abaqus computer code; Dassault
Systemes Simulia Corp., 2009aa) for a single heated drift. The NRC staff used the analytical
solution of Kirsch (Jaeger, et al., 2007aa) for a circular tunnel as the sum of in-situ stress and
excavation-induced stress and then added the thermal stress, which was calculated by solving
the Laplace equation assuming symmetrical temperature distribution in the radial direction.
Using this approach, the NRC staff calculated similar stress values at the crown and sidewall
areas, as the applicant analyzed in BSC (2004al, Figures 6-31 to 6-33), when boundary
conditions similar to the DOE UDEC—-Voronoi model were used.

The NRC staff's confirmatory calculation with the rigid boundary condition shows that horizontal
stresses are overestimated for drifts near the edge of the repository in DOE’s calculations
(BSC, 2004al). By using a fixed boundary condition for the UDEC—-Voronoi model, DOE does
not allow for potential horizontal expansion to reduce the accumulation of horizontal stress from
thermal expansion of the rock. The NRC staff finds the use of fixed vertical boundaries in the
DOE model acceptable, because this assumption will not underestimate the potential effects of
thermal stress on rocks surrounding the heated drifts.

The NRC staff reviewed the technical details of DOE’s analyses, presented in BSC

(2004al, Appendix W), to determine whether the boundary conditions in DOE’s model were
appropriately selected. The NRC staff notes that the model boundary below the drift is located
within the outer limits of the thermally disturbed zone around a drift. This implies that some
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component of thermal expansion may not have been fully captured in the model. However, any
thermal expansion in this zone does not influence the rockfall estimates significantly, because
only a small increase in rock stress would be expected. On the basis of its review of the
sensitivity analyses DOE provided, the NRC staff finds the magnitude of that potential
component is negligible and would not significantly affect the calculated stresses near the drift.
The NRC staff finds the dimensions of the DOE model domain are sufficient, because
consideration of an extended region does not affect significantly the potential effects of thermal
stress on rocks surrounding heated drifts.

Initial Stress State and Temperature Inputs

The DOE model assesses the preexcavation in-situ stresses of 7 MPa vertical and 3.5 MPa
horizontal for all simulations. The vertical component represents the stress at an overburden
depth of 300 m [984 ft], and the horizontal component is simplified to be 3.5 MPa on the

basis of an average horizontal-to-vertical stress ratio of 0.5, as identified in BSC

(2004al, Section 6.3.1.1). To obtain the postexcavation equilibrium state as the initial condition
for the thermal simulations, DOE performed a quasi-static simulation in which the
preexcavation stresses are applied and the model is allowed to equilibrate, as detailed in

BSC (2004al, Section 6.4.2.2). Once the initial postexcavation stress state is established,
spatial temperature distributions are mapped onto the model grid blocks and updated for

45 discreet timesteps as a function of time over the 10,000-year simulation period. The
temperature inputs as a function of time are derived from the drift-scale model using the

NUFT code [Lawrence Livermore National Laboratory (1998aa), as outlined in BSC

(2004al, Appendix U)], and interpolated onto the UDEC model grid. The UDEC-Voronoi model
then computes changes in stress state with each update in temperature input for each of

the timesteps.

NRC Staff’s Review of Initial Stress State and Temperature Inputs

The NRC staff reviewed DOE's evaluation of the initial stress state at the repository horizon.
By a simplified confirmatory calculation, using rock density and distance from the surface to the
drift, the NRC staff reproduced DOE’s results and therefore finds DOE’s analysis of the
average vertical load of 7 MPa acceptable for the lithostatic stress at a depth of 300 m

[984 ft] beneath Yucca Mountain. The NRC staff reviewed the references DOE cited in

BSC (2004al, Section 6.3.1.1) regarding measurements of in-situ horizontal stress at

Yucca Mountain. The referenced literature indicated the horizontal component of in-situ stress
from hydraulic fracturing measurements is likely to be 1-2 MPa lower than DOE assumed. The
NRC staff finds DOE’s use of 3.5 MPa acceptable, because a 1-2 MPa overestimate in the
in-situ horizontal stress would increase the magnitude of horizontal stress from thermal effects
and, hence, overestimate the potential for rockfall.

DOE calculated the temperature inputs for the UDEC model using a detailed flow and

transport code. The NRC staff performed confirmatory temperature calculations using an
alternative flow and transport code (Manepally, et al., 2004aa). By comparison to NRC staff’s
independent temperature calculations, the NRC staff determined that the DOE temperature
inputs to the UDEC model are acceptable and would not underestimate the thermal response of
the heated drifts.
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Block Size and Shape in the Voronoi Domain

In DOE (2009ae, Enclosure 2), DOE’s evaluation of the rock types concluded that a relatively
ductile and highly jointed rock mass will fail and separate from the main body preferentially
along existing discontinuities, such as fractures and joints, will intersect lithophysal cavities, and
will crumble. In a brittle, nonlithophysal rock mass, new fractures are expected to penetrate
intact rock blocks. Therefore, DOE concluded in DOE (2009ae, Enclosure 2) that thermal
expansion of the Topopah Spring lower lithophysal tuff could result in movement along existing
joints and deformation of lithophysal voids, whereas thermal expansion of the Topopah Spring
nonlithophysal tuff could cause spalling of platy rock fragments from drift walls along newly
created fractures.

To represent the lithophysal tuff, DOE used a Voronoi tessellation approach in the UDEC
model (ltasca International, Inc., 2004ac) to generate a series of model elements that
represent random blocks of rock surrounding the drift opening, as described in

BSC (2004al, Section 6.4.2.1). The interfaces between the blocks are intended to represent the
approximate spacing and random nature of existing fractures and voids in the lithophysal rock.
The blocks average 30 cm [11.8 in] in diameter and are relatively uniform in size, with

the largest blocks being twice the size of the smallest blocks, as outlined in DOE

(2009ae, Enclosure 2). DOE concluded that an average 30-cm [11.8-in] block diameter is
representative of the internal discontinuities (i.e., fractures and voids) within the lithophysal tuff.
DOE conducted sensitivity analyses using average block sizes of 20 cm [7.9 in], as detailed in
BSC (2004al, Sections 6.4.2.3.1 and 7.6.7.1); 10 cm [3.9 in], as outlined in DOE

(2009ae, Enclosure 2); and 4 cm [1.6 in], as identified in DOE (2009ch, Enclosure 1). Although
some realizations showed a small increase in the amount of fracturing and rockfall with
decreasing average block size, DOE concluded these small increases are not significant with
respect to the engineered barrier system performance. DOE concluded that the results of

the UDEC analyses are insensitive to variations in average block size from 4 to 30 cm

[1.6 to 11.8in].

NRC Staff’s Review of Block Size and Shape in the Voronoi Domain

The NRC staff reviewed DOE’s technical basis used to represent lithophysal rock in the UDEC
model. The NRC staff evaluated DOE’s conclusion in DOE (2009ae, Enclosure 2) that yielding
in heated lithophysal tuff should occur preferentially on existing structural discontinuities
because the strength of the intact blocks is at least twice the strength of the discontinuous rock
mass. The NRC staff finds DOE’s conclusion, outlined in BSC (2004al, Section 7.6.5.1),
acceptable because fractures are distributed in a manner that rock movement associated with
thermal expansion can be accommodated by slippage along a fracture path composed of
coalescing “potential fractures” to form a distinct separation plane. Hence, the NRC staff
reviewed how DOE’s model represents yielding of the rock mass along an organized fracture
network that is oriented appropriately to the applied stress.

Although DOE represents block surfaces in the Voronoi model as randomly oriented

with effective blocks on the order of 30 cm [11.8 in], DOE characterized, in BSC

(2004al, Section 7.3.2), the Topopah Spring lower lithophysal tuff as having primarily vertical
fractures with spacing between the fractures on the order of several centimeters. DOE provided
additional basis for its conclusions in DOE (2009ae, Enclosure 2), describing that the presence
of lithophysal voids creates a generally isotropic rock mass. How such voids randomized the
potential effects of a strongly vertical anisotropy in the rock mass was addressed in DOE
(2009ch, Enclosure 1). The applicant stated that visually apparent anisotropy does not affect
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damage and the mechanics of fracturing of the drift crown where the major principal stress and
stress-induced fractures are normal to the subvertical fractures. The NRC staff finds this
response acceptable because at the crown area, the horizontal stress causes fracturing, and
hence the rock deformation is not affected by the vertical fractures. Therefore, the model will
not underestimate the magnitude of rockfall. The applicant also provided observations to
demonstrate the random locations and shapes of the lithophysae and the close spacing and
short trace lengths of fractures, indicating that a homogeneous, isotropic model provides a
reasonable model of the lithophysal unit. The size of the internal structure and spacing of
fractures is much smaller than the size of a drift, and therefore the NRC staff finds DOE’s
conclusions with respect to the drift-scale behavior of rock degradation acceptable.

DOE (2009ae, Enclosure 4) analyses showed that the crown of the heated drifts has an
overstressed zone which is approximately tens of centimeters thick. This overstressed zone is
spanned by only one or two Voronoi blocks in DOE’s model. The NRC staff noted that,
according to the applicant’s analyses, a larger number of blocks might be needed to form

a coherent network of surfaces to represent yielding within the rock mass (BSC, 2004al,
Section 7.6.5.1). Because of the random distribution of block surfaces in the UDEC model, it
was not clear that a coherent fracture network could form within the thin, overstressed zone.
Although some block surfaces are oriented to allow yielding, these surfaces usually terminate
against adjacent block boundaries that cannot yield. Hence, movement along the yielding
surfaces is effectively transferred to elastic strain along nonyielding blocks within the
overstressed zone. The elastic strain within the nonyielding blocks inhibits the formation of a
coherent fracture network within the overstressed zone, which is necessary to represent
potential yielding within the rock mass, as identified in BSC (2004al, Section 7.6.5.1). In
response to an NRC RAI, DOE addressed this issue in DOE (2009ch, Enclosure 1).

In DOE (2009ch, Enclosure 1), DOE reduced the average size of the discretized blocks to 4 cm
[1.6 in]. This sensitivity analysis simulated a larger number of small-scale fractures, resulting in
minor rockfall, but leading to the same depth of fracturing as the models with larger block sizes.
This result is consistent with the NRC staff's confirmatory calculation (Cao, 2010aa), in which
the balance between the confined rock strength and the total applied stress, thermal and in situ,
determines the rockfall depth. When the rockfall reaches a certain depth, where the balance is
achieved, the self-arresting of rockfall is also reached. DOE’s response clarified that a coherent
fracture pattern forms when the block size is much smaller than the dimension of the
overstressed zone. The fracturing may not be coherent if the block size is comparable to the
dimension of the overstressed zone, but the failure will still be evident in the UDEC—Voronoi
block model. This is true even if there are only two blocks in the zone width. The applicant
emphasized that the 20- to 30-cm [7.9- to 11.8-in] block sizes are appropriate because of the
existing average spacing of the “preexisting” discontinuities in the rock. Hence, the rocks would
result in incoherent fracture pattern with minor rockfall. On the basis of these evaluations, the
NRC staff finds that the quantity of rockfall is not underestimated when implementing the
average block size adopted in DOE analyses.

Parameter Uncertainty and Model Calibration

In BSC (2004al, Sections 7.6.3 and 7.6.4), DOE described the approach used to calibrate the
Young’s modulus and unconfined compressive strength of the rock mass modeled to the
expected characteristics of the lithophysal rock. Five rock-strength categories were considered
in the calibration to represent the range of values for estimated Young’s modulus in the
lithophysal rock. For each of the five rock-strength categories considered, DOE used a

mean value for unconfined compressive strength as indicated in BSC (2004al, Appendix E,
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Figure E-13). DOE then adjusted four Voronoi block interface properties to achieve the
calibration: (i) cohesion, (ii) friction angle, (iii) normal stiffness, and (iv) shear stiffness. The
calibration was repeated iteratively until the UDEC model reasonably reproduced the mean,
unconfined compressive strength and mean Young’'s modulus for each rock-strength category.
Separate calibrations were performed using different values of mean block size. A 30-cm
[11.8-in] average block size was used for the screening analysis. Models with average block
sizes of 20 cm [7.9 in] in BSC (2004al, Sections 6.4.2.3.1 and 7.6.7.1) and 10 cm [3.9 in] in
DOE (2009ae, Enclosure 2) were developed for sensitivity analyses to ensure convergence

of results.

A potentially important uncertainty in the DOE model is the representation of spatial variability in
rock properties. DOE addressed this uncertainty by developing calibrated models for five
different rock-strength categories, which are distinguished by different values of rock mass
modulus. In conducting its calibration, DOE used the mean value of unconfined compressive
strength as the calibration target for each selected value of rock mass modulus. DOE data
presented in SAR Figure 2.3.4-30, on the other hand, showed a range of potential values of
unconfined compressive strength for a given value of rock mass modulus [also discussed in
detail in BSC (2004al, Appendix E, Figure E-13)]. DOE stated (SAR p. 2.3.4-73) that a number
of parametric studies were conducted in which the Young’s modulus and strength parameters
were varied to account for the reasonable bounding ranges of lithophysal and nonlithophysal
rocks. However, a minimum value of 10 MPa was chosen for the unconfined compressive
strength in DOE’s parametric studies as explained in DOE (2009cd, Enclosure 1).

NRC Staff’s Review of Parameter Uncertainty and Model Calibration

The NRC staff reviewed the results of DOE’s analyses using the lower bound

strength and Young’'s modulus for rock mass Categories 2, 3, 4, and 5, as outlined in

DOE (2009cd, Enclosure 1). The NRC staff finds that not including Category 1 rocks in the
parametric analyses is acceptable because Category 1 rocks only constitute a small percentage
of lithophysal rock mass. The NRC staff also finds acceptable that DOE did not consider lower
unconfined compressive strengths and chose 10 MPa as the minimum unconfined compressive
strength for Categories 2 and 3 in its parametric studies, because the observed large-scale rock
behavior in the Exploratory Studies Facility (ESF) and the Enhanced Characterization of
Repository Block (ECRB) Cross Drift supports DOE’s approach. DOE’s statement that ESF and
ECRB drifts would have shown extensive damage and significant amounts of rockfall if the
unconfined compressive strengths were closer to the lower bound values than the mean values
(i.e., much less than 10 MPa) is, therefore, acceptable. Further, the NRC staff compared the
results of the analyses using lower bound values with analyses that used mean values and
concludes there is no significant difference in the amount of rockfall calculated using either
parameter set, as shown in DOE (2009cd, Enclosure 1, Figures 9-12). Therefore, the NRC
staff concludes DOE has acceptably accounted for uncertainty in rock properties that are
important in the UDEC—Voronoi model.

The NRC staff also reviewed DOE's calibration of the Voronoi block model, which showed that
the model was capable of reproducing the axial splitting mode of failure of a typical unconfined
compressive strength test conducted in the laboratory (BSC, 2004al). In addition, the model
was able to duplicate the stress-strain curves, including postpeak failure behavior and brittle
response of the test specimen. The NRC staff finds that the calibration demonstrated in DOE
(2009cd, Enclosure 1,Figures 2—8) supports the use of the model for the parametric analyses as
well as for calculating the amount of rockfall as a time- and temperature-dependent process.
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Model Results

The applicant conducted extensive modeling studies to estimate the timing and extent of
thermal drift degradation. The following summarizes DOE’s modeling results:

. The combined in-situ and thermal mechanical stress reached in the drift crown is about
7 MPa for Category 1 and about 37 MPa for Category 5 lithophysal rocks, respectively,
as shown in BSC (2004al, Figures 6-142 and 6-144).

. These stress values can, in some conditions, slightly exceed the unconfined
compressive strength of lithophysal rock.

. The elastic stress paths cover a time range of 10,000 years’ variation of temperature.

° The amount of thermally induced rockfall is small for all five categories of
lithophysal rocks.

. Basic rock mechanics principles show that the potential for the thermally induced rockfall
process should cease at a short distance from the drift wall into the rock, where the
confined strength of the rock is greater than the sum of mechanical and thermal
stresses.

NRC Staff’s Review of Model Results

To evaluate the amount of stress likely produced during thermal heating of the rocks
surrounding the drifts, the NRC staff conducted confirmatory calculations using the Abaqus
continuum model (Cao, 2010aa). The results of these calculations reasonably represented the
stress levels DOE calculated for different categories of lithophysal rocks. The stress level for
Category 1 rocks remains below the strength of the rock. Consequently, rockfall is not expected
to occur for Category 1 rocks. The NRC staff’s analyses confirmed that for lithophysal rock
Categories 2-5, compressive stresses in some parts of the drift wall can exceed the unconfined
compressive strength of the rock mass.

The NRC staff reviewed the results of UDEC—Voronoi simulations that showed limited amounts
of rockfall occur when an overstressed zone (i.e., where horizontal compressive stress may
exceed the unconfined compressive strength of the rock) develops in the drift wall. The NRC
staff's confirmatory calculations (Cao, 2010aa) showed that an overstressed zone is expected to
occur within the first tens of centimeters of the drift wall, which is comparable to the depths
calculated in DOE (2009cd, Enclosure 1).

The NRC staff focused on evaluating the reasonableness of DOE model results that showed
only limited amounts of rockfall can occur in the overstressed zone. The UDEC-Voronoi model
relies on accommodating some degree of rock stress by movement along the interfaces
between adjacent blocks. When the applied stress exceeds the ability of the blocks to move,
the interfaces can fail and blocks can separate from the modeled rock mass. In a request for
additional information, the NRC staff asked whether the block size in the UDEC—Voronoi

model was small enough to capture a through-going failure of adjacent blocks within the
narrow overstressed zone. In response, DOE provided supplemental analyses in

DOE (2009ch, Enclosure 1) that demonstrated failure patterns in models with 4-cm [1.6-in]
average block sizes are comparable to failure patterns in models with larger block sizes. The
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NRC staff reviewed these results and concludes the UDEC—Voronoi model is capable of
representing block failure in the overstressed zone for average block sizes that range from 4 to
30 cm [1.6 to 11.8 in].

The NRC staff evaluated information provided in DOE (2009ae, Enclosure 5) that further
explained why failure of the rock mass is expected only in a thin zone around the drift walls.
The NRC staff’s confirmatory calculations (Cao, 2010aa) verified that local block failure at the
drift wall should cause stresses to redistribute and accumulate farther outward from the drift
surface, where the rock mass is confined and more resistant to failure. Hence, as blocks fail
along the overstressed zone on the drift wall, the stress concentration is expected to shift
outward from the drift wall into areas where the resistance to failure is higher due to
confinement. The NRC staff concludes that this process reasonably explains why only a limited
amount of rockfall is expected from thermal-mechanical effects on lithophysal rocks.

In reviewing the UDEC-Voronoi model results, the NRC staff observed that some blocks appear
to maintain cohesion with adjoining blocks when the interface between the blocks is in an
apparent state of failure. DOE provided additional information in DOE (2009ce, Enclosure 2) to
show that although some part of the interface failed, some other parts of the interface retained
sufficient strength to support the hanging block. Blocks also can remain intact if the geometry of
adjacent blocks continues to support the block after an interface has failed, as shown in DOE
(2009ce, Enclosure 2). The NRC staff reviewed the results of DOE’s calculation showing that
the UDEC code appropriately analyzes cohesion within adjoining blocks (i.e., beam support)
and finds the UDEC—-Voronoi model appropriately calculates limited amounts of rockfall as
occurring from the overstressed zone in the drift walls.

The NRC staff conducted confirmatory calculations to support the conclusion that DOE has
appropriately calculated only limited amounts of rockfall from the thermal-mechanical effects of
waste emplacement (Cao, 2010aa). For example, Kaiser, et al. (2000aa) showed rocks that are
subject to spallation (i.e., an assumed mode of failure from thermal-mechanical effects on the
drift wall) typically form inverted v-shaped notches in the drift crown that limit the extent of
rockfall. The NRC staff used the Abaqus computer program to evaluate the differences in
stress conditions between a circular drift and a circular drift with an inverted v-shaped notch.
The NRC staff’s analysis confirmed that the presence of the v-shaped notch would lead to
self-arrest of spallation, because the tangential stresses on both sides of the notch were
released due to either confinement loss or physical expansion/deformation and resultant stress
release. The v-shaped notch had a dimension approximately equal to the depth of the
overstressed zone above the crown. Tangential stresses in the plane of the tunnel were
compared to the confined or unconfined rock strength, as appropriate. The calculation shows
that even if the thermo-elastic stresses exceed the unconfined compressive strength of the rock,
as the failure zone narrows, the intact zone above the failed zone provides higher strength due
to confinement. This condition either limits or entirely prevents further failure or considerably
delays the process and eventually self-arrests the degradation process (i.e., no rockfall). Both
DOE’s results and the NRC staff's independent calculations show that the thermal degradation
should significantly slow down and eventually cease within one radius of depth into the drift’s
roof. Based on the NRC staff’'s confirmatory calculation, the NRC staff finds acceptable DOE’s
model results that under the repository mechanical and thermal stress conditions, the confined
rock strength at one radius depth is more than twice the unconfined compressive strength.
Therefore, for rock Categories 2 to 5, the NRC staff determines that thermal degradation would
be limited to depths shallower than one radius above the drift's crown.
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Model Support and Consistency With Available Observations

DOE supported the use of the UDEC-Voronoi model in the thermo-mechanical

analyses through four investigations, as identified in BSC (2004al, Section 7.6.5). DOE
compared modeled failure mechanisms to large-core lithophysal sample failure mechanisms
observed in the laboratory. DOE concluded that the UDEC model could simulate the observed
patterns of fracturing due to (i) the axial splitting failure mode of lithophysal samples in
unconfined compression tests and (ii) the measured strength and Young’s modulus of the
samples. Modeled drift-scale fracturing of the lower lithophysal tuff in the Enhanced
Characterization of the Repository Block Cross-Drift also compared favorably to observations of
stress-induced tunnel sidewall fracturing in the Enhanced Characterization of the Repository
Block Cross-Drift.

DOE conducted detailed modeling of the Drift-Scale Heater Test to determine whether the
UDEC model could reasonably represent the spallation of nonlithophysal tuff observed during
the test. Small amounts of spallation from the drift crown were observed during the heater tests.
Once the UDEC model was calibrated to appropriate Topopah Spring nonlithophysal tuff
characteristics, the model was able to calculate small amounts of rockfall from the

overstressed crown of the heated drift. DOE provided additional details of this analysis in

DOE (2009ae, Enclosure 7), including quantification and favorable comparison of the calculated
and observed amounts of rockfall for this test.

DOE used a continuum-based approach to model elastic and inelastic rock stress for a range of
conditions representative of heated drifts, as described in BSC (2004al, Section 7.6.5.4).
Although DOE does not consider continuum-based models as appropriate for calculating
rockfall due to thermal-mechanical processes, as identified in BSC (2004al, Section 7.4.1), DOE
concluded that both the continuum and the discontinuum (UDEC) models appropriately
represent stress distributions prior to reaching the yielding point of the rock.

DOE supported the use of the calibrated rock-mass characteristics by comparing laboratory
experiments of lithophysal rocks, as detailed in BSC (2004al, Section 7.6.4). DOE stated in
BSC (2004al, p. 7-61) that the number and types of laboratory and in-situ experiments were
insufficient to describe the complete constitutive behavior of the lithophysal tuff with a high
level of confidence, particularly in the postpeak strain range and for confined conditions.
Consistent with common engineering practice, DOE analyzed the continuum constitutive
Mohr-Coulomb models ranging from perfectly plastic to perfectly brittle to bound the possible
behavior of the lithophysal rock mass on damage and deformation. To accommodate the
uncertainty represented by the limited characterization of the lithophysal tuff, DOE calibrated
the UDEC—Voronoi model to give a more brittle stress-strain response than observed in
tested samples, as described in BSC (2004al, p. 7-38). According to DOE, this approach
enhanced the ability of rockfall to occur in the UDEC—Voronoi model, as identified in DOE
(2009ae, Enclosure 6).

NRC Staff’s Review of Model Support and Consistency With Available Observations

The NRC staff reviewed the information DOE provided to support DOE’s use of the UDEC
model in the thermal-mechanical analyses for drift stability. A key element of the UDEC-Voronoi
model is the representation of postpeak strain. DOE presented several analyses showing
calculated postpeak strains for simulated rock masses in BSC (2004al, Section 7.6.4). DOE
presented limited information on postpeak strain characteristics for the Topopah Spring
lithophysal tuff. Although the single comparison between the lithophysal tuff and UDEC
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calculation for stress-strain characteristics showed a calculated response that is more brittle
than exhibited by the laboratory experiment in DOE (2009cd, Enclosure 1), this information did
not address the range of characteristics represented by the five lithophysal rock-mass
categories used in the UDEC analyses. Additionally, strength characteristics for only six
samples from the Topopah Spring lower lithophysal tuff are reported in BSC (2007be,

Table 6-69). The NRC staff requested additional information to determine whether the six
samples appropriately represent the range of strength characteristics needed to support the
UDEC analyses in BSC (2004al, Figure 7-16).

In the response to a request for additional information related to the rock-mass categories
(DOE, 2009ce, Enclosure 1), the applicant stated that in modeling the rock mass responses, it
applied a bounding approach to those five rock mass categories (lower bound relations between
stiffness and strength cover and bound the loading response). This approach is meant to
encompass the variability and uncertainties of the laboratory and field data. For postpeak
response, the UDEC—-Voronoi block model was calibrated to bound the brittleness of the
lithophysal rock mass observed from the experimental data. This was achieved by

bounding all test data in the axial stress versus axial strain curve, as outlined in DOE

(2009ce, Enclosure 1). The NRC staff finds this approach acceptable, because biasing the
model calibration to a more brittle response than observed in real rock will not underestimate
the potential for rockfall to occur.

Treatment of Time-Dependent Failure

Time-dependent failure refers to the potential for rock to fail by gradual weakening under
stresses less than the rock strength, if the rock is subjected to that stress for long periods of
time. DOE considers the potential for time-dependent failure as a function of the ratio of applied
stress to the rock strength. DOE evaluated the relationship of time to failure on the basis of two
sets of test data for stress ratios ranging from about 0.8 to 1.0. A best linear fit between the
stress ratio and the logarithm of time was calculated and used to extrapolate times to failure for
stress ratios less than 0.8. For the extrapolated portion of this curve, predicted times to failure
ranged from approximately 12 days (10° s) at a ratio of 0.8 to about 32,000 years (102 s) at a
ratio of 0.6. Below values of 0.55, no time-dependent failure is predicted. In BSC (2004al,
Appendix S), DOE supported the use of a linear fit approximation by comparison to a previous
study of data from Lac du Bonnet granite and concluded that the linear fit is appropriate. DOE
evaluated the uncertainty in the time-to-failure estimates by running the UDEC model for rock
Categories 1, 2, and 5 using times to failure based on the Lac du Bonnet data.

In the response to the NRC staff's RAI related to the linear relationship fit to represent the time-
to-failure versus stress-ratio data for tuff (DOE, 2009ae, Enclosure 3, Number 2), the applicant
acknowledged uncertainty in the data used for the linear fit and cited observations from the
Enhanced Characterization of the Repository Block and Exploratory Studies Facility

as additional evidence that time to failure is not overestimated. DOE stated that stress ratios

in the range of 0.58 to 1.0 are represented at unsupported drift spring lines for a longer time
(greater than 10 years) than is available from any experiment, and no significant degradation
has occurred.

NRC Staff’s Review of Treatment of Time-Dependent Failure
The NRC staff evaluated the extent to which time-to-failure estimates could affect predicted

drift degradation, especially in the range of stress ratios between 0.6 and 0.7, for which
time-to-failure data for tuff are not available but relatively long times to failure are predicted
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(i.e., 32 years for a ratio of 0.7 and to 32,000 years for a ratio of 0.6). There is uncertainty in
these estimates because the data points are few and the correlation coefficient for the linear fit
to the data is relatively low, as shown in BSC (2004al, Figure S-27). Numerical analyses by
DOE, shown in BSC (2004al, Figures S-14 through S-21), also suggested times to failure for
this range of stress ratios could be on the order of a few days to a few years. In DOE (2009ae,
Enclosure 4), the applicant cited observations from the Enhanced Characterization of the
Repository Block and Exploratory Studies Facility tunnels, stating that these tunnels represent
stress ratios between 0.58 and 1.0; however, significant rock failure has yet to occur.

In DOE (2009cg, Enclosure 1), the applicant indicated that the uncertainty in time-dependent
strength degradation of the lithophysal tuff was not represented in the thermo-mechanical
calculations of drift stability, because the static-fatigue curve, based on the 1997 tuff data,
bounds the potential for thermally induced drift degradation. Bounding was achieved by
applying the Lac du Bonnet static-fatigue relationships for granite to the lithophysal tuff data.
The NRC staff finds this approach underestimates the time to failure for tuff and, hence, the
analytical model maximizes the potential for thermally induced drift degradation by calculating
degradation earlier than expected, as shown in BSC (2004al, Figure S-30). The applicant also
indicated that temperatures in the range between ambient and 200 °C [392 °F] have a small
effect on the tuff mechanical properties, including short-term strength and time to failure. The
NRC staff reviewed DOE’s information and concludes that the static-fatigue curve for tuff, based
on the 1997 and 2004 DOE data sets, predicts more rapid drift degradation than the observed
conditions in the Exploratory Studies Facility and Enhanced Characterization of the Repository
Block Cross-Drift. Therefore, the NRC staff finds the DOE approach for modeling time-
dependent failure acceptable, because this bounding approach will not underestimate the
amount of rockfall for lithophysal rocks.

Alternative Conceptual Models

The applicant considered alterative conceptual models that were based on assumptions and
simplifications which differed from those of the base-case models discussed previously and
described in BSC (2004al, Section 6.7). The conceptual models the applicant considered
included continuum models. In a continuum model, the lithophysae and fractures are smeared
into the elements of a continuous rock mass, where there is no slip between model elements.

In the discontinuum model, lithophysae and fractures are represented by joints between the
Voronoi blocks and slip can occur between these model elements. Although a continuum model
can simulate the accumulation and distribution of stress prior to yielding, the model cannot
accurately represent stress-strain relationships once the unconfined compressive strength of the
rock is reached. Therefore, DOE concluded a continuum-based approach is inappropriate for
representing rockfall in lithophysal rock, because the relatively ductile characteristics of this rock
type require an understanding of postpeak stress response. Nevertheless, the applicant did use
a continuum model to evaluate the thermal-mechanical conditions for the discontinuum model,
prior to initiation of rockfall.

NRC Staff’s Review of Alternative Conceptual Models

The NRC staff reviewed the technical basis DOE provided in its evaluation of alternative
conceptual models to the UDEC-Voronoi approach. As discussed in previous sections, the
NRC staff has determined that DOE acceptably characterized the stress-strain relationships
expected for lithophysal tuff. This characterization showed the lithophysal tuff is not expected to
fail once the unconfined compressive strength is reached and that postpeak strength is
available through ductile deformation to accommodate additional stress. In contrast, a
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continuum-based approach assumes there is no postpeak strength to the strained rock mass
and that rock failure occurs once the unconfined compressive strength is reached.

On the basis of the above evaluation, the NRC staff concludes a discontinuum-based approach,
such as that used by the UDEC-Voronoi model, provides a more accurate representation of
rock response to thermal-mechanical effects than a continuum-based approach. Although both
NRC and DOE have used continuum-based models to evaluate stress distributions around
heated drifts and to provide insights on rock mechanical processes, the NRC staff concludes
continuum-based models are not appropriate for representing the stress-strain relationships that
control the occurrence of rockfall in lithophysal tuff. The NRC staff finds that DOE has
appropriately considered continuum-based models and has provided an acceptable basis to
exclude the use of these models, per BSC (2004al, Section 6.4.2), in the performance
assessment.

Summary of NRC Staff’s Review of FEP 2.1.07.02.0A, Drift Collapse

The NRC staff reviewed the models and results DOE used for screening out thermally induced
drift degradation at the proposed Yucca Mountain repository using risk-informed,
performance-based review methods described in the YMRP. Significant aspects of this
review included determining whether DOE used acceptable model domains and boundary
conditions, acceptable initial stress states and temperature inputs, acceptable rock block
characteristics in the UDEC model, and acceptable methods to calibrate and support the
UDEC model.

The NRC staff finds that the applicant adequately analyzed the thermally induced stresses
causing instability of the waste emplacement drifts, compared the calculated stresses to the
estimated strength of the rock mass, and estimated the timing and extent of potential drift
degradation under anticipated loads. The NRC staff finds the methodology acceptable because
such analyses allow a systematic study of potential rock mass behavior under a range of
anticipated loading scenarios. The NRC staff has reviewed SNL (2008ab), associated
references (BSC, 2004al), and responses to the NRC staff’'s RAl in its evaluation of DOE’s
exclusion of drift collapse due to thermal stresses and time-dependent rock weakening. The
NRC staff performed independent confirmatory analyses in its evaluation of DOE’s application.
The NRC staff’'s independent analyses (Cao, 2010aa), using standard analytical techniques,
confirmed the acceptability of the applicant’s conclusions.

DOE accounted for variability in rock types and a range of mechanical properties and

strength characteristics, on the basis of laboratory tests and field investigations. DOE has
presented acceptable technical bases for its conclusions that rockfall in lithophysal rocks,

with natural fractures and weak planes along which preferential failures occur, can be evaluated
by the discontiniuum models. The NRC staff finds the applicant has used acceptable technical
approaches for quantifying the amount of rockfall that potentially results from nonseismically
induced drift collapse. The NRC staff finds DOE’s methods acceptable to quantify the amount
of thermally induced rockfall. Therefore, the NRC staff finds DOE’s conclusion that combined
effects of mechanical, thermal, and time-dependent weakening of rocks can be excluded from
its performance assessment is adequately supported. On the basis of the results of this review,
the NRC staff finds that the DOE technical basis for excluding FEP 2.1.07.02.0A, Drift Collapse,
is acceptable.
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FEP 2.1.07.05.0B, Creep of Metallic Materials in the Drip Shield

The applicant excluded Creep of Metallic Materials in the Drip Shield from the performance
assessment model on the basis of low consequence (SNL, 2008ab) and supplemented

its technical basis for exclusion in DOE (2009af, Enclosure 5). Creep refers to time- and
temperature-dependent plastic (i.e., permanent) deformation of material caused by static
loading. The applicant used the FEP Creep of Metallic Materials in the Drip Shield to consider
creep as a potential degradation process affecting the drip shield. Due to the possibility of early
drift collapse after the waste emplacement, the applicant noted the importance of the analysis of
time-dependent deformation and the stability of the drip shield when nonuniformly loaded by the
rock rubble mass.

DOE developed constitutive equations to express the amount of creep strain for Titanium
Grades 7 and 29 as a function of temperature, applied stress, and time. DOE (2009af,
Enclosure 5, Section 1.2.1) assumed a drip shield temperature of 150 °C [302 °F] for the
screening analysis. DOE stated higher drip shield temperatures would only be reached in the
event of near-complete drift collapse within the first few hundred years after repository closure
and that, even for early drift collapse, the temperature will drop below 150 °C [302 °F] within
600 to 1,000 years after waste disposal. The applicant concluded that it was reasonable to
assume a constant temperature of 150 °C [302 °F] for the screening analysis because the creep
susceptibility of titanium alloys generally decreases with decreasing temperature and 150 °C
[302 °F] is an overestimate of the drip shield temperature for most of the postclosure period.

In BSC (2005an, Attachment 1), the applicant used titanium creep data from the literature to
derive creep equations for Titanium Grades 7 and 29 at 150 °C [302 °F]. Because there are
limited creep data in the literature for titanium alloys for temperatures around 150 °C [302 °F],
the applicant first derived equations to represent the creep behavior at room temperature, then
rescaled those equations to a temperature of 150 °C [302 °F] using information about effects of
temperature on creep kinetics. To derive the room-temperature creep equation for Titanium
Grade 7, DOE fitted a power-law-type equation to the 27-year creep data for Titanium Grade 2
from Drefahl, et al. (1985aa). The applicant used BSC [2005an, Eq. (I-8)] to represent the
room-temperature creep of Titanium Grade 7. To derive the room-temperature creep equation
for Titanium Grade 29, DOE fitted a power-law-type equation to the 1,000-hour creep data for
Titanium Grade 5 from Odegard and Thompson (1974aa). The applicant used BSC [2005an,
Eq. (I-19)] to represent the room-temperature creep of Titanium Grade 29. To rescale the
room-temperature creep equations to represent the creep behavior at 150 °C [302 °F], DOE
first accounted for the difference in yield stress at the respective temperatures, using

BSC [2005an, Eq. (I-7)]. The applicant then rescaled the creep equations using BSC

[2005an, Eq. (I-12)] assuming an activation energy of 30 kJ/mol. In this manner, DOE derived
BSC [2005an, Egs. (I-15) and (I-22)] to represent the creep behavior of Titanium Grades 7 and
29, respectively, at 150 °C [302 °F]. The applicant compared the creep strains the equations
calculated to literature data for creep of titanium alloys at 150 °C [302 °F] (Kiessel and Sinnott,
1953aa; Odegard and Thompson, 1974aa). DOE stated that the equations used to represent
the creep behavior of Titanium Grades 7 and 29 at 150 °C [302 °F] are acceptable because
they predict greater creep strain than reported in the technical literature.

In the second part of the DOE creep analysis, DOE performed a finite element structural
analysis of the drip shield, considering six potential loading scenarios derived from BSC
(2004al) and using the constitutive creep equations to analyze the extent of drip shield creep.
DOE assumed that creep will cause the drip shield to collapse when tertiary creep begins at any
point on the drip shield. Tertiary creep refers to a rapid increase in creep strain rate associated
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with material instability, leading to rupture. The applicant assumed a tertiary creep threshold of
10 percent strain and concluded this threshold is conservative because experimental
observations (Drefahl, et al., 1985aa) indicated that the onset of tertiary creep in titanium alloys
occurs at about 15 percent strain. On the basis of creep analyses cited in the FEP screening
justification (SNL, 2008ab), the applicant concluded that the maximum strain is below the onset
strain for tertiary creep. Therefore, DOE concluded that creep would not impact the drip shield’s
ability to divert seepage and protect the waste package from anticipated loads. The applicant
concluded that it is appropriate to exclude the FEP Creep of Metallic Materials in the Drip Shield
from the performance assessment model on the basis of low consequence (SNL, 2008ab).

NRC Staff’s Review

The NRC staff reviewed the applicant’s justification for assuming a constant temperature of
150 °C [302 °F] for the creep analysis. In BSC (2005an), DOE represented titanium creep

as a thermally activated process, where the susceptibility to creep increases with increasing
temperature. The NRC staff determined that the treatment of creep as a thermally activated
process is consistent with the technical literature (Orava, 1967aa; Stetina, 1969aa;

Zeyfang, et al., 1971aa; Miller, et al., 1987aa). In BSC (2005an, Assumption 3.2.4), however,
the applicant stated that the drip shield temperature may exceed 150 °C [302 °F] for several
hundred years in the event of early drift collapse. This suggests that, in the event of early drift
collapse, the susceptibility of the drip shield to creep could be greater than represented by the
DOE analysis for 150 °C [302 °F]. As such, the NRC staff submitted a RAI to DOE requesting
that it provide the rationale for using 150 °C [302 °F] as the analysis temperature. The applicant
stated in DOE (2009af, Enclosure 5, Section 1.2.1) that 300 °C [572 °F] is a reasonably
bounding temperature because there is less than 10™ probability a drip shield will exceed this
temperature for early drift collapse. Further, in DOE (2009af, Enclosure 5, Section 1.2.3), DOE
stated that the creep equations for 150 °C [302 °F] will not underestimate the extent of creep at
300 °C [5672 °F], because above 150 °C [302 °F], creep becomes an athermal process (i.e., the
susceptibility to creep does not increase with temperature). DOE attributed this behavior to the
phenomenon of dynamic strain aging: a process whereby solute impurity atoms diffuse to areas
of dislocations and impede dislocation motion. The NRC staff reviewed the technical literature
and confirmed that investigators (Moskalenko and Puptsova, 1972aa; Stetina, 1980aa) have
reported a transition in creep control from thermal to athermal processes. There is some
uncertainty in the transition temperature, as values were reported in the range of 150 to 400 °C
[302 to 752 °F]. The NRC staff recognizes on the basis of the cited references, however, that
the transition temperature tends to decrease with decreasing strain rate and approaches 150 °C
[302 °F] for the low strain rates generally associated with creep. Therefore, the NRC staff finds
acceptable the applicant’s representation of creep as an athermal process at temperatures
above 150 °C [302 °F]. The NRC staff finds acceptable DOE’s assumption that the drip shield
temperature is 150 °C [302 °F] for the creep analysis because (i) creep is likely independent of
the temperature at temperatures above 150 °C [302 °F] and (ii) the drip shield could experience
temperatures above 150 °C [302 °F] only during a relatively short period compared to the
10,000 year period considered in the creep analysis. Therefore, the NRC staff finds that for
these reasons, DOE did not underestimate the amount of creep strain in its analysis for the
postclosure period. The evaluation of the applicant’s temperature computation is addressed in
SER Section 2.2.1.3.6, where the NRC staff concluded that temperature computations were
appropriate for their intended use within the performance assessment model.

The NRC staff reviewed the applicant’s methodology to develop equations to represent the

creep of Titanium Grades 7 and 29 at room temperature. With respect to Titanium Grade 7, the
NRC staff finds adequate the applicant’s approach to consider published empirical creep data
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(Drefahl, et al., 1985aa) as input to the analysis. The NRC staff notes that the difference in
chemical composition between Titanium Grades 2 and 7 is the addition of a small amount of
palladium in the latter, which has a minimal effect on creep behavior because it does not
significantly change the alloy microstructure. Moreover, the Titanium Grade 2 material

Drefahl, et al. (1985aa) studied had large grain sizes, which, according to the technical literature
(e.g., Ankem, et al., 1994aa; Aiyanger, et al., 2005aa), makes it susceptible to creep at
temperatures from room temperature to 150 °C [302 °F]. On the basis of this information, the
NRC staff finds acceptable DOE’s use of the creep data from Drefahl, et al. (1985aa, Figure 3)
to model the creep behavior of Titanium Grade 7 in the drip shield. Because BSC

[2005an, Eq. (I-8)] calculates greater creep strain than Drefahl, et al. (1985aa, Figure 3), the
NRC staff finds acceptable the use of this equation to represent the room-temperature creep of
Titanium Grade 7.

The NRC staff finds adequate the applicant’s approach to consider published empirical creep
data for Titanium Grade 5 (Odegard and Thompson, 1974aa) as input to the creep analysis of
Titanium Grade 29. The NRC staff notes that the difference in chemical composition between
Titanium Grades 5 and 29 is the addition of a small amount of ruthenium in the latter, which is
expected to have a minimal effect on the creep behavior because it does not significantly
change the alloy microstructure. Odegard and Thompson (1974aa) studied thermally aged
Titanium Grade 5; the applicant described that the microstructure of Titanium Grade 5 is similar
to Titanium Grade 29 given the small differences in composition between Grades 5 and 29.

On the basis of this information, the NRC staff finds acceptable DOE’s use of the creep data
from Odegard and Thompson (1974aa, Figure 3) to model the creep behavior of Titanium
Grade 29 in the drip shield. Because BSC [2005an, Eq. (I-19)] calculates greater creep strain
than Odegard and Thompson (1974aa, Figure 3), the NRC staff finds acceptable the use of this
equation to represent the room-temperature creep of Titanium Grade 29.

The NRC staff reviewed the applicant’s methodology to rescale the room-temperature creep
equations for Titanium Grades 7 and 29 to 150 °C [302 °F]. In rescaling the room-temperature
creep equations, the NRC staff determined that DOE accounted for the temperature effect
twice: once using the difference in yield stress for the respective temperatures and again using
the activation energy. The applicant asserted that this redundancy is conservative because the
activation energy alone should quantify the effects of temperature on creep kinetics. The NRC
staff noted, however, that there is uncertainty in the value of the activation energy for creep of
titanium alloys. DOE'’s selected activation energy of 30 kJ/mol is lower than the activation
energy of approximately 150 kd/mol Kiessel and Sinnott (1953aa) and Stetina (1969aa)
reported. In BSC (2005an), the applicant represented the creep strain temperature dependence
as an exponential function of the activation energy, such that a small change in the activation
energy would yield a large change in the calculated creep strain. Therefore, the NRC staff sent
the applicant a RAI to address how its methodology for rescaling the room-temperature creep
equations to 150 °C [302 °F] accounts for the uncertainty in the creep temperature dependence.
In DOE (2009af, Enclosure 6), the applicant stated that the activation energy for titanium creep
depends on the rate-limiting deformation mechanism, which in turn depends on a number of
parameters including the alloy microstructure, phase composition, and strain rate. The
applicant further stated that literature reports which give higher activation energy than used in its
creep analysis do not provide sufficient information about the material and test conditions to
support a direct comparison of the activation energies. DOE asserted, however, that
conservative aspects of its approach to quantify creep temperature dependence yield creep
equations which calculate greater creep strains than have been experimentally measured for
Titanium Grades 7 and 29 in the temperature range of room temperature to 150 °C [302 °F].

2-49



The NRC staff reviewed the information the applicant provided in DOE (2009af, Enclosure 6).
The NRC staff compared the creep strains DOE’s temperature-scaled creep equations
calculated to literature values of creep strain at temperatures comparable to 150 °C [302 °F].
The NRC staff confirmed for Titanium Grade 7, the applicant calculated greater creep strain at
125 °C [257 °F] than Teper (1991aa) measured for Titanium Grade 2 at that temperature.
Further, DOE calculated greater creep strain at 99 and 204 °C [210 and 399.2 °F] than

Kiessel and Sinnott (1953aa) measured for commercially pure titanium at these temperatures.
For Titanium Grade 29, the NRC staff confirmed that the applicant calculated greater creep
strain at 66 and 149 °C [150 and 300.2 °F] than Thompson and Odegard (1973aa) measured for
Ti-5Al-2.5Sn at these temperatures, even though Ti-5Al-2.5Sn has greater susceptibility to
creep than Titanium Grade 29. The NRC staff determined that, in spite of uncertainty in the
creep activation energy, DOE overestimated the creep strain, in part because it used creep data
from alloys which had microstructures particularly susceptible to creep for deriving the
room-temperature creep equation. Moreover, the applicant accounted for the temperature
dependence of creep using the difference in yield stress at room temperature and 150 °C

[302 °F], in addition to the activation energy, whereas the effects of temperature on creep
kinetics should be physically quantified only in the latter. On the basis of this information, the
NRC staff finds acceptable DOE’s use of BSC [2005an, Egs. (I-15) and (I-22)] to represent the
creep behavior of Titanium Grade 7 and 29, respectively, at 150 °C [302 °F] because these
equations do not underestimate the creep strain of the drip shield.

The NRC staff reviewed the applicant’s assumption that a creep strain of 10 percent anywhere
on the drip shield will cause its collapse and any strain smaller than that will not significantly
affect the drip shield. Long-term creep data for Titanium Grades 2 and 5 from Drefahl, et al.
(1985aa) show a transition from steady-state secondary creep to unstable tertiary creep at a
creep strain of approximately 15 percent. The NRC staff expects the creep behavior of Titanium
Grades 7 and 29 will be analogous to that of Titanium Grades 2 and 5, respectively, because
the addition of a small amount of palladium or ruthenium will not significantly affect the alloy
microstructure. Therefore, the NRC staff finds that 10 percent strain is an acceptable threshold
for the onset of tertiary creep because it does not underestimate the threshold strain.

The NRC staff reviewed the applicant’s finite difference structural analyses on creep
deformation of the drip shield exposed to six loading scenarios (BSC, 2004al) presented in
BSC (2005an). In these analyses, the applicant considered the highest vertical pressure
applied to the drip shield crown of 154.81 kPa [22.45 psi]. The NRC staff finds acceptable the
range of loads the applicant considered. This is further addressed in SER Section 2.2.1.3.2.

In summary, the NRC staff finds that (i) DOE did not underestimate the amount of creep strain
in its analysis for the postclosure period; (ii) DOE developed acceptable equ