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1. PURPOSE

This document on the Subsurface operations and its companion document entitled Subsurface
Operations Event Sequence Development Analysis (Ref.2.2.40) constitute a portion of the
preclosure safety analysis (PCSA) that is described in its entirety in the safety analysis report that
will be submitted to the U.S. Nuclear Regulatory Commission (NRC) as part of the Yucca
Mountain Project (YMP) license application. These documents are part of a collection of
analysis reports that encompass all waste handling activities and facilities of the geologic
repository operations area (GROA) from the beginning of operations to the end of the preclosure
period. The Subsurface Operations Event Sequence Development Analysis (Ref. 2.2.40)
describes the identification of initiating events and the development of potential event sequences
that emanate from them. This analysis uses the resulting event sequences to perform a
quantitative analysis of the event sequences for the purpose of categorization per the definition
provided by 10 CFR 63.2 (Ref. 2.3.2).

The PCSA uses probabilistic risk assessment (PRA) technology derived from both nuclear power
plant and aerospace methods and applications in order to perform analyses to comply with the
risk informed aspects of 10 CFR 63.111 and 63.112 (Ref. 2.3.2) and to be responsive to the
acceptance criteria articulated in the Yucca Mountain Review Plan (Ref. 2.2.71). The PCSA,
however, limits the use of PRA technology to identification and development of event sequences
that might lead to the direct exposure of workers or onsite members of the public; radiological
releases that may affect the workers or public (onsite and offsite), and criticality.

The radiological consequence assessment relies on bounding inputs with deterministic methods
to obtain bounding dose estimates. These were developed using broad categories of scenarios
that might cause a radiological release or direct exposure to workers and the public, both onsite
and offsite. These broad categories of scenarios were characterized by conservative meteorology
and dispersion parameters, conservative estimates of material at risk, conservative source terms,
conservative leak-path factors, and filtration of releases via facility high-efficiency particulate air
(HEPA) filters when applicable. After completion of the event sequence development and
categorization in this analysis, each Category 1 and Category 2 event sequence was
conservatively matched with one of the categories of dose estimates. The event sequence
analyses also serve as input to the PCSA criticality analyses by identifying the event sequences
and end states where conditions leading to criticality are in Category 1 or 2.

An event sequence is defined in 10 CFR 63.2 (Ref. 2.3.2) as:

“A series of actions and/or occurrences within the natural and engineered
components of a geologic repository operations area that could potentially lead to
exposure of individuals to radiation. An event sequence includes one or more
initiating events and associated combinations of repository system component
failures, including those produced by the action or inaction of operating
personnel. Those event sequences that are expected to occur one or more times
before permanent closure of the geologic repository operations area are referred to
as Category 1 event sequences. Other event sequences that have at least one
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chance in 10,000 of occurring before permanent closure are referred to as
Category 2 event sequences.”

As an extrapolation of the definition of Category 2 event sequences, sequences that have less
than one chance in 10,000 of occurring before permanent closure are identified as Beyond
Category 2. Consequence analyses are not required for those event sequences.

10 CFR 63.112, Paragraph (e) and Subparagraph (e)(6) (Ref. 2.3.2) require analyses to identify
the controls that are relied upon to limit or prevent potential event sequences or mitigate their
consequences.  Subparagraph (e)(6) specifically notes that the analyses should include
consideration of “means to prevent and control criticality.” The PCSA criticality analyses
employ specialized deterministic methods that are beyond the scope of the present analysis.
However, the event sequence analyses serve as an input to the PCSA criticality analyses by
identifying the event sequences and end states where conditions leading to criticality are in
Category 1 or 2. Some event sequence end states include the phrase “important to criticality.”
This indicates that the event sequence has a potential for reactivity increase that should be
analyzed to determine if reactivity can exceed the upper subcriticality limit.

In order to determine the criticality potential for each waste form and associated facility and
handling operations, criticality sensitivity calculations are performed. These calculations
evaluate the impact on system reactivity to variations in each of the parameters important to
criticality during the preclosure period. The parameters are waste form characteristics,
reflection, interaction, neutron absorbers (fixed and soluble), geometry, and moderation. The
criticality sensitivity calculations determine the sensitivity of the effective neutron multiplication
factor (keg) to variations in any of these parameters as a function of the other parameters. The
PCSA criticality analyses determined the parameters that this event sequence analysis should
include. The presence of a moderator in association with a path to exposed fuel was required to
be explicitly modeled in the event sequence analysis because such events could not be
deterministically found to be incapable of exceeding the upper subcriticality limit. Other
situations treated in the event sequence analysis for similar reasons are multiple U.S. Department
of Energy (DOE) spent nuclear fuel (SNF) canisters in the Canister Receipt and Closure Facility
(CRCF) in the same general location and presence of sufficient soluble boron in the pool in the
Wet Handling Facility.

The initiating events considered in the PCSA define what could occur within the GROA and are
limited to those events that constitute a hazard to a waste form while it is present in the GROA.
Initiating events include internal events occurring during waste handling operations conducted
within the GROA and external events (e.g., seismic, wind energy, or flood water events) that
impose a potential hazard to a waste form, waste handling system, or personnel within the
GROA. Such initiating events are included when developing event sequences for the PCSA.
However, initiating events that are associated with conditions introduced in structures, systems,
and components (SSCs) before they reach the site are not within the scope of the PCSA. The
excluded from consideration offsite conditions include: drops of casks, canisters, or fuel
assemblies during loading at a reactor site; improper drying, closing, or inerting at the reactor
site; rail or road accidents during transport; tornado or missile strikes on a transportation cask; or
nonconformances introduced during cask or canister manufacturing that result in a reduction of
containment strength. Such potential precursors are subject to deterministic regulations such as
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10 CFR Part 50 (Ref. 2.3.1), 10 CFR Part 71 (Ref. 2.3.3), and 10 CFR Part 72 (Ref. 2.3.4) and
associated quality assurance (QA) programs. As a result of compliance to such regulations, the
SSCs are deemed to pose no undue risk to health and safety. Although the analyses do not
address quantitative probabilities to the aforementioned excluded precursors, it is clear that the
use of conservative design criteria and the implementation of QA controls result in unlikely
exposures to radiation.

Other boundary conditions used in the PCSA include:

e Plant operational state. The initial state of the facility is normal with each system
operating within its vendor-prescribed operating conditions.

e No other simultaneous initiating events. It is standard practice to not consider the
occurrence of other initiating events (human-induced or naturally occurring) during the
time span of an event sequence because: (a) the probability of two simultaneous
initiating events within the time window is small and, (b) each initiating event will cause
operations in the waste handling facility to be terminated, which further reduces the
conditional probability of the occurrence of a second initiating event, given that the first
has occurred.

e Component failure mode. The failure mode of a structure, system, or component (SSC)
corresponds to that required to make the initiating or pivotal event occur.

e Fundamental to the basis for the use of industry-wide reliability parameters within the
PCSA, such as failure rates, is the use of SSCs within the GROA that conform to NRC
accepted consensus codes and standards, and other regulatory guidance.

o Intentional malevolent acts, such as sabotage and other security threats, are not
addressed in this analysis.

As stated, the scope of the preclosure safety analysis is limited to internal initiating events
originating within the GROA boundary and external initiating events that have their origin
outside the GROA boundary, but can affect buildings and/or equipment within the GROA.
External event analyses are documented in FExternal FEvents Hazards Screemning Analysis
(Ref. 2.2.34) and Frequency Analysis of Aircraft Hazards for License Application (Ref. 2.2.21).
Internal event identification (using a master logic diagram and hazard and operability
evaluation), event sequence development and grouping, and related facility details are provided
in Subsurface Operations Event Sequence Development Analysis (Ref. 2.2.40), which also
documents the methodology and process employed and initiates the analysis that is completed
here.
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This document uses event trees from Subsurface Operations FEvent Sequence Development
Analysis (Ref. 2.2.40) to quantify the event sequences for each waste form. Quantification refers
to the process of obtaining the mean frequency of each event sequence for the purpose of
categorization. This document shows the categorization of each event sequence based on:

e Mean frequency associated with the event sequence frequency distribution
e Uncertainty associated with the event sequence frequency distribution

e Material at risk for each Category 1 and 2 event sequence for purposes of dose
calculations

e Important to safety (ITS) SSCs
e Compliance with the nuclear safety design bases
e Procedural safety controls required for operations.

Other PCSA documents which are not referenced here cover the reliability and categorization of
external events and summarize procedural safety controls and nuclear safety design bases. The
main documents that will emanate from Volume I (Ref. 2.2.40) and the current analyses are:

ITS SSC/Non-11S SSC Interactions Analysis (Ref. 2.4.1)

Preclosure Nuclear Safety Design Bases (Ref. 2.4.2)

Preclosure Procedural Safety Controls (Ref. 2.4.3)

Seismic Event Sequence Quantification and Categorization (Ref. 2.4.4).
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2.53 Attachment C: Design Input references are listed in Section C5.
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2.54 Attachment D: Design Input references are listed in Section D4.1.

2.5.5 Attachment E: Design Input references are listed in Section ES8.1.

2.5.6 Attachment F: Design Input references are listed in Section F2.

2,57 Attachment G: This attachment does not contain Design Input references.

2.5.8 Attachment H: This attachment does not contain Design Input references.
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3. ASSUMPTIONS
3.1 ASSUMPTIONS REQUIRING VERIFICATION
There are no assumptions requiring verification.
3.2 ASSUMPTIONS NOT REQUIRING VERIFICATION
3.2.1 General Analysis Assumptions

Assumption—Equipment and SSCs designed and purchased for the Yucca Mountain repository
are of the population of equipment and SSCs represented in United States industry-wide
reliability information sources. Furthermore, the uncertainty in reliability is represented by the
variability of reliabilities across this population.

Rationale—Although the repository features some unique pieces of equipment at the system level
(such as the waste package transfer trolley (WPTT) and the cask transfer trolley (CTT)), at the
component level, the repository relies on proven and established technologies. The industry-
wide information sources include historical reliability information at the component level. Such
experience is relevant to the repository because the repository relies on components that are
similar to the ones represented in the information sources. In some cases, system-level
information, such as crane load-drop rates, from the industry-wide information sources are used.
It is appropriate to use such information because it represents similar pieces of equipment at the
system level. In addition, drawing from a wide spectrum of sources takes advantage of many
observations, which yields better statistical information regarding the uncertainty associated with
the resulting reliability estimates.
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4. METHODOLOGY
4.1 QUALITY ASSURANCE

This analysis has been prepared in accordance with Calculations and Analyses (Ref. 2.1.1) and
Preclosure Safety Analysis Process (Ref. 2.1.4). Therefore, the approved version is designated
as “QA: QA”

In general, input designated “QA: QA” is used. However, some of the inputs that are cited are
designated “QA: N/A.” The suitability of these inputs for the intended use is justified as
follows:

Documentation of suitability for intended use of “QA: N/A” drawings: Engineering
drawings are prepared using the “QA: QA” procedure Engineering Drawings (Ref. 2.1.2). They
are checked by an independent checker and reviewed for constructability and coordination before
review and approval by the engineering group supervisor and the discipline engineering manager
(Ref. 2.1.2, Section 3.2.2 and Attachments 3 and 5). The check, review, and approval process
provides assurance that these drawings accurately document the design and operational
philosophy of the facility. For this reason, they are suitable for their intended use as sources of
input to this analysis.

Documentation of suitability for intended use of “QA: N/A” engineering calculations or
analyses: Engineering calculations and analyses are prepared using the “QA: QA” procedure
Calculations and Analyses (Ref. 2.1.1). They are checked by an independent checker and
reviewed for coordination before review and approval by the engineering group supervisor and
the discipline engineering manager. The check, review, and approval process provides assurance
that these calculations and analyses accurately document the design and operation of the facility.
For this reason, they are suitable for their intended use as sources of input to this analysis.

Documentation of suitability for intended use of engineering studies (which are “QA:
N/A”): In a few instances, studies are used as inputs to this analysis. The uses of inputs from
studies are made clear by the context of the discussion at the point of use. The use of studies is
acceptable for committed analyses, such as the present analysis, provided that the results are not
used for procurement, fabrication, or construction purposes. Because the present analysis is not
used for procurement, fabrication, or construction purposes, the use of studies is acceptable.
Therefore, the studies that are used as inputs are suitable for their intended uses.

Documentation of suitability for intended use of BSC design guides (which are “QA: N/A”):
The uses of inputs from design guides are made clear by the context of the discussion at the point
of use. Design guides are used as inputs only when specific design documents, such as
drawings, calculations, and design reports are not available at the present level of design
development. Therefore, the design guides that are used as inputs are suitable for their intended
uses.
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Documentation of suitability for intended use of BSC engineering standards (which are
“QA: N/A”). Engineering standards are used in this analysis as the basis for the numbering
system for basic events. The uses of inputs from BSC engineering standards are made clear by
the context of the discussion at the point of use. Therefore, the design guides that are used as
inputs are suitable for their intended uses.

Documentation of suitability for intended use of BSC Interoffice memorandum: Due to the
early nature of the design of some systems, the only available sources for the information used
are interoffice memorandum. The information used from these sources are conservative
estimates and appropriate for their intended use.

Documentation of suitability for intended use of inputs from outside sources: The uses of
inputs from outside sources are made clear by the context of the discussion at the point of use.
These uses fall into the following categories and are justified as follows (in addition to the
justifications provided at the point of use).

1.  Some inputs are cited as sources of the methods used in the analysis. These inputs are
suitable for their intended uses because they represent commonly accepted methods of
analysis among safety analysis practitioners or, more generally, among scientific and
engineering professionals.

2. Some inputs are cited as examples of applications of methods of analysis by others.
These inputs are suitable for their intended uses because they illustrate applicable
methods of analysis.

3. Some inputs are cited as sources of historical safety-related data. These inputs are
suitable for their intended uses because they represent historical data that is commonly
accepted among safety analysis practitioners.

4. Some inputs are cited as sources of accepted practices as recommended by codes,
standards, or review plans. These inputs are suitable for their intended uses because
they represent codes, standards, or review plans that are commonly accepted by
practitioners of the affected professional disciplines.

5. Some inputs provide information specific to the Yucca Mountain Repository that was
produced by organizations other than BSC. These inputs are suitable for their
intended uses because they provide information that was developed for the Yucca
Mountain Repository under procedures that apply to the organization that produced the
information.

4.2 USE OF SOFTWARE
4,2.1 Level 1 Software

This section addresses software used in this analysis as Level 1 software, as defined in Software
Management (Ref. 2.1.3, Attachment 12). SAPHIRE V. 7.26 STN 10325-7.26-01 (Ref. 2.2.77)
is used in this analysis for PRA simulation and analyses. The SAPHIRE software is used on a
personal computer running Windows XP inside a VMware virtual machine; it is also listed in the
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current Qualified and Controlled Software Report, and was obtained from Software
Configuration Management. The SAPHIRE software is specifically designed for PRA
simulation and analyses, and has been verified to show that this software produces precise
solutions for encoded mathematical models within the defined limits for each parameter
employed (Ref. 2.2.46). Therefore, SAPHIRE version 7.26 is suitable for use in this analysis.

The SAPHIRE project files for this analysis are listed in Attachment H. They are contained on a
compact disc, which is included as part of Attachment H. SAPHIRE project files contain all of
the inputs that SAPHIRE requires to produce the outputs that are documented in this analysis.

4,2.2 Level 2 Software

This section addresses software used in this analysis that are classified as Level 2 software, as
defined in Software Management (Ref. 2.1.3, Attachment 12). The software is used on personal
computers running either Windows XP Professional or Windows 2000 operating systems.

e Word 2003, a component of Microsoft Office Professional 2003, and Visio Professional
2003 are listed in the current Level 2 Usage Controlled Software Report. Visio 2003
and Word 2003 are used in this analysis for the generation of graphics and text. The
accuracy of the resulting graphics and text is verified by visual inspection. The precise
means of verification is left to the discretion of the checker in compliance with
applicable procedures.

e Excel 2003, a component of Microsoft Office Professional 2003, and Mathcad version
13.0 and 14.0 are listed in the current Level 2 Usage Controlled Software Report.
Crystal Ball version 7.3.1 (a commercial off-the-shelf, Excel-based risk-analysis tool) is
listed on the Controlled Software Report and is registered for Level 2 usage. Excel
2003, Mathcad 13.0 and 14.0, and Crystal Ball 7.3.1 are used in this analysis to calculate
probability distributions for selected SAPHIRE inputs and to graphically display
information.  Graphical representations are verified by wvisual inspection. The
calculations are documented in sufficient detail to allow an independent replication of
the computations. The user defined formulas and inputs are verified by visual
inspection. The results are in some cases verified by independent replication of the
computations. However, in some cases, for example, for some Excel calculations and
Mathcad 13.0 and 14.0 calculations, the results are verified by visual inspection. The
precise means of verification is left to the discretion of the checker in compliance with
applicable procedures.

e WinZip 9.0, a file compression utility for Windows, is listed in the current Level 2
Usage Controlled Software Report. WinZip 9.0 is used in this analysis to compress files
for presentation on compact disc in Attachment H.

4.3 DESCRIPTION OF ANALYSIS METHODS

This section presents the PCSA approach and analysis methods in the context of overall
repository operations. As such, it includes a discussion of operations that may not apply to the
Subsurface Operations. Specific features of the IHF and its operations are not discussed until
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Section 6, where the methods described here are applied to the Subsurface Operations. The
PCSA uses the technology of PRA as described in references such as Standard for Probabilistic
Risk Assessment for Nuclear Power Plant Applications (Ref. 2.2.6). The PRA answers three
questions:

1.  What can go wrong?
2. What are the consequences?
3. How likely is it?

PRA may be thought of as an investigation into the responses of a system to perturbations or
deviations from its normal operation or environment. The PCSA is a simulation of how a system
acts when something goes wrong. Relationships between the methodological components of the
PCSA are depicted in Figure 4.3-1. Phrases in bold italics in this section indicate methods and
ideas depicted in Figure 4.3-1. Phrases in normal italics indicate key concepts.

GRAM  Aggregate
Gic PIA End States

for Category 1
i RESULTS

DETAILED .o
FACILITY, SSC, | —
AND OPERATION <) a__
KNOWLEDGE

Hazard and

Operability Study &

External Initiating

Event Screening

EVENT SEQUENCE DIAGRAM | FAULT TREE DIAGRAM

FAILURE HISTORY DATA

Source: Modified from Master Logic Diagram (Ref. 2.2.80)
Figure 4.3-1. Event Sequence Analysis Process

The PCSA starts with analysts obtaining sufficient knowledge of facility design and operation,
and equipment and SSC design and operation to understand how the YMP waste handling is
conducted. This is largely performed and documented as part of the Subsurface Operations
FEvent Sequence Development Analysis (Ref. 2.2.40). An understanding of how a facility
operates is a prerequisite for developing event sequences that depict how it would fail. An
important additional set of information is called success criterion. Success criteria are important
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additional inputs to the PCSA. A success criterion states the minimum functionality that
constitutes acceptable, safe performance. For example, a success criterion for a crane is to pick-
up, transport, and put-down a cask without dropping it. The complementary statement of a
success criterion is a failure mode (e.g., crane drops cask).

The basis of the PCSA is the development of event sequences. An event sequence may be
thought of as a string of events beginning with an initiating event and eventually leading to
potential consequences (end states). Between initiating events and end states within a scenario,
are pivotal events that determine whether and how an initiating event propagates to an end state.
An event sequence answers the question “What can go wrong?” and is defined by one or more
initiating events, one or more pivotal events, and one end state. Initiating events are identified
by master logic diagram (MLD) development, cross-checked with an evaluation based on
applied hazard and operability (HAZOP) techniques. Event sequences unfold as a combination
of failures and successes of pivotal events. An end state, the termination point for an event
sequence, identifies the type of radiation exposure or potential criticality, if any, that results. In
this analysis, eight mutually exclusive end states are of interest:

1. “OK”-Indicates the absence of radiation exposure and potential for criticality.

2. Direct Exposure, Degraded Shielding—Applies to event sequences where an SSC
providing shielding is not breached, but its shielding function is jeopardized. An
example is a lead-shielded transportation cask that is dropped from a height great
enough for the lead to slump toward the bottom of the cask at impact, leaving a
partially shielded path for radiation to stream. This end state excludes radionuclide
release.

3. Direct Exposure, Loss of Shielding—Applies to event sequences where an SSC
providing shielding fails, leaving a direct path for radiation to stream. For example,
this end state applies to a breached transportation cask, with a canister inside
maintaining its containment function. In another example, this end state applies to
shield doors inadvertently opened. This end state excludes radionuclide release.

4. Radionuclide Release, Filtered—Indicates a release of radioactive material from its
confinement, through a filtered path, to the environment. The release is filtered when
it is confined and filtered through the successful operation of the HVAC system over
its mission time. This end state excludes moderator intrusion.

5. Radionuclide Release, Unfiltered—Indicates a release of radioactive material from its
confinement, through the pool of the Wet Handling Facility or through an unfiltered
path, to the environment. This end state excludes moderator intrusion.

6. Radionuclide Release, Filtered, Also Important to Criticality—This end state refers to a
situation in which a filtered radionuclide release occurs and (unless the associated
event sequence is Beyond Category 2) for which a criticality investigation is indicated.
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7. Radionuclide Release, Unfiltered, Also Important to Criticality—This end state refers to
a situation in which an unfiltered radionuclide release occurs and (unless the
associated event sequence is Beyond Category 2) for which a criticality investigation
is indicated.

8. Important to Criticality—This end state refers to a situation in which there has been no
radionuclide release and (unless the associated event sequence is Beyond Category 2)
for which a criticality investigation is indicated.

The answer to the second question, “What are the consequences?” requires consideration of
radiation exposure and the potential for criticality for Category 1 and Category 2 event
sequences. Consideration of the consequences of event sequences that are Beyond Category 2 is
not required by 10 CFR 63 (Ref. 2.3.2). Radiation doses to individuals from direct exposure and
radionuclide release are addressed in a companion consequence analysis by modeling the effects
of bounding event sequences related to the various waste forms and the facilities that handle
them.

The radiological consequence analysis develops a set of bounding consequences. Each bounding
consequence represents a group of like event sequences. The group (or bin) is based on such
factors as characteristics of the waste form involved, availability of HEPA filtration, location of
occurrence (in water or air), and characteristics of the surrounding material (such as
transportation cask or waste package). Each event sequence is mapped to one of the bounding
consequences, for which conservative doses have been calculated.

Criticality analyses are performed to ensure that any Category 1 and Category 2 event sequences
that terminate in end states that are important to criticality would not result in a criticality. In
order to determine the criticality potential for each waste form and associated facility and
handling operations, criticality sensitivity calculations are performed. These calculations
evaluate the impact on system reactivity of variations in each of the parameters important to
criticality during the preclosure period. The parameters are: waste form characteristics,
reflection, interaction, neutron absorbers (fixed and soluble), geometry, and moderation. The
criticality sensitivity calculations determine the sensitivity of the effective neutron multiplication
factor to variations in any of these parameters as a function of the other parameters. The
deterministic sensitivity analysis covers all reasonably achievable repository configurations that
are important to criticality. Refer to Section 4.3.9 for detailed discussion of the treatment of
criticality in event sequences.

The third question, “How likely is it?” is answered by the estimation of event sequence
frequencies. The PCSA uses failure history records (for example, Nomnelectronic Parts
Reliability Data (Ref. 2.2.45) and Nuclear Computerized Library for Assessing Reactor
Reliability (NUCLARR): Data Manual, Part 4: Summary Aggregations. NUREG/CR-4639
(Ref. 2.2.55), structural reliability analysis, thermal stress analysis, and engineering and
scientific knowledge about the design is the basis for estimation of probabilities and frequencies.
These sources coupled with the techniques of probability and statistics, for example, Handbook
of Parameter Estimation for Probabilistic Risk Assessment (Ref. 2.2.9), are used to estimate
frequencies of initiating events and event sequences and the conditional probabilities of pivotal
events.
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The PCSA uses event sequence diagrams (ESDs), event trees, and fault trees to develop and
quantify event sequences. The ESDs and event trees are described and developed in the event
sequence development analyses. The present analysis uses fault trees to disaggregate an SSC or
item of equipment to a level of detail that is supported by available reliability information from
failure history records. Various techniques of probability and statistics are employed to estimate
failure frequencies of mechanical, electrical, electro-mechanical, and electronic equipment. Such
frequencies, or active-component unreliabilities, provide inputs to the fault tree models of items
of equipment. Fault trees are used in some instances to model initiating events and in other
instances to model pivotal events.

Some pivotal events are related to structural failures of containment (e.g., canisters) and others
are related to shielding (e.g., transportation casks). In these cases, probabilistic structural
reliability analysis methods are employed to calculate the mean conditional probability of
containment or shielding failure given the initiating event (e.g., a drop from a crane). Other
pivotal events require knowledge of response to fires. Calculation of failure probabilities given a
fire is accomplished by the appropriate analysis using applicable material properties and
traditional methods of heat transfer analysis, structural analysis, and fire dynamics. The
probabilities so derived are called passive-equipment failure probabilities.

All pivotal events in the PCSA are characterized by conditional probabilities because their
values rely on the conditions set by previous events in an event sequence. For example, the
failure of electrical or electronic equipment depends on the operating temperature. Therefore, if
a previous event in a scenario is a failure of a cooling system, then the probability of the
electronic equipment failure would depend on the operation (or not) of the cooling system.

The frequency of occurrence of an event sequence is the product of the frequency of its initiating
event and the conditional probabilities of its pivotal events. This is true whether or not the
frequency and probabilities are expressed as single points or probability distributions. To group
together event sequences for the purpose of categorization, the frequencies of event sequences
within the same ESD that result in the same end state, are summed. The concept of aggregating
event sequences to obtain aggregated end-state results is depicted in Figure 4.3-1.

The PCSA is described above as a system simulation. This is important in that any simulation or
model is an approximate representation of reality. Approximations may lead to uncertainties
regarding the frequencies of event sequences. The event sequence quantification presented in
this document propagates input uncertainties to the calculated frequencies of event sequences
using Monte Carlo techniques. Figure 4.3-1 illustrates the results as horizontal bars to depict the
uncertainties that give rise to potential ranges of results.

As required by the performance objectives for the GROA through permanent closure in 10 CFR
63.111 (Ref. 23.2), each aggregated event sequence is categorized based on its frequency.
Therefore, the focus of the analysis in this document is to:

1. Quantify the frequency of each initiating event that is identified in Subsurface
Operations Event Sequence Development Analysis (Ref. 2.2.40).

2. Quantify the conditional probability of the pivotal events in each event sequence.
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3. Calculate the frequency of each event sequence (i.e., calculate the product of the
initiating event frequency and pivotal event conditional probabilities).

4. Calculate the frequencies of the aggregated event sequences.
5. Categorize the aggregated event sequences for further analysis.

The activities required to accomplish these objectives are illustrated in Figure 4.3-2 and
described below.

The cross-hatched boxes in Figure 4.3-2 serve as a review of the analysis performed for the
Subsurface Operations Event Sequence Development Analysis (Ref. 2.2.40) and the interface
between the event sequence development analysis and the present categorization analysis is the
set of event trees, as represented by the darkly shaded box. The event trees from the prerequisite
analysis are passed as input into the current analysis. The unshaded boxes represent the analysis
performed in this study, the methods of which are described in Section 4.

35 March 2008



Subsurface Operations Reliability 000-PSA-MGRO0-00500-000-00A
and Event Sequence Categorization Analysis

System Description and
Block Flow Diagram

Process Flow Diagrams B HAZOP

Activity Nodes

[

——»  Master Logic Diagram

9 Initiating Events and
b3 Contributors
-E \
5
o Fault Tree Analysis,
2 \ Passive Equipment Failure
8 Analysis, Human Reliability
E Analysis
: Event Sequence Diagrams
= S$SC and
Equipment
E;‘;O‘Sa;f:::‘:d Reliability Analysis
Event Saquences v with Uncertainties
Evert Troes Reliability and Event

Sequence Categorization

NOTE: HAZOP = hazard and operability; SSC = structure, system, or component.
Source: Modified from (Ref. 2.2.40, Figure 2)
Figure 4.3-2. Preclosure Safety Assessment Process

The event sequences that are categorized in the present analysis can be more fully understood by
consulting the event sequence development analysis (Ref. 2.2.40). The remainder of this
subsection presents a refresher of the event sequence development process.

A simplified process flow diagram (PFD) is developed to clearly delineate the process and
sequence of operations to be considered within the analysis of the facility. An excerpt from an
example PFD is shown in Figure 4.3-3. The PFD guides development of the MLD and the
conduct of the HAZOP evaluation. The PFD is broken down into nodes to identify specific
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processes and operations that are evaluated with both a MLD and HAZOP evaluation to identify
potential initiators.

Development of the MLD is accomplished by deriving specific failures from a generalized
statement of the undesired state. As a “top-down” analysis, the MLD starts with a top event,
which represents a generalized undesired state. The top event includes direct exposure to
radiation and exposure as result of a release of radioactive material. The basic question
answered by the MLD is “How can the top event occur?” Each successively lower level in the
MLD hierarchy divides the identified ways in which the top event can occur with the aim of
eventually identifying specific initiating events that may cause the top event. In the MLD, the
initiating events are shown at the next-to-lowest level. The lowest level provides an example of
contributors to the initiating event. This process for the PCSA is detailed in Subsurface
Operations Event Sequence Development Analysis (Ref. 2.2.40, Section 4.3.1.2).

The HAZOP evaluation focuses on identifying potential initiators that are depicted in the lower
levels of the MLD. It is a “bottom-up” approach that supplements the “top-down” approach of
the MLD. The HAZOP evaluation is also a systematic analysis of repository operations during
the preclosure phase. As an early step in the performance of the HAZOP evaluation, the
intended function, or intention, of each node in the PFD is defined. The intention is a statement
of what the node is supposed to accomplish as part of the overall operation. The HAZOP
analysts work their way through the PFD, node by node, and postulate deviations from normal
operations. A “deviation” is any out-of-tolerance variation from the normal values of parameters
specified for the intention. Although the repository is in some ways to be the first of its kind, the
operations are based on established technologies: for example, transportation cask movement by
truck and rail, crane transfers of casks and canisters, rail-based trolleys, air-based conveyances,
robotic welding, and SNF pool operations. The team assembled for the HAZOP evaluation (and
available on call as questions arose) had experience with such technologies and was well
equipped to perform the evaluation.

The MLD and HAZOP evaluation are strongly interrelated. The MLD 1is cross-checked to the
HAZOP evaluation. That is, the MLD is modified to include any initiators and contributors that
are identified in the HAZOP evaluation but not already included in the MLLD. The entire process
is iterative in nature (Figure 4.3-2 (does not show iteration)) with insights from succeeding steps
often feeding back to predecessors. The top-down MLD and the bottom-up HAZOP evaluation
provide a diversity of viewpoints that adds confidence that no important initiating events have
been omitted. Details on implementation of the HAZOP evaluation are presented in Subsurface
Operations Event Sequence Development Analysis (Ref. 2.2.40, Section 4.3.1.3).
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Figure 4.3-3. Simplified Process Flow Diagram
for Example with Node 4
Emphasized for Further Discussion
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An overview of the pertinent human and SSC responses to an initiating event is depicted in an
ESD. As shown in Figure 4.3-4, an ESD represents event sequences in terms of initiating events,
pivotal events, and end states. The boxes (pivotal events) represent events that have binary
outcomes: success (yes) or failure (no). Because the future is uncertain, the analyst does not
know which of the alternative scenarios might occur. The ESD depicts the alternative scenarios
as paths that can be traced through the diagram. Each alternative path from initiating event to an
end state represents an event sequence. The events that may occur after the initiating event are
identified by asking and answering the question “What can happen next?” Typically, questions
about the integrity of radionuclide containment (e.g., cask, canister, or waste package) and
confinement (e.g., heating, ventilation, and air conditioning (HVAC)) become pivotal events in
the ESD.
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Figure 4.3-4.  Event Sequence Diagram—-Event Tree Relationship

The initiating events that are represented in the MLD are transferred to events depicted as “little
bubbles” (Figure 4.3-4, 1, 2, and 3) in the ESDs. One or more initiating events identified on the
MLD may be included in a single little bubble, but all of the initiating events included in the
little bubble must have the same pivotal events (i.e., human and SSC responses) and the same
conditional probability for each pivotal event. Initiating events represented by little bubbles may
be aggregated further into “big bubbles” as depicted in Figure 4.3-4. The big bubble represents
the failures associated with a major function in a specific location depicted in the PFD and
establishes the level of aggregation for the categorization of the event sequence (as Category 1,
Category 2, or Beyond Category 2).

For example, all initiating events that challenge the containment function of a canister would
include pivotal events that question the containment integrity of the canister and the availability
of HVAC confinement. The knowledge to develop such ESDs and appropriately group the
initiating events comes from a detailed knowledge of the SSCs and operations derived from
developing the PFD, MLD, and HAZOP evaluation. The pivotal event conditional probabilities
are the same for all initiating events in a little bubble. All initiating events represented by the big
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bubble have the same human and SSC responses and, therefore, may be represented by the same
event sequences. However, the conditional probability for each pivotal event is not necessarily
the same for each little bubble.

4.3.1 Event Tree Analysis and Categorization

Also illustrated in Figure 4.3-4, is the relationship of the YMP ESDs to their equivalent event
trees. Event trees contain the same information as ESDs but in a form suitable to be used by
software such as SAPHIRE (Ref 2.2.46), which ultimately stores event trees, fault trees, and
reliability data, and can be used to quantify complex event sequences. (SAPHIRE was not used
for quantifying event sequences for Intra-Site Operations or Subsurface Operations, because the
systems and operations involved were not as complex as those in the waste handling facilities.)

Event tree depiction of ESDs provides little new information. In an event tree, each event
sequence has its separate line so that the connections between initiating events and end states is
more explicit than in ESDs (Ref. 2.2.66, Section 3.4.4.2). Any path from left to right that begins
with the initiating event and terminates with an end state is an event sequence. Every path must
be associated with an end state. As illustrated in the event tree portion of Figure 4.3-4, each
intersection of a horizontal and vertical line is referred to as a node (or branch point). Each node
is associated with a conditional probability of following the vertical downward branch. By
convention, the description of each branch is stated as a success, and the downward branch
indicates a failure. The complement is the probability of taking the vertical upward branch, that
is, the probability of success. To quantify the event sequence, the initiating event frequency (or
expected number of occurrences) is multiplied by the conditional probability of each subsequent
pivotal event node in the event sequence until an end state is reached.

The YMP PCSA uses the concept of linked event trees (Ref. 2.2.66). Each facility has its own set
of event trees. The first event tree simply represents the little bubbles, one horizontal line per
little bubble. This is called the initiator event tree (IET). The second event tree contains the
pivotal events and end states. This is called the system response event tree (SRET). An event
sequence would start with each of the horizontal lines as if it were the initiating event on the
SRET, as indicated in Figure 4.3-4. Each set of IET and SRET is quantified for each waste
container type (e.g., dual-purpose canisters (DPCs), transportation, aging, and disposal (TAD)
canisters, DOE SNF that is handled in a facility. The event in the IET labeled “# of occurrences”
represents the number of handlings (i.e., demands) for that initiating event. For example, each
lift of a transportation cask provides an opportunity for a drop. An event sequence quantification
includes the frequency (or number of occurrences) of each end state (e.g., radionuclide release),
associated with a single lift, and multiplies it by the number of lifts to obtain the expected
number of drops over the preclosure period. This approach is consistent with a binomial model
of reliability.

Categorization of event sequences is based on the aggregated “big bubble” initiating event. Each
line on the IET coupled with the SRET is quantified separately. Using Figure 4.3-4, this would
mean three quantifications, corresponding to the three initiating event frequencies and three
corresponding sets of pivotal event probabilities. (By SAPHIRE convention, the top line is a
dummy initiating event.) Each event sequence, therefore, would have three values. In order to
obtain the total frequency of an event sequence for purposes of categorization, per 10 CFR
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63.111 (Ref. 2.3.2), the three frequencies are probabilistically summed. Doing this summation is
equivalent to basing categorization on the big bubble. If an event sequence has only one little
bubble, then only the SRET needs to be used with the initiating event in the place so denoted, in
the second event tree. In this case, summation of event sequences is not necessary and not
performed.

Because each event sequence is associated with a mean number of occurrences over the
preclosure period, categorization is straightforward. Those event sequences that are expected to
occur one or more times before permanent closure of the GROA are Category 1 event sequences.
Other event sequences that have at least one chance in 10,000 of occurring but less than one
occurrence before permanent closure are Category 2 event sequences. Sequences that have less
than one chance in 10,000 of occurring before permanent closure are identified as Beyond
Category 2. As described in Section 4.3.6, event sequence quantification considers uncertainties
and categorization is performed on the basis of an event sequence mean value of the underlying
probability distribution. The preclosure period lasts 100 years but actual emplacement
operations occupy 50% of this time (Ref. 2.2.15, Section 2.2.2.7).

Although event trees were developed for the subsurface operations in the Subsurface Operations
Event Sequence Development Analysis report (Ref. 2.2.40), detailed event tree analysis using
SAPHIRE software was not carried out. Instead, the event sequence logic was developed
directly from the set of IET and SRET established for each ESD and input into an Excel
spreadsheet. Subsequently, data for initiating event frequencies and pivotal event conditional
probabilities obtained via fault tree analysis or derived from empirical data are incorporated into
the spreadsheet. When the spreadsheet is fully populated, event sequence quantification begins,
followed by event sequence grouping and categorization. The method for obtaining initiating
and pivotal event data is described in the following sections.

4.3.1.1 Quantification using Excel

This section presents a summary of how the quantification is performed for Intra-Site Operations
using a combination of Excel (for event tree and event sequence quantification) and SAPHIRE
fault tree quantification (to produce probability and uncertainty values for the calculation).

Internal event sequences that are based on the event trees presented in Attachment A and fault
trees presented in Section 6.2 and Attachment B are quantified using Excel and SAPHIRE (refer
also to discussion on software usage in Section 4.2). The quantification of an event sequence
consists of calculating its number of occurrences over the preclosure period, which is generated
by combining a frequency for each initiating event with the conditional probabilities of pivotal
events that comprise the sequence. The quantification results are presented as an expression of
the mean number of occurrences of each event sequence over the preclosure period and the
uncertainty for the number of occurrences (i.e., standard deviation). The frequency of
occurrence is the product of the following:

e Number of times the waste handling operation or activity that gives rise to the event

sequence is performed over the preclosure period: An example of this value would be
the total number of TAD canisters in aging overpacks to be sent to the Aging Facility
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combined with the number of transfers between a waste handling facility and the Aging
Facility over the preclosure period.

e Probability of occurrence of the initiating event, per waste handling operation, for the
event sequence considered: Continuing with the previous example, this could be the
probability of dropping an aging overpack containing a TAD canister being conveyed by
a site transporter between a surface facility and the Aging Facility. The initiating event
probability is entered into Excel as parameters of the distribution (mean, median, and
standard deviation), which are either produced from a fault tree in SAPHIRE or are
based on a basic event value (e.g., empirical data on forklift collisions).

e Conditional probability of each of the pivotal events of the event sequence (shown
graphically in the system response event tree for each ESD): The conditional
probabilities used in this analysis are point values that represent a passive failure (refer
to Section 6.3.2), for example, breach of a TAD canister inside an aging overpack due to
a drop.

Uncertainties in the initiating event probabilities are propagated through the event sequence logic
to quantify the uncertainty in the event sequence quantification. The uncertainty associated with
the initiating event probabilities provided by the fault trees are produced by SAPHIRE using the
built-in Monte Carlo method. Each fault tree top event was analyzed using 10,000 trials and a
seed value of 1234. The number of trials is considered sufficient to ensure accurate results for
the distribution parameters.

The event sequence logic (graphically shown in Attachment A) follows a transfer to a system
response event tree, which provides the basis for quantifying the rest of the sequence through the
use of the pivotal events. (The pivotal events are detailed in Attachment A, and the values used
for them are provided in Section 6.3.) The initiator event trees and the system response event
trees developed in SAPHIRE for the event sequence development analysis (Section 4.2) provide
a graphical representation for model development in the Excel spreadsheet. An example of the
Excel spreadsheet is provided in Figure 4.3-5).
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Figure 4.3-5. Example Excel Spreadsheet
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The calculation is illustrated in Figure 4.3-5 as an event sequence (Event Tree/Sequence No. 3-3)
initiated by a drop of a TAD canister in an aging overpack during a transfer to the Aging Facility
via a site transporter, followed by the breach of the canister, without potential for moderator
entry into the canister.

The event sequence, which leads to an unfiltered radionuclide release that is not important to
criticality (RRU), starts with an initiator event tree that depicts the number of TAD canisters in
aging overpacks that are transported to and from the Aging Facility over the preclosure period.
Based on Waste Form Throughputs for Preclosure Safety Analysis (Ref. 2.2.31, Table 4), there
are 16,286 such movements (i.e., 8,143 waste forms X 2 trips each). The branch on the initiator
event tree that deals with the drop of a canister is followed. Multiplying the number of TAD
canister movements by the probability of a drop yields the number of occurrences of this
initiating event over the preclosure period.

The breach of the canister given a drop (Event Tree/Sequence No. 3-3), is first evaluated under
the pivotal event called “CANISTER” (data labeled in  spreadsheet as
“CANISTER _AO IMPACT”), which has a failure probability of 1E-05. The next pivotal event
is “MIODERATOR”, which has a probability value of “0”, indicating that moderator is not
present. In the event sequence analyzed, no moderator entry occurs; that is, the success branch is
followed.

The parameters to define a distribution are calculated for each event sequence by multiplying
each parameter (mean, median, and standard deviation) by the scalar values for the number of
occurrences, the number of movements, and the conditional probability point estimates. This
method is valid because multiplying a distribution by one or more constants is a linear operation.
That is, it is simply a translation of the moments of the distribution. An additional check of this
method was made to ensure the results generated were consistent with the other PCSA analyses,
which required complex modeling in SAPHIRE. Test cases were run in SAPHIRE, and the
results were to the same as those generated in the Excel spreadsheet.

For categorization, the single-line event sequences are aggregated (summed) for each end state,
as described previously in Section 4.3. After multiplying the distribution parameters by the
applicable scalar values as described above, the single-line event sequences still represent a

probability distribution, for which the mean and median values can be directly summed, as
described below.

Summing mean values for a given distribution:
Hy.y = Uy T Uy (Eq 1)
where

X and Y are independent variates
uy 1s the mean value for one distribution

Uy 1s the mean value for a second distribution
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The standard deviation, o, is calculated as the square root of the sum of the squares, based on the
following property for combining variance, o>, of two distributions in Equation 2.

6)2(+Y = 6)2( + G}% (Eq 2)

where

X and Y are independent variates

2 . . . . .
o 1s the variance for one distribution

2 . . . . .
oy 1s the variance for the second distribution

Therefore, taking the square root of the variance to obtain the standard deviation, results in

\/Gfm :\/Gfﬁai (Eq. 3)

That is, the standard deviation for the combined distribution is the square root of the sum of the
squares of each distribution’s value for standard deviation.

The median is calculated from the mean and standard deviation according to Equation 4:

u

Median = —2—— (Eq. 4)
2

u+o

where

4 1s the mean for the lognormal distribution (i.e., z,,, for the summed distributions)

o’ is the variance for the lognormal distribution (i.e., o7, for the summed distributions)

The resulting values are the parameters that define the estimated probability distributions for
each aggregated event sequence. The mean value for each aggregated sequence is compared to
the performance objectives for categorization (Ref. 2.3.2). Figure 4.3-6 shows an example of the
aggregated event sequence frequencies. The aggregated event sequence that results in direct
exposure (DE-SHIELD-LOSS) has a mean value of 8. 1E-04. This is greater than 1E-04 but less
than 1; therefore, this is a Category 2 event sequence. The event sequence that ends in a non-
ITC unfiltered radiological release (RR-UNFILTERED) is less than 1E-04 and is thus beyond
Category 2. The event sequence that ends in an unfiltered radiological release important to
criticality (RR-UNFILTERED-ITC) is “0”, because moderator is not present in this event;
therefore, the potential for criticality cannot exist.
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Figure 4.3-6. Example Grouped Event Sequences
4.3.2 Initiating and Pivotal Event Analysis

The purpose of this analysis is to develop the frequency (i.e., number of occurrences over the
50-year operating lifetime of the facility) of each event sequence in order to categorize event
sequences in accordance with 10 CFR 63.2 (Ref. 2.3.2). (In this document, the term frequency is
used interchangeably with expected number when discussing event sequence quantification).
This involves developing the frequency of each initiating event and conditional probability of
each pivotal event. Some pivotal events in this analysis are associated with structural or thermal
events. In these cases, passive equipment failure analyses (PEFAs) are performed. The PEFAs
include probabilistic structural or thermal analyses as summarized later in this section to develop
mean conditional probabilities of failure directly associated with pivotal events. Often, however,
the events depicted in ESDs or event trees cannot easily be mapped to such a calculation or to
reliability data (e.g., failure history records). This is because large aggregates of components
(e.g., systems or complicated pieces of equipment such as the WPTT) may be unique to the YMP
facility with little or no prior operating history. The components, however, of which it is
composed, have usually been used before and there is an adequate set of reliability data for these
components. The PCSA used fault trees for this mapping. As a result, the PCSA disaggregates
or breaks down the initiating events and pivotal events, when needed, into a collection of simpler
components. All initiating events use fault trees and the pivotal event associated with
confinement is analyzed via a fault tree of the HVAC system. In effect, the use of fault trees
creates a mapping between ESD or event tree events and the available reliability data.
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4.3.2.1 Fault Tree Analysis

Construction of a fault tree is a deductive reasoning process that answers the question “What are
all combinations of events that can cause the top event to occur?” Figure 4.3-7 demonstrates
this:

Premature
Tiltdown of
WPTT

060-WPTT-PRE-TILTDOWHN
[ 1
Human Failure WPTT Electrical
Event Results Failure
Premature Tilt Down

060-HFE-TILTDOWN 060-WPTT-ELECT-FAIL
[ ] I ]
Operator Inhates Docking WETT Control Doclang
Premature Tilt Dowa Interlock Fails System Failure Interlock Fails
Closed Closed
O 3.000E-5 O 2.904E-6 Q O 2.904E-6
060-OPTILTDOWHNO]-HFI-NOD 060-HMP-IEL0D]1--IEL-FOH 060 WPTT-CO.I'W SYS-FAIL 060-HMP-IEL001--[EL-FOH
L L L
On-Board PLC Remotes Inadvertent
Iitiates Controller Sends Power to Both
Spunious Signal Spunous Signal Motors
O 5.064E-6 O 2.496E-6 O 3.024E-7
060-HMP--PLC002--PLC-SPO 060-HMP--HC002---HC--SPO 060-HMP--CBP002--CEF-SHC

NOTE: This fault tree is presented for illustrative purposes only and is not intended to represent results for the
present analysis.

PLC = programmable logic controller; WPTT = waste package transfer trolley.
Source: Original

Figure 4.3-7. Example Fault Tree

This top-down analytical development defines the combinations of causes for the initiating or
pivotal events, into an event sequence, in a way that allows the probability of the events to be
estimated.

As the name implies, fault tree events are usually failures or faults. Fault trees use logic or
Boolean gates. Figure 4.3-7 shows two types of gates: the AND gate (mound shaped symbol
with a flat bottom) and the OR gate (mound shaped symbol with a concave bottom). An AND
gate passes an output up the tree if all events immediately attached to it occur. An OR gate
passes an output up the tree if one or more events immediately attached to it take place. An
AND gate often implies components or system features that back each other up, if one fails, the
other continues to perform the function adequately. The success criterion of the SSC or
equipment being analyzed 1s important in determining the appropriate use of gates.
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The bottom level of the fault tree contains events with bubbles beneath them indicating a basic
event. Basic events are associated with frequencies from industry-wide active equipment
reliability information, passive equipment failure analysis, or human reliability analysis.

Fault trees are Boolean reduced to minterm form, which expresses the top event in terms of the
union of minimal cut sets. Minimal cut sets, which are groups of basic events that must all occur
to cause the top event in the fault tree, result from applying the Boolean Idempotency and
Absorption laws. Fault tree analysis, as used in the PCSA, is well described in the Fault Tree
Handbook. NUREG-0492 (Ref. 2.2.87). Each minimal cut set represents a single basic event or
a combination of two or more basic events (e.g., a logical intersection of basic events) that could
result in the occurrence of the event sequence. Minimal cut sets are minimal in the sense that
they contain no redundant basic events (i.e., if any basic event were removed from a minimal set,
the remaining basic events together would not be sufficient to cause the top event). Section 4.3.6
continues the discussion about utilization of minimal cut sets in the quantification of event
sequences.

As illustrated in Figure 4.3-7, the organization of the fault trees in the PCSA is developed to
emphasize two primary elements, which together result in the occurrence of the top event: (1)
human failure events, and (2) equipment failures. The human failure events include postulated
unintended crew actions and omissions of crew actions. Identification and quantification of
human failure events (HFEs) are performed in phases. Initial identification of HFEs led to
design changes to either eliminate them or reduce the probability that they would cause the fault
tree top event. For example, Figure 4.3-7 shows an HFE logically intersected with an electro-
mechanical interlock such that both a crew error of commission and failure of the interlock must
occur for premature WPTT tiltdown to occur.

Event trees and fault trees are complementary techniques. Often used together, they map the
system response from initiating events through damage levels. Together, they delineate the
necessary and sufficient conditions for the occurrence of each event sequence (and end state).
Because of the complementary nature of using both inductive and deductive reasoning processes,
combining event trees and fault trees allow more comprehensive, concise, and clearer event
sequences to be developed and documented than using either one exclusively. The selection of
and division of labor among each type of diagram depends on the analyst’s opinion. In the
PCSA, the choice was made to develop event trees along the lines of major functions such as
crane lifts, waste container containment, HVAC and building confinement, and introduction of
moderator. Fault trees disaggregate these functions into equipment and component failure
modes for which unreliabilities or unavailabilities were obtained.

4.3.2.2 Passive Equipment Failure Analysis

Passive equipment (e.g., transportation casks, storage canisters, waste packages) may fail from
manufacturing defects, material variability, defects introduced by handling, long-term effects
such as corrosion, and normal and abnormal use. Industry codes, such as Minimum Design
Loads for Buildings and Other Structures (Ref. 2.2.5) and Section II1, Subsection NCA of ASME
Boiler and Pressure Vessel Code (Ref. 2.2.7) establish design load combinations for passive
structures (such as building supports) and components (such as canisters). These codes specify
design basis load combinations and provide the method to establish allowable stresses. Typical
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load combinations for buildings involve snow load, dead (mass) load, live occupancy load, wind
load, and earthquake load. Typical load combinations for canisters and casks are found in
Section III, Subsection NCA of the ASME Boiler and Pressure Vessel Code (Ref. 2.2.7) and
would include, for example, preloads or pre-stresses, internal pressurization and drop loads,
which are specified in terms of acceleration. Design basis load combinations are purposefully
specified to conservatively encompass anticipated normal operational conditions as well as
uncertainties in material properties and analysis. Therefore, passive components, when designed
to codes and standards and in the absence of significant aging, generally fail because of load
combinations or individual loads that are much more severe than those anticipated by the codes.
Fortunately, the conservative nature of establishing the design basis coupled with the low
probability of multiple design basis loads occurring concurrently often means a significant
margin or factor of safety exists between the design point and actual failure. The approach used
in the PCSA takes advantage of the design margins (or factor of safety).

The development of code requirements for minimum design loads in buildings and other
structures in the late 1970s considered multiple loads. A probabilistic basis for structural
reliability was developed as part of the development of Development of a Probability Based
Load Criterion for American National Standard A58, Building Code Requirements for Minimum
Design Loads in Buildings and Other Structures (Ref. 2.2.50). This document refers to classic
structural reliability theory. In this theory, each structure has a limit state (e.g., yield or
ultimate), such that, loads and resistances are characterized by Equation 4:

g(X1,X2,... Xj,...Xy) =0 (Eq. 4)

In Equation 4, g is termed the limit-state variable where failure is defined as g < 0 and the x; are
resistance (sometimes called capacity or fragility) variables or load (sometimes called stress or
demand) variables. The probability of failure of a structure is given, in general, by Equation 5:

Pf = I~.~Ifx(xl7x27"'xi"'xn)dx1dx2'“dxn (Eq 5)

Where f, is the joint probability density function of x; and the integral is over the region in which
g < 0. The fact that these variables are represented by probability distributions implies that
absolutely precise values are not known. In other words, the variable values are uncertain. This
concept is illustrated in Figure 4.3-8. Codes and standards such as Minimum Design Loads for
Buildings and Other Structures (Ref. 2.2.5), guide the process of designing structures such that
there is a margin, often called a factor of safety, between the load and capacity. The factor of
safety is established in recognition that quantities, methods used to evaluate them, and tests used
to ascertain material strength give rise to uncertainty. A heuristic measure of the factor of safety
is the distance between the mean values of the two curves.
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Figure 4.3-8. Concept of Uncertainty in Load and Resistance

In the case in which Equations 4 and 5 are approximated by one variable representing resistance
and the other representing load, each of which is a function of the same independent variable y,
the more familiar load-capacity interference integral results as shown in Equation 6.

P, = [F(y)h(y)dy (Eq. 6)

Pris the mean probability of failure and is appropriate for use when comparing to a probability
criterion such as one in a million. In Equation 6, F(y) represents the cumulative density function
(CDF) of structural capacity and A(y) represents the probability density function (PDF) of the
load. The former is sometimes called the fragility function and the later is sometimes called the
hazard function.

To analyze the probability of breach of a dropped canister, y is typically in units of strain, 7 is
typically a fragility function, which provides the conditional probability of breach given a strain;
and A is the probability density function of the strain that would emerge from the drop. For
seismic risk analysis, # represents the seismic motion input, y is in units of peak ground
acceleration, and /' is the seismic fragility. The seismic analysis of the YMP structures is
documented separately in Seismic Event Sequence Quantification and Categorization
(Ref. 2.4.4). Degradation of shielding owing to impact loads uses a strain to failure criterion
within the simplified approach of Equation 7, described below. For analysis of the conditional
probability of breach owing to fires, y is temperature, /" is developed from fire data for non-
combustible structures, and 4 is developed using probabilistic heat transfer calculations.
Analysis for heating up casks, canisters, and waste packages associated with loss of building
forced convection cooling was similarly accomplished, but Equation 7 was used.
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If load and capacity are known, then Equations 5 and 6 provide a single valued result, which is
the mean probability of failure. Each function in Figure 4.3-8 is characterized by a mean value,

L and R, and a measure of the uncertainty, generally the standard deviation, usually denoted by

o7, and op for I and R, respectively. The spread of the functions may be expressed,
alternatively, by the corresponding coefficient of variation (V) given by the ratio of standard

deviation to mean, or V, =o,/L and V, =0, /R for load and resistance, respectively. The

coefficient of variation may be thought of as a measure of dispersion expressed in terms of the
number of means.

In the PCSA, the capacity curve for developing the fragility of casks and canisters against drops
was constructed by a statistical fit to tensile elongation to failure tests (Ref. 2.2.39). The load
curve may be constructed by varying drop height. A cumulative distribution function may be fit
to a locus of points each of which is the product of drop height frequency and strain given drop
height.

Impact Events Associated with Containment Breach

A simplification of Equation 6, consistent with Staff Guidance HLWRS-1SG-02, Preclosure
Safety Analysis — Level of Information and Reliability Estimation (Ref. 2.2.73), and shown in
Equation 7 is used in the PCSA. Tt is illustrated in Figure 4.3-9.

P, = [F(y)dy
° (Eq. 7)

In Equation 7, A is a single value conservative load.

The load is a single value estimated by performing a calculation for a condition more severe than
the mean. For example, if the normal lift height of the bottom of a canister in a handling facility
23 feet, a drop height of 32.5 feet is more severe and may be conservatively applied to all drop
heights equal to or below this height. This can be conservatively applied to all drop heights
equal to or below this height, such as for the maximum drop heights for the TEV. The
conditional probability of breach is an increasing function of drop height. Strain resulting from
drops is calculated by dynamic finite element analysis using Livermore Software—Dynamic
Finite Element Program (LS-DYNA) for canisters and transportation cask drops (Ref. 2.2.39).
Therefore, use of a higher than mean drop height for the load for all drop heights, results in a
conservative estimate of breach probability. As an additional conservatism, a lower limit of
breach probability of 1E-05 was placed on drops of casks, canisters, and waste packages. To
perform the analyses, representative canisters and casks were selected from the variety of
available designs in current use which were relatively thin walled on the sides and bottom. This
added another conservative element.
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Figure 4.3-9. Point Estimate Load Approximation Used in PCSA

The PCSA applies PEFA’s to a wide variety of event sequences including those associated with:

Canister drops
Canister collisions with other objects and structures
Other objects dropped on canisters

Transportation cask drops and subsequent slap-downs (analyzed without impact
limiters)

Conveyance derailments and collisions when carrying transportation casks and canisters
(conveyances would be trucks, railcars, cask transfer trolley, and site transporters)

Other objects dropped on transportation casks
Waste package drops
Waste package collision with other waste packages

Transport and emplacement vehicle (TEV) collisions with structures and another TEV
when carrying a waste package

Objects dropped on waste packages

Objects dropped on TEV.
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Many of these, such as collisions, derailments, and objects dropped onto casks/canisters, involve
far lower energy loads than drop events. For impact loads that are far less energetic than drops,
the drop probability is ratioed by impact energy to estimate the less energetic situation.

Shielding Degradation Events

Impact loads (such as drops) may not be severe enough to breach a transportation cask, but might
lead to degradation of shielding such that onsite personnel are exposed. The waste package does
not provide shielding; worker protection from direct radiation is provided by the TEV. In this
analysis, the TEV is considered to function as a transportation cask in providing shielding
protection, and thus, all discussions regarding transportation cask shielding is applicable to the
TEV shielding function. According to Conceptual Shielding Study for Transport Emplacement
Vehicle (Ref. 2.2.13, Table 1, Configuration B), the TEV shielding consists of a steel shell with a
sandwich of depleted uranium and polymer. This shielding is similar to the steel/depleted
uranium truck cask noted below.

The shielding degradation analysis is based primarily on results of finite-element modeling
(FEM) performed for, four generic transportation casks types for transportation accidents as
reported in Reexamination of Spent Fuel Shipment Risk Lstimates. NUREG/CR-6672 (Ref.
2.2.83). The results of the FEM analysis were used to estimate threshold drop heights and
thermal conditions at which LOS may occur in repository event sequences. The four cask types
include steel monolith rail cask, steel/depleted uranium (SDU) truck cask, steel/lead/steel (SLS)
truck cask and SLS rail cask. The study performed structural and thermal analyses for both
failure of containment boundaries and LOS for accident scenarios involving rail cask and truck
cask impacting unyielding targets at various impact speeds from 30 mph to greater than 120
mph. Impact orientations included side, corner, and end. The study also correlated the damage
to impacts on real targets, including soil and concrete.

Reexamination of Spent Fuel Shipment Risk Estimates NUREG/CR-6672 (Ref. 2.2.83) addresses
two modes of shielding degradation in accident scenarios: Deformations of lid and closure
geometry that permit direct streaming of radiation; and/or reductions in cask wall thickness, or
relocation of the depleted uranium or lead shielding. The shielding degradation due to
lid/closure distortion can be accompanied by air-borne releases if the inner shell of the cask is
also breached.

The structural analyses do not credit the energy absorption capability of impact limiters.
Therefore, the results are deemed applicable to approximate the structural response of
transportation and similar casks in drop scenarios.

Principal insights reported in (Ref. 2.2.83) are the following:

e Monolithic steel rail casks do not exhibit any shielding degradation, but there may be
some radiation streaming through gaps in closures in any of the impact scenarios. This
result can be applied to both transportation casks.
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o Steel/depleted uranium/steel truck cask exhibited no shielding degradation, explained by
modeling that included no gaps between forged depleted uranium segments so that no
displacement of depleted uranium could occur.

e The SLS rail and truck casks exhibit shielding degradation due to lead slumping. Lead
slump occurs mostly on end-on impact, with a lesser amount in corner orientation. For
side-on orientation, there is no significant reduction in shielding.

Since the TEV shielding construction is similar to the steel/depleted uranium truck cask, no
shielding degradation would occur following an impact to the TEV under similar conditions
listed in the study.

Fire Events Associated with Possible Containment Breach

Fire initiated events are included in the PCSA, which probabilistically analyzes the full range of
possible fires that can occur, as well as variations in the dynamics of the heat transfer and
uncertainties in the failure temperature of the target. This analysis focuses on fires that might
directly impact the integrity of cask, canister, and waste package containment. Equation 6 is
used for this purpose. The fragility analysis includes the uncertainty in the temperature that
containment will be breached, and the uncertainty in the thermal response of the canister to the
fire. In calculating the thermal response of the canister, variations in the intensity and duration
of the fire are considered along with conditions that control the rate of heat transfer to the
container, e.g., convective heat transfer coefficients, view factors, emissivities, etc. In
calculating the failure temperature of the canister, variations in the material properties of the
canister are considered, along with variations in the loads that lead to failure. The load or
demand is associated with uncertainty in the fire severity.

Fire severity is characterized by the fire temperature and duration, since these factors control the
amount of energy that the fire could transfer to a cask, canister, or waste package. (In this
analysis, these are referred to as targets.) The duration of the fire is taken to be the amount of
time a particular container is exposed to the fire, and not necessarily the amount of time a fire
burns. Probability distributions of the fire temperature and fire duration are based on the
unavailability of manual or automatic fire suppression, which leads to an assessment that
significantly overstates the risk of fires.

4.3.2.2.1 Uncertainty in Fire Duration

An uncertainty distribution for the fire duration is developed by considering test data and
analytical results reported in several different sources; some specific to the YMP facilities and
some providing more generic information. In general, the fire durations are found to depend
upon the amount, type, and configuration of the available combustible material.

Based on a review of the available information, it is determined that two separate uncertainty
distributions would be needed: one for conditions without automatic suppression and one for
conditions with automatic suppression. The derivation of these two distributions is discussed
below.
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Uncertainty in fire duration was developed from:
o Utilisation of Staftistics to Assess Fire Risks in Buildings (Ref. 2.2.85)

o Heat and Mass Release for Some Tramsient Fuel Source Fires: A Test Report.
NUREG/CR-4680 (Ref. 2.2.64)

o Quantitative Data on the Fire Behavior of Combustible Material in Nuclear Power
Plants: A Literature Review. NUREG/CR-4679 (Ref. 2.2.65).

The derivation of the distribution of fire duration is described in Attachment D,
Sections D2.1.1.2 and D2.1.1.3.

The fire temperature used in this calculation is the effective blackbody temperature of the fire.
This temperature implicitly accounts for the effective emissivity of the fire, which for large fires
approaches a value of 1.0 (Ref. 2.2.78, p. 2-56). Fires within a YMP facility may involve both
combustible solid and liquid materials. A probability distribution for the fire temperature was
derived by combining fire severity information for compartment fires discussed in SFPE
Handbook of Fire Protection Engineering (Ref. 2.2.78, Section 2, Chapter 2) with information
about liquid hydrocarbon pool fires (Ref. 2.2.2) and (Ref. 2.2.78, p. 2-56). The derivation of this
distribution is described in Attachment D, Section D2.1.2. The fire temperature is normally
distributed with a mean of 1,072 K (799°C) and a standard deviation of 172 K. The mean of this
distribution is approximately equal to the transportation cask design basis fire temperature of
800°C specified in 10 CFR 71.73, Hypothetical Accident Conditions (Ref. 2.3.3).

Fire temperature and duration are negatively correlated. Intense fires with high fire temperatures
tend to be short-lived because the high temperature results from very rapid burning of the
combustible material. In determining the joint probability distribution of fire duration and
temperature, a negative correlation coefficient of -0.5 was used (Attachment D, Section D2.1.3).

The thermal response of the canister is calculated using simplified radiative, convective, and
conductive heat transfer models, which have been calibrated to more precise models. The
simplified models are found to accurately match predictions for heating of the canister in either a
cask or waste package. The heat transfer models are simplified in order to allow a probabilistic
analysis to be performed using Monte Carlo sampling. The models consider radiative and
convective heat transfer from the fire to the canister, cask, waste package, or shielded bell. This
analysis conservatively models the fire completely engulfing the container.

When calculating the heat load on the target for a fully engulfing fire, radiation is the dominant
mode of heat transfer between the fire and the target. The magnitude of the radiant heating of
the container depends on the fire temperature, the emissivity of the container, the view factor
between the fire and the container, also the duration of the fire.

The total radiant energy deposited in the container can be roughly estimated using Equation 8:

)* At (Eq. 8)

re

de = 8Fch(T
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where
Oraa = incident radiant energy over the fire duration (J)
g = emissivity of the container
Fo = container-to-fire view factor
o = Stefan-Boltzmann constant (W/m* K*)
Thre = equivalent blackbody fire temperature (K)
A = container surface area (m?)
t = duration of the fire (s)

The following variables in this equation are treated as uncertain: fire temperature, view factor,
and fire duration. In the case of a canister inside a waste package, cask, or shield bell, a more
complicated set of equations is used to simulate outer shell heat up and subsequent heat transfer
to layers of containment or shielding and then to the canister itself. The model also includes
heating of the canister by decay heat from the spent fuel or high-level radioactive waste.

To estimate the uncertainty associated with target fragility, two failure modes were considered:

1. Creep-Induced Failure. Creep is the plastic deformation that takes place when a
material is held at high temperature for an extended period under tensile load. This
mode of failure is possible for long duration fires.

2. Limit Load Failure. This failure mode occurs when the load exerted on a material
exceeds its structural strength. As the temperature of the canister increases in
temperature, its strength decreases. Failure is generally predicted at some fraction
(usually around 70%) of the ultimate strength.

Failure is considered to occur when either of the failure thresholds is exceeded.

Equation 6, along with the heat transfer equations, are solved using Monte Carlo simulation
(described in Section 4.3.7) with the above described fragility and target fire severity probability
distributions, and distributions for the uncertain heat transfer factors. For each Monte Carlo trial,
the calculated maximum canister temperature is compared to the sampled target failure
temperature. If the maximum temperature of the target exceeds the sampled failure temperature,
then target failure is counted. The failure probability in this method is equal to the fraction of the
samples for which failure is calculated.

Uncertainty in the calculated canister failure probability is given by a calculated mean and
standard deviation, where the mean is simply the number of failures divided by the total number
of samples and the standard deviation is given by Equation 9 for the standard deviation of a
binomial distribution:
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N-ng, )
N
N (Eq. 9)

Ny (
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where ng,; 1s the number of trials in which failure occurs and N is the total number of Monte
Carlo trials.

Fire Event Associated with Shielding Degradation

The thermal analyses in Reexamination of Spent Fuel Shipment Risk Estimates. NUREG/CR-
6672 (Ref. 2.2.83) indicates that the probability of shielding degradation in a fire scenario should
be based on the probability of having a fire that is equivalent to a 1,000°C engulfing fire that
lasts for more than a half-hour. However, TEV shielding degradation does not occur unless the
depleted uranium layer is broken into pieces and drops out of the steel shell. Although TEV
gamma radiation shielding provided by depleted uranium layer is expected to remain in place,
the neutron shielding provided by the polymer layer would be destroyed and considered a loss
under fire scenario. As a result, it is conservatively considered that TEV shielding function
would be a loss under fire scenarios.

4.3.3 Utilization of Industry-Wide Reliability Data
4.3.3.1 Use of Population Variability Data

The quantification of event sequence probabilities via event tree and fault tree modeling requires
information on the reliability of active equipment and components, as usually represented in fault
tree basic events. The PCSA attempts to anticipate event sequences before they happen, which
means that associated equipment reliabilities are uncertain.

As presented in Fault Tree Handbook (Ref. 2.2.87, Figure X-8, p. X-23), the typical model of
failure probability for a component is depicted as a “bathtub curve” illustrated in Figure 4.3-10.
The curve is divided into three distinct phases. Phase I represents the component failure
probability during the “burn-in” period. Phase II corresponds to the “constant failure rate
function” where the exponential distribution can be applied to calculate the probability of failure
within a specified “mission time.” Toward the end of the component life or the wear-out period,
which is represented by Phase III of the curve; the probability of failure increases.
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Source: Fault Tree Handbook (Ref. 2.2.87, Figure X-8, p. X-23)
Figure 4.3-10. Component Failure Rate “Bathtub Curve” Model

As is usually done in PRA, the PCSA uses Phase 11 because Phase I failures are identified by
burn-in testing of equipment before repository operations occur and Phase III failures are
eliminated by preventive maintenance which includes manufacturer recommended replacement
intervals. In Phase II, the component time-to-failure probability can be represented with the
exponential distribution. The probability of failure of a given component (or system) depends on
the value of the constant failure rate, A, and the mission time, t,, as follows in Equation 10:

Pe(hti) = 1 — exp (-Aw) (Eq. 10)

When the product At,, is small (<0.1), the failure probability may be calculated by the following
Equation 11 approximation, which introduces less than a 10% error:

Pe(hotin) = M (Eq. 11)

The PCSA also uses the concept of unavailability to estimate basic event probabilities. This
applies to standby equipment such as the emergency diesel generators and fire suppression.
Reliability theory assumes that after each test the component or system is “good as new” with a
“resetting” of the time-to-failure “clock™ for the exponential failure model. The unavailability
factor is evaluated as the probability of failure during the time between tests, T. The average
unavailability factor, or failure on demand of the standby unit, qq, is calculated as shown in
Equation 12:

qa(A,7) = (A1) (Eq. 12)
In this model the component failure rate is constant between tests, the test does not require any

time, and the test neither introduces another failure mode nor changes the failure rate of the
component.
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Failure on demand is also needed for equipment, such as cranes, that is challenged in discrete
steps. This probability is often symbolized as qq. This model is not based on time in service; it
is based on the number of times the component or system is called upon to perform its safety
function.

Information about hardware failure is characterized as one of the following:

1. Historical performance of successes and failures of an identical piece of equipment
under identical environmental conditions and stresses that are being analyzed (e.g.,
operational experience).

2. Historical performance of successes and failures of an identical piece of equipment
under conditions other than those being analyzed (e.g., test data).

3. Historical performance of successes and failures of a similar piece of equipment or
similar category of equipment under conditions that may or may not be those under
analysis (e.g., another program’s test data or data from handbooks or compilations).

4. General engineering or scientific knowledge about the design, manufacture, and
operation of the equipment or an expert’s experience with the equipment.

The YMP repository has not yet operated, and test information on prospective equipment has not
yet been developed. It is assumed that equipment and SSCs designed and purchased for the
Yucca Mountain repository will be of the population of equipment and SSCs represented in U.S.
industry-wide reliability information sources (Assumption 3.2.1). Furthermore, the uncertainty
in reliability is represented by the variability of reliabilities across this population. Attachment C
contains the list of industry-wide reliability information sources used in the PCSA.

The lack of actual operating experience, the use of industry-wide data, and the consideration of
uncertainties (Ref. 2.2.73) suggested that a Bayesian approach was appropriate for the PCSA. A
Bayesian approach and the use of judgment in expressing the state-of-knowledge of basic event
unreliability is a well-recognized and accepted practice (Ref. 2.2.59, Ref. 2.2.9, and Ref. 2.2.66).
Furthermore, Staff Guidance HLWRS-1SG-02, Preclosure Safety Analysis — Level of Information
and Reliability Estimation includes the use of engineering judgment, supported by sufficient
technical basis, as a means of justifying reliability estimates for certain SSCs (Ref. 2.2.73).

Let 4, be one failure rate of a set of possible failure rates of a component and % be a new body of
evidence. Knowledge of the probability of 4; given £, is represented by P(4/E). For a failure
rate, frequency, or probability of active equipment, Bayes’ theorem is stated as follows in
Equation 13:

P(A)I(E]A,)
> P(L)P(E]A)

P(,/E)= (Eq. 13)

In summary, this states that the knowledge of the “updated” probability of 4, given the new
information £, equals the “prior” probability of A, before any new information, times the
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likelihood function, L(£/4;). The likelihood function is a probability that the new information
really could be observed, given the failure rate 4,. The numerator in Equation 13 is divided by a
normalization factor, which must be such that the sum of the probabilities over the entire set of 4,
equals unity. If there is actual operational experience available, then the steps in an application
of Bayes’ theorem would be as follows: (1) estimate the prior probability using one or more of
the four reliability data types; (2) obtain new information in the form of tests or experiments; (3)
characterize the test information in the form of a likelihood function; and 4) perform the
calculation in accordance with Equation 13 to infer the updated probability.

The PCSA used industry-wide reliability data to develop Bayesian prior distributions for each
active equipment/component failure mode in the fault trees. Updates per Equation 13 will await
actual test and operations. The following summarizes the methods used to develop the Bayesian
prior distributions.

Using multiple reliability databases will typically cause a given active component to have
various reliability estimates, each one from a different source. These various estimates can be
viewed as independent samples from the same distribution, g, representing the source-to-source
variability, also called population variability, of the component reliability (Ref. 2.2.9,
Section 8.1). In a Bayesian approach to reliability estimation, the population-variability
distribution of a component constitutes an informative prior distribution for its reliability. The
population-variability distributions developed in this analysis attempt to encompass the actual
component reliability distributions that will be observed at the GROA when operating experience
becomes available.

A parametric empirical Bayes method is used to develop the population-variability distributions
of active components considered in the PCSA. As indicated in Bayesian Parameter Estimation
in Probabilistic Risk Assessment (Ref. 2.2.79, Section 5.1.2), this method is a pragmatic
approach that has been used in PRA-related applications; it involves specifying the functional
form of the prior population-variability distribution, and fitting the prior to available data, using
classical techniques, for example the maximum likelihood method. A discussion of the
adequacy of the parametric empirical Bayes method for determining the population-variability
distribution is given at the end of this section.

Applying the parametric empirical Bayes method requires first, to categorize the reliability data
sources into two types: those that provide information on exposure data, (i.e., the number of
failures that were recorded over an exposure time (in case of a failure rate)), or over a number of
demands (in case of a failure probability), and those that do not provide such information. In the
latter case, reliability estimates for a failure rate or failure probability are provided in the form of
a mean or a median value, along with an uncertainty estimate, typically an error factor.

For each data source, the reliability information about a component’s failure rate or failure
probability is mathematically represented by its likelihood function. If exposure data are
provided, the likelihood function takes the form of a Poisson distribution (for failure rates), or a
binomial distribution (for failure probabilities) (Ref. 2.2.79, Section 4.2). When no exposure
data is available, the reliability estimates for failure rates or failure probabilities are interpreted
as expert opinion, for which an adequate representation of the likelihood function is a lognormal
distribution (Ref. 2.2.79, Section 4.4) and (Ref. 2.2.57, pp. 312, 314, and 315).
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The next step is to specify the form of the population-variability distribution. In its simplest
form, the parametric empirical Bayes method only considers exposure data and employs
distributions that are conjugate to the likelihood function (i.e., a gamma distribution if the
likelihood is a Poisson distribution, and a beta distribution if the likelihood is binomial)
(Ref. 2.2.9, Section 8.2.1), which have the advantage of resulting in relatively simpler
calculations. This technique, however, is not applicable when both exposure data and expert
opinion are to be taken into consideration, because no conjugate distribution exists in this
situation. Following the approach of The Combined Use of Data and FExpert Estimates in
Population Variability Analysis (Ref. 2.2.57, Section 3.1), the population-variability distribution
in this case is chosen to be lognormal. More generally, for consistency, the parametric empirical
Bayes method is applied using the lognormal functional form for the population-variability
distributions regardless of the type of reliability data available for the component considered
(exposure data, expert opinion, or a combination of the two). In the rest of this section, the
population-variability distribution in its lognormal form is noted g(x, v, z'), where x is the

reliability parameter for the component (failure rate or failure probability), and v and 1, the two
unknowns to be determined, are respectively the mean and standard deviation of the normal
distribution associated with the lognormal. The use of a lognormal distribution is appropriate for
modeling the population-variability of failure rates and failure probabilities, provided in the latter
case that any tail truncation above x = 1 has a negligible effect (Ref. 2.2.79, p. 99). The validity
of this can by confirmed by selecting the failure probability with the highest mean and the most
skewed lognormal distribution and calculating what the probability is of exceeding 1. In
Table C4-1 of Attachment C, PRV-FOD fits this profile, with a mean failure probability of
6.54E-03 and an error factor of 27.2. The probability that the distribution exceeds 1 is 2E-04.
Stated equivalently, 99.98 percent of the values taken by the distribution are less than 1. This
confirms that the use of a truncated lognormal distribution to represent the probability
distribution is appropriate.

To determine v and T, it is first necessary to express the likelihood for each data source as a
function of v and t only, (i.e., unconditionally on x). This is done by integrating, over all
possible values of x, the likelihood function evaluated at x, weighted by the probability of
observing x, given v and 1. For example, if the data source 7 indicates that r failures of a
component occurred out of 1 demands, the associated likelihood function Z, (v, 7), unconditional

on the failure probability x, is as follows in Equation 14:

1
L, (V, z') = IBinom(x, r,1) X g(x, v, z')dx (Eq. 14)

0

where Binom(x,r,n)represents the binomial distribution evaluated for r failures out of n
demands, given a failure probability equal to x, and g(x, v, z') is defined as previously indicated.

This equation is similar to that shown in Bayesian Parameter Estimation in Probabilistic Risk
Assessment (Ref. 2.2.79, Equation 37). If the component reliability is expressed in terms of a
failure rate and the data source provides exposure data, the binomial distribution in Equation 14
would be replaced by a Poisson distribution. If the data source provides expert opinion only (no
exposure data), the binomial distribution in Equation 14 would be replaced by a lognormal
distribution.
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The maximum likelihood method is an acceptable method to determine v and t (Ref. 2.2.79,
p. 101). The maximum likelihood estimators for v and t are obtained by maximizing the
likelithood function for the entire set of data sources. Given the fact that the data sources are
independent, the likelihood function is the product of the individual likelihood functions for each
data source (Ref. 2.2.57, Equation 4). To find the maximum likelihood estimators for v and 7, it
is equivalent and computationally convenient to maximize the log-likelihood function, which is
the sum of the logarithms of the likelihood function for each data source.

The calculation of v and T completely determines the population-variability distribution g for the
reliability of a given active component. The associated parameters to be plugged into SAPHIRE
are the mean and the error factor of the lognormal distribution g, which are calculated using the
formulas given in Handbook of Parameter FEstimation for Probabilistic Risk Assessment.
NUREG/CR-6823 (Ref. 2.2.9, Section A.7.3). Specifically, the mean of the lognormal
distribution is equal to exp(v + 1%/2) and the error factor is equal to exp(1.645 x t). A discussion
of the adequacy of the empirical Bayes method for the YMP analysis is found in Attachment C.

An adjustment to the parametric empirical Bayes method was done in a few instances where the
error factor of the calculated lognormal distribution was found to be excessive. In a synthetic
examination of the failure rates of various components, Exfernal Maintenance Rate Prediction
and Design Concepts for High Reliability and Availability on Space Station Freedom
(Ref. 2.2.54, Figure 3) finds that electromechanical and mechanical components have, overall, a
range of variation approximately between 2 x 10%/hr (5th percentile) and 6 x 107/hr (95th
percentile), using the definition of the error factor given in Handbook of Parameter Estimation
for Probabilistic Risk Assessment. NUREG/CR-6823 (Ref. 2.2.9, Section A.7.3), this

corresponds to an error factor of \/ 6-107 / 2-10"* =55. Therefore, in the PCSA, it is considered

that lognormal distributions resulting from the empirical Bayes method that yield error factors
with a value greater than 55, are too diffuse to adequately represent the population-variability
distribution of a component. In such instances (i.e., the two cases in the entire PCSA database
when the error factors from the Bayesian estimation were greater than 200), the lognormal
distribution used to represent the population-variability is modified as follows. It has the same
median as that predicted by the parametric empirical Bayes method, and its error factor is
assigned a value of 55. The median is selected as the unvarying parameter because, contrary to
the mean, it is not sensitive to the behavior of the tails of the distribution, and therefore is
unaffected by the value taken by the error factor. Based on the NUREG/CR-6823 (Ref. 2.2.9,
Section A.7.3), the median is calculated as exp(v), where v is obtained by the maximum
likelihood estimation.

A limitation of the parametric empirical Bayes method that prevented its use for all active
components of the PCSA is that the calculated lognormal distribution can sometimes have a very
small error factor (with a value around 1), corresponding to a distribution overly narrow to
represent a population-variability distribution. As indicated in NUREG/CR-6823 (Ref. 2.2.9,
p. 8-4), this situation can arise when the reliability data sources provide similar estimates for
component reliability. The inadequacy of the parametric empirical Bayes method in such
situations is made apparent by plotting the probability density function of the lognormal
distribution, and comparing it with the likelihood functions associated with the reliability
estimates of each data source. In the cases where the lognormal distribution does not
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approximately encompass the likelihood functions yielded by the data sources, it is not used to
model the population-variability distribution. Instead, this distribution is modeled using the data
source that yields the most diffuse likelihood using one of the two methods described in the next
paragraph.

To be developed, a population-variability distribution requires at least two data sources, and
therefore the previous method is not applicable when only one data source is available. In this
case, the probability distribution for the reliability parameter of an active component is that
yielded by the data source. For example, if the data source provides a mean and an error factor
for the component reliability parameter, the probability distribution is modeled in SAPHIRE as a
lognormal distribution with that mean, and that error factor. If the data source does not readily
provide a probability distribution, but instead exposure data, i.e., a number of recorded failures
over an exposure time for failure rates, or over a number of demands for failure probabilities, the
probability distribution for the reliability parameter is developed through a Bayesian update
using Jeffreys’ noninformative prior distribution as indicated in NUREG/CR-6823 (Ref. 2.2.9,
Section 6.2.2.5.2). This noninformative prior conveys little prior belief or information, thus
allowing the data to speak for itself.

4.3.3.2 Dependent Events

Dependent events have long been recognized as a concern for those responsible for the safe
design and operation of high-consequence facilities because these events tend to increase the
probability of failure of multiple systems and components. Two failure events, A and B, are
dependent upon when the probability of their coincidental occurrence is higher than expected if
A and B were each an independent event. Dependent events occur from four dependence
mechanisms: functional, spatial, environmental, and human:

1. Functional dependence is present when one component or system relies on another to
supply vital functions. An example of a functional dependence in this analysis is
electric power supply to HVAC. Functional dependence is explicitly modeled in the
event tree and fault tree logic.

2. Environmental dependence is in play when system functionality relies on
maintaining an environment within designed or qualified limits. Here, an example is
material property change as a result of temperature change. Environmental effects are
modeled in the system reliability analyses as modifications (e.g., multiplying factors)
to system- and component-failure probabilities and are also included in the passive
equipment failure analyses. External events such as earthquakes, lightning strikes, and
high winds that can degrade multiple SSCs are modeled explicitly as initiating events
and are discussed in other documents (Ref. 2.2.34 and Ref. 2.4 .4).

3. Spatial dependence is at work when one SSC fails by virtue of close proximity to
another. For example, during an earthquake one SSC may impact another because of
close proximity. Another example is inadvertent fire suppression actuation which
wets SSCs below it. Spatial dependences are identified by explicitly looking for them
in the facility layout drawings. Inadvertent fire suppression is modeled explicitly in
the event trees and fault trees.
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4. Human dependence is present when a structure, system, component, or function fails
because humans intervene inappropriately or failed to intervene. In the YMP, most
human errors are associated with initiating events (inadvertent actuation) or are pre-
initiator failures (failure to restore after maintenance). The PCSA includes an
extensive human reliability analysis which is described later in this section, in Section
6.4 and in Attachment E. The results of the human reliability analysis (HRA) are
integrated into the event tree and fault tree models for a complete characterization of
event sequence frequency.

4.3.3.3 Common-Cause Failures

Common-cause failures (CCF) can result from any of the dependence mechanisms described
above. The term common-cause failure is widely employed to describe events in which the same
cause degrades the function of two or more SSCs that are relied upon for redundant operations,
either at the same time or within a short time relative to the overall component mission time.
Because of their significance to overall SSC reliability when redundancy is employed, CCFs are
a special class of dependent failures that are addressed in the PCSA.

Because CCFs are relatively uncommon, it is difficult to develop a statistically significant
sample from monitoring only one system or facility, or even several systems. The development
of CCF techniques and data, therefore, rely on a national data collection effort that monitors a
large number of nuclear power systems. Typically, the fraction of component failures associated
with common causes leading to multiple failures ranges between 1% and 10% (Ref 2.2.53),
(Ref. 2.2.62), and (Ref. 2.2.58). This fraction depends on the component; level of redundancy
(e.g., two, three, or four); duty cycle; operating and environmental conditions, maintenance
interventions; and testing protocol, among others. For example, equipment that is operated in
cold standby mode (i.e., called to operate occasionally on demand) with a large amount of
preventive maintenance intervention tends to have a higher fraction of CCFs than systems that
continuously run.

It is not practical to explicitly identify all CCFs in a fault tree or event tree. Surveys of failure
events in the nuclear industry have led to several parameter models. Of these, three are most
commonly used: the Beta Factor method (Ref 2.2.53), the Multiple Greek Letter method
(Ref. 2.2.61), and the Alpha Factor method (Ref. 2.2.62). These methods do not require an
explicit knowledge of the dependence failure mode.

The PCSA uses the Alpha Factor method (Ref. 2.2.62), which is summarized below. After
identifying potential CCF events from the fault trees, appropriate alpha factors are identified
according to the procedure described in Procedure for Analysis of Common-Cause Failures in
Probabilistic Safety Analysis NUREG/CR-5801 (Ref. 2.2.60). The general equations for
estimating the probability of a CCF event in which & of m components fail are as follows in
Equation 15, Equation 16, and Equation 17:

Ok, m) =(mk_ljakQ[

k-1 for staggered test (Eq. 15)
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Otk m) = [m"lJZ"QZ

k-1 for non-staggered test (Eq. 16)

where . denotes the alpha factor for size &, O, denotes the total failure probability, and:

a, = ka,
= (Eq. 17)

Generic alpha factors used in the PCSA are taken from NUREG/CR-5801 (Ref. 2.2.60). The
process of applying these alpha factors is explained further in Attachment C, Section C3.

4.3.4 Human Reliability Analysis

Human interactions that are typically associated with the operation, test, calibration, or
maintenance of an SSC (e.g., drops from a crane when using slings) are implicit in the empirical
data. If this is the case, empirical data may be used, provided human errors that cause the SSC
failures are explicitly enumerated and determined to be applicable to YMP operations. When
this was the case in the PCSA, the appropriate method of Section 4.3.3.1 was applied.
Otherwise, an HRA was performed, the methodology of which is summarized in this section.
The HRA task is performed in a manner that implements the intent of the high-level
requirements for HRA in Standard for Probabilistic Risk Assessment for Nuclear Power Plant
Applications (Ref. 2.2.6) and incorporates the guidance in Preclosure Safety Analysis — Human
Reliability Analysis (Ref. 2.2.72). It emphasizes a comprehensive qualitative analysis and uses
applicable quantitative models.

The HRA task identifies, models, and quantifies HFEs postulated for YMP operations to assess
the impact of human actions on event sequences modeled in the PCSA. YMP operations differ
from those of traditional nuclear power plants, and the HRA reflects these differences. Appendix
E.IV of Attachment E includes further discussion of these differences and how they influence the
choice of methodology.

The overall steps to the PCSA HRA are identification of HFEs, preliminary analysis (screening),
and detailed analysis. The HRA task ensures that the HFEs identified by the other tasks (e.g.,
HAZOP evaluation, MLD development): (1) are created on a basis that is consistent with the
HRA techniques used, (2) are appropriately reincorporated into the PCSA (modeled HFEs
derived from the previously mentioned PCSA methods), and (3) provide appropriate human error
probabilities (HEPs) for all modeled HFEs. The HRA work scope largely depends on boundary
conditions defined for it.
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4.3.4.1 HRA Boundary Conditions

Unless specifically stated otherwise, the following general conditions and limitations are applied
throughout the HRA task. The first two conditions always apply. The remaining conditions
apply unless the HRA analyst determines that they are inappropriate. This judgment is made for
each individual action considered:

1.

Only HFEs made in the performance of assigned tasks are considered. Malevolent
behavior, deliberate acts of sabotage, and the like are not considered in this task.

All personnel act in a manner they believe to be in the best interests of operation and
safety. Any intentional deviation from standard operating procedures is made because
the employee believes their actions to be more efficient or because they believe the
action as stated in the procedure to be unnecessary.

Since the YMP is currently in the design phase, facility-specific information and
operating experience is generally not available. Instead, similar operations involving
similar hazards and equipment are reviewed to establish surrogate operating
experience to use in the qualitative analysis. Examples of reviewed information would
include SNF handling at reactor sites having independent spent fuel storages, chemical
munitions handling at U.S. Army chemical demilitarization facilities, and any other
facilities whose primary function includes handling and disposal of very large
containers of extremely hazardous material. Equipment design and operational
characteristics at the GROA facilities, once they are built and operating (including
crew structures, training, and interactions), are adequately represented by these
currently operating facilities.

The YMP is initially operating under normal conditions and is designed to the highest
quality human factor specifications. The level of operator stress is optimal unless the
analyst determines that the human action in question cannot be accommodated in such
a manner as to achieve optimal stress.

In performing the operations, the operator does not need to wear protective clothing
unless it is an operation similar to those performed in comparable facilities where
protective clothing is required.

The tasks are performed by qualified personnel, such as operators, maintenance
workers, or technicians. All personnel are certified in accordance with the training and
certification program stipulated in the license. They are to be experienced and have
functioned in their present positions for a sufficient amount of time to be proficient.

The environment inside each YMP facility is not adverse. The levels of illumination
and sound and the provisions for physical comfort are optimal. Judgment is required
to determine what constitutes optimal environmental conditions. The analyst makes
this determination, and documents, as part of the assessment of performance
influencing factors, when there is a belief that the action is likely to take place in a
suboptimal environment. Regarding outdoor operations onsite, similar judgments
must be made regarding optimal weather conditions.
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8.  While all personnel are trained to procedures, and procedures exist for all work
required, the direct presence and use of procedures (including checklists) during
operation is generally restricted to actions performed in the control room. Workers
performing skill of-craft operations do not carry written procedures on their person
while performing their activities.

These factors are evaluated qualitatively for each situation being analyzed.
4.3.4.2 HRA Methodology

The HRA consists of several steps that follow the intent of ASME RA-S-2002, Standard for
Probabilistic Risk Assessment for Nuclear Power Plant Applications (Ref. 2.2.6) and the process
guidance provided in Technical Basis and Implementation Guidelines for Technique for Human
Event Analysis (ATHEANA), NUREG-1624 (Ref. 2.2.70). The step descriptions are based on the
ATHEANA documentation, with some passages taken essentially verbatim and others
paraphrased to adapt material that is based on nuclear power plants to the YMP facilities.
Additional information is available in the ATHEANA documentation (Ref. 2.2.70). Section 10.3
of Technical Basis and Implementation Guidelines for a Technique for Human FEvent Analysis
(ATHEANA). NUREG-1624 (Ref. 2.2.70) provides an overview of the method for incorporating
HFEs into a PRA. Figure 4.3-11 illustrates this integration method.
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Figure 4.3-11. Incorporation of Human Reliability Analysis within the PCSA

Step 1: Define the Scope of the Analysis—The objective of the YMP HRA is to provide a
comprehensive qualitative assessment of the HFEs that can contribute to the facility’s event
sequences resulting in radiological release, criticality, or direct exposure. Any aspects of the
work that provide a basis for bounding the analysis are identified in this step. In the case of the
YMP, the scope is bounded by the design state of the facilities and equipment.

Step 2: Describe Base Case Scenarios—In this step, the base case scenarios are defined and
characterized for the operations being evaluated. In general, there is one base case scenario for
each operation included in the model. The base case scenario represents the description of
expected facility, equipment, and operator behavior for the selected operation.
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Step 3: Identify and Define HFEs of Concern—Possible HFEs and/or unsafe actions (i.e.,
actions inappropriately taken or actions not taken when needed) that result in a degraded state are
generally identified and defined in this step. After HFEs are identified they must be classified to
support subsequent steps in the process. The result of this identification process is a list of HFEs
and a description of each HFE scenario, including system and equipment conditions and any
resident or triggered human factor concerns (e.g., performance-shaping factors (PSFs)). This
combination of conditions and human factor concerns then becomes the error-forcing context
(EFC) for a specific HFE. As defined by ATHEANA (Ref. 2.2. 70), an EFC is the situation that
arises when particular combinations of PSFs and plant conditions create an environment in
which unsafe actions are more likely to occur. Additions to and refinements of these initial
EFCs are made during the preliminary and detailed analyses. The analyses performed in later
steps (e.g., Steps 6 and 7) may identify the need to define additional HFEs or unsafe actions.

Step 4: Perform Preliminary Analysis and Identify HFEs for Detailed Analysis—The
preliminary analysis is a type of screening analysis used to identify HFEs of concern. This type
of analysis is commonly performed in HRA to conserve resources for those HFEs that are
involved in the important event sequences. The preliminary quantification process consists of
the following subtasks:

1. Identification of the initial scenario context.
2. Identification of the key or driving factors of the scenario context.

3. Generalization of the context by matching it with generic, contextually anchored
rankings or ratings.

4. Discussion and justification of the judgments made in subtask 3.
5. Refinement of HFEs, associated contexts, and assigned HEPs.
6. Determination of final preliminary HEP for HFE and associated context.

Once preliminary values have been assigned, the model is run, and HFEs are identified for a
detailed analysis if (1) the HFE is a risk-driver for a dominant sequence, and (2) using the
preliminary values, that sequence is Category 1 or Category 2 according to the performance
objectives in 10 CFR Part 63.111 (Ref. 2.3.2).

Step 5: Identify Potential Vulnerabilities—This information collection step defines the
context for Step 6 in which scenarios that deviate from the base case are identified. In particular,
analysts search for potential vulnerabilities in the operators’ knowledge and information base for
the initiating event or base case scenario(s) under study that might result in the HFEs and/or
unsafe actions identified in Step 4. The knowledge and information base is taken in the context
of the specific HFE being evaluated. It includes not only the internal state of knowledge of the
operator (i.e., what the operator inherently knows), but also the state of the information provided
(e.g., available instrumentation, plant equipment status). The HRA analysts rely on experience
in other similar operations.
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Step 6: Search for HFE Scenarios—In this step, the analyst must identify deviations from the
base case scenario that are likely to result in risk-significant unsafe action(s). These deviations
are referred to as HFE scenarios. The method for identifying HFE scenarios in the YMP HRA is
stated in Step 3. This process continues throughout the event sequence development and
quantification. The result is a description of HFE scenarios, including system and equipment
conditions, along with any resident or triggered human factor concerns (e.g., PSFs). These
combinations of conditions and human factor concerns then become the EFC for a specific HFE.

Step 7: Quantify Probabilities of HFEs—Detailed HRA quantification is performed for those
HFEs that appear in dominant cut sets for event sequences that do not comply with 10 CFR
63.111 performance objectives (Ref. 2.3.2) performance objectives after initial fault tree or event
sequence quantification. The goal of the detailed analysis is to determine whether or not the
preliminary HFE quantification is too conservative such that event sequences can be brought into
compliance by a more realistic HRA. However, the detailed analysis may result in a requirement
for additional design features or specification of a procedural control (Step 9) that reduces the
likelihood of a given HFE in order to achieve compliance with 10 CRF 63.111 performance
objectives (Ref. 2.3.2). The activities of a detailed HRA are as follows:

¢ Qualitative analysis (e.g., identification of PSFs, definitions of important characteristics
of the given unsafe action, assessment of dependencies)

e Selection of a quantification model
¢ Quantification using the selected model
e Verification that HFE probabilities are appropriately updated in the PCSA.
The four quantification approaches that are in the PCSA, either alone or in combination, follow:
1. Cognitive Reliability and Error Analysis Method (CREAM) (Ref. 2.2.56)

2. Human Error Assessment and Reduction Technique (HEART) (Ref. 2.2.88)/
Nuclear Action Reliability Assessment (NARA) (Ref. 2.2.43)

3. Technique for Human Error Rate Prediction (THERP) with some modifications
(Ref. 2.2.84).

When an applicable failure mode cannot be reasonably found in one of the above methods, then
the following HRA method is used:

4. ATHEANA expert elicitation approach (Ref. 2.2.70).

The selection of a specific quantification method for the failure probability of an unsafe action(s)
is based upon the characteristics of the HFE quantified. Appendix E.IV of Attachment E
provides a discussion of why these specific methods were selected for quantification, as well as a
discussion of why some methods, deemed appropriate for HRA of nuclear power plants, are not
suitable for application in the PCSA. 1t also gives some background about when a given method
is applicable based on the focus and characteristics of the method.
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Step 8: Incorporate HFEs into PCSA—After HFEs are identified, defined, and quantified,
they must be reincorporated into the PCSA. Section 10.3 of NUREG-1624 (Ref. 2.2.70)
provides an overview of the state-of-the-art method for performing this step in PRAs. The term
“reincorporated” is used because some HFEs are identified within the fault tree and event tree
analysis.  All event sequences that contain multiple HFEs are examined for possible
dependencies. Figure 4.3-11 shows how the different types of HFEs discussed previously are
incorporated into the model based on their temporal phase, which determines where in the model
each type of HFE is placed. More detailed discussion of how this is done is provided in
Attachment E.

Step 9: Evaluation of HRA/PCSA Results and Iteration with Design—This last step in the
HRA is performed after the entire PCSA is quantified. HFEs that ultimately prove to be
important to categorization of event sequences are identified. Because the YMP design and
operations were still evolving during the course of this analysis, they could be changed in
response to this analysis. This iteration is particularly necessary when an event sequence is not
in compliance with the performance objectives of 10 CFR 63.111 (Ref. 2.3.2) because the
probability of a given HFE dominates the probability of that event sequence. In those cases, a
design feature or procedural safety control could be added to reduce the probability or
completely eliminate the HFE. An example of such iteration includes the interlocks that ensure
that cask lids are securely grappled in a waste handling facility. The interlocks might have a
bypass feature when a yoke is attached to a grapple. An operator might fail to void the bypass
when attempting to grapple a heavy load. The design changed such that the bypass would
automatically be voided (by an electromechanical interlock) as soon as a yoke is attached to a

grapple.
4.3.4.3 Classification of HFEs

HFEs are classified to support the HRA preliminary analysis, selection of HRA quantification
methods, and detailed quantification. A combination of four classification schemes is used in the
YMP HRA. The first three schemes are familiar standards in HRA. The fourth scheme has its
basis in behavioral science and has been used in some second-generation HRA methods. The
four classification schemes are as follows:

1. The three temporal phases used in PRA modeling:

A. Pre-initiator
B. Human-induced initiator
C. Post-initiator.

2.  Error modes:

A. Errors of omission (EOOs)
B. Errors of commission (EOCs).

3.  Human failure types:
A. Slips/lapses
B. Mistakes.
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4.

Informational processing failures:

Monitoring and detection
Situation awareness
Response planning
Response implementation.

SOowp

These classification schemes are used in concert with each other. They are not mutually
exclusive. The first three schemes have been standard PRA practice; additional information on
these three schemes can be found in Section E5.1 of Attachment E. The fourth scheme is
summarized below.

Assessment of HFEs can be guided by a model of higher-level cognitive activities, such as an
information processing model. Several such models have been proposed and used in discussing
pilot performance for aviation. The model that is used for the YMP HRA guidelines is based on
the discussion in Chapter 4 of Technical Basis and Implementation Guidelines for a Technique
for Human Event Analysis (ATHEANA), NUREG-1624 (Ref. 2.2.70) and consists of the
following elements:

Monitoring and detection—Both of these activities are involved with extracting
information from the environment. Also, both are influenced by the characteristics of
the environment and the person’s knowledge and expectations. Monitoring that is
driven by the characteristics of the environment is called data-driven monitoring.
Monitoring initiated by a person’s knowledge or expectations 1is called
knowledge-driven monitoring. Detection can be defined as the onset of realization by
operators that an abnormal event is happening.

Situation awareness—This term is defined as the process by which operators construct an
explanation to account for their observations. The result of this process is a mental
model, called a situation model that represents the operator’s understanding of the
present situation and their expectations for future conditions and consequences.

Response planning—This term is defined as the process by which operators decide on a
course of action, given their awareness of a particular situation. Often (but not always)
these actions are specified in procedures.

Response implementation—This term is defined as the activities involved with physically
carrying out the actions identified in response planning.

When there are short time frames for response and the possibility of severely
challenging operating conditions (e.g., environmental conditions) exists, then failures in
all information processing stages must be considered. Also, slips/lapses and mistakes
are considered for each information processing stage. Response implementation failures
are expected to dominate the pre-initiator failures that are modeled. Post-initiator
failures and failures that initiate event sequences can occur for all information
processing stages, although detection failures are likely to be important only for events
requiring response in very short time frames.
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4.3.5 Fire Analysis
Fire event sequence analysis consists of four parts:

1. Development of fire ignition frequencies for each location in the facility or operations
area. These are all called fire initiating event frequencies.

2. Development of the fire severity in terms of both temperature and durations. This was
discussed in Section 4.3.2.

3. Development of the conditional probability of fire damaging a cask, canister, or waste
package target. This was also discussed in Section 4.3.2.

4. Development of and quantification of fire event sequence diagrams and event trees.
Development of the ESDs and event trees was discussed in Subsurface Operations
LEvent Sequence Development Analysis (Ref. 2.2.40). Quantification of fire event trees
is conducted exactly like quantification of any other event tree and is described in
Section 4.3, Section 4.3.1, and Section 4.3.7.

This section summarizes the method for the fire initiating event analysis performed as a part of
the PCSA. The analysis was performed as part of an integrated analysis of internal fires in the
subsurface facilities. This section only discusses those aspects of the fire analysis methodology
that apply directly to the analysis for Subsurface Operations. The full fire analysis and detail on
the methods and data are documented in Attachment F to this volume. The fire analysis is
subject to the boundary conditions described in the following section.

4.3.5.1 Boundary Conditions

The general boundary conditions used during this analysis are compatible with those described in
Section 4.3.10. The principal boundary conditions for the fire analysis are listed below:

e Plant Operational State. Operation initial state conditions are normal with each system
operating within its limiting condition of operation limits.

e Number of Fire Events to Occur. Operations are analyzed to respond to one fire event at
a given time. Additional fire events as a result of independent causes or of re-ignition
once a fire is extinguished are not considered.

e Relationship to Process Buildings. Fires included in the analysis occur outside of the
main process buildings. With regard to the frequency of such fires based on historical
fire ignition frequencies from other facilities, the fire frequency across the site is
proportional to the number of main process buildings (i.e., for the YMP, the waste
handling facilities) on the site. That is, the number of opportunities for fires outside
buildings is affected by the number of waste handling facilities being serviced. The
number of waste handling facilities for the YMP is six: IHF, RF, WHF, and three
CRCFs.
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e Irrelevancy of Industrial Facility Type to Subsurface Fire Frequency. The frequency of
subsurface fires at YMP is expected to be similar to industrial facilities. The specific
type of facility, the type of construction of the buildings and other features, are not
considered relevant to the frequency of outside fires since the ignition sources that exist
outside of the buildings are considered to be generic to any industrial facility. This does
not extend to the assessment of fire severity, since the type of facility could affect the
type and availability of combustibles. Fire severity is addressed in Attachment D.

e Component Failure Modes. The failure mode of a SSC affected by a fire is the most
severe with respect to consequences. For example, the failure mode for a canister could
be the over pressurization of a reduced strength canister.

4.3.5.2 Analysis Method

Nuclear power plant fire risk assessment techniques have limited applicability to repository
operations in the GROA. The general methodological basis of the PCSA fire analysis is the
Chemical Agent Disposal Facility Fire Hazard Assessment Methodology (Ref. 2.2.76).
Chemical agent disposal facilities are similar to those in the GROA in that these facilities are
handling and disposal facilities for highly hazardous materials. This is a “data based” approach
in that it utilizes actual historical experience on fire ignition and fire propagation to determine
fire initiating event frequencies. That approach has been adapted to utilize data applicable to the
YMP waste handling facilities. To the extent applicable to a non-reactor facility, FPRI/NRC-
RES Fire PRA Methodology for Nuclear Power Facilities. NUREG/CR-6850 Volumes 1 and 2
(Ref. 2.2.51) and (Ref. 2.2.52) are also considered in the development of this analysis method.
The method complies with the applicable requirements of Fire PRA Methodology (Ref. 2.2.3)
that are relevant to a non-reactor facility. The steps in the analysis are summarized below and
described in detail in Attachment F, Section F4.

1. Identification of initiating events. Subsurface fire initiating events for the YMP are
considered for the potential for a fire to directly affect the waste containers. The fire
analysis therefore, focused on the potential for a fire to directly affect the waste
containers. The initiating events for Subsurface Operations are identified in the event
sequence development analysis (Ref. 2.2.40). The steps of this process are detailed
below:

A. Identify subsurface areas where waste containers can be present.

The processes for the movement of waste forms on site, while outside of
buildings, are evaluated and the areas where the waste forms either sit or traverse
are identified. Each area where waste can be present, even if only for a brief time,
is listed
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B. Correlate the areas with the National Fire Protection Association (NFPA)
historical database for outside fires.

The (NFPA) historical database identifies the areas outside buildings where fires
have occurred. These have been grouped into broader categories for use in this
study.

C. Define initiating events.

Fire ignition occurrences are identified for each outside area where a waste form
can be present.

2. Quantification of fire ignition frequency. In order to assess the total fire frequency, two
pieces of information are required: the number of facilities and the number of fires at
these facilities. The first piece of data is maintained by the U.S. Census Bureau
(USCB), which conducts an economic census (Ref. 2.2.86). The second piece of data
is tracked by NFPA. This approach uses historical data over a 10 year period (1988 to
1997) from these databases. Specifically, the fire data used in this report were taken
from a report authored by the NFPA — Division of Fire Analysis and Research on fires
in or at industrial chemical, hazardous chemical, and plastic manufacturing plants (Ref.
2.2.1). These data are used to develop estimates for the total frequency of fires and the
distribution of fires on the grounds of the facility:

A. Fires in or at Industrial Chemical Hazardous Chemical, and Plastic
Manufacturing Facilities: 1988 — 1997. Unallocated Annual Averages and
Narratives (Ref. 2.2.1).

B.  Chemical Agent Disposal Facility Fire Hazard Assessment Methodology
(Ref. 2.2.76).

C. 1997 Economic Census: Summary Statistics for the United States 1997 NAICS
Basis (Ref. 2.2.86)

3. Determine initiating event frequency. The next step is to determine where these
subsurface fires start, since the initiating events are defined in terms of fires that start
in specific outside areas where waste forms reside. One analysis performed by the
NFPA provided information for this (Ref. 2.2.1, Section 5). With some interpretation,
these data can be used to estimate the fraction of the total fire frequency that should be
assigned to the various onsite areas outside the building. By multiplying the
appropriate fraction representing areas where waste forms will be times the total
frequency of outside fires per facility-year, the frequency is determined for a fire in a
particular area where a waste form resides (per facility year).

The frequency is expressed in terms of facility-year, since the number of NFPA fires is
divided by the number of North American Industry Classification System (NAICS)
facilities. There is some uncertainty as to what is meant by a “facility” in this context.
The NAICS does not make clear whether multiple process buildings can be considered
a single facility; although, noting in this context that the purpose of the NAICS is an
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economic census, it implies that the number of main process buildings (i.e., the
throughput of a given site) is more important than the number of sites. Because of this
and in order to avoid potentially nonconservative probabilistic results, a boundary
condition has been established that each main process building in the GROA
constitutes a facility, and that the outside fire frequency pertains to each of them (i.e.,
each of these buildings generates the necessary conditions to contribute a full measure
of potential fire ignitions). The aging pads, buffer areas, and subsurface will not be
considered as separate facilities, but rather as support areas for the process buildings
(i.e., they are an integral part of a typical facility in that they supply the “raw
materials” to the process and take the “product” from the process). In addition, the
other BOP support buildings will also not be considered facilities for the purpose of
determining the overall frequency of outside fires, for a similar reason. Therefore, the
overall frequency of outside fires for the GROA will be the frequency per facility-
year, times the number of main process buildings (i.e., number of waste handling
facilities), which is six: IHF, WHF, RF, and three CRCFs. Multiplying by 50 yields
the frequency over the preclosure period.

4.3.6 Event Sequence Quantification
4.3.6.1 Overview of Quantification

Event sequences are represented by event trees and are quantified via the product of the initiating
event frequency and the pivotal event probabilitics. Event sequences that lead to a successful end
state (designated as “OK”) are not considered further. The result of quantification of an event
sequence 1s expressed in terms of the number of occurrences over the preclosure period. This
number is the product of the following factors:

1. The number of demands (sometimes called trials) or the time exposure interval of the
operation or activity that gives rise to the event sequence. For example, this could be
the total number of transfers of a cask in a facility preparation area.

2. The frequency of occurrence per demand or per time interval of the initiating event.
For example, this could be the frequency of cask drop per transfer by a crane.
Initiating event frequencies are developed either using fault trees or by direct
application of industry-wide data, as explained in Section 4.3.2. Factors one and two
are represented in the initiator event trees.

3. The conditional probability of each of the pivotal events of the event sequence, which
appear in the associated system-response event tree. These probabilities are the results
of a passive equipment failure analyses, fault tree analyses (e.g., HVAC), and direct
probability input (e.g., moderator introduced), or judgment.

Calculated fault tree top event frequency or probability is input directly into the Excel
spreadsheet containing the event sequence logic. The event sequence frequency is then
estimated by calculating the product of the three factors mentioned above. This methodology can
be applied here due to the simplicity of the event sequence, and there is no dependence between
pivotal events.
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SAPHIRE Version 7.26 (Section 4.2), developed by Idaho National Laboratory, stands for
"Systems Analysis Programs for Hands-on Integrated Reliability Evaluations." It is 32-bit
software that runs under Microsoft Windows. Features of SAPHIRE that help an analyst build
and quantify fault trees are as follows:

o A listing of where a basic event appears, including within cutsets. Conversely, the basic
events that are nof used are known and can be easily removed when it comes time to
"clean" the database.

e Context-driven menu system that performs actions (report cutsets, view importance
measures, display graphics, etc.) on objects such as fault trees, event trees, and event
sequences.

Fault trees can be constructed and analyzed to obtain different measure of system unreliability.
These system measures are:

e Opverall initiating or pivotal event failure frequency
e Minimal cutsets size, number, and frequency
¢ Built in features include:

— Generation, display, and storage of cutsets
Graphical editors (fault tree and event tree)
Database editors

— Uncertainty analysis

Data Input/Output via ASCII text files (MAR-D)
Special seismic analysis capability.

SAPHIRE is equipped with two uncertainty propagation techniques: Monte Carlo and Latin
Hypercube sampling. To take advantage of these sampling techniques, twelve uncertainty
distributions are built such that the appropriate distribution may be selected. SAPHIRE contains
a cross-referencing tool, which provides an overview of every place a basic event, gate,
initiating, or pivotal event is used in the model.

4.3.6.2 Propagation of Uncertainties and Event Sequence Categorization with
Uncertainties

The fundamental viewpoint of the PCSA is probabilistic in order to develop information suitable
for the risk informed nature of 10 CFR Part 63 (Ref. 2.3.2). Any particular event sequence may
or may not occur during any operating time interval, and the quantities of the parameters of the
models may not be precisely known. Characterizing uncertainties and propagating these
uncertainties through the event tree/fault tree model is an essential element of the PCSA. The
PCSA includes both aleatory and epistemic uncertainties. Aleatory uncertainty refers to the
inherent variation of a physical process over many similar trials or occurrences. For example,
development of a fragility curve to obtain the probability of canister breach after a drop would
involve investigating the natural variability of tensile strength of stainless steel. Epistemic
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uncertainty refers to our state of knowledge about an input parameter or model. Epistemic
uncertainty is sometimes called reducible uncertainty because gathering more information can
reduce the uncertainty. For example, the calculated uncertainty of a SSC failure rate developed
from industry-wide data will be reduced when sufficient GROA specific operational information
is included in a Bayesian analysis of the SSC failure rate.

As described in Section 4.3.1, event sequence categorization is performed using the mean value
of event sequences emanating from the big bubble in Figure 4.3-4. By the definition of the term,
mean values are derived solely from probability distributions.

Using the screening criteria set out in 10 CFR 63.2 (Ref. 2.3.2), the categorization of an event
sequence that is expected to occur m times over the preclosure period (where m is the mean or
expected number of occurrences) is carried out as follows:

o A value of m greater than or equal to one, places the corresponding event sequence into
Category 1.

o A value of m less than one indicates that the corresponding event sequence is not
expected to occur before permanent closure. To determine whether the event sequence
is Category 2, its probability of occurrence over the preclosure period needs to be
compared to 10, A measure of the probability of occurrence of the event sequence
over the preclosure period is given by a Poisson distribution that has a parameter taken
equal to m. The probability, P, that the event sequence occurs at least one time before
permanent closure is the complement to one that the event sequence occurs exactly zero
times during the preclosure period. Using the Poisson distribution, P = 1 — exp(—m), a
value of P greater than or equal to 10 implies that value of m is greater than or equal to
—In(1 — P) = m, which is numerically equal to 10™*. Thus, a value of m greater than or
equal to 10, but less than one, implies the corresponding event sequence is a
Category 2 event sequence.

e Event sequences that have a value of m less than 10" are designated as Beyond
Category 2.

Using either Monte Carlo or Latin Hypercube methods allows probability distributions to be
arithmetically treated to obtain the probability distributions of minimal cutsets and the
probability distributions of event sequences. The PCSA used Monte Carlo simulation with
10,000 trials and a standard seed so the results could be reproduced. The number of trials for
final results was arrived at by increasing the number of trials until the median, mean, and 95th
percentile were stable within the standard Monte Carlo error.

The adequacy of categorization of an event sequence is further investigated if its expected
number of occurrences m over the preclosure period is close to a category threshold.

If m is greater than 0.2, but less than 1, the event sequence, which a priori is Category 2, is
reevaluated differently to determine if it should be recategorized as Category 1. Similarly, if m is
greater than 2 x 10”, but less than 10™, the event sequence, which a priori is Beyond Category 2,
is reevaluated to determine if it should be recategorized as Category 2.
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The reevaluation begins with calculating an alternative value of m, designated by m,, based on an
adjusted probability distribution for the number of occurrences of the event sequence under
consideration. The possible distributions that are acceptable for such a purpose would essentially
have the same central tendency, embodied in the median (i.e., the 50th percentile), but relatively
more disparate tails, which are more sensitive to the shape of the individual distributions of the
basic events that participate in the event sequence. Accordingly, the adjusted distribution is
selected as a lognormal that has the same median A as that predicted by the Monte Carlo
sampling. Also, to provide for a reasonable variability in the distribution, an error factor £F = 10
is used, which means that the 5th and 95th percentiles of the distribution are respectively lesser
or greater than the median by a factor of 10.

If the calculated value of m, is less than 1, the alternative distribution confirms that the event
sequence category is the same as that predicted by the original determination, i.e., Category 2.
Similarly, if the calculated value of m, is less than 107, the alternative distribution confirms that
the event sequence category is the same as that predicted by the original determination, i.e.,
Beyond Category 2.

In contrast, if the calculated value of m, is greater than 1, the alternative distribution indicates
that the event sequence is Category 1, instead of Category 2 found in the original determination.
In such a case, the conflicting indications are resolved by conservatively assigning the event
sequence to Category 1.

Similarly, if the calculated value of m, is greater than 10'4, the alternative distribution indicates
that the event sequence is Category 2, instead of Beyond Category 2 found in the original
determination. In such a case, the conflicting indications are resolved by conservatively
assigning the event sequence to Category 2.

The calculations carried out to quantify an event sequence are performed using the full precision
of the individual probability estimates that are used in the event sequence. However, the
categorization of the event sequence is based upon an expected number of occurrences over the
preclosure period given with one significant digit.

4.3.7 Identification of ITS SSCs, Development of Nuclear Safety Design Bases, and
Development of Procedural Safety Controls

4.3.7.1 Identification of ITS SSCs

ITS SSCs are subject to nuclear safety design bases that are established to ensure that safety
functions and reliability factors applied in the event sequence analyses are explicitly defined in a
manner that assures proper categorization of event sequences.

ITS is defined in 10 CFR 63.2 (Ref. 2.3.2) as:

“Important to safety, with reference to structures, systems, and components,
means those engineered features of the geologic repository operations area whose
function is:
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(1) To provide reasonable assurance that high-level radioactive waste can be
received, handled, packaged, stored, emplaced, and retrieved without exceeding
the requirements of § 63.111(b)(1) for Category 1 event sequences; or

(2) To prevent or mitigate Category 2 event sequences that could result in
radiological exposures exceeding the values specified at § 63.111(b) (2) to any
individual located on or beyond any point on the boundary of the site.”

Structures are defined as elements that provide support or enclosure such as buildings, free
standing tanks, basins, dikes, and stacks. Systems are collections of components assembled to
perform a function, such as HVAC, cranes, trolleys, and TEVs. Components are items of
equipment that taken in groups become systems such as pumps, valves, relays, piping, or
elements of a larger array, such as digital controllers.

Implementation of the regulatory definition of ITS has produced the following specific criteria in
the PCSA to classify SSCs: A SSC is classified as ITS if it is relied upon to reduce the
frequency of an event sequence or mitigate the consequences of an event sequence and at least
one of the following criteria apply:

e The SSC is relied upon to reduce the frequency of an event sequence from Category 1 to
Category 2.

e The SSC is relied upon to reduce the frequency of an event sequence from Category 2 to
Beyond Category 2.

e The SSC is relied upon to reduce the aggregated dose of Category 1 event sequences by
reducing the event sequence mean frequency.

e The SSC is relied upon to perform a dose mitigation or criticality control function.

A SSC is classified as ITS in order to assure safety function availability over the operating
lifetime of the repository. The classification process involves the selection of the SSCs in the
identified event sequences (including event sequences that involve nuclear criticality) that are
relied upon to perform the identified safety functions such that the preclosure performance
objectives of 10 CFR Part 63 (Ref. 2.3.2) are not exceeded. The ITS classification extends only
to the attributes of the SSCs involved in providing the ITS function. If one or more components
of a system are determined to be ITS, the system is identified as ITS, even though only a portion
of the system may actually be relied upon to perform a nuclear safety function. However, the
specific safety functions that cause the ITS classification are delineated.

Perturbations from normal operations, human errors in operations, human errors during
maintenance (preventive or corrective), and equipment malfunctions may initiate Category 1 or
Category 2 event sequences. The SSCs supporting normal operations (and not relied upon as
described previously for event sequences) are identified as non-ITS. In addition, if an SSC (such
as permanent shielding) is used solely to reduce normal operating radiation exposure, it is
classified as non-ITS.
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4.3.7.2 Development of Nuclear Safety Design Bases

Design bases are established for the ITS SSCs as described in 10 CFR 63.2 (Ref. 2.3.2):

“Design bases means that information that identifies the specific functions to be
performed by a structure, system, or component of a facility and the specific
values or ranges of values chosen for controlling parameters as reference bounds
for design. These values may be constraints derived from generally accepted
“state-of-the-art” practices for achieving functional goals or requirements derived
from analysis (based on calculation or experiments) of the effects of a postulated
event under which a structure, system, or component must meet its functional
goals...”

The safety functions for this analysis were developed from the applicable Category 1 and
Category 2 event sequences for the SSCs that were classified as ITS. In general, the controlling
parameters and values were grouped in, but were not limited to, the following five categories:

1.

Mean frequency of SSC failure. It shall be demonstrated by analysis that the ITS SSC
will have a mean frequency of failure (e.g., failure to operate, failure to breach), with
consideration of uncertainties, less than or equal to the stated criterion value.

Mean frequency of seismic event-induced failure. It shall be demonstrated by analysis
that the ITS SSC will have a mean frequency of a seismic event-induced failure (e.g.,
tipover, breach) of less than 1E-04 over the preclosure period, considering the full
spectrum of seismic events less severe than that associated with a frequency of 1E-
07/yr.

High confidence of low mean frequency of failure. It shall be demonstrated by
analysis that the ITS SSC will have a high confidence of low mean frequency of
failure associated with seismic events of less than or equal to the criterion value. The
high confidence of low mean frequency of failure value is a function of uncertainty,
expressed as 3., which is the lognormal standard deviation of the SSC seismic
fragility.

Preventive maintenance and/or inspection interval. The ITS SSCs shall be maintained
or inspected to assure availability, at intervals not to exceed the criterion value.

Mean unavailability over time period. It shall be demonstrated by analysis that the
ITS SSCs (e.g, HVAC and emergency electrical power) will have a mean
unavailability over a period of a specified number of days, with consideration of
uncertainties, of less than the criterion value.

These controlling parameters and values ensure that the ITS SSCs perform their identified safety
functions such that 10 CFR 63 (Ref. 2.3.2) performance objectives are met. The controlling
parameters and values include frequencies or probabilities in order to provide a direct link from
the design requirements for categorization of event sequences. The PCSA will demonstrate that
these controlling parameters and values are met by design of the respective ITS SSCs.
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Table 6.9-1 in Section 6.9 presents a list of ITS SSCs, the nuclear safety design bases of the ITS
SSCs, the actual value of the controlling parameter developed in this analysis, and a reference to
that portion of the analysis (e.g., fault tree analysis), which demonstrates that the criterion is met.

4.3.7.3 Identification of Procedural Safety Controls

10 CFR 63.112(e) (Ref. 2.3.2) requires that the PCSA include an analysis that “identifies and
describes the controls that are relied upon to limit or prevent potential event sequences or
mitigate their consequences” and “identifies measures taken to ensure the availability of safety
systems.” This section describes the approach for specifying and analyzing the subset of
procedural safety controls (PSCs) that are required to support the event sequence analysis and
categorization.

The occurrence of an initiating or pivotal event is usually a combination of human errors and
equipment malfunctions. A human reliability analysis is performed for the human errors. Those
human actions that are relied upon to reduce the frequency of or mitigate the consequence of an
event sequence are subject to procedural safety controls.

The approach for deriving PSCs from the event sequence analysis is outlined in the following:

1. Use event tree and supporting fault tree models for initiating events and pivotal events
to identify HFEs.

2. Identify the types of PSCs necessary to support the HRA analysis for each of the
HFEs. For example, provide clarifications about what is to be accomplished, time
constraints, use of instrumentation, interlock and permissives that may back-up the
human action.

3. Perform an event sequence analysis using screening HRA values. Identify the PSCs
that appear to be needed to reduce the probability of or mitigate the severity of event
sequences. The same criterion is used to identify ITS SSCs.

4. Work with the design and engineering organizations to add equipment features that
will either eliminate the HFE or support crew and operators in the performance of the
action. In effect, this entails development of design features that appear instead of a
human action or under an AND gate with a human action.

5. Quantify event sequences again, identifying HFEs for which detailed HRA must be
performed. The detailed HRA would lead to specific PSCs that are needed to reduce
the frequency of event sequences or mitigate their consequences.

4.3.8 Event Sequence to Dose Relationship

Outputs of the event sequence analysis and categorization process include tabulations of event
sequences by expected number of occurrences, end state, and waste form. The event sequences
are sorted by Category 1, Category 2 and Beyond Category 2. Summaries of the results are
tabulated in Section 6.8 with the following information:
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1.

Event sequence designator—A unique designator is provided for each event sequence
to permit cross-references between event sequence categorization and consequence
and criticality analysis.

End state conditions—One of the following is provided for each event sequence:

A. DE-SHIELD-DEGRADE or DE-SHIELD-LOSS (Direct Exposure). Condition
leading to potential exposure due to degradation of shielding provided by the
TEV, cask or the aging overpack.

B. RR-FILTERED (Radionuclide Release, Filtered). Condition leading to a
potential release of radionuclide due to loss of waste form primary containment
(e.g., cask with uncanistered commercial SNF or canister) However, the
availability of the secondary confinement (structural and HVAC with HEPA
filtration) provides mitigation of the consequences. This end state is not used for
the THF because the IHF HVAC system was not relied upon to prevent or mitigate
an event sequence frequency or consequences.

C. RR-UNFILTERED (Radionuclide Release, Unfiltered). Condition leading to a
potential release of radionuclide due to loss of waste form primary containment
(e.g., cask with uncanistered commercial SNF or canister), and a breach in the
secondary confinement boundary (e.g., no HEPA filtration to provide mitigation
of the consequences or breach of the structural confinement).

D. RR-FILTERED-ITC and RR-UNFILTERED-ITC (Radionuclide Release,
Important to Criticality, Filtered or Unfiltered). Condition leading to a potential
release of radionuclide due to loss of waste form primary containment (e.g., cask
with uncanistered commercial SNF or canister) with or without HEPA filtration.
In addition, the potential of exposing the unconfined waste form to moderator
could result in conditions important to criticality. This characteristic of the end
state is used by both the dose consequence analysts and the criticality analysts.
The RR-FILTERED-ITC end state is not used for the IHF because the IHF
HVAC system was not relied upon to prevent or mitigate an event sequence
frequency or consequences.

E. ITC (Important to Criticality). This end state is not used for the IHF because all
potential criticality initiators are associated with a radiological release (i.e., end
state RR-UNFILTERED-ITC).

General description of the event sequence—This is a high level description that will be
explained by the other conditions described above. For example, “Filtered
radionuclide release resulting from a drop from the TEV that causes a breach of both
sealed waste package and sealed canister.”

Material at risk— Identify and define the number of each waste form that contributes
to the radioactivity or criticality hazard of the end state (e.g., number of TAD
canisters, DPCs, uncanistered commercial SNF assemblies, etc., involved in the event
sequence).
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5. Expected number of occurrences— Provide the expected mean number of occurrences
of the designated event sequences over the preclosure period and associated median
and standard deviation.

6. The event sequence categorization— Provide the categorization of the designated
event sequence and the basis for the categorization.

7. The bounding consequences. Provide the bounding consequence analysis cross-
reference, as applicable, for each Category 1 or 2 event sequence to the bounding
event number from the preclosure consequence analysis.

10 CFR 63.111 (Ref. 2.3.2) requires that the doses associated with Category 1 and Category 2
event sequences meet specific performance objectives. There are no performance objectives for
Beyond Category 2 event sequences. Dose consequences associated with each Category 1 and
Category 2 event sequence are evaluated in preclosure consequence analyses, by comparison, to
pre-analyzed release conditions (or dose categories) that are intended to characterize or bound
the actual event sequences (Ref. 2.2.36). As such, the results of the event sequence analysis and
categorization serve as inputs to the consequence analysis for assignment to dose categories.

4.3.9 Event Sequence to Criticality Relationship

The requirements for compliance with preclosure safety regulations are defined in 10 CFR
63.112 (Ref. 2.3.2). Particularly germane to criticality considerations, is the requirement in
10 CFR 63.112, Paragraph (e) and Subparagraph (e) (6). Paragraph (e) requires an analysis to
identify the controls that are relied upon to limit or prevent potential event sequences or mitigate
their consequences. This is a general requirement imposed on all event sequence analyses.
Subparagraph (e) (6) specifically notes that the analyses should include consideration of “means
to prevent and control criticality.” The PCSA criticality analyses (Ref. 2.2.38) employs
specialized methods that are beyond the scope of the present calculation. However, the event
sequence development analyses inform the PCSA criticality analyses by identifying the event
sequences and end states that may have a potential for criticality. As noted in Section 4.3, some
event sequence end states include the phrase “important to criticality.” This indicates that the
end state implies the potential for criticality and that a criticality investigation is indicated.

To determine the criticality potential for each waste form and associated facility and handling
operations, criticality sensitivity calculations are performed. These calculations evaluate the
impact on system reactivity of variations in each of the parameters important to criticality during
the preclosure period, that is, waste form characteristics, reflection, interaction, neutron
absorbers (fixed and soluble), geometry, and moderation. The criticality sensitivity calculations
determine the sensitivity of the effective neutron multiplication factor (ker) to variations in any
of these parameters as a function of the other parameters. The criticality calculations
demonstrate that one of the following is true for each parameter:

e It is bounded (i.e., its analyzed value is greater than or equal to the design limit) or its

effect on k.5 1s bounded and does not need to be controlled. This is designated as a no in
Table 4.3-1.
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e [t needs to be controlled if another parameter is not controlled (conditional control).
This is designated as a Conditional in Table 4.3-1.

¢ [t needs to be controlled because it is the primary criticality control parameter. This is
designated as a yes in Table 4.3-1.

The criticality control parameters analysis, which comprises the background calculations that led
to Table 4.3-1, is presented in detail in the Preclosure Criticality Safety Analysis (Ref. 2.2.38).
Event sequences that impact the criticality control parameters that have been established as
needing to be controlled are identified, developed, quantified, and categorized. These event
sequences are referred to as event sequences ITC. The following matrix elements, indicating the
need for control, are treated in the current event sequence analysis:

Conditional: needs to be controlled if moderator is present

Conditional: needs to be controlled during a boron dilution accident

Yes: moderation is the primary criticality control

Yes: interaction for DOE standardized SNF canisters needs to be controlled
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Table 4.3-1. Criticality Control Parameter Summary
Operation
Commercial SNF
Commercial SNF (WHF Pool and
Parameter (Dry Operations) Fill Operations) DOE SNF HLW
Waste Form No? No? No® No°®
Characteristics
Moderation Yesd N/A Yesd No
Interaction No Conditional® Yes® No
Geometry Conditional’ Conditional® Conditional’ No
Fixed Neutron Conditional Conditional® Conditional No
Absorbers
Soluble Neutron N/A Yesh N/A N/A
Absorber
Reflection No No No No

NOTES: °®The Preclosure Criticality Safety Analysis (Ref 2.2.38) considers bounding waste form
characteristics. Therefore, there is no potential for a waste form misload.
® The Preclosure Criticality Safety Analysis (Ref. 2.2.38) considers nine representative DOE SNF
types. Because the analysis is for representative types and loading procedures for DOE
standardized SNF canisters have not been established yet, consideration of waste form misloads is
not appropriate.
¢ Criticality safety design control features are not necessary for HLW canisters because the
concentration of fissile isotopes in an HLW canister is too low to have criticality potential.
4 Moderation is the primary criticality control parameter.
€ Placing more than four DOE standardized SNF canisters outside the staging racks or a codisposal
waste package needs to be controlled.
"Needs to be controlled only if moderator is present.
9Needs to be controlled only if the soluble boron concentration in the pool and transportation
cask/dual purpose canister fill water is less than the minimum required concentration.
" Minimum required soluble boron concentration in the pool is 2500 mg/L boron enriched to
90 atom % "°B.
DOE = U.S. Department of Energy; HLW = high-level radioactive waste; SNF = spent nuclear fuel;
WHF = Wet Handling Facility.

Source: Preclosure Criticality Safety Analysis (Ref. 2.2.38, Table 6)

4.3.10 Boundary Conditions and Use of Engineering Judgment Within a Risk Informed
Framework

4.3.10.1 Boundary Conditions

The initiating events considered in the PCSA define what could occur within the site GROA and
are limited to those events that constitute a hazard to a waste form while it is present in the
GROA. Initiating events include internal events occurring during waste handling operations
conducted within the GROA and external events (e.g., seismic, wind energy, or flood water
events) that impose a potential hazard to a waste form, waste handling systems, or personnel
within the GROA. Such initiating events are included when developing event sequences for the
PCSA. However, initiating events that are associated with conditions introduced in SSCs before
they reach the site are not within the scope of the PCSA. The excluded from consideration
offsite conditions include drops of casks, canisters, or fuel assemblies during loading at a reactor
site; improper drying, closing, or inerting at the reactor site; rail or road accidents during
transport; tornado or missile strikes on a transportation cask; or nonconformances introduced
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during cask or canister manufacture that result in a reduction of containment strength. Such
potential precursors are subject to deterministic regulations such as 10 CFR Part 50 (Ref. 2.3.1),
10 CFR Part 71 (Ref 2.3.3), and 10 CFR Part 72 (Ref. 2.3.4) and associated quality assurance
programs. As a result of compliance to such regulations, the SSCs are deemed to pose no undue
risk to health and safety. Although the analyses do not address quantitative probabilities to the
aforementioned excluded precursors, it is clear that conservative design criteria and QA controls
result in unlikely exposures to radiation.

Other boundary conditions used in the PCSA include:

e Plant operational state. Initial state of the facility is normal with each system operating
within its vendor prescribed operating conditions.

e No other simultaneous initiating events. It is standard practice to not consider the
occurrence of other initiating events (human-induced and naturally occurring) during the
time span of an event sequence because, a) the probability of two simultaneous initiating
events within the time window is small and, b) each initiating event will cause
operations in the waste handling facility to be terminated which further reduces the
conditional probability of the occurrence of a second initiating event, given the first has
occurred.

e Component failure modes. The failure mode of a SSC corresponds to that required to
make the initiating or pivotal event occur.

e Fundamental to the basis for the use of industry-wide reliability parameters within the
PCSA, such as failure rates, is the use of SSCs within the GROA that conform to NRC
accepted consensus codes and standards, and other regulatory guidance.

4.3.10.2 Use of Engineering Judgment

10 CFR Part 63 (Ref. 2.3.2) is a risk-informed regulation rather than a risk-based regulation. The
term risk-informed was defined by the NRC to recognize that a risk assessment can not always
be performed using only quantitative modeling. Probabilistic analyses may be supplemented
with expert judgment and opinion, based on engineering knowledge. Such practice is
fundamental to the risk assessment technology used for the PCSA.

10 CFR Part 63 (Ref. 2.3.2) does not specify analytical methods for demonstrating performance,
estimating the reliability of ITS SSCs (whether active or passive), or calculating uncertainty.
Instead, the risk-informed and performance-based preclosure performance objectives in 10 CFR
Part 63 (Ref. 2.3.2) provide the flexibility to develop a design, and demonstrate that it meets
performance objectives for preclosure operations including the use of well established
(discipline-specific) methodologies. As exemplified in the suite of risk-informed regulatory
guides developed for 10 CFR Part 50 (Ref. 2.3.1) facilities (e.g., Regulatory Guide 1.174
(Ref. 2.2.75) and Standard Review Plan for the Review of Safety Analysis Reports for Nuclear
Power Plants. NUREG-0800 (Ref. 2.2.67, Section 19), such methodologies use deterministic
and probabilistic inputs and analysis insights. The range of well established techniques in the
area of PRA, which is used in the PCSA, often relies on the use of engineering judgment and
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expert opinion (e.g., in development of seismic fragilities, human error probabilities, and the
estimation of uncertainties).

As described in Section 4.3.3, for example, active SSC reliability parameters will be developed
using a Bayesian approach; and the use of judgment in expressing prior state-of-knowledge is a
well-recognized and accepted practice (Ref. 2.2.59), (Ref. 2.2.4), (Ref 2.2.9), and (Ref. 2.2.66).

The NRC issued Preclosure Safety Analysis — Level of Information and Reliability Estimation
(Ref. 2.2.73) to provide guidance for compliance to 10 CFR 63.111 and 112 (Ref. 2.3.2). This
document states that “treatment of uncertainty in reliability estimates may depend on the risk-
significance (or reliance) of a canister system in preventing or reducing the likelihood of event
sequences.” Furthermore, Preclosure Safety Analysis — Level of Information and Reliability
Estimation (Ref. 2.2.73) indicates that reliability estimates for high reliability SSCs may include
the use of engineering judgment supported by sufficient technical basis; and empirical reliability
analyses of a SSC could include values based on industry experience and judgment (Ref. 2.2.73).

In a risk-informed PCSA, therefore, the depth, rigor of quantitative analysis and the use of
judgment depends on the risk-significance of the event sequence. As such, decisions on the level
of effort applied to various parts of the PCSA are made, based on the contribution to the
frequency of end states and the severity of such end states. An exhaustive analysis need not be
performed to make this resource allocation. Accordingly, the PCSA analyst has flexibility in
determining and estimating the reliability required for each SSC, at the system or component
level, and in selecting approaches in estimating the reliability. The quantified reliability
estimates used to reasonably screen out initiating events, support categorization, or screening of
event sequences must be based on defensible and traceable technical analyses. The following
summarizes the approaches where judgment is applied to varying degrees.

All facility safety analyses, whether or not risk-informed, take into account the physical
conditions, dimensions, materials, human-machine interface, or other attributes such as operating
conditions and environments to assess potential failure modes and event sequences. Such factors
guide the assessment of what can happen, the likelihood, and the potential consequences. In
many situations, it could be considered obvious that the probability of a particular exposure
scenario is very small. In many cases, it is impractical or unnecessary to actually quantify the
probability when a non-probabilistic engineering analysis provides sufficient assurance and
insights that permit the event sequence to be either screened out, or demonstrated to be bounded
by another event sequence. Examples of such are provided in Section 6.0.

When Empirical Information is Not Available

There 1s generally no or very little empirical information for the failure of passive SSCs such as
transportation casks and spent fuel storage canisters. Such failures are postulated in predictive
safety and risk analyses and then the SSCs are designed to withstand the postulated drops,
missile impacts, seismic shaking, abnormal temperatures and pressures, etc. While in service,
few if any SSCs have been subjected to abnormal conditions that approach the postulated
abnormal scenarios so there is virtually no historical data to call on.
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Therefore, structural reliability analyses are used in the PCSA to develop analysis-based failure
probabilities for the specific event sequences identified within the GROA. Uncertainties in the
calculated stresses/strains and the capacity of the SSCs to withstand those demands include the
use of judgment, based on standard nuclear industry practices for design, manufacturing, etc.,
under the deterministic NRC regulatory requirements of 10 CFR Part 50 (Ref. 2.3.1), 10 CFR
Part 71 (Ref. 2.33), or 10 CFR Part 72, (Ref. 2.3.4). It is standard practice to use the
information basis associated with the consensus standard and regulatory requirement information
as initial conditions of a risk-informed analysis. This approach is acceptable for the PCSA
subject to the following:

1. The conditions associated with the consensus codes and standards and regulatory
requirements are conservatively applicable to the GROA.

2. Equivalent quality assurance standards are applied at the GROA.

3. Operating processes are no more severe than those licensed under the aforementioned
deterministic regulations.

Use of Empirical Reliability Information

In those cases where applicable, quantitative historical component reliability information is
available, the PCSA followed Sections 4.3 including the application of judgment that is
associated with Bayesian analysis. Similarly, as described in Sections 4.3.5, 4.3.6, and 4.3.7,
historical data is applied in human reliability, fires, and flooding analyses with judgment-based
adjustments as appropriate for Subsurface Operations and GROA operating conditions.

Use of Qualitative Information When Reliability Information is Not Available

In those cases where historical records of failures to support the PCSA are not available,
qualitative information may be used to assign numerical failure probabilities and uncertainty.
This approach is consistent with the Bayesian framework used in the PCSA, consistent with
HLWRS-1SG-02 (Ref. 2.2.73), and involves the use of judgment in the estimation of reliability or
failure probability values and their associated uncertainties. In these cases, the PCSA analyst
may use judgment to determine probability and reliability values for components.

The following guidelines are used in the PCSA when it is necessary to use judgment to assess the
probability of an event. The analyst will select a median at the point believed to be just as likely
that the “true” value will lie above as below. Then, the highest probability value believed
possible is conservatively assigned as a 95th percentile or error factor (i.e., the ratio of the 95th
percentile to median), rather than a 99th or higher percentile, with a justification for the
assignments. A lognormal distribution is used because it is appropriate for situations in which
the result is a product of multiple uncertain factors or variables. This is consistent with the 4
Central Limit Theorem for Latin Hypercube Sampling (Ref. 2.2.74). The lower bound, as
represented by the Sth percentile, is checked to ensure that the distribution developed using the
median and 95th percentile does not cause the lower bound to generate values for the variable
that are unrealistic compared to the knowledge held by the analyst.
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In some cases, an upper and lower bound is defensible, but no information about a central
tendency is available. A uniform distribution between the upper and lower bound is used in such
cases.

Another way in which risk-informed judgment is applied to obtain an appropriate level of effort
in the PCSA, involves a comparison of event sequences. For example, engineering judgment
readily indicates that a 23-foot drop of a canister onto an unyielding surface would do more
damage to the confinement boundary, than a collision of a canister with a wall at maximum
crane speed (e.g., 40 feet per minute). A rigorous probabilistic structural analysis of the 23-foot
drop is performed and these results may be conservatively applied to the relatively benign slow
speed collision.
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5. LIST OF ATTACHMENTS

Number of Pages

Attachment A Event Trees 22
Attachment B System/Pivotal Event Analysis — Fault Trees 243
Attachment C  Active Component Reliability Data Analysis 51
Attachment D  Passive Equipment Failure Analysis 91
Attachment E  Human Reliability Analysis 63
Attachment F Fire Analysis 14
Attachment G Event Sequence Quantification Summary Tables 2
Attachment H EXCEL and SAPHIRE Model and Supporting Files 2+CD
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6. BODY OF ANALYSIS

The Subsurface Operations Event Sequence Development Analysis, which describes the
Subsurface Operations and equipment (Ref. 2.2.40, Section 6.1.2, Attachment A, and
Attachment B), should be consulted in conjunction with the present analysis.

6.0 INITIATING EVENT SCREENING

The NRC’s interim staff guidance for its evaluation of the level of information and reliability
estimation related to the Yucca Mountain repository, Preclosure Safety Analysis — Level of
Information and Reliability Estimation (Ref. 2.2.73, p. 3), states that there are multiple
approaches that DOE could use to estimate the reliability of SSCs that contribute to initiating
events or event sequence propagation (i.e., pivotal events), including the use of judgment. By
the definition provided in 10 CFR 63.102(f) (Ref. 2.3.2) initiating events are to be considered for
inclusion in the PCSA for determining event sequences only if they are reasonably based on the
characteristics of the geologic setting and the human environment, and are consistent with the
precedents adopted for nuclear facilities with comparable or higher risks to workers and the
public.

This section provides screening arguments that eliminate extremely unlikely initiating events
from further considerations. Screening of initiating events is a component of a risk-informed
approach that allows attention to be concentrated on important contributors to risk. The
screening process eliminates those initiators that are either incapable of initiating an event
sequence having radiological consequences or are too improbable to occur during the preclosure
period. The screening arguments are based on either a qualitative or quantitative analysis
documented under separate cover, or through engineering judgment based on considerations of
site and design features documented herein.

Initiating events are screened out and are termed Beyond Category 2 if they satisfy either of the
following criteria:

e The initiating event has less than one chance in 10,000 of occurring during the
preclosure period.

e The initiating event has less than one chance in 10,000 over the preclosure period of
causing physical damage to a waste form that would result in the potential for radiation
exposure or inadvertent criticality.

In other instances, initiating event screening analysis is based on engineering or expert judgment.
Such judgment is based on applications of industry codes and standards, comparison to results of
analyses for more severe, or plausibility arguments based on the combinations of conditions that
must be present to allow the initiating event to occur or the event sequence to propagate.
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6.0.1 Boundary Conditions for Consideration of Initiating Events
6.0.1.1 General Statement of Boundary Conditions

Manufacturing, loading, and transportation of casks and canisters are subject to regulations other
than 10 CFR Part 63 (Ref. 2.3.2) (e.g., 10 CFR Part 50 (Ref. 2.3.1), 10 CFR Part 71 (Ref. 2.3.3),
and 10 CFR Part 72 (Ref. 2.3.4)) and associated quality assurance programs. As a result of
compliance with such regulations, the affected SSCs provide reasonable assurance that the health
and safety of the public are protected. However, if a potential precursor condition could result in
an airborne release that could exceed the performance objectives for Category 1 or Category 2
event sequences, or a criticality condition, then a qualitative argument that the boundary
condition is reasonable is provided. A potential initiating event that is outside of the boundary
conditions but has been found to require a qualitative discussion is the failure to properly dry a
SNF canister prior to sealing it and shipping it to the repository.

6.0.1.2 Specific Discussion of Receipt of Properly Dried SNF Canisters

Under the boundary conditions stated for this analysis, canisters shipped to the repository in
transportation casks are received in the intended internally dry conditions. Shipments of SNF
received at the repository, whatever their origin, are required to meet the requirements of 10 CFR
Part 71 (Ref. 2.3.3). NUREG-1617 (Ref. 2.2.69) provides guidance for the NRC safety reviews
of packages used in the transport of spent nuclear fuel under 10 CFR Part 71 (Ref. 2.3.3). The
review guidance, NUREG-1617 (Ref. 2.2.69, Section 7.5.1.2), instructs reviewers that, at a
minimum, the procedures described in the safety analysis report should ensure that:

Methods to drain and dry the cask are described, the effectiveness of the proposed
methods is discussed, and vacuum drying criteria are specified.

NUREG-1536 (Ref. 2.2.68, Chapter 8, Section V) refers to an acceptable process to evacuate
water from SNF canisters. No more than about 0.43 gram-mole of water (about 8 grams) will be
left in the canister if adequate vacuum drying is performed (Ref. 2.2.68). The following example
is cited as providing adequate drying (Ref. 2.2.68, Chapter 8, Section V):

The cask should be drained of as much water as practicable and evacuated to less
than or equal to 4E-4 MPa (3.0 mm Hg or Torr). After evacuation, adequate
moisture removal should be verified by maintaining a constant pressure over a
period of about 30 minutes without vacuum pump operation. The cask is then
backfilled with an inert gas (e.g., helium) for applicable pressure and leak testing.
The cask is then re-evacuated and re-backfilled with inert gas before final closure.
Care should be taken to preserve the purity of the cover gas and, after backfilling,
cover gas purity should be verified by sampling.
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The procedure described appears to ensure that very little water is left behind. However, the
probability of undetected failure when performing the process is not addressed in the
deterministic regulation 10 CFR Part 71 (Ref. 2.3.3) or in NUREG-1536 (Ref. 2.2.68). Indeed,
there is no after-the-fact water or error detection method in NUREG-1536 or the regulation.
Therefore, some unknown number of canisters may arrive in the GROA more residual water than
is expected with proper drying. Because the canisters are welded and are not required to provide
for sampling the inside of the canister, nondestructive measurement of the residual water content
would be difficult. The following discussion provides reasonable assurance that no significant
risks are omitted from the analysis due to adoption of the boundary condition that canisters
shipped to the repository in transportation casks are received in the intended internally dry
conditions.

1. The YMP will be accepting, handling, and emplacing TAD canisters in a manner
consistent with the specifications laid out in the TAD canister system performance
specification (Ref 2.2.47) which prescribes the use of consensus codes and standards
along with design requirement associated with GROA specific event sequences.

2. Criticality. GROA operating processes are similar to those of nuclear power plant
sites with respect to the use of cranes, and there are no processes or conditions that
would exacerbate adverse effects associated with abnormal amounts of water
retention. Event sequences involving the drop and breach of a naval canister are
Beyond Category 2 as shown in Section 6.8. To receive a license to transport SNF, 10
CFR 71.55 (Ref. 2.3.3) requires the licensee to demonstrate subcriticality given that
“the fissile material is in the most reactive credible configuration consistent with the
damaged condition of the package and the chemical and physical form of the contents”
under the hypothetical accident conditions specified in 10 CFR 71.73 (Ref. 2.3.3).
Drop events, which are unlikely to breach the canister, are also unlikely to impart
sufficient energy to the fuel to reconfigure it so dramatically that criticality would be
possible even if water is present. It is concluded that existing regulations that apply to
the canister and transportation cask for transportation to the repository provide
reasonable assurance that a criticality event sequence that depends on the presence of
residual water inside the canister and reconfiguration of the fuel would not occur under
conditions that could reasonably be achieved during handling at the repository.

3. Hydrogen explosion or deflagration. Radiation from SNF can generate radiolytic
hydrogen and oxygen gas in a SNF canister if water is inadvertently left in the canister
before it is sealed. Given a processing error that leaves enough residual water, the gas
concentrations could conceivably reach levels where a deflagration or explosion event
could occur. However, precautions taken at the generator sites are expected to make
receipt of a canister that was improperly dried unlikely. In addition, an ignition source
would be required for an explosion or deflagration to occur. High electrical
conductivity of the metal canister would dissipate any high voltage electrical discharge
(which is unlikely in any case) and preclude arcing within the canister. Normal
handling operations do not subject the canisters to energetic impacts that could cause
frictional sparking inside the canister. Therefore, an unlikely event during handling,
such as a canister drop would have to occur to ignite the gas. Considering the
combination of unlikely events that must occur, event sequences involving this
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combination of failures are screened out from further consideration on the judgment
that they contribute insignificantly to the frequency of the grouped event sequences of
which they would be a part.

4. Overpressurization due to residual water. Given a processing error that leaves an
excessive amount of residual water, the internal pressure due to vaporization of water
could conceivably breach the canister. If sufficient water were to be left in the
canister, overpressurization would occur within hours of the canister being welded
closed. Therefore, overpressurization would occur while the canister is still in the
supplier’s possession and not in the GROA. Ambient environmental conditions in the
GROA are similar to those that would be encountered by the canister while it is on the
supplier’s site and during transportation to the GROA. If there is not enough water to
cause overpressurization before the canister reaches the GROA, then
overpressurization would not occur in the GROA. Therefore, event sequences
associated with this failure mode are considered to be physically unrealizable for
loaded canisters that are received from off-site.

6.0.2 Screening of External Initiating Events
6.0.2.1 Initial Screening of External Initiating Events

The External Events Hazards Screening Analysis (Ref. 2.2.34) identifies potential external
initiating events at the repository for the preclosure period and screens a number of them from
further evaluation based on severity or frequency considerations. The four questions that
constitute the evaluation criteria for external events screening are:

1. Can the external event occur at the repository?

2. Can the external event occur at the repository with a frequency greater than 10~/yr,
that is, have a 1 in 10,000 chance of occurring in the 100 year preclosure period?

3. Can the external event, severe enough to affect the repository and its operation, occur
at the repository with a frequency greater than 10~%yr, that is, have a 1 in 10,000
chance of occurring in the 100 year preclosure period?

4. Can a release that results from the external event severe enough to affect the repository
and its operations occur with a frequency greater than 10™/yr, that is, have a 1 in
10,000 chance of occurring in the 100 year preclosure period?

The screening criteria are applied for each of the external event categories listed in Table 6.0-1.
Each external event category is evaluated separately with a definition and the required conditions
for the external event to be present at the repository. Then the four questions are applied. Those
external event categories that are not screened out are retained for further evaluation as initiating
events in the event sequences for the preclosure safety analysis.
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As noted in Table 6.0-1, the potential external initiating event categories that are retained for
further evaluation are seismic activity and loss of power. Seismically induced event sequences
are developed, categorized, and documented in a separate analysis (Ref. 2.4.4). Loss of offsite
power (LOSP) is treated together with internal causes of power loss in Section 6.0.2.2.

Table 6.0-1. Retention Decisions from External Events Screening Analysis

External Event
Category

Retention Decision. If Not Retained, Basis for Screening.

Seismic activity

YES. Retained for further analysis.

Non-seismic
geologic activity

NO. Except for drift degradation, the external events in this category are not applicable to
the site or do not occur at a rate that could affect the repository during the preclosure
period. The chance of drift degradation severe enough to affect the repository and its
operation over the preclosure period is less than 1/10,000.

Volcanic activity

NO. The chance of volcanic activity occurring at the repository over the preclosure period
is less than 1/10,000.

High winds /
tornadoes

NO. The chance of a high wind or tornado event severe enough to affect the repository
and its operation occurring at the repository over the preclosure period is less than
1/10,000.

External floods

NO. The chance of a flood event severe enough to affect the repository and its operation
occurring at the repository over the preclosure period is less than 1/10,000.

Lightning

NO. The chance of a lightning event severe enough to affect the repository and its
operation occurring at the repository over the preclosure period is less than 1/10,000.

Loss of power event

YES. Retained for further analysis. Section 6.0.2.2 contains a screening analysis of loss
of electrical power as an initiating event.

Loss of cooling
capability event

NO. The primary requirements for cooling water at the Yucca Mountain site during the
preclosure period are makeup water for the Wet Handling Facility (WHF) pool and cooling
of HVAC chilled water. The chance of a loss of cooling capability occurring at the
repository over the preclosure period is less than 1/10,000.

Aircraft crash

NO. The chance of an accidental aircraft crash occurring at the repository over the
preclosure period is less than 1/10,000.

Nearby
industrial/military
facility accidents

NO. The chance of an industrial or military facility accident occurring at the repository over
the preclosure period is less than 1/10,000.

Onsite hazardous
materials release

NO. The chance of an accident event sequence initiated by the release of onsite
hazardous materials at the repository over the preclosure period is less than 1/10,000.

External fires

NO. The chance of an external fire severe enough to affect the repository and its
operation occurring at the repository over the preclosure period is less than 1/10,000.

Extraterrestrial NO. Extraterrestrial activity is defined as an external event involving objects outside the

activity earth’s atmosphere and enters the earth’s atmosphere, survive the entry through the
earth’s atmosphere and strike the surface of the earth. Extraterrestrial activity include:
meteorites, asteroids, comets, and satellites. The chance of an occurrence at the
repository over the preclosure period is less than 1/10,000.

NOTE: The source document defines the external event categories.

HVAC = heating, ventilation, and air conditioning; WHF = Wet Handling Facility.

Source: Adapted from External Events Hazards Screening Analysis External Events Screening Analysis (Ref.
2.2.34, Sections 6 and 7).
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6.0.2.2 Screening Analysis of Loss of Electrical Power

Loss of electrical power, whether caused by onsite or offsite failures, is expected to occur during
the preclosure period. Loss of electrical power causes all equipment in the drift and the TEV to
stop operating. The TEV is designed to hold the waste package in place upon loss of power
indefinitely. Loss of offsite power is not explicitly shown as an initiating event in the event trees
because, by itself, it does not cause mechanical handling equipment to malfunction in a way that
causes a drop or other mechanical impact of the waste package.

Loss of offsite power could lead to the TEV stranded under the sun for a period of time that may
lead to TEV shielding degradation due to the potential melting of the TEV neutron polymer
shielding layer. The loss of offsite power (LOSP) frequency is estimated at 3.6E-02/yr
(Ref. 2.2.48, Table 3-8), with a failure to recover power within 24 hours of 1.8E-02 (Ref. 2.2.48,
Table 4-1). Thus, during the 50 years of preclosure operations, the expected number of LOSP
events (LOSP) is 3.2E-02; the initiating frequency of a loss of offsite power lasting more than 24
hours would be:

IE-LOSP = 3.6E-02/yr x (1.8E-02) x 50 yr
= 3.2E-02/ preclosure period

Conservatively, the probability of the TEV shielding degradation under this scenario is assigned
to be 1. This would lead to a worker exposure to neutron radiation with frequency of 3.2E-02/
preclosure period which is a Category 2 event sequence. Category 2 event sequences are not
analyzed for on-site worker exposure per 10 CFR 63.111 (Ref. 2.3.2).

6.0.3 Screening of Internal Initiating Events

All facility safety analyses, whether risk-informed or not, takes into account the physical
conditions, dimensions, materials, human-machine interface, and other attributes such as
operating conditions and environments, to assess potential failure modes and event sequences.
Such accounting guides the assessment of what can happen, the likelihood, and the potential
consequences. In many situations, it is obvious that the probability of a particular exposure
scenario is very low. In many cases, it is impractical or unnecessary to actually quantify the
probability when a non-probabilistic engineering analysis provides sufficient assurance and
insights that permit the scenario to be either screened out or demonstrated to be bounded by
another scenario.

Potential initiating events were qualitatively identified in Subsurface Operations Event Sequence
Development Analysis (Ref. 2.2.40) for quantitative treatment in the present analysis. For
completeness, some events were identified in the event sequence development analysis that are
extremely unlikely and can reasonably be qualitatively screened out from further consideration.
Table 6.0-2 provides bases for the screening decisions for certain internal initiating events.
Section 6.0.4 provides a detailed screening argument for internal flooding, which is too long to
be included in Table 6.0-2. The screened out initiating events are assigned frequencies of zero in
the quantification of the model.
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Table 6.0-2. Bases for Screening Internal Initiating Events

Initiator Event Tree Initiating Event
(Branch No.) Description Screening Basis
SSO-ESD-04-SEQ-2-2 Inadvertent entry YMP will establish a program to control access to the drift and
into a drift provide appropriate training to the operators. This access
control program includes the portal security building with
controlled and locked access doors to the drifts. Inadvertent
entry into the drifts is qualitatively screened to be beyond
Category 2. Therefore, a worker dose assessment is not
needed to comply with 10CFR 6.3111(Ref. 2.3.2). No further
work is done on this initiating event. This drift access control
program is described in Table 6.9-2.
SSO-ESD-04-SEQ-3-2 Prolonged worker | YMP will establish a program to control proximity to the TEV
proximity to TEV and provide appropriate training to the operators. This proximity

control program includes establishing controlled access to areas
along the TEV travel routes, and an early warning system for
TEV arrival to prevent inadvertent exposure to workers due to
prolonged proximity to the TEV. Inadvertent lengthy close
proximity to the TEV is qualitatively screened to be beyond
Category 2. Therefore, a worker dose assessment is not
needed to comply with 10CFR 6.3111(Ref. 2.3.2). No further
work is done on this initiating event. This proximity control
program is described in Table 6.9-2.

No applicable event trees | Loss of ventilation | According to Waste Package Misplacement Probability (Ref.

to the drift 2.2.41), prolonged loss of ventilation to the drift (30 days) may
lead to elevated temperature conditions of the waste package
but such conditions are hundreds of degrees lower than needed
for waste package breach (See Attachment D). Moreover, (Ref.
2.2.41) concludes that the probability of misplaced waste
packages causing temperature elevation is Beyond Category 2.

No applicable eventtrees | Internal flooding Internal flooding as an initiating event is screened out from
further analysis. A detailed screening argument is in Section 6
.0.4.

SSO-ESD-03-SEQ-2-3 TEV runaway TEV runaway event could occur when it is on an incline and all

eight motor gear boxes (one for each wheel) are stripped and
the TEV free-wheels down the incline. The damage to the WP
caused by a TEV runway would be very high, such that the
failure probability of the WP is conservatively considered as 1.
Based on the TEV runaway fault tree model (Section 6.2 and
Attachment B), the event probability is dominated by the
common-cause failure of 8 of 8 motor gear boxes, which is
estimated at 1.42E-09 (7.86E-8/hr * 2 hr mission time * 0.00906
alpha factor for 8 of 8 configuration). Given a total number of
TEVAWP trips during the preclosure period as 12, 268, the TEV
runaway initiating event frequency is estimated at (1.42E-9/trip
* 12,268 trips) = 1.7E-5 during the preclosure period. The event
sequence is Beyond Category 2, and thus, is screened out from
further analysis.

NOTE: Initiator event trees, with branch numbers shown, are provided in Attachment A.
TEV = transport and emplacement vehicle; WP = waste package.

Source: Original
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6.0.4 Screening of Internal Flooding as an Initiating Event

By the definition of an event sequence, a flood inside a facility would be an initiating event if it
leads to a sequence of events that would either breach waste containers, causing a release, or
leads to an elevated radiological exposure without a release (i.e., direct exposure of personnel).
Internal floods, whether caused by random failures or earthquakes, emerge from two sources.
The first is inadvertent actuation of the fire-suppression system. The second is failure of water-
carrying pipes or valves associated with chilled water, hot water, potable water, or other water
systems.

Transportation casks, canisters, and waste packages are not physically susceptible to breach
associated with water in the short-term. With extremely long exposure to water, corrosion may
be a factor but intervention to drain water from the buildings would prevent such exposure.
Short-term breaches do not occur owing to exposure to water. Canisters are surrounded by
transportation casks, and waste packages. Transportation casks are elevated as all times at least
five feet above the floor by railcar, truck, or canister transfer trolley. Waste packages are
similarly elevated on the waste package transfer trolley. Inside the TEV, the waste package is
elevated approximately 1 foot above the floor. A lifted canister or/and cask is higher than these
minimum elevations. Therefore, water from fire suppression and other water systems is unlikely
to attain a depth that would contact transportation casks, waste packages, or canisters. Of greater
significance, however, is that the fuel is contained in canisters within a sealed waste package
during subsurface operations all the time and these containers do not fail from short-term
exposure to flood water. In this context, short-term is a time period that is at least 30 days but
less than the length of time in which significant corrosion may occur.

Event sequences initiated by internal floods are considered to be Beyond Category 2. Moderator
intrusion into canisters resulting from event sequences that might breach a waste container are
treated quantitatively as described in the pivotal event descriptions of Section 6.2.

The construction schedule for the subsurface facilities requires the excavation of drifts at the
same time that waste packages are being placed into completed portions of the drifts
(Ref. 2.2.17). A potential flooding scenario of concern during subsurface excavation of Panels 1
and 2 involves the failure of the water supply piping to the Tunnel Boring Machine (TBM) and a
consequent buildup of water against the construction barrier that separates the completed portion
of a drift. This could occur because the 25 ft access main drift for Panels 1 and 2 slopes
downward 1.35 degrees towards the completed drifts (on the other side of the construction
barrier) (Ref. 2.2.27); these will be filled with waste packages while drift excavation is
proceeding.

The construction barrier consists of two circular barriers, separated by approximately 30 ft that
control ventilation flow and prevent construction debris from entering the completed drifts. The
barriers are equipped with an access door and are designed for maximum ventilation system
differential pressure. They are sealed to the tunnel wall with Shotcrete that is a minimum of 8 in.
thick and extends 2 ft away from each barrier in both directions (Ref. 2.2.14). If the construction
barrier were to fail or leak during a flood on the construction side, water could potentially enter
the filled drifts, because Shotcrete is not watertight in the long term.

100 March 2008



Subsurface Operations Reliability 000-PSA-MGRO0-00500-000-00A
and Event Sequence Categorization Analysis

Water is provided to the TBM for dust control purposes, water is sprayed on the belt that
removes the cut rock (muck), on drilling rigs, etc. Some water will be taken out in the muck and
the rest will collect in the tunnel, where it usually seeps into the ground or is evaporated through
the ventilation system. There is also a discharge system that can be used to remove water.

The liquid systems design includes one supply pipe with a diameter between six and eight
inches, depending on its position in the tunnel. It is hung from the tunnel side three to four ft
above the invert and is therefore not as vulnerable to damage as in many underground tunnels
where pipe is run on the ground. Pipe sections are put together with couplings and have block
valves located every 200 to 260 ft. The supply pipe also serves a fire protection function. Three
10,000 gallon water tanks are located on the surface, as are the supply pumps. In the event of a
flood, portal security personnel can isolate flow to the tunnel (underground communications are
provided during construction operations).

As a part of this effort, existing databases (including publicly available databases associated with
the mining industry) were searched and no information was obtained concerning the frequency
of water pipe breaks in construction tunnels; however, anecdotal information indicates that such
breaks are unusual. If a pipe were to break during construction of Panels 1 or 2, water would
begin to accumulate at the construction barrier (near the TBM). An approximately 18 in. step
will exist between the construction tunnel floor and the completed invert upon which the
construction barrier stands. If a break could be isolated before the top of the invert is reached, no
potential will exist for water to migrate into the completed drift. Eighteen inches of water is
substantial and would be noticed by the construction crew. Prior to this point it is expected that a
request to isolate water flow would be transmitted to portal security. In addition, the discharge
pump would be started to pump water out of the tunnel.

If the water height were to exceed 18 in, water would begin to rise against the construction
barrier. At this point the barrier may deform or the Shotcrete seal begin to leak, allowing water
to flow down the completed access drift on the emplacement side of the barrier. Even if this
were the case, water would not reach the filled drifts because each is located 4 ft, 10 in. above
the access main. An additional 4.5 in. of height is provided by the emplacement pallet, resulting
in a waste package height over 5 ft above the access main (Ref. 2.2.29) and (Ref. 2.2.19). In
addition, emplaced waste packages are protected by emplacement drift doors that would prevent
any water splash from contacting the waste packages.

The maximum expected water height against the construction barrier and invert lip is 5 ft, based
on the drainage of the three 10,000 gallon tanks plus water in the supply line (about 46,000
gallons total). Of this, water to a height of 3.5 ft could be against the construction barrier and
available for leakage to the emplacement side of the barrier. Because of the | 5 ft separation
between the maximum water height and the waste packages and the provision of barriers at the
front of each emplacement drift, water from a flood on the construction side will not contact the
waste packages. If a very unusual set of circumstances resulted in water contact, a waste package
could be removed for inspection. Based on this, subsurface flooding was not addressed further.

The water height was estimated by considering the access drift to be a circular cylinder skewed

from “right” by 1.35 degrees, the downward slope of the drift. For a flood height / at the
construction barrier, the flood height at distance d along the drift floor from the barrier is # — d x
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sin (1.35°) (by simple trigonometry). Using this height and the drift radius » (12.5 ft), the area of
a segment at distance d is V2 x #* x (6 — sin 0), where 0 (in radians) = 2 cos™ {[r —(h — d sin
(1.35°)] / r}. The total flooded volume can be estimated by iteration using Excel. For example,
using a flood height against the construction barrier and 18-in step of 5 ft and a distance
increment of 3 ft, the following flood volumes are calculated:

Table 6.0-3. Flood Height Estimation

Distance d (ft) Flood Height (ft) 6/2 (radians) Segment Area (ftz) Segment Volume (ft3)
0 5.00 1.85 69.9 209
3 4.93 1.84 68.5 205
6 4.86 1.83 67.1 201
207 0.12 0.281 0.288 0.862
210 0.05 0.183 0.080 0.240

NOTE: Table entries from 9 ft to 204 ft are removed for clarity.

Source: Excel Spreadsheet tunnel flooding calcs.xis located in Attachment H.

The total volume is 6180 ft’, or about 46,200 gallons. For a 5-ft flood height, the flooded
volume is about 79,700 gals, approximately 70% more than the capacity of existing site tanks
and piping. Based on this, subsurface flooding into the drifts is not considered credible and was
not addressed further.

6.1 EVENT TREE ANALYSIS

The event trees that are quantified in this analysis were developed from ESDs in Subsurface
Operations Event Sequence Development Analysis (Ref. 2.2.40). This section describes the
modeling of event sequences. The event trees are discussed and presented in Attachment A.

6.1.1 Event Tree Analysis Methods
6.1.1.1 Linked Event Trees and Fault Trees

As described in Section 4, the PCSA uses event trees with fault trees to calculate the frequency
of occurrence of event sequences. The event tree quantification is supported by fault tree
analysis (FTA) (Section 6.2 and Attachment B), HRA (Section 6.4 and Attachment E), and
PEFA (Section 6.3 and Attachment D). The SAPHIRE computer program (Section 4.2) is used
for the fault tree quantification process. The YMP preclosure handling is performed using four
kinds of buildings as summarized below:

1. The Receipt Facility (RF) accepts DPC and TAD canisters and places them into aging
overpacks, either destined for the aging pads or the CRCF.

2. The CRCF accepts all waste containers except those supplied by the Naval Nuclear
Propulsion Program (NNPP) for placement in waste packages destined for
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emplacement in the repository emplacement drifts. Three CRCFs are currently
considered.

3. The WHF accepts DPCs and transportation casks containing uncanistered commercial
SNF, transfers the SNF to TAD canisters which are destined for the CRCF or the
aging pads.

4. The Initial Handling Facility (IHF) accepts canisters from the NNPP and some
canisters containing high-level radioactive waste for placement in waste packages
destined for emplacement in the repository emplacement drifts.

Preclosure waste handling as modeled in the PCSA also includes TEV and Subsurface
Operations. The TEV accepts waste packages from the CRCF and IHF and, by means of rail,
transports it and deposits it into its designated location in the emplacement drifts. All other
extra-building transportation, low-level waste handling, and balance of plant is called Intra-site
Operations.

Event sequences are developed for each of the four building types, TEV and Subsurface
Operations, and Intra-site Operations. As described in the Subsurface Operations FEvent
Sequence Development Analysis (Ref. 2.2.40), event sequences are developed separately for each
major group of waste handling processes, by location, from the facilities where the waste
packages are picked up by the TEVs, to the emplacement drifts. Therefore, event sequences also
distinguish among the various steps in waste handling.

As described in Section 4.3, event sequences result in one of the following end states:

1. “OK”.

2. Direct Exposure, Degraded Shielding.

3. Direct Exposure, Loss of Shielding.

4. Radionuclide Release, Filtered (HVAC).

5. Radionuclide Release, Unfiltered (HVAC system is not operating).
6. Radionuclide Release, Filtered, Also Important to Criticality.

7. Radionuclide Release, Unfiltered, Also Important to Criticality.

8. Important to Criticality (not applicable to the Subsurface).

Radionuclide release describes a condition where radioactive material has been released from the
container creating a potential inhalation or ingestion hazard, accompanied by the potential for
immersion in a radioactive plume and direct exposure.

Since the reliability model for the Subsurface Operations is less complex than those of the
surface processing facilities, event sequences are not completely handled by SAPHIRE. Instead,
the event sequence logic depicted by the event trees is entered into an Excel spreadsheet, with
the following data input:

e Event tree logic models.

e Initiating event frequencies derived from waste-form throughputs and numbers of
opportunities for initiating an event sequence. In some cases, initiating events are
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modeled as fault trees, and in those instances, SAPHIRE is used to quantify the initiating
event frequencies, with the results input into the spreadsheet.

e Basic event data that provides failure rates for active and passive equipment and for
HFEs. The basic event data also includes a probability distribution of uncertainty
associated with each basic event. The fault tree models are linked to the basic event
library.

Each basic event in the fault tree is characterized by a probability distribution. SAPHIRE’s
Monte Carlo sampling method is employed to propagate the uncertainties to obtain system
failure probability or initiating event frequency mean values and parameters of the underlying
probability distribution such as standard deviation. As described in Section 4.3.6, categorization
is done on aggregated event sequences, whose resultant probability distributions are also
calculated in Excel spreadsheet. SAPHIRE accounts for the correlation between analogous basic
events sharing the same reliability information, which ensures the spread of the probability
distribution of the event sequences in which these basic events intervene is not underestimated.

6.1.1.2 Initiator, System-Response, and Self-Contained Event Trees

Event sequences are described and graphically depicted using one or two event trees depending
on whether the ESD considered has one or more initiating events:

1. Self-contained event trees. Self-contained event trees are used when only one
initiating event appears in the corresponding ESD (Ref. 2.2.40, Attachment F). An
example is SSO-ESD-04, which is shown in Figure AS5-5 in Attachment A. The feed
on the left side of the event tree is an event that represents the frequency of the
challenge to the successful operation of the process step represented in the event tree.
In the example, the frequency of challenge is equal to the number of waste packages
that are handled over the preclosure period. The initiating events are presented next,
followed by the pivotal events. By convention, the description of each branching
event is stated as a success. The branching under each event heading represents
success by an upward branch and failure by a downward branch. If a given pivotal
event cannot occur in a given sequence due to a prior pivotal event or is irrelevant to
the sequence, it does not appear in the event sequence and no branching occurs in the
event tree. Each pathway through a self-contained event tree terminates in an end
state. End states that are labeled “OK” mean that the sequence of events does not
result in one of the specifically identified undesired outcomes. “OK” may mean that
normal operation can continue.

2. Separate initiator and system-response event trees. Separate event trees for
initiating events and the system response are used when more than one initiating event
appears in the corresponding ESD (Ref. 2.2.40, Attachment F). The initiator event
tree decomposes a group of initiating events into the specific failure events that
comprise the group. For example, an initiator event tree, SSO-ESD-01, is shown in
Figure A5-2 in Attachment A, and the corresponding system response event tree,
RESPONSE-FACILITY, is shown in Figure A5-7. The feed to the left side of the
initiator event tree is an event that represents the frequency of challenge to the
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successful operation of the process step represented in the event tree. In the example,
the frequency of challenge is equal to the number of waste packages that are handled
over the preclosure period. Unlike the self-contained event tree that has only one
defined initiating event, initiator event trees do not end at end states but transfer to a
system response event tree. The models to be used for the initiating events associated
with each initiator event tree are specified in SAPHIRE “basic rules,” which are
attached to the initiator event tree. Each initiator event trees contain multiple initiating
events. As an example, there are five initiating events for SSO-ESDO1 (Attachment
A, Table A4.1-2). Each of these initiating events leads through a series of challenges
of the pivotal events to arrive at corresponding end states. Since each of these
initiating events leads to the same set of challenges to the pivotal events, a common
response event tree is constructed to model these challenges. In this example, the
system response event tree is RESPONSE-FACILITY. The models to be used for the
initiating events associated with each initiator event tree are specified in Excel event
tree models.

System response event trees contain only pivotal events. The Excel event tree models uses
results from specific SAPHIRE fault tree model or a basic event as input for a pivotal event.
Because the conditional probability of each pivotal event may be specific to the initiating event
for each event sequence, the same system response event tree is quantified by Excel as many
times as there are initiating events in the initiator event tree. The models to be used for the
pivotal events associated with each initiating event and system response event tree are specified
in the Excel model associated with a given initiator event tree.

6.1.1.3 Summary of the Major Pivotal Events

A self-contained event tree or a system response event tree may include pivotal events
concerning the success or failure of the waste package, canister, shielding properties, HEPA
filtration availability, and moderator intrusion susceptibility. The pivotal events are described in
Attachment A, Section A3.

Each of the specific failure events included in a self-contained or system-response event tree may
be linked to a basic event or to the top event of a fault tree. The fault tree models are, in turn,
linked to basic event reliability information separately entered into SAPHIRE. Some of the
pivotal events do not have associated fault trees because they are linked directly to probabilities
from the reliability database. Sections 6.2 and 6.3 provide more information about the reliability
information developed for this analysis.

6.1.2 Waste Form Throughputs

Each initiator event tree and self-contained event tree begins with the container throughputs, that
is, the numbers of waste packages to be handled over the period of Subsurface Operations.
There are 12,068 waste packages to be emplaced during subsurface operations (Ref. 2.2.31).
This number is drawn into the descriptions of specific event trees as needed. With the number of
waste packages as a multiplier in the event tree and the initiating events specified as a probability
per waste package, the value passed to the system response is the number of occurrences of the
initiating event expected over the period of Subsurface Operations.
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6.1.3 Guide to Event Trees

Event trees are located in Attachment A. Table 6.1-2 contains the crosswalk from the ESD
(Ref. 2.2.40, Attachment F) to the initiating event tree and response tree figure location in
Attachment A.

Table 6.1-2. Figure Locations for Initiating Event Trees and Response Trees

Response
IE Event Tree Response Tree
ESD Number ESD Title IE Event Tree Name Location Tree Name Location
SSO-ESD-01 | Event sequences | SSO-ESD-01 Figure A5-2 RESPONSE- Figure A5-7
for TEV activities FACILITY
inside facility WP
load-out area
SSO-ESD-02 | Event sequences | SSO-ESD-02 Figure A5-3 RESPONSE- Figure A5-8
for TEV activities TRANSIT
during transit
SSO-ESD-03 | Event sequences | SSO-ESD-03 Figure A5-4 RESPONSE- Figure A5-9
for TEV activities DRIFT
within the
emplacement
drift
SSO-ESD-04 | Event sequences | SSO-ESD-04 Figure A5-5 No Response N/A
for loss or lack of tree
shielding
SSO-ESD-05 | Event sequences | SSO-ESD-05 Figure A5-6 RESPONSE- Figure A5-8
for internal fires TRANSIT
NOTE: IE = initiating event; TEV = transport and emplacement vehicle; WP = waste package.

Source: Attachment A, Table A5-1
6.2 ANALYSIS OF INITIATING AND PIVOTAL EVENTS

6.2.1 Approach to Analysis of Initiating and Pivotal Events for Linking to Event
Sequence Quantification

Section 4.3.2 provides a brief introduction to the application of fault tree analysis (FTA) for
initiating and pivotal events, including an example fault tree. Many of the initiating events
involve faults in complex machinery for which no historical data exists at the system level, an
exception being historical data on the derailment of railed vehicles. Therefore, FTA is employed
to map elements of equipment design and operational features to various failure modes of
components down to a level of assembly, termed “basic events” for which historical data is
available. Attachment B presents the fault tree logic and stand-alone quantifications.

A top event of a system fault tree occurs when one of the (ITS) success criteria for a given SSC
fails to be achieved. At least one success criterion is defined for each system. Multiple success
criteria are defined for systems that perform multiple safety functions in subsurface operations.

Attachment B, Section B1 through B6 presents the fault trees for the subsurface analysis,
including CRCF HVAC, and CRCF AC power. HVAC and AC power fault trees are included in
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the subsurface analysis because the study includes TEV movement from the CRCF and IHF.
This section describes the bases for the fault trees and the quantification of their top events.

Attachment B, Section B7 presents the linking fault trees. The linking fault trees are self
explanatory. They serve as a way of linking system fault trees or fault trees with basic events to
correctly model the initiating events. No quantification is performed for the linking trees alone.

Each of the top events for the initiating event fault trees represent the conditional probability that
the top event will occur when the system is put into service. That is, the results of the FTA
answer a question such as “what is the probability given a waste package transit to the North
Portal that the TEV will collide into a SSC?” The expected number of collision initiating events
during the preclosure period is the product of the number of waste packages emplaced during the
preclosure period and the conditional probability of the top event. The conditional probability is
generated by the SAPHIRE fault tree and the number of waste packages is obtained from the
throughput values. Both pieces of data are inputted into the Excel event tree model and
subsequently processed as part of the solution of the complete event sequence that includes
pivotal events.

By contrast, the top event for the confinement function of the HVAC represents the conditional
probability that the confinement feature is not achieved for the required duration following an
airborne release of radioactive material inside the CRCF. The quantification of the top event, as
summarized in Section 6.2.2.2 and detailed in Attachment B, Section B2, is expressed as
unavailability. The results provide insight into the reliability of the HVAC and its contribution
to event sequence quantification. Again, the quantified top event is not used directly in the event
sequence quantification. Instead, the fault tree for the HVAC is solved and inputted into the
Excel event tree model.

In general, each of the FTAs in Attachment B is developed to include both 1) HFEs, and 2)
mechanical failures that result in the occurrence of the top event. The HFEs include postulated
unintended operator actions that could potentially occur during the facility activity and, as
applicable, hardware failures for those SSCs whose functions are to prevent the top event from
occurring given the unintended operator action occurs (e.g., interlock). Mechanical failures
typically involve random component failures (electrical, mechanical, etc.) and failures from the
loss of a supporting system (e.g., loss of power).

For quantification of the probability of the top event, failure probabilities are developed for each
basic event (hardware or HFE) and are used to compute the probability of each cutset. For
component failure data that is expressed as “failures per hour,” a “mission time” must be
defined. In many instances in the FTA quantification, a conservative mission time is used.
Where mission time is critical, appropriate times are justified and incorporated into the event
sequence quantification. Hardware failure probabilities are taken from the reliability analysis
data discussed in Sections 6.3. HFE probabilities are taken from the HFE analysis discussed in
Section 6.4.

Uncertainties in the probabilities of basic events are included in the inputs to the SAPHIRE
analysis. The uncertainties are propagated through the FTA to yield the uncertainty distribution
of the top event.
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Issues that are addressed in the fault trees, in addition to the mapping of the descriptions of the
physical system into a fault tree logic diagram based on explicit effects of mechanical and
hardware failures, include the following:

e Basic event data

e Common-cause and common mode failures such as failures induced by common
training, maintenance practices, fabrication, common electrical supplies, etc.

e Support systems and subsystems such as HVAC and electrical
e System interactions

e HFEs

e Control logic malfunctions.

The following subsections provide summaries of the analyses detailed in Attachment B. For
each fault tree, the following information is provided as applicable:

Physical description

Operation

Control system

System/pivotal event success criteria
Mission time

Fault tree results.

6.2.2 Summary of Fault Tree Analysis
6.2.2.1 Transport and Emplacement Vehicle Fault Tree Analysis

The FTA is detailed in Attachment B, Section B1. The quantification of each fault tree top event
represents an estimate of the conditional probability of TEV failures given an operation. The
initiating event frequency of TEV related event sequences is dependent on the number of
challenges to the TEV safety functions, which is calculated from the number of WP loadout and
emplacement operations conducted over the preclosure period. The following is a summary of
the design, operations, success criteria, and results of the fault tree quantification. See
Attachment B, Section Bl for sources of information on the physical and operational
characteristics of the TEV.

6.2.2.1.1 Physical Description

The TEV is a shielded, remotely-operated vehicle that transports a waste package and
emplacement pallet from a either the CRCF or the IHF to the subsurface. The TEV, illustrated in
Figure B2-1, is a rail-based vehicle that interfaces with a WPTT to receive a waste package in
the loadout area of the CRCF and IHF and then travels directly into the emplacement drift to
emplace the waste package. The TEV is powered by a third rail and contains programmable logic

108 March 2008



Subsurface Operations Reliability 000-PSA-MGRO0-00500-000-00A
and Event Sequence Categorization Analysis

controllers (PLCs) for localized control of the device. The TEV carries a battery for backup
power to temporarily maintain power to the control units in the event that third rail power is lost.

The TEV has eight wheels, each driven by an electric motor, and disc brakes integral to each
motor. The wheels travel on 171 lb crane rail with a gauge of 3.35 m (11 ft), installed in
accordance with the requirements of ASME NOG-1 2004, 2005 (Ref. 2.2.8). The wheels on one
side of the vehicle are double-flanged to resist derailment. The unloaded TEV weighs
approximately 180 tons and has nominal height, width, and length of 11.2 ft x 15.4 ft x 29.7 ft,
respectively.

In most cases, operation of the TEV is under PLC control with only general oversight from a
central control, but manual control is performed as needed. The instrumentation of the TEV is
described in associated process and instrumentation diagrams contained in Mechanical Handling
Design Report: Waste Package Transport and Emplacement Vehicle (Ref. 2.2.24).

The following describe the major subsystems of the TEV:

e TEV Control Compartment —Electronic controls of the TEV are housed in a
compartment at the rear and outside of the TEV shielded enclosure. Sub-enclosures
separate and totally enclose duplicate equipment to provide protection against potential
fire and internal explosions. The compartment contains a heating, ventilation, and air-
conditioning (HVAC) unit to maintain the operating environment and fire-detection and
fire suppression systems.

e TEV Shielding —The TEV provides neutron and gamma ray shielding for a waste
package during the export from a CRCF or IHF to an emplacement drift. The shield
enclosure is not airtight but prevents direct radiation streaming and provides an external,
shielded dose rate not to exceed 100 mrem/hr at 30 cm (11.81 in). The neutron shielding
material is the only non-metallic component but is a fire-resistant synthetic polymer
material.

o TEV Lift System —The TEV engages the waste package by raising the entire shielded
enclosure using six screw jacks. The front and rear jacks are used in normal operations
and two central jacks provide backup. These jacks have the ability to self-lock in the
event of drive failure.

o TEYV Base Plate —A moveable radiation shield, termed the base plate, forms the bottom
of the TEV shielding enclosure during transit operation. The base plate is retracted for
waste package loading and emplacement operations. The base plate is extended and
retracted from below the TEV by a motor driving a rack and pinion drive system. The
bed plate is mechanically interlocked with the TEV front shield doors to prevent
extension of the bed plate if the shield doors are closed. The bed plate can not be
retracted when the enclosure has been lowered.

e TEYV Shield Doors —The TEV has two hinged shield doors at the front of the TEV for
loading and emplacement of waste packages. Door movement is provided by
electromechanical linear actuators. The door hinge system consists of four structures
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mounted to the chassis of the TEV. Each hinge structure houses radial and thrust
bearings that allow easy and precise movement of the heavy doors, which have the same
shielding composition as the shielded enclosure. A mechanical interlock prevents the
shielded enclosure from being lowered until the front shield doors are fully opened. To
prevent the inadvertent opening of the shield doors during transit, the TEV incorporates
an electro-mechanical interlock that prevents actuation of the doors unless the TEV is
near to the WP loadout area or an emplacement drift

e TEYV Linear Drive Gear Motors —Each of the TEV's eight wheels is driven by a 20 hp
(15kW) AC, 460 volt, 1750 rpm motor featuring integral disc brakes.

6.2.2.1.2 Operations

The TEV operations involving waste packages comprises three phases termed Loadout; Transit,
and Emplacement. These operational phases are addressed in the PCSA. Other TEV operations,
when no waste package is on board, are not addressed in the PCSA.

All operations are performed remotely and are discussed in greater detail in Attachment B. The
following paragraphs provide an overview of each of the operational phases.

Loadout consists of loading the waste package into the TEV and moving out of the facility. The
TEV is controlled by an on-board PLC system and monitored from the Central Control Center
Facility. The TEV receives waste packages from four facilities: the IHF, and CRCF1, 2 and 3.
The loadout configuration and operations are the same for all facilities.

Prior to bringing a waste package into the loadout, the TEV enters the facility and moves
forward to position the vehicle directly over the loadout station. The facility’s exterior shield
doors are closed and the TEV is positioned so that its lifting features can engage the waste
package pallet after the pallet and waste package are correctly positioned.

After receiving confirmation on positioning from control, the TEV’s front shield door safety
interlocks are disengaged; and the front shield doors are opened. The TEV raises its rear shield
door and extends the base-plate from under the shielded enclosure. The lifting system (screw
jacks) is used to position the shield enclosure to the proper collection height for the waste
package and emplacement pallet.

A WPTT brings a closed waste package to the waste package loadout area and places it
horizontally on the loading dock. A screw-driven traveling table moves the waste package and
pallet under the TEV shield. The TEV shield enclosure is raised to its full travel height,
engaging and raising the waste package and pallet into the TEV. The base-plate is retracted
under the shield enclosure, the rear shield door is lowered and the TEV shield enclosure front
doors are closed, thus engaging all safety interlocks.

The facility exterior shield doors are opened, and the TEV exits the waste handling facility. As
the TEV exits, a mechanical interlock is activated to prevent a spurious signal from inadvertently
opening the shield doors during transit.
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Transit comprises the processes for moving the waste package from the surface facility to the
entrance of an emplacement drift. The TEV operating speed is approximately 2.7 km/hr (1.7
mph or 150 ft/min). TEV operations are defined within rail segments designated by control
points within the software of the PLC system. The TEV stops upon reaching a control point and
proceeds to the next segment only upon receiving a confirmation from central control. Upon a
loss of power, the TEV is designed to stop, retain its load, and enter a locked mode where it
remains until operator action is taken. Visual and auditory monitoring is performed by central
control for all transit operations and the central control operator has override control to stop the
TEYV in case of an emergency.

The TEV moves along the surface track from the waste handling facility through several
switches to reach the North Portal. At the North Portal entrance, the TEV stops for diagnostic
checks and system tests and then proceeds down the North Ramp to reach the repository level.
The TEV proceeds on the subsurface rail along the appropriate access main(s) until the TEV
reaches the rail switch in front of the emplacement access door of the selected emplacement drift
and stops.

Emplacement comprises the processes of moving the waste package into an emplacement drift,
placing the waste package and pallet on the invert and moving the empty TEV out of the drift.
After the TEV stops at the emplacement access door, various positional sensors and devices on
board to establish a positional datum point. The emplacement access door panels are opened just
long enough to admit the TEV into the drift. An electro-mechanical switch de-activates the
interlock so that the TEV shield doors may be opened. The TEV passes into a curved tunnel
segment (with a positive grade of approximately 1.75%) and then into a straight section to enter
the emplacement drift proper, which has a nominal grade of 0 %, where it stops and confirms its
location. The front shield doors are opened, the rear shield door is raised, and the base-plate is
retracted. The lifting system raises the shielded enclosure to engage the pallet and moves
forward at a crawl speed, on the order of 4.6 m/min (15 ft/min), stopping at a position close to a
previously emplaced waste package.

At this stage, additional on-board positional sensors and devices (e.g., lights, cameras, and
ultrasonic sensors) are activated, and measurements are made to re-confirm to the position of the
TEV and the waste package. The TEV then moves forward at a slow positioning speed (at
approximately 0.46 m/min [1.5 ft/min]), until the required final position is achieved. The shield
enclosure is lowered to place the waste package and pallet on the emplacement drift invert. The
TEV is backed away at the positioning speed from the emplaced waste package and pallet to a
predetermined distance where the shield doors and base plate are closed prior to the TEV exiting
the drift and returning to the surface.

6.2.2.1.3 Control System

All operations are performed remotely and discussed in greater detail in Attachment B. The
control system includes the following features:

e Automated control using PL.Cs with oversight via audio and video signals from a central
control station, in most cases
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e Manual control when required via override from central control
o Shield door safety interlocks to prevent spurious opening during waste package transport

e Automatic operational sequences to load a waste package and pallet in a facility loadout
area

e Automatic operational sequences to unload a waste package and pallet in an
emplacement

e Automatic stop at each rail segment to await a permissive signal to proceed from central
control

e Fail-safe on loss of power: TEV stops, retains its load, and enters a locked mode until
operator action is taken

e Sensors and logic to confirm the position of the TEV when emplacing a waste package
near a previously emplaced waste package.

e Programmed variable travel speeds (e.g., normal speed of 1.7 mph (150 ft/min) on
surface tracks and access drifts, crawl speed of 15 ft/min for initial positioning in an
emplacement drift, and a final waste package positioning speed of 1.5ft/min.

6.2.2.1.4 System/Pivotal Event Success Criteria
Success criteria for the TEV are the following:

e Prevent impact on a waste package due to spurious movement of TEV or front shield
doors

e Prevent collisions of the TEV within the facility

e Prevent collisions of the TEV with objects during transit or when entering an
emplacement drift by preventing spurious operations of the TEV and drift access doors

e Prevent spurious opening of front shield doors

e Prevent dropping of a waste package due to spurious operations or structural failure of
the TEV

e Prevent dropping or dragging of a waste package in an emplacement drift due to
spurious operations or structural failure of the TEV

e TEV structure can sustain impacts without damage to the waste package

e TEV shielding can sustain its shielding function over a prolonged period without
operational support.
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Various design features are provided to achieve each of the success criteria. The failure to
achieve each success criterion is basis for defining the top event of one or more fault trees for the
TEV.

6.2.2.1.5 Mission Time

Generally, a mission time of 4 hours is used for the fault tree quantification for TEV failure
scenarios. Four hours is a conservative bound for operations involving waste package loading in
the facility or emplacing in a drift. For some basic events that involve time-base failure rates,
however, the following mission times are used:

e 5.7E-3 hr for fault exposure times during transit between facility doors,
e | hr for spurious operation of TEV motors while WP is being placed in the emplacement

e 38 hr for transit from the surface facility to the emplacement drift for potential exposure
times for stopped TEV

6.2.2.1.6 Fault Tree Results

The application of the TEV fault trees to ESDs for the Subsurface is documented in Attachment
B, Section B1, including the application of basic event data, common-cause failures, and human
reliability analysis.

There are 11 separate failure scenarios represented by fault trees associated with the TEV:

1. TEV door impacts a waste package.

2. TEV collision within facility.

3. TEV collides with object during transit.

4. Impact to TEV during transit.

5. TEV stops for extended time.

6. Inadvertent TEV door opening during transit.

7. Waste package drop in facility.

8. Waste package dropped during transit.

9. Waste package drop or dragging in an emplacement drift.
10. TEV collides with emplaced waste package.

The results of the analysis are summarized in Table 6.2.-1.

Table 6.2-1 Summary of Top Event Quantification for the TEV

Mean Standard

Top Event Probability Deviation
TEV door impacts a waste package 1.2E-5 1.3E-5
TEV collision within facility 1.0E-3 1.2E-3
TEV collides with object during emplacement 3.0E-3 3.8E-3
Impact to TEV during transit 2.9E4 7.4E-4
TEV stops for extended time 6.9E-4 6.1E-5
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Table 6.2-1 Summary of Top Event Quantification for the TEV (Continued)

Mean Standard

Top Event Probability Deviation
Inadvertent TEV door opening during transit 1.2E-7 1.2E-6
Waste package drop in facility 5.4E-11 1.6E-11
Waste package dropped during transit 7.5E-8 1.1E-8
Waste package drop or dragging in an emplacement drift 9.1E-7 1.1E-6
TEV collides with emplaced waste package 9.9E4 1.2E-3

NOTE: TEV = Transport emplacement vehicle.

Source: Attachment B, Figure B1.4-1, Figure B1.4-3, Figure B1.4-5, Figure B1.4-7, Figure B1.4-9, Figure B1.4-
11, Figure B1.4-13, Figure B1.4-15, Figure B1.4-17 and Figure B1.4-19.

6.2.2.2 HVAC Fault Tree Analysis

The FTA is detailed in Attachment B, Section B2. The following is a summary of the design,
operations, success criteria, and results of the fault tree quantification. See Attachment B,
Section B2 for sources of information on the physical and operational characteristics of the
HVAC.

6.2.2.2.1 HVAC Description and Function

The ITS HVAC is a two train system of identical components. One train is always operational
and one train is in standby mode. This system is not configured to run both trains at the same
time without bypassing control circuitry. This off-normal situation is not addressed in this
analysis.

In the CRCEF, the train A HVAC equipment is located on the opposite end of the building from
train B HVAC equipment. Each HVAC train exhausts air through separate discharge ducts into
the atmosphere. Although these trains are interconnected through interior duct work, the trains
are independent. A back-draft damper is used on each train to ensure there is no airflow from the
atmosphere back through the standby train.

Each HVAC train is composed of four subsystems:

1. A series of dampers are used to control pressure, flow, as well as flow direction in this
system.

2. Three HEPA filters, each consisting of one medium efficiency roughing filter (60-90
percent efficiency), two high efficiency filters for particulate removal in air (99.97
percent efficiency), and a mister/demister for maintaining proper humidity levels.

3. One exhaust fan with a rated capacity of 40,500 cubic feet per minute (cfm) and an
exhaust fan motor rated at 200 horsepower (hp).

4. Control circuitry with logic contained in an erasable programmable read-only memory
located in the adjustable speed drive controller used for controlling the speed of the
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operating fan and on fault detection, and for off-nominal conditions, shutting down the
operating train and transmitting signals to the standby system to start.

6.2.2.2.2 Success Criteria

One success criterion is defined for the each of independent trains, A and B, for providing the
HVAC confinement function—maintain negative differential pressure in the CRCF for the
specified mission time.

The respective trains of the ITS portions of the HVAC are identical. Various design features are
provided to achieve each of the success criteria for the respective trains and for the combined
system.

The HVAC FTA for the HVAC includes separate analyses for the respective trains. The failure
to achieve the success criterion defines the top event for the fault tree for each train of the
HVAC.

6.2.2.2.3 Mission Time

The mission time for the HVAC system is 720 hours (Attachment B, Section B7). However, the
mission time for the standby train (modeled as train B) has been taken as half of the active
system (i.e., 360 hours), which is a conservative estimate of the average run time should the
standby train be demanded.

6.2.2.2.4 Fault Tree Results

The top event in this fault tree is “Delta pressure not maintained in CRCF facility.” This is
defined as the inability of the ITS HVAC system to maintain proper delta pressure within the
facility. The system failure probability and standard deviation, including failure of electrical
power are as follows:

e The mean system probability of failure value is 3.5E-02
e The standard deviation is 9.4E-02.

These values include the contribution of support system failures; specifically the contribution of
failures of ITS AC Power System components

6.2.2.3 ITS AC Power Fault Tree Analysis

The FTA is detailed in Attachment B, Section B3. The following is a summary of the design,
operations, success criteria, and results of the fault tree quantification. See Attachment B,
Section B3 for sources of information on the physical and operational characteristics of the ITS
AC power.

6.2.2.3.1 System Description

The ITS AC power system supplies power to the ITS systems (the HVAC Systems) in the
CRCF. The ITS power system consists of two elements; those used during normal operations
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and those used during off-normal conditions. During normal operations AC power is supplied
from one of two offsite 138 kV offsite power lines through the 138kV to 13.8 kV switchyard and
then through the plant AC power distribution system to the various facilities throughout the site.

Off-normal conditions for the distribution of AC power occur during a loss of offsite power
(LOSP). A LOSP may be the result of problems on the power grid, or may be the result of
failures within the plant AC power systems. Under these conditions, the AC power source for
the CRCF ITS equipment is two onsite ITS diesel generators. Power is supplied to ITS loads via
the same onsite AC power distribution system that is used during normal operation. Each diesel
generator supplies power to one division (A or B) of ITS systems. Each ITS diesel generator, its
associate support systems, and the power distribution system are independent and electrically
isolated from the other ITS diesel generator, its support systems and power distribution system.

The ITS loads within the CRCF are powered via two ITS 480V load centers and two ITS 480 V
motor control centers (MCC) located within separate areas in the CRCF. Each division of the
AC power supply from the 13.8kV ITS switchgears to the CRCF passes through a 13.8 kV to a
480 V transformer. Separate AC power systems are provided for each of the three CRCFs from
the connection to the diesel generator switchgear through the individual loads. The systems
supplying power to MCC Al and B1 are representative of the systems used to power MCCs A2,
A3, B2, and B3. The two fault trees developed for the AC power supplies to MCC Al and Bl
are representative of the fault trees for the remaining four MCCs.

The ITS on site power portion of the ITS power supply system is intended to provide back-up
power to selected buildings and operations in the event of a main transmission power loss (a
LOSP). The primary components in each division include: a diesel generator, support systems
for the diesel generator, and a load sequencer. Both ITS diesel generators are located in the
Emergency Diesel Generator Building (EDGB). Each is sized to provide sufficient 13.8 kV
power to support all ITS loads in six facilities (i.e., three CRCFs, the WHF, and RF, and the
EDGB).

The ITS diesel generator starts upon detection of an under voltage condition via an under voltage
relay of the diesel generator switchgear. Each ITS diesel generator is equipped with a complete
independent set of support systems including HVAC systems, uninterruptible and DC power
systems, a fuel oil system, diesel generator start subsystem, diesel generator cooling subsystem
and lube oil subsystem.

The load sequencer controls sequence of events that occur after a LOSP and the ITS diesel
generator start. Upon a LOSP the load sequencer opens the CRCF ITS load center feed breaker.
After the ITS diesel generator starts and reaches rated capacity, the load sequence connects the
ITS diesel generator to the 13.8kV ITS switchgear and then reconnects the CRCF loads.

6.2.2.3.2 Operations

Under normal operating conditions, AC power is supplied from two 138 kV offsite power lines.
Power is passed through the 138 kV to 13.8 kV Switchyard to the two independent 13.8 kV ITS
switchgear. From here, power is transmitted via separate lines to a 13.8 kV to 480 V
transformers supporting divisions A and B of the CRCF. Power to individual ITS components
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within each facility is provided via 480 V Load Centers and MCCs (one of each for division A
and one of each for division B in each facility) powered through these transformers

During a LOOP, both ITS diesel generators will start and accept loads in a timely manner. Upon
a LOOP, the onsite power distribution system supporting ITS loads is disconnected from the
switchyard; a circuit breaker between the 13.8kV ITS switchgear and the switchyard 13.8 kV
switchgear in each division automatically opens. Both ITS diesel generators start automatically
and are connected to the 13.8kV ITS switchgear when the connecting breaker is closed by the
load sequencer. The load sequencer then reconnects the CRCF loads to the 13.8kV ITS
switchgear. Both ITS diesel generators continue to supply AC power until normal power is
restored.

Environmental systems are provided to maintain the temperature in the various EDGB rooms
and CRCF ITS electrical rooms within acceptable levels.

6.2.2.3.3 Control System

The ITS diesel generator starts upon detection of an under voltage condition via an under voltage
relay of the 13.8kV ITS switchgear. The 13.8kV ITS switchgears are isolated from the main
switchyard upon a loss of power in the switchyard. The loads in the CRCF are shed upon a loss
of power indication.

A load sequencer controls the loading of the ITS diesel generator onto the 13.8kV ITS
switchgear upon the diesel generator reaching rated output. The same load sequencer controls
reloading the CRCF loads onto the AC power system.

6.2.2.3.4 System/Pivotal Event Success Criteria

Success criterion for the AC power system is defined in terms of its support function for the ITS
HVAC confinement function. The AC power system must operate in support of the HVAC
system for as long as necessary to successfully provide confinement after the potential release of
radioactive material inside the CRCF. There are two independent trains of HVAC and each of
these must be supported by an independent AC power system. Therefore, the following success
criteria apply to the respective AC power supply trains:

e Provide AC power from either the normal offsite power lines or from the ITS diesel
generator (DG A) to the HVAC division powered through CRCF ITS Load Center A
and ITS MCC A1 for the mission time of 720 hours

e Provide AC power from either the normal offsite power lines or from the ITS diesel
generator (DG B) to the HVAC division powered through CRCF ITS Load Center A and
ITS MCC B1 for the mission time of 720 hours.

The respective trains of the ITS portions of the AC power system are essentially identical.

Various design features are provided to achieve each of the success criteria for the respective
trains.
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The FTA for the AC power system includes separate analyses for the respective trains. The
failure to achieve the success criterion defines the top event for the fault tree for each train of the
AC power system.

6.2.2.3.5 Mission Time
The mission time for the ITS AC power system is the same as for the HVAC system, 720 hours.
6.2.2.3.6 Fault Tree Results

Two fault trees are developed for the AC power system, one for train A and one for train B. The
respective top events are:

e “Loss of AC power at Load Center A for the CRCF,” defined as a failure of the normal
and ITS on-site power supplies to provide power to Load Center A

e “Loss of AC power at Load Center B for the CRCF,” defined as a failure of the normal
and ITS on-site power supplies to provide power to Load Center B.

The results are essentially the same for either train:

¢ The mean probability of failure or either train value is 3.0E-02
e The standard deviation is 7.3E-02.

These results are presented in Attachment B, Section B3, Figure B3.4-1.
6.2.2.4 Drip Shield Emplacement Gantry Analysis

Just prior to closure of the subsurface facility, drip shields will be placed over the waste
packages within the emplacement drifts. The drip shields are to prevent any seepage entering the
drift from dripping onto the waste packages after repository closure and to protect the waste
package from the direct impact of a rockfall. Each drip shield segment is designed to interlock
with a previously emplaced drip shield segment, and when properly interlocked, the drip shield
does not contact the emplacement pallet, the waste package, the rock wall or the runway beams
of the invert.

The FTA is detailed in Attachment B, Section B4. The following is a summary of the design,
operations, success criteria, and results of the fault tree quantification.

6.2.2.4.1 Physical Description

The Drip Shield Emplacement Gantry (DSG) is a remotely-operated vehicle that transports drip
shields from the Heavy Equipment Maintenance Facility into emplacement drifts. Similar to the
TEV, the DSG is a rail-based vehicle which is powered by a third rail, and contains PLCs for
localized control of the device. In most cases, operation of the DSG is under PLC control with
only general oversight from a central control, but some in some cases, operations under remote
manual control are performed as needed.
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6.2.2.4.2 Operations

The DSG transports a drip shield from the Heavy Equipment Maintenance Facility to a
designated emplacement drift turnout using the same rail system as the TEV. The DSG will
travel into the emplacement drift to a predetermined position, where the gantry stops, and re-
confirms its location. The DSG then moves forward at a crawl speed until the required final
position is achieved. Once the correct position is achieved, the gantry lowers the lift beams,
lowering the drip shield, the drip shield engages the previously emplaced drip shield interlock (if
present), and it rests upon the steel frame of the emplacement drift invert. The emplacement
gantry lowers its lifting features to its travel height and moves at a crawl speed away from the
newly emplaced drip shield. Upon confirmation of emplacement status, the gantry slowly
accelerates to the full operational speed and leaves the emplacement drift.

6.2.2.4.3 Control Systems
All operations are performed remotely. The control system includes the following features:

e Automated control using PL.Cs with oversight via audio and video signals from a central
control station, in most cases

e Manual control when required via override from central control
o Automatic operational sequences to emplace drip shield

e Automatic stop at each rail segment to await a permissive signal to proceed from central
control

o Fail-safe on loss of power: DSG stops, retains its load, and enters a locked mode until
operator action is taken

e Sensors and logic to confirm the position of the DSG when emplacing a Drip Shield
segment near a previously emplaced segment

e Programmed variable travel speeds (e.g., normal speed of 1.7 mph (150 ft/min) on
surface tracks and access drifts, crawl speed of 15 ft/min for initial positioning in an
emplacement drift, and a final positioning speed of 1.5ft/min.

6.2.2.4.4 Success Criteria
One scenario and fault tree is associated with the DSG:
1. Drop of drip shield onto a waste package

Success criteria for the DSG during the drip shield emplacement process require that the DSG
subsystems operate without failure or spurious operations. During the emplacement operations,
the DSG lift system should maintain the drip shield above the waste package as the gantry moves
along the emplacement drift at an operational speed of 2.7 km/hr (1.7 mph).
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6.2.2.4.5 Fault Tree Results

The top event in this fault tree is “Drip Shield Dropped on WP.” The top event is drop of the
drip shield where at least two of the four lift pins or lift beam systems (rigs) have failed. The
system value and standard deviation is:

e The mean system probability of failure value is 3.7E-9
e The standard deviation is 1.0E-12.

These results are presented in Attachment B, Section B4, Figure B4.4-1.
6.2.2.5 Shield Door System Analysis

The FTA is detailed in Attachment B, Section BS. The following is a summary of the design,
operations, success criteria, and results of the fault tree quantification.

6.2.2.5.1 Physical Description

Each of the CRCF Waste Package Positioning Rooms (room numbers 1018, 1019) has a shield
door providing access to the Waste Package Loadout Room (room number 1015). The shield
doors provide shielding during canister unloading and loading. The shield doors are ITS,
protecting workers from the hazardous operations that go on inside the loading and unloading
rooms.

The shield doors consist of a pair of large heavy doors that close together. The shield doors have
the following design requirements: Motor over-torque sensors prevent the shield doors from
causing damage to casks or waste packages in the event of closure on a conveyance.

6.2.2.5.2 Operation

The shield doors are opened to allow the TEV to leave the CRCF and then closed.

The shield door system has one credible failure scenarios for subsurface operations as follows:
1. Shield door closes on conveyance [TEV].

6.2.2.5.3 Control System

This is a manually operated system.

6.2.2.5.4 Success Criteria

The shield door system has one credible failure scenario for subsurface operations as follows:

1. Shield door closes on conveyance [TEV].
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The success criterion for this scenario is defined as the shield doors not causing a release due to
closure on the conveyance. Specifically, success criteria are defined as follows:

e In the event that the shield doors do close on a conveyance, the motor over-torque
sensors prevent excessive closure force ensuring no release.

6.2.2.5.5 Fault Tree Results

The top event in this fault tree is “Facility Door closes on TEV.” This is defined as as an
inadvertent closure of the shield doors due to either operator action or component failure while
the conveyance is in position to be hit by the doors. Faults considered in the evaluation of this
top event include: failure of components in the control circuitry of the shield doors and human
events that could contribute to the inadvertent shield door closing. The system value and
standard deviation is:

e The mean system probability of failure value is 2.0E-03
e The standard deviation is 2.6E-03.

These results are presented in Attachment B, Section B3, Figure B5.4-1.
6.2.2.6 Emplacement Drift Access Door Analysis

The FTA is detailed in Attachment B, Section B6. The following is a summary of the design,
operations, success criteria, and results of the fault tree quantification.

6.2.2.6.1 Physical Description

The emplacement access door is a counter-opening, 2-panel design in which one panel opens
inward and the other panel opens outward. The door is intended to control entry and is not to
provide radiation shielding.

6.2.2.6.2 Operation

The emplacement drift access door is typically closed to maintain security and positive control of
the emplacement drift. Normal door operation requires central control's input to prevent
inadvertent access to the high radiation areas; however, a manual override switch is provided to
open the door locally within a locked access box. When a TEV is ready to proceed into an
emplacement drift, the emplacement access door is remotely opened by the operator in the
Central Control Center Facility. Upon visual confirmation that the TEV has passed through the
threshold and has completely entered the turnout drift, the operator in the Central Control Center
Facility closes the door system. The process is reversed when the TEV is to exit the
emplacement drift.

6.2.2.6.3 Control System

This system is either remotely controlled by operators in the central control facility or locally
through manual override switch in locked access box.
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6.2.2.6.4 Success Criteria
One scenario and fault tree is associated with the emplacement drift access door:
1. Emplacement access door closes on TEV.

The success criterion for the scenario is that the emplacement access door operates without
failure or spurious operations and that the operator does not close the door prematurely. During
the normal operations, the emplacement access door system is not to close onto the TEV during
the waste package emplacement. The door should not collapse onto the TEV.

The following requirements are identified with respect to this scenario:

e The operational status of the door is clearly displayed on visual monitor for remote
operations on the control panel including opening and closing of the door.

e The TEV shielded enclosure shall be able to maintain the shielding function in case of
closure of the access door onto the TEV.

e Normal periodic maintenance and inspection are performed on the bulkhead and door
mounting supports and door mechanism to allow for the safe operation of the door
without collapsing the door panels onto the TEV.

6.2.2.6.5 Fault Tree Results

The top event is the initiating event of the doors closing and impacting on the TEV.  This top
event is realized by either the occurrence of the door closure due to human error or by
mechanical failure. The system value and standard deviation is:

e The mean system probability of failure value is 2.0E-03
e The standard deviation is 2.3E-03.

These results are presented in Attachment B, Section B3, Figure B6.4-1.
6.2.2.7 Additional Fault Trees

Seventeen additional fault trees were developed to address events that could impact either a TEV
with a waste package or the waste package alone during waste package emplacement operations.
These fault trees are identified in Table 6.2-2. Sixteen of these trees are top level trees. The
results of quantifying the trees were input directly into the Excel spreadsheet used to quantify
subsurface event sequences as initiating events. The last tree, DSGANT-INIT, is input into the
top level fault tree DRIFT-WP-IMPACT.
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Table 6.2-2 Top Level and Linking Fault Trees

System Fault

Top Level | Trees Used as
Fault Tree Description Events considered Fault Tree Input
FACILITY- Object dropped on Waste Drops from Crane Top level None
DROPON Package as it leaves operation tree
facility
TRANSIT- TEV derails during surface | Derailment of TEV Top level None
DERAIL transit to emplacement during surface transit | tree
TRANSIT- Impact to TEV during Rockfalls Top level None
DROPON transit from falling object tree
DRIFT-TEV- Impact to TEV during Emplacement door Top level ACDRIMP-INIT
IMPACT subsurface travel and impacts, derailment, linking tree (B6),
emplacement and TEV overrun of DRIFT-DERAIL
rails (B4),
TEV-end-rail
(B4)
DRIFT-WP- Drop of heavy load on WP | Rockfall and drop of Top level DRIPSHIELD-
DROPON during subsurface drip shield onto WP tree DROPPED
operation (B4)
DRIFT-WP- WP impacted in the drift Linking tree to TEV- Top level TEV-
IMPACT IMPACTS-WP and tree IMPACTS-WP
DSGANT-INIT (B1.10),
DSGANT-INIT
DSGANT-INIT Gantry derails and strikes Drip shield gantry Input to None
WP derailment DRIFT-WP-
IMPACT
SSO-CRCF-SD- | WP impact facility door In Impacts with facility Top level FACILITY-
IMPACT-HVAC the CRCF where HVAC is | door and HVAC linking tree | SHIELD-DOOR
available failures (B5), HVAC
(B2)
SSO-HVYLOAD- | Heavy load dropped on Crane drops of Top level FACILITY-
DROPON-HVAC | WP in CRCF where HVAC | objects onto WP and | linking tree DROPON,
is available HVAC failures HVAC (B2)
SSO-TEV-COLL- | TEV collision in CRCF TEV collisions with Top level FACILITY-
HVAC where HVAC is available facility structures with | linking tree COLLISION
HVAC failures (B1.2), HVAC
(B2)
SSO-WP-DROP- | WP dropped in CRCF TEV drops WP with Top level FACILITY-
HVAC where HVAC is available HVAC failures linking tree DROP (B1.7),
HVAC (B2)
SSO-WP-TEV- TEV shield door impacts TEV doors close on Top level FACILITY-TEV-
SD-HVAC WP in CRCF where HVAC | WP with HVAC linking tree DOOR (B1.1),
is available failures HVAC (B2)
SHIELD- Direct exposure due to Human errors Top level None
PROXIMITY extended proximity to TEV tree
during transit
SHIELD- ENTRY | Direct exposure due to Human errors Top level None
emplacement drift entry by tree
workers
FIRE-DRIFT Fire impacts WP in Drift Drift Fires Top level None
tree
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Table 6.2-2. Top Level and Linking Fault Trees (Continued)

System Fault
Top Level | Trees Used as
Fault Tree Description Events considered Fault Tree Input
FIRE- Fire impacts WP on Subsurface fires Top level None
SUBSURFACE subsurface rail during transit tree
FIRE-SURFACE | Fire impacts WP on Surface fires during Top level None
surface rail transit tree

NOTE: TEV =transport and emplacement vehicle; WP = waste package.

Source: Original
6.2.2.8 Potential Moderator Sources
6.2.2.8.1 Internal Floods

While the waste package in a TEV is inside a building, internal floods are a potential source of
moderator addition into a canister associated with pivotal events in the event sequences included
in Section 6.1. Moderator addition into a canister can occur following a breach of the canister
and a subsequent internal flood. The internal flooding analysis considers all waste handling
facilities.

During most of its handling at the repository, a canister is surrounded by at least one other barrier
to water intrusion: a transportation cask, a transportation cask within a CTT, an aging overpack,
a waste package, a waste package within a WPTT, or a waste package within a TEV.

Each facility is equipped with a normally dry, double-pre-action sprinkler system in areas where
waste forms are handled (Ref. 2.2.16), (Ref. 2.2.35), (Ref. 2.2.26), and (Ref. 2.2.42). Such
systems, which require both actuation of smoke and flame detectors to allow the pre-action valve
to open and heat actuation of a fusible link sprinkler head to initiate suppression, have a very low
frequency of spurious operation. . A 30-day period from the occurrence of the canister breach to
the time definitive action can be taken to prevent introduction of water into the canister is
reasonable and is the same as the period used to assess dose for a radiological release. The
spurious actuation frequency over a 30 day mission time after a breach is calculated below.

An estimate of the probability of spurious actuation is developed using a simplified screening
model that addresses the following cut sets that result in actuation:

e Spurious pre-action valve opens before canister breach x failure of a sprinkler head
during post-breach mission time (30 days)

e Failure of a sprinkler head during building evacuation x water left in dry piping after last
test (First quarter following annual test).

The frequency of sprinkler failure is estimated using an individual sprinkler head failure
frequency of 1.6E-6/yr (Ref. 2.2.10, Table 1), the estimated number of sprinklers (1 per 130 ft*
based on NFPA 13 (Ref. 2.2.63, Table 8.6.2.2.1(b)) and the applicable area (Ref 2.2.23). For
example, the area of CRCF Waste Package Loadout Room 1015 is listed as 7,470 ft* in (Ref.
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2.2.23, Table 10). At 130 ft*/sprinkler, 58 sprinklers are estimated. The failure of any sprinkler
in the room is then estimated to be 58 x 1.6E-6/yr x 1/8,760 hrs/yr, or 1.1E-8/hr.

The frequency of pre-action valve spurious open is estimated using the solenoid valve spurious
open data in Section 6.3 of 8.1E-07/hr. This is reasonable because a solenoid valve must open to
relieve the air pressure from the diaphragm which keeps the valve closed.

The value of the first cutset is (1.6E-6/yr x 1/8,760 hr/yr x 720 h) x (8.1E-7/hr x 720 h) = 8E-
11/sprinkler head. The second cutset is more significant: 0.025 (human error screening value) x
(1.6E-6/yr x 1/8,760 hr/yr x 720 h) = 3E-9/sprinkler head.

Applying the sum of these values, 3E-9/sprinkler head, to the number of sprinklers calculated for
the waste handling areas of the four facilities results in the following estimates of the probability
of spurious sprinkler actuation found in Table 6.2-3.

Table 6.2-3  Probability of Spurious Sprinkler Actuation

Waste Probability of Spurious
Handling Area Number of Actuation in 30 day Period in
Facility (ft2)° Sprinkler Heads Waste Handling Areas
CRCF(ea) 42,000 330 1E-6
IHF 30,000 240 9E-7
RF 19,000 150 5E-7
WHF 28,000 215 6E-7
NOTE: 2 CRCF area based on room numbers 1005E, 1016-1026, 2004,2007, 2007A,
and 2007B
IHF area based on room numbers 1001-1003, 1006-1008, 1011,1012, 1026 and
2004

RF area based on room numbers 1013, 1015, 1016, 1017, 1017A, and 2007
WHF area based on room numbers 1007-1010, 1016, 2004, 2006, and 2008.
CRCF = Canister Receipt and Closure Facility, ft = feet; IHF = Initial Handling
Facility; RF = Receipt Facility; WHF = Wet Handling Facility.

Source: (Ref. 2.2.23)

Piping carrying water is present in the waste form handling areas of the CRCF, IHF and WHF.
Piping lengths in these areas of the CRCF and WHF are below 100 feet per facility. The
probability of a pipe crack in a 30 day period was estimated using the pipe leak data from
Industry-Average Performance for Components and Initiating Events at U.S. Commercial
Nuclear Power Plants, NUREG/CR-6928 (Ref. 2.2.49, Table 5-1). Piping leaks and large break
rates applicable to non-service water applications are used in the analysis. These values are
considered appropriate for repository systems because the conditioning applied to the fluids in
the systems is that typical of commercial nuclear power plants:

External leak small (1 to 50 gpm): Leak rate = 2.5E-10 hr''ft”!

External leak large (> 50 gpm): Leak rate = 2.5E-11 hr''ft”!
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Multiplying the sum of the small and large crack frequencies (2.8E-10 hr''ft") by the length of
piping in the waste handling areas of each facility, and the number of hours in a 30 day period
(720 hr), a conditional probability of water leakage in all waste handling areas given a breach is
approximated as follows:

CRCF = 2.8E-10 hr''ft" x 100 ft x 720 hrs = 2.0E-05
HF < 2.8E-10 hr'ft"! x 6800 ft x 720 hrs = 1.4E-03
WHEF = 2.8E-10 hr''ft" x 75 ft x 720 hrs = 1.5E-05

RF =2.8E-10 hr'ft™" x 0 ft x 720 hrs = 0.

It is appropriate to use the waste handling area piping lengths because they are separated by
concrete walls from the non-waste handling areas of buildings.

The above applies to event sequences that do not involve fires as an initiating event. During fire
initiating event sequences, fire suppression would actuate in the locations sufficiently heated by
the fire. The fire initiating event analysis is described in Section 6.5, and the conditional
probability of canister failure owing to fires is described in Section 6.3. The analysis is
performed without the salutary effects of fire suppression in order to demonstrate large margins
of safety during fire event sequences. Furthermore, the location of each fire is analyzed as
around the outer shell of the overpack that surrounds the canister. The frequency of containment
breach due to fire is significantly overestimated because of this conservative approach.

For fires that occur in locations that contain canisters sealed within bolted transportation casks,
the fire location is floor level and the transportation casks rise as much as 20 feet above the floor.
Casks are relatively thick walled compared to canisters and sustain a relatively small internal
pressurization when compared to canisters. Therefore, if a fire is large enough, it will fail the
internal canister first, as indicated in Attachment D. This will cause the bolted and sealed cask to
bear the overpressure that is inside the canister. The cask bolts might act as elastic springs
allowing the top to break the seal and relieve the internal pressure. This would be a mechanism
that prevents cask breach. However, a hot fire may result in sufficient loss of strength of the
bottom portion of the stainless steel cask such that it breaches. If failure occurs because of bolt
stretching, the cask lid remains on top of the cask preventing fire suppression water from
entering. Commercial DPCs and TAD canisters will require at least 100 liters of water to enter
the canister if optimally distributed among the fuel rods (Ref. 2.2.38). Casks are raised above the
floor. They lay on top of railcars, are lifted from there by cranes, sit inside a CTT, or lay
sideways on a pallet. They are at least five feet from the floor. If the bottom portion of the
canister breaches, there is no physical mechanism for this much water to enter the cask and then
the canister, remain as water (not boil off), and optimally mix with the fuel rods.

This latter situation also applies to canisters sealed within a welded waste package. The waste
package sits inside a WPTT or is inside a TEV. In the former case it is more than three feet from
the floor (Ref. 2.2.18) and in the latter case about one foot from the floor (Ref. 2.2.20). In the
latter case, however, the TEV offers an additional layer of protection against fires. In addition, it
is physically unrealistic for a sufficient amount of available fire suppression water to cause 100
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liters to leak into a breached canister, but not extinguish the fire or at least reduce the severity of
the fire such that a breach would not occur.

For a canister inside of an open transportation cask or waste package, the orientation of these is
always vertical, and the cask and waste package are always elevated above the floor where the
fire occurs. The occurrence of a fire of sufficient severity will fail the canister first as described
above. An open transportation cask or waste package might allow fire suppression water to
spray in from the top. The building configuration, however, precludes this occurrence. The cask
lids are removed while in the upload cell below the CTM. The cask and waste package ports are
above the casks and waste package. There is no fire suppression piping spanning the ports
because the ports must be kept clear in order to perform lift and load operations. In the Waste
Package Positioning Room and welding area, the lid is on the waste package and fire suppression
piping can not be above an open waste package because of the welding machine. In the cutting
cell in which a cask is open (WHF only), there can be no fire suppression piping above an open
cask because of the cutting equipment.

Upon failure of the canister inside the cask, the cask will not be susceptible to pressurization
failures as above. Instead, water can only enter in a cask (or waste package) if the cask body
melts through. Fires capable of melting stainless steel or Alloy 22, however, have an occurrence
frequency within the waste handling facilities of less than 1E-05 over the preclosure period
(Attachment D). Thus, breach of the cask or waste package in a manner that would allow water
to enter the canister is essentially not physically realizable.

When a canister is being lifted, transferred inside the shield bell, and lowered. It is not inside an
outer cask. However, fires can not be severe enough to breach a canister while being moved, as
described in more detail in Attachment D. Water intrusion, therefore, is not physically realizable
for this situation.

It is concluded that moderator entry into breached canisters during fire event sequences is not
physically realizable because of a combination of physical mechanisms, building and equipment
configuration, and overpack material properties. Furthermore, the existence of water from fire
suppression is inconsistent with the fire analyses performed to obtain the probability of
containment failure owing to fire. If fire suppression were indeed available, the probabilities of
canister breach would be far lower. However, in order to complete an event sequence
quantification, the conditional probability of moderator entry into a canister after canister breach
during a fire initiating event sequence is assessed as extremely unlikely and assigned a lognormal
distribution with a median of 0.001 and an error factor of 10. This yields a mean value of 3E-03.
The large error factor is assigned because of the potential of human error to defeat some of the
reasons that water will not enter the cask or waste package (e.g., neglecting to place a lid on the
waste package just before a severe fire). These assignments are consistent with the methodology
on the use of judgment provided in Section 4.3.10.

6.2.2.8.2 Lubricating Fluid

Another source of moderation is lubricating fluid in cranes. Crane lube oil is of limited quantity
(<150 gallons) and housed in a welded gear box with a leak pan below it capable of capturing the
entire gearbox fluid inventory. An estimate of the leakage rate through the gear box and drip pan
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is found by multiplying the gearcase motor failure frequency (all modes) of 0.88E-06 per hour
(Ref. 2.2.45, Page 2-104 and Section 6.3) by 0.5 (Ref. 2.2.44, Page 2-90), over the 50 years by
the conditional probability of oil pan failure. A loss of lubrication would fail the crane operation
and also be detected by oil pressure indicators. The conditional probability of oil pan failure may
be estimated by analogy to receiver tank leakage during the interval between gearbox failure and
detection. The interval is conservatively estimated to be 30 days. The all modes failure rate of a
receiver tank is 0.34E-06 per hour (Ref. 2.2.45, Page 2-213). Using an exposure interval of
50 years (which represents the operating life of the surface facilities), the conditional probability
of lubricating fluid entering a breached canister would be less than:

0.88E-06/hr x 50 yrs x 8760 hrs/yr x 0.34E-06/hr x 720 hrs/30days = 9.4E-05 over the
preclosure period.

This probability is overstated because a) it does not account for inspections during the operating
period of the facility, and b) it does not account for the conditional probability that lubricating
fluid can find its way into a breached canister. Therefore, lubricating fluid is eliminated as a
potential moderator.

6.3 DATA UTILIZATION
6.3.1 Active Component Reliability Data

The fault tree models described in Section 6.2 include random failures of active mechanical
equipment as basic events. In order to numerically solve these models, estimates of the
likelihood of failure of these equipment basic events are needed. The active component
reliability estimates are developed by gathering and reviewing data, and applying Bayesian
combinatorial methods to develop mean values and uncertainty bounds that best represented the
range of the information.

6.3.1.1 Industry-wide Reliability Data for Active Components

While data from the facility being studied are the preferred source of equipment failure rate
information, it is common in a safety analysis for information from other facilities in the same
industry to be used when facility-specific data is sparse or unavailable. Because the YMP is a
one-of-kind facility and has no operating history, it was necessary to develop the required data
from the experience of other nuclear and nonnuclear operations. Industry-wide data sources are
documents containing industrial or military experience on component performance. These
sources are from previous safety/risk analyses and reliability studies performed nationally or
internationally and also can be standards or published handbooks. For the YMP PCSA, a
database is constructed using a library of industry-wide data sources of reliability data from
nuclear power plants, equipment used by the military, chemical processing plants and other
facilities. The sources used are listed in Attachment C, Section C1.2.

The data source scope has to be sufficiently broad to cover a reasonable number of the
equipment types modeled, yet with enough depth to ensure that the subject matter is
appropriately addressed. For example, a separate source might be used for electronics data
versus mechanical data, so long as the detail and the applicability of the information provided
justify its use. Lastly, the quality of the data source is considered to be a measure of the source’s
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credibility. Higher quality data sources are based on equipment failures documented by a
facility’s maintenance records. Lower quality sources use either abbreviated accounts of the
failure event and resulting repair activity, or do not allow the user to trace back to actual failure
events. Every effort is made in this analysis to use the highest quality data source available for
each active component type and failure mode.

A potential disadvantage of using industry-wide data is that a source may provide failure rates
that are not realistic because the source environment, either physical or operational, may not
correlate to the facility modeled. Part of the PCSA active component reliability analysis effort,
therefore, is to evaluate the similarity between the YMP operating environment and that
represented in each data source to ensure data appropriateness. The evaluation process is
described in Section C1.2.

Given the fact that the YMP is a relatively unique facility (although portions are similar to the
spent fuel handling and storage areas of commercial nuclear plants), the data development
perspective is to collect as much relevant failure estimate information as possible to cover the
spectrum of equipment operational experience. It is reasonable to expect that the YMP
equipment would fall within this spectrum (Section 3.2.1). The scope of the sources selected for
this data set is therefore deliberately broad to take advantage of the combined experience of
many facilities, not a single plant. It is then intended to provide a combined estimate that reflects
as best as possible the uncertainty ranges of the individual estimates. This ensures that the data
are not skewed towards the possibly atypical behavior of one particular plant, industry or
operating environment. The combinatorial process, utilizing Bayes’ theorem, is discussed in the
following subsection.

Among the active components whose reliability is quantified with industry-wide data are the
200-ton cranes, jib cranes, waste package maneuvering cranes and the spent fuel transfer
machine (SFTM). The SFTM is not used in the IHF; however it is being discussed in this
section for completeness. The rationale for using such data for these estimates is that a
significant amount of crane experience exists within the commercial nuclear power industry and
other applications and that this experience can be used to bound the anticipated crane
performance at YMP. Furthermore, the repository is expected to have training for crane
operators and maintenance programs similar to those of nuclear power plants. Crane and SFTM
handling incidents that result in a drop are included in the drop probability regardless of cause;
they may be caused by equipment failures (including failures in the yokes and grapples), human
error, or some combination of the two.

Every attempt was made to find more than one data source for each component type and failure
mode combination (TYP-FM), although multiple sources are not always available for a specific
piece of equipment. When data was extracted from several sources, it was combined using
Bayesian estimation (as described further below), and compared by plotting the individual and
combined distributions. However, the comparison process often resulted in one source being
selected as most representative of the TYP-FM. Ultimately, 53 percent of the TYP-FMs are
quantified with one data source, 8 percent with two data sources, 8 percent with three data
sources, and 31 percent with four or more data sources.
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6.3.1.2 Application of Bayes’ Theorem to PCSA Database

The application of data sources introduces uncertainty in the input parameters used in basic
events and, ultimately, the quantification of probabilities of event sequences. Uncertainty is a
probabilistic concept that is inversely proportional to the amount of knowledge, with less
knowledge implying more uncertainty. Bayes’ theorem is a common method of mathematically
expressing a decrease in uncertainty gained by an increase in knowledge (for example,
knowledge about failure frequency gained by in-field experience).

There are several approaches for applying Bayes’ theorem to data management and combining
data sources, as described in NUREG/CR-6823 (Ref. 2.2.9). For the PCSA, the method known
as “parametric empirical Bayes” is primarily used. This permits a variety of different sources to
be statistically combined and compared, whether the inputs are expressed as the number of
failures and exposure time or demands, or as means and lognormal error factors.

A typical application of Bayes' theorem is illustrated as follows. A failure rate for a given
component is needed for a fault tree, e.g., a fan motor in the HVAC system. There is no absolute
value for the failure rate, but there are several data sources for the same kind of fan and/or
similar fans that may exhibit considerable variability for many reasons. Applying any or all of
the available data to the YMP introduces uncertainty in the analysis of the reliability of the
HVAC system. Bayes' theorem provides a mechanism for systematically treating the uncertainty
and applying available data sources using the following steps:

1. Initially, estimate the failure rate to be within some range with a probability
distribution. This is termed the “prior” probability of having a certain value of the
failure rate that expresses the state of knowledge before any new information is
applied.

2. Characterize the test information, or evidence, in the form of a likelihood function that
expresses the probability of observing the number of failures in the given number of
trials if the failure rate is a certain value. The evidence comprises observations or test
results on the number of failure events that occur over a certain exposure, operational,
or test duration.

3. Update the probability distribution for the failure rate based on the new body of
evidence.

The likelihood function is defined by the analyst in accordance with the kind of evidence. For
time-based failure data, a Poisson model is used for the likelihood function. For demand-based
failure data, a binomial model is used. The mathematical expression for applying Bayes'
theorem to data analysis is described in Attachment C, Equation C2.1.

For the analysis presented herein, MathCAD is used to calculate the population-variability
(prior) distributions of active components. As described in Attachment C, Section C2.1, the
method of “The Combined Use of Data and Expert Estimates in Population Variability Analysis”
(Ref. 2.2.57, pp. 311-321) 1s used as the basis example for the combinations performed. In this
method, the population-variability distribution of the failure rate is approximated by a lognormal
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distribution whose unknown parameters, v and 7, respectively the mean and standard deviation
of the associated normal distribution, are determmed‘ Calculating v and 7 involves calculating
the likelihood function associated with the reliability information in each data source. For a data
source providing a failure rate point estimate, the likelihood function is a lognormal distribution,
function of the failure rate x, and characterized by its median value and associated error factor.
For a data source providing exposure data (given in the form of a number » of recorded failures
over an exposure time ), the likelihood function is a Poisson distribution, expressing the
probability that » failures are observed when the expected number of failures is x times 7.

The maximum likelihood method is used to calculate v and z. This involves maximizing the
likelihood function for the entire set of data sources. This likelihood function is the product of
the individual likelihood function for each data source because the data sources are independent
from each other. It is equivalent and computationally convenient to find the maximum
likelihood estimators for v and 7 by using the sum of the log-likelihood (logarithm of the
likelihood) of each data source. As a result, the likelihood functions from the individual data
sources and a population-variability probability density function for the combination are
produced and plotted for comparison, as in the example shown as Figure 6.3-1.
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Source: Attachment C, Figure C2.1-1

Figure 6.3-1.  Likelihood Functions from Data Sources (Dashed Lines) and Population-
Variability Probability Density Function (Solid Line)

If only a single data source is considered applicable to a given TYP-FM combination and if the
data source provides a mean and an error factor for the component reliability parameter, the
probability distribution is modeled in SAPHIRE as a lognormal distribution with that mean and
that error factor. However, if the data source does not readily provide a probability distribution,
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but instead exposure data, (i.e., a number of recorded failures over an exposure time for failure
rates or over a number of demands for failure probabilities), the probability distribution for the
reliability parameter is developed through a Bayesian update using Jeffrey’s noninformative
prior distribution (i.e., gamma for time-related failure modes and beta for demand based failure
modes).

Example implementations of the methods used for these cases are provided in Attachment C,
Section C2.2.

6.3.1.3 Common-Cause Failure Data

Dependent failures are modeled in event tree and fault tree logic models. When possible,
potential dependent failures are modeled explicitly via the logic models. For example, failure of
the HVAC system is explicitly dependent upon failure in the electrical supply system that is
modeled in the fault trees. Similarly, the effects of erroneous calibration or other human failure
events can be explicitly included in the system fault tree models and the basic event probabilities
considered during the human reliability analysis (HRA). Otherwise, potential dependencies
known as common-cause failures (CCFs) are included in fault tree logic, but their probabilities
are quantified by an implicit, parametric method. Therefore, another subtask of the active
component reliability data analysis is to estimate common-cause failure probabilities.

Surveys of failure events in the nuclear industry have led to several parameter models. Of these,
three are most commonly used: the Beta Factor Method (Ref. 2.2.53), the Analytical Background
and Techniques. Volume 2 of Procedures for Treating Common Cause Failures in Safety and
Reliability Studies (Ref. 2.2.61), and the Alpha Factor Method (Ref. 2.2.62). In a parametric
model, the probability of two or more components failing by a CCF is estimated by use of
equations provided in Section 4.3.3.3.

For the PCSA, common-cause failure rates or probabilities are estimated using the Alpha Factor
Method (Ref. 2.2.62) because it is a method that includes a self-consistent means for
development of uncertainties.

The data analysis reported in NUREG/CR-5485 (Ref. 2.2.62) consisted of:

1. Identifying the number of redundant components in each subsystem being reported,
(e.g., two, three, or four (termed the CCF group size)).

2. Partitioning the total number of reported failure events for a given component into the
number of components that failed together, (i.e., one component at a time, two
components at a time, and so on up to failure of all components in a given CCF

group).

3. Calculating the alpha factor for a given component type to provide a basis for
estimating the probability of CCFs involving two, three, etc., or all components. (See
equation in Attachment C, Section C.3).

4. Performing statistical analysis and curve fitting to define the mean and uncertainty
range for alpha factors for various CCF group sizes up to eight.
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The data analysis also produces prior distributions for the alpha factors. The results are the mean
alpha factors and uncertainty bounds, reported in Guidelines on Modeling Common-Cause
Failures in Probabilistic Risk Assessment (Ref. 2.2.62 Table 5-11) and reproduced in
Attachment C, Table C3-1).

These alpha-factors values are used for failure-on-demand events (e.g., pump failure to start) and
by using the alpha factor divided by two for failure-to-operate events (e.g., pump fails to run).
For example, for a 2-out-of-2 failure on demand event, the mean alpha factor of 0.047 (shown in
the far right column of Table C3-1 associated with o) was multiplied by the mean failure
probability for the appropriate component type and failure mode (from Table C4-1) to yield the
common-cause failure probability.

6.3.1.4 Input To SAPHIRE Models

Since the primary active component reliability data task objective is to support the quantification
of fault tree models developed in SAPHIRE by the system analysts, the output data has to
conform to the format appropriate for input to the SAPHIRE code.

SAPHIRE provides template data to the fault tree models in the form of three input comma
delimited files:

e BEA — attributes to assign information to the proper SAPHIRE fields
e BED - descriptions of the component type name and failure mode
e BEI - information on the failure rate or probability estimates and distributions used.

Demonstration files for the BEA, BED and BEI template data files provided with SAPHIRE
were originally used to construct the PCSA template data files to ensure the proper formatting of
the data for use by the fault tree models. In general, the BEA file provides attribute designators
for the code to implement such that the template data is properly assigned to the appropriate
fields in SAPHIRE. The .BED file allows description information to be entered and linked to the
template data name or designator (which in the PCSA case, was the TYP-FM coding). Examples
of descriptions used for the PCSA template data were, clutch failed to operate, relay spurious
operation, position sensor fails on demand, and wire rope breaks. The .BEI file contains the
actual active component reliability parameters, namely the mean value and uncertainty
parameter, either the lognormal error factor, or the shape parameter of the Beta or Gamma
distributions.

Geometric means of the input parameters from the data sources are initially used as screening
values for each TYP-FM and are entered into the .BEI file, along with a default Error Factor of
10. Once the Bayesian combination process is completed for all of the TYP-FM combinations,
mean and uncertainty parameter information are entered into the .BEI files, and tested in
SAPHIRE before being distributed to the systems analysts.

The template data is utilized by the fault tree models by being imported into SAPHIRE using the

MAR-D portion of the SAPHIRE code, then by using the modify event feature to link the
template data to each basic event in the fault tree. This permits each active component of the
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same type and failure mode to utilize the same failure estimate and uncertainty information,
based on the results of the data investigation and Bayesian combination process.

Attachment C, Section C4 presents a more thorough discussion of the active component
reliability data development process, as well as a table of the template data that is imported into
SAPHIRE.

6.3.1.5 Summary of Active Component Reliability Data in Subsurface Analysis

Table 6.3-1 summarizes the active component reliability data used in each basic event of the
Subsurface models. Development of this table is discussed in detail in Attachment C, Section
C4. Mission times are discussed in Section 6.2.

Table 6.3-1. Active Component Reliability Data Summary
BASIC EVENT MEAN MISSION
BASIC EVENT MEAN FAILURE TIME
BASIC EVENT NAME DESCRIPTION PROBABILITY RATE (HOURS)
060-#EEE-CRCF1-A-XMR-CCF CRCF ITS TRANSFORMER 4 .92E-06 2.91E-07 34
TRAIN A CCF
060-#EEE-CRCF1-A-XMR-FOH CRCF ITS TRAIN A 2.10E-04 2.91E-07 720
TRANSFORMER FAILURE
060-#EEE-CRCF1-B-XMR-FOH CRCF ITS TRANSFORMER 2.10E-04 2.91E-07 720
TRAIN B FAILURE
060-#EEE-LDCNTRA-BUA-FOH CRCF LOAD CENTER A 4 39E-04 6.10E-07 720
FAILS
060-#EEE-LDCNTRA-C52-FOD LOAD CENTER A FEED 2.24E-03
BREAKER (AC) FAILS TO
RECLOSE
060-#EEE-LDCNTRA-C52-SPO LOAD CENTER A FEED 3.82E-03 5.31E-06 720
CIRCUIT BREAKER (AC)
SPURIOUS OPERATION
060-#EEE-LDCNTRB-C52-FOD 13.8 ITS SWGR TO CRCF 2.24E-03
ITS LC B CIRCUIT
BREAKER FAILS ON
DEMAND
060-#EEE-LDCNTRB-C52-SPO CRCF ITS LOAD CENTER 3.82E-03 5.31E-06 720
CIRCUIT BREAKER (AC)
SPUR OP
060-#EEE-LDCNTRS-C52-CCF COMMON CAUSE FAILURE 1.05E-04
OF THE LOAD CENTER
FEED BREAKERS TO
RECLOSE
060-#EEE-MCC0001-C52-SPO CRCF ITS MCC 0001 FEED 3.82E-03 5.31E-06 720
BREAKER SPURIOUS
OPERATION
060-#EEE-MCC0001-MCC-FOH CRCF ITS MCC 00001 FAILS | 5.38E-03 7.49E-06 720
060-#EEE-MCC0002-C52-SPO CRCR MCC-00002 FEED 3.82E-03 5.31E-06 720
BREAKER SPURIOUS
OPERATION
060-#EEE-MCC0002-MCC-FOH CRCF ITS MCC00002 5.38E-03 7.49E-06 720
FAILURE
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060-VCOO-SFANOO1-FAN-FTR SUPPLY FAN FOR CRCF 5.06E-02 7.21E-05 720
FAILS
060-VCOO-SFANO02-FAN-FTR FAN (MOTOR-DRIVEN) 5.06E-02 7.21E-05 720
FAILS TO RUN
060-VCTO0-AHU0001-AHU-FTR CRCF ITS ELEC AHU 00001 | 2.65E-03 3.68E-06 720
FAILS TO RUN
060-VCT0-AHUO001-CTL-FOD CRCF ITS ELEC AHU 00001 | 2.03E-03
CONTROLLER FAILS
060-VCTO0-AHU0002-AHU-FTR CRCF ITS ELEC AHU 00002 | 2.65E-03 3.68E-06 720
FAILS TO RUN
060-VCTO0-AHU0002-CTL-FOD CRCF ITS ELEC AHU 00002 | 2.03E-03
CONTROLLER FAILS
060-VCTO-AHUOOO02-FAN-FTS CRCF ITS ELEC AHU 00002 | 2.02E-03
FAILS TO START
060-VCTO0-AHU0004-AHU-FTR CRCF ITS ELEC AHU 00004 | 2.65E-03 3.68E-06 720
FAILS TO RUN
060-VCTO0-AHUO004-CTL-FOD CRCF ITS ELEC AHU 00004 | 2.03E-03
CONTROLLER FAILS
060-VCTO-AHUOO04-FAN-FTS CRCF ITS ELEC AHU 00004 | 2.02E-03
FAILS TO START
060-VCT0-AHU0103-AHU-CCR CCF OF THE RUNNING 6.20E-05
CRCF ITS ELEC AHUS TO
CONTINUE TO RUN
060-VCT0-AHU0202-AHU-CCR CCF OF STANDBY CRCF 1.60E-04
ITS ELEC AHUS TO
START/RUN
060-VCTO-EXH-005-CTL-FOD CRCF ITS ELEC EXH FAN 2.03E-03
00005 CONTROLLER FAILS
060-VCTO-EXH-005-FAN-FTR CRCF ITS ELEC EXHAUST 5.06E-02 7.21E-05 720
FAN 00005 FAILS TO RUN
060-VCTO-EXH-006-FAN-FTR CRCF ITS ELEC EXH. FAN 5.06E-02 7.21E-05 720
FAILS TO RUN
060-VCTO-EXH-006-FAN-FTS CRCF ITS ELEC EXH FAN 2.02E-03
00006 FAILS TO START
060-VCTO-EXH-007-CTL-FOD CRCF ITS ELEC EXH FAN 2.03E-03
00007 CONTROLLER FAILS
060-VCTO-EXH-007-FAN-FTR CRCF ITS ELEC EXHAUST 5.06E-02 7.21E-05 720
FAN 00007 FAILS TO RUN
060-VCTO-EXH-008-FAN-FTR CRCF ITS ELEC EXH. FAN 8 | 5.06E-02 7.21E-05 720
FAILS TO RUN
060-VCTO-EXH-008-FAN-FTS CRCF ITS ELEC EXH FAN 2.02E-03
00008 FAILS TO START
060-VCTO-EXHO06-CTL-FOD CRCF ITS ELEC EXH FAN 2.03E-03
0006 CONTROLLER FAILS
060-VCTO-EXHO08-CTL-FOD CRCF ITS ELEC EXH FAN 2.03E-03

0008 CONTROLLER FAILS
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060-VCTO-EXHO507-FAN-CCR CCF OF RUNNING EXH 1.20E-03
FANS FOR CRCF ITS ELEC.

060-VCTO-EXH0B08-FAN-CCF CCF TO START/RUN: 1.30E-03
STANDBY EXH FANS FOR
THE CRCF ITS ELEC

060-VCTO-AHU0003-AHU-FTR CRCF ITS ELEC AHU 00003 | 2.65E-03 3.68E-06 | 720
FAILS TO RUN

060-VCTO-AHU0003-CTL-FOD CRCF ITS ELEC AHU 00003 | 2.03E-03
CONTROLLER FAILS

060-VCTO-AHUO103-AHU-CCR | CCF OF THE RUNNING 6.20E-05
CRCF ITS ELEC AHUS TO
CONTINUE TO RUN

060-VCTO-DMPO0OA-DMP-FRO | MANUAL DAMPER FOR 6.03E-05 8.38E-08 | 720
TRAIN A FAILS

060-VCTO-DMPO00B-DMP-FRO | MANUAL DAMPER FOR 3.02E-05 8.38E-08 | 360
TRAIN B FAILS

060-VCTO-DMPO01A-DMP-FRO | MANUAL DAMPER INPUT | 6.03E-05 8.38E-08 | 720
TO EXHAUST FAN A FAILS

060-VCTO-DMP001B-DMP-FRO | MANUAL DAMPER INPUT | 3.02E-05 8.38E-08 | 360
TO EXHAUST FAN B FAILS

060-VCTO-DMP009I-DMP-FRO MANUAL DAMPER #09 6.03E-05 8.38E-08 | 720
INPUT TRAIN A FAILS

060-VCTO-DMP0090O-DMP-FRO | MANUAL DAMPER #09 6.03E-05 8.38E-08 | 720
OUTPUT TRAIN A FAILS

060-VCTO-DMP010I-DMP-FRO MANUAL DAMPER #10 6.03E-05 8.38E-08 | 720
INPUT TRAIN A FAILS

060-VCTO-DMP0100-DMP-FRO | MANUAL DAMPER #10 6.03E-05 8.38E-08 | 720
OUTPUT TRAIN A FAILS

060-VCTO-DMP011I-DMP-FRO MANUAL DAMPER #11 6.03E-05 8.38E-08 | 720
INPUT TRAIN A FAILS

060-VCTO-DMP0110-DMP-FRO | MANUAL DAMPER #11 6.03E-05 8.38E-08 | 720
OUTPUT TRAIN A FAILS

060-VCTO-DMP012I-DMP-FRO MANUAL DAMPER #12 3.02E-05 8.38E-08 | 360
INPUT TRAIN B FAILS

060-VCTO-DMP0120-DMP-FRO | MANUAL DAMPER #12 3.02E-05 8.38E-08 | 360
OUTPUT TRAIN B FAILS

060-VCTO-DMP013I-DMP-FRO MANUAL DAMPER #13 3.02E-05 8.38E-08 | 360
INPUT TRAIN B FAILS

060-VCTO-DMP0130-DMP-FRO | MANUAL DAMPER #13 3.02E-05 8.38E-08 | 360
OUTPUT TRAIN B FAILS

060-VCTO-DMP014I-DMP-FRO MANUAL DAMPER #14 IN 3.02E-05 8.38E-08 | 360
TRAIN B FAILS

060-VCTO-DMP0140-DMP-FRO | MANUAL DAMPER #14 3.02E-05 8.38E-08 | 360
OUTPUT TRAIN B FAILS

060-VCTO-DTCOA-DTC-RUP DUCT FAILS BETWEEN 2.68E-03 3.72E-06 | 720
HEPA AND EXHAUST FAN
(10 FEET)
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060-VCTO-DTCOB-DTC-RUP DUCT FAILS BETWEEN 1.34E-03 3.72E-06 | 360
HEPA AND EXHAUST FAN
(10 FEET)

060-VCTO-FANOOA-FAN-FTR EXHAUST FAN IN TRAIN A | 5.06E-02 721E-05 | 720
FAILS

060-VCTO-FANOOB-FAN-FTR EXHAUST FAN IN TRAINB | 2.56E-02 721E-05 | 360
FAILS

060-VCTO-FANOOB-FAN-FTS EXHAUST FAN IN TRAINB | 2.02E-03
FAILS TO START

060-VCTO-FANA-PRM-FOH SPEED CONTROL 3.87E-04 538E-07 | 720

EXHAUST FAN TRAIN A
FAILS TO MAINTAIN DELTA
P

060-VCTO-FANB-PRM-FOH SPEED CONTROL 1.94E-04 5.38E-07 360
EXHAUST FAN TRAIN B
FAILS TO MAINTAIN DELTA

P

060-VCTO-FSLABO-SRF-FOH LOW FLOW TRAIN A 7.70E-04 1.07E-06 720
SENSOR FAILURE

060-VCTO-HEPA-CCF COMMON CAUSE FAILURE | 7.68E-05 1.07E-07 720
OF HEPA FILTERS (2 OF 3)

060-VCTO-HEPAO9-DMS-FOH MOISTURE 6.55E-03 9.12E-06 720

SEPARATOR/DEMISTER
HEPA 09 FAILS

060-VCTO-HEPAOAS-HEP-LEK HEPA #09 TRAIN A LEAKS 2.16E-03 3.00E-06 720

060-VCTO-HEPA10-DMS-FOH MOISTURE 6.55E-03 9.12E-06 720
SEPARATOR/DEMISTER
HEPA 10 FAILS

060-VCTO-HEPA11-DMS-FOH MOISTURE 6.55E-03 9.12E-06 720
SEPARATOR/DEMISTER
HEPA 11 FAILS

060-VCTO-HEPA12-DMS-FOH MOISTURE 3.28E-03 9.12E-06 360
SEPARATOR/DEMISTER
HEPA 12 FAILS

060-VCTO-HEPA13-DMS-FOH MOISTURE 3.28E-03 9.12E-06 360
SEPARATOR/DEMISTER
HEPA 13 FAILS

060-VCTO-HEPA14-DMS-FOH MOISTURE 3.28E-03 9.12E-06 360
SEPARATOR/DEMISTER
HEPA 14 FAILS

060-VCTO-HEPAAQS-HEP-LEK HEPA #09 TRAIN A LEAKS 2.16E-03 3.00E-06 720

060-VCTO-HEPAAQS-HEP-PLG HEPA #A09 TRAIN A 3.07E-03 4.27E-06 720
PLUGGED

060-VCTO-HEPAA10-HEP-LEK HEPA #10 TRAIN A LEAKS 2.16E-03 3.00E-06 720

060-VCTO-HEPAA10-HEP-PLG HEPA #A10 TRAIN A 3.07E-03 4.27E-06 720
PLUGGED

060-VCTO-HEPAA11-HEP-LEK HEPA #11 TRAIN A LEAKS 2.16E-03 3.00E-06 720
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060-VCTO-HEPAA11-HEP-PLG HEPA #A11 TRAIN A 3.07E-03 4.27E-06 720
PLUGGED
060-VCTO-HEPAB-CCF COMMON CAUSE FAILURE | 3.84E-05 1.07E-07 360
OF HEPA FILTERS (2 OF 3)
060-VCTO-HEPAB12-HEP-LEK HEPA #B12 TRAIN B LEAKS | 1.08E-03 3.00E-06 360
060-VCTO-HEPAB12-HEP-PLG HEPA #B12 TRAIN B 1.54E-03 4.27E-06 360
PLUGGED
060-VCTO-HEPAB13-HEP-LEK HEPA #B13 TRAIN B LEAKS | 1.08E-03 3.00E-06 360
060-VCTO-HEPAB13-HEP-PLG HEPA #B13 TRAIN B 1.54E-03 4.27E-06 360
PLUGGED
060-VCTO-HEPAB14-HEP-LEK HEPA #B14 TRAIN B LEAKS | 1.08E-03 3.00E-06 360
060-VCTO-HEPAB14-HEP-PLG HEPA #B14 TRAIN B 1.54E-03 4.27E-06 360
PLUGGED
060-VCTO-IELO001-IEL-FOD CRCF DOOR INTERLOCK 2.75E-05
FAILURE
060-VCTO-PDSLAOB-SRP-FOD PRESSURE DIFFERENTIAL | 3.99E-03
TRAIN A SWITCH FAILS
060-VCTO-SUPPLY-FAN-CCF COMMON CAUSE FAILURE | 1.20E-03 1.67E-06 720
OF CRCF SUPPLY FANS
060-VCTO-TDMPOOA-DTM-FOD TORNADO DAMPER TRAIN | 8.71E-04
AFAILS
060-VCTO-TDMPOOB-DTM-FOD TORNADO DAMPER B 8.71E-04
FAILS ON DEMAND
060-VCTO-TDMPOOB-DTM-FOH TORNADO DAMPER TRAIN | 8.10E-03 2.26E-05 360
B FAILS
060-VCTO-UDMP000-UDM-FOH BACKDRAFT DAMPER FOR | 8.10E-03 2.26E-05 360
TRAIN B EXHAUST FAILS
26D-##EG-DAYTNKA-TKF-FOH ITS DG A DAY TANK 1.58E-04 4.40E-07 360
(00002A) FAILS
26D-##EG-DAYTNKB-TKF-FOH ITS DG B DAY FUEL TANK 1.58E-04 4.40E-07 360
FAILS
26D-##EG-FLITLKA-IEL-FOD ITS DG AFUEL TRANSFER | 2.75E-05
PUMPS INTERLOCK
FAILURE
26D-##EG-FLITLKB-IEL-FOD ITS DG B FUEL TRANSFER | 2.75E-05
PUMPS INTERLOCK
FAILURE
26D-##EG-FTP1DGA-PMD-FTR ITS DGAFUEL TRANSFER | 1.23E-02 3.45E-05 360
PUMP FAILS TO RUN
26D-##EG-FTP1DGA-PMD-FTS ITS DG A FUEL PUMP 1A 2.50E-03
FAILS TO START
26D-##EG-FTP1DGB-PMD-FTR ITS DG B FUEL TRANSFER | 1.23E-02 3.45E-05 360
PUMP 1 (MOTOR DRIVEN)
FAILS TO RUN
26D-##EG-FTP1DGB-PMD-FTS ITS DG B FUEL TRANSFER | 2.50E-03
PUMP 1 (MOTOR DRIVEN)
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FAILS TO START

26D-##EG-FTP2DGA-PMD-FTR

ITS DG A FUEL TRANSFER
PUMP 2A FAILS TO RUN

1.23E-02

3.45E-05

360

26D-##EG-FTP2DGA-PMD-FTS

ITS DG A FUEL TRANSFER
PUMP 2A FAILS TO START

2.50E-03

26D-##EG-FTP2DGB-PMD-FTR

ITS DG B FUEL TRANSFER
PUMP 2 (MOTOR DRIVEN)
FAILS TO RUN

1.23E-02

3.45E-05

360

26D-##EG-FTP2DGB-PMD-FTS

ITS DG B FUEL TRANSFER
PUMP 2 (MOTOR DRIVEN)
FAILS TO START ON
DEMAND

2.50E-03

26D-##EG-FULPMPA-PMD-CCR

COMMON CAUSE FAILURE
OF ITS DG A FUEL PUMPS
TORUN

2.90E-04

26D-##EG-FULPMPA-PMD-CCS

COMMON CAUSE FAILURE
OF ITS DG A FUEL PUMPS
TO START

1.20E-04

26D-##EG-FULPMPB-PMD-CCR

COMMON CAUSE FAILURE
OF ITS DG B FUEL PUMPS
TORUN

2.90E-04

26D-##EG-FULPMPB-PMD-CCS

COMMON CAUSE FAILURE
OF ITS DG B FUEL PUMPS
TO START

1.20E-04

26D-##EG-HVACFN1-FAN-FTR

ITS DG B ROOM FAN 1
(MOTOR-DRIVEN) FAILS TO
RUN

2.56E-02

7.21E-05

360

26D-##EG-HVACFN1-FAN-FTS

ITS DG B ROOM FAN
(MOTOR-DRIVEN) FAILS TO
START

2.02E-03

26D-##EG-HVACFN2-FAN-FTR

ITS DG B ROOM FAN 2
(MOTOR-DRIVEN) FAILS TO
RUN

2.56E-02

7.21E-05

360

26D-##EG-HVACFN2-FAN-FTS

ITS DG B ROOM FAN
(MOTOR-DRIVEN) FAILS TO
START

2.02E-03

26D-##EG-HVACFN3-FAN-FTR

ITS DG B ROOM FAN 3
(MOTOR-DRIVEN) FAILS TO
RUN

2.56E-02

7.21E-05

360

26D-##EG-HVACFN3-FAN-FTS

ITS DG B ROOM FAN 3
(MOTOR-DRIVEN) FAILS TO
START

2.02E-03

26D-##EG-HVACFN4-FAN-FTR

ITS DG B FAN 4 (MOTOR-
DRIVEN) FAILS TO RUN

2.56E-02

7.21E-05

360

26D-##EG-HVACFN4-FAN-FTS

ITS DG B ROOM FAN 4
(MOTOR-DRIVEN) FAILS TO
START

2.02E-03
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26D-##EG-STRTDGA-C72-SPO ITS SWITCHGEAR A 3.85E-04 1.07E-06 360

BATTERY CIRCUIT
BREAKER (DC) SPUR OP

26D-##EG-STRTDGB-C72-SPO 13.8KV ITS SWGR 3.85E-04 1.07E-06 360
BATTERY B CIRCUIT
BREAKER (DC) SPUR OP

26D-##EG-WKTNK_A-TKF-FOH ITS DG ABULK FUEL TANK | 1.58E-04 4.40E-07 360
(00001A) FAILS

26D-##EG-WKTNK_B-TKF-FOH ITS DG B BULK FUEL TANK | 1.58E-04 4.40E-07 360
FAILS

26D-##EGBATCHRGA-BYC-FOH | ITS SWITCHGEAR A 1.28E-03 7.60E-06 168

BATTERY: BATTERY
CHARGER FAILURE

26D-##EGBATCHRGB-BYC-FOH | ITS DG B BATTERY 1.28E-03 7.60E-06 168
CHARGER FAILURE

26D-#EEE-SWGRDGA-BUA-FOH | 13.8KV ITS SWITCHGEAR A | 4.39E-04 6.10E-07 720
FAILURE

26D-#EEE-SWGRDGB-AHU-FTR EDGB SWITCHGEAR ROOM | 2.65E-03 3.68E-06 720

AIR HANDLING UNIT
FAILURE TO RUN

26D-#EEE-SWGRDGB-BUA-FOH | 13.8KV ITS SWITCHGEAR B | 4.39E-04 6.10E-07 720
BUS FAILURE

26D-#EEESWGRDGA-AHU-FTR 13.8KV ITS SWITCHGEAR 2.65E-03 3.68E-06 720
ROOM AIR HANDLING UNIT
FAILS

26D-#EEG-HVACFA1-FAN-FTR ITS DG A ROOM FAN 1 2.56E-02 7.21E-05 360
(MOTOR-DRIVEN) FAILS TO
RUN

26D-#EEG-HVACFA1-FAN-FTS ITS DG A ROOM FAN 1 2.02E-03
(MOTOR-DRIVEN) FAILS TO
START

26D-#EEG-HVACFA2-FAN-FTR ITS DGA ROOM FAN 2 2.56E-02 7.21E-05 360
(MOTOR-DRIVEN) FAILS TO
RUN

26D-#EEG-HVACFA2-FAN-FTS ITS DGA ROOM FAN 2 2.02E-03
(MOTOR-DRIVEN) FAILS TO
START

26D-#EEG-HVACFA3-FAN-FTR ITS DGA ROOM FAN 3 2.56E-02 7.21E-05 360
(MOTOR-DRIVEN) FAILS TO
RUN

26D-#EEG-HVACFA3-FAN-FTS ITS DGA ROOM FAN 3 2.02E-03
(MOTOR-DRIVEN) FAILS TO
START

26D-#EEG-HVACFA4-FAN-FTR ITS DGA ROOM FAN 4 2.56E-02 7.21E-05 360
(MOTOR-DRIVEN) FAILS TO
RUN

26D-#EEG-HVACFA4-FAN-FTS ITS DGA ROOM FAN 4 2.02E-03
(MOTOR-DRIVEN) FAILS TO
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START
26D-#EEU-208_DGA-BUD-FOH ITS DC PANEL A DC BUS 8.64E-05 2.40E-07 360
FAILURE
26D-#EEU-208_DGB-BUD-FOH ITS DG B DC PANEL 8.64E-05 2.40E-07 360
FAILURE
26D-#EEY-DGALOAD-C52-FOD DG A LOAD BREAKER (AC) | 2.24E-03
FAILS TO CLOSE
26D-#EEY-DGBLOAD-C52-FOD ITS DG B LOAD BREAKER 2.24E-03
(AC) FAILS TO CLOSE
26D-#EEY-DGLOADS-C52-CCF COMMON CAUSE FAILURE | 1.05E-04
OF ITS DG LOAD
BREAKERS TO CLOSE
26D-#EEY-ITS-DGB-#DG-FTS DIESEL GENERATOR FAILS | 8.38E-03
TO START
26D-#EEY-ITSDG-A-#DG-FTR ITS DIESEL GENERATOR A | 7.70E-01 4.08E-03 360
FAILS TO RUN
26D-#EEY-ITSDG-A-#DG-FTS DIESEL GENERATOR FAILS | 8.38E-03
TO START
26D-#EEY-ITSDGAB#DG-CCR CCFITSDGA&BFAILTO 1.80E-02
RUN
26D-#EEY-ITSDGAB#DG-CCS CCF DGAAND BTO START | 3.90E-04
26D-#EEY-ITSDGB#DG-FTR ITS DG B FAILS TO RUN 7.70E-01 4.08E-03 360
26D-#EEY-OB-SWGA-C52-FOD 13.8KV ITS SWGR FEED 2.24E-03
BREAKER (AC) FAILS TO
OPEN
26D-#EEY-OB-SWGA-C52-SPO 13.8KV ITS SWGR A FEED 3.82E-03 5.31E-06 720
BREAKER SPURIOUS
OPERATION
26D-#EEY-OB-SWGB-C52-FOD 13.8KV FEED BREAKER 2.24E-03
(FROM SWYD) FAILS ON
DEMAND
26D-#EEY-OB-SWGB-C52-SPO 13.8KV ITS SWGR FEED 3.82E-03 5.31E-06 720
BREAKER (AC) SPURIOUS
OoP
26D-#EEY-OB-SWGS-C52-CCF COMMON CAUSE FAILURE | 1.04E-04
OF 13.8KV ITS SWGR FEED
BREAKERS TO OPEN
26D-#EG-BATTERYB-BTR-FOD ITS SWGR CONTROL 8.20E-03
BATTERY B NO OUTPUT
26D-#EG-LCKOUTRL-RLY-FTP 13.8KV ITS SWITCHGEAR 3.15E-03 8.77E-06 360
FEED BREAKER LOCK OUT
RELAY FAILS TO OPEN CB
26D-#EG-LDSQNCRB-SEQ-FOD ITS DG B LOAD 2.67E-03
SEQUENCER FAILS
26D-#EG-LOCKOUTB-RLY-FTP 13.8 ITS SWGR LOCKOUT 3.15E-03 8.77E-06 360
RELAY (POWER) FAILS TO
OPEN CB
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26D-#EGLDSQNCRA-SEQ-FOD | DG A LOAD SEQUENCER | 2.67E-03
FAILS

26D-EG-BATTERYA-BTR-FOD ITS SWITCHGEAR A 8.20E-03
BATTERY NO OUTPUT
GIVEN CHALLENGE

27A-#EEE-BUS2DGA-C52-SPO | 13.8KV OPEN BUS 2 ITS 3.82E-03 531E-06 | 720
LOAD BREAKER SPURIOUS
OPERATION

27A-#EEE-BUS3DGB-C52-SPO | 13.8KV OPEN BUS 4 TOITS | 3.82E-03 531E-06 | 720
B LOAD BREAKER (AC)
SPURIOUS OP

27A-#EEN-OPENBS2-BUA-FOH | 13.8KV OPEN BUS 2 BUS 4.39E-04 6.10E-07 | 720
FAILURE

27A-#EEN-OPENBS4-BUA-FOH | 13.8KV OPEN BUS 4 BUS 4.39E-04 6.10E-07 | 720
FAILURE

27A-#EEN-OPNBS1A-SWP-SPO | 13.8KV OPEN BUS 2 TOITS | 1.12E-04 1.55E-07 | 720
DIV A ELECTRIC POWER
SWITCH SPUR. XFER

27A-#EEN-OPNBS3B-SWP-SPO | 13.8KV OPEN BUS 4 TOITS | 1.12E-04 1.55E-07 | 720
B ELECTRIC POWER
SWITCH SPUR XFER

800-FAC-WPCRNDP-CRW-DRP | WP (NON-SFP) CRANE 1.05E-04 1
DROP

800-HEE0-3RDRAIL-THR-BRK THIRD RAIL BREAKS 8.08E-08 1.01E-08

800-HEEO-ACTADR1-ATP-SPO | ACTUATOR SPURIOUS OP - | 7.64E-09 1.34E-06
ACCESS DOOR

800-HEEO-ACTADR2-ATP-SPO | ACTUATOR SPURIOUS OP - | 7.64E-09 1.34E-06 |0
ACCESS DOOR

800-HEEO-ACTDRO1-ATP-SPO ACTUATOR SPURIOUS OP - | 5.36E-06 1.34E-06 | 4
TEV DOOR

800-HEEO-ACTDRO2-ATP-SPO ACTUATOR SPURIOUS OP - | 5.36E-06 1.34E-06 | 4
TEV DOOR

800-HEE0-AXSDRO0-PLC-SPO PROGRAMMABLE LOGIC 2.08E-09 365E-07 |0
CONTROLLER SPURIOUS
OPERATION

800-HEEO-AXSMO01-MOE-FSO | MOTOR (ELECTRIC) FAILS | 7.70E-11 1.35E-08 |0
TO SHUT OFF

800-HEEO-AXSMO02-MOE-FSO | MOTOR (ELECTRIC) FAILS | 7.70E-11 1.35E-08 |0
TO SHUT OFF

800-HEEO-BEDEXTD-ATP-SPO | ACTUATOR SPURIOUS OP - | 5.36E-06 1.34E-06 | 4
TEV BASE PLATE

800-HEEO-DERAILS-DSG-DER DRIP SHIELD GANTRY 1.18E-05

(DER-FOH) DERAILS

800-HEEO-DERAILS-TEV-DER TEV DERAILS - PER MILE 1.18E-05

(DER-FOH)

800-HEEO-DSLIFT1-LRG-FOH LIFTING RIG OR HOOK 7.45E-07 745E-07 |1

142

March 2008



Subsurface Operations Reliability

and Event Sequence Categorization Analysis

000-PSA-MGR0-00500-000-00A

Table 6.3-1. Active Component Reliability Data Summary (Continued)

BASIC EVENT MEAN MISSION
BASIC EVENT MEAN FAILURE TIME
BASIC EVENT NAME DESCRIPTION PROBABILITY RATE (HOURS)
800-HEEO-DSLIFT2-LRG-FOH LIFTING RIG OR HOOK 7.45E-07 7.45E-07 1
FAILS - DSG
800-HEEO-DSLIFT3-LRG-FOH LIFTING RIG OR HOOK 7.45E-07 7.45E-07 1
FAILS - DSG
800-HEEO-DSLIFT4-LRG-FOH LIFTING RIG OR HOOK 7.45E-07 7.45E-07 1
FAILS -DSG
800-HEEO-DSLIFTC-LRG-CCF COMMON CAUSE FAILURE | 3.73E-09'
OF 2 OF 4 LIFTING RIG OR
HOOKS
800-HEEO-FACMO01-MOE-SPO SHIELD DOOR MOTOR #1 6.74E-07 6.74E-07 1
SPURIOUS OPERATION
800-HEEO-FACMO02-MOE-SPO SHIELD DOOR MOTOR #2) | 6.74E-07 6.74E-07 1
SPURIOUS OPERATION
800-HEEO-FACTOR1-TL-FOH SHIELD DOOR MOTOR #1 2.86E-02 8.05E-05 360
OVER TORQUE LIMITER
FAILURE
800-HEEO-FACTOR2-TL-FOH SHIELD DOOR MOTOR #2 2.86E-02 8.05E-05 360
OVER TORQUE LIMITER
FAILURE
800-HEEO-GEARBX1-GRB-STH GEAR BOX STRIPPED 3.14E-07 7.86E-08 4
800-HEEOQ-GEARBX2-GRB-STH GEAR BOX STRIPPED 3.14E-07 7.86E-08 4
800-HEEO-GEARBX3-GRB-STH GEAR BOX STRIPPED 3.14E-07 7.86E-08 4
800-HEEO-GEARBX4-GRB-STH GEAR BOX STRIPPED 3.14E-07 7.86E-08 4
800-HEEO-GEARBX5-GRB-STH GEAR BOX STRIPPED 3.14E-07 7.86E-08 4
800-HEEO-GEARBX6-GRB-STH GEAR BOX STRIPPED 3.14E-07 7.86E-08 4
800-HEEOQ-GEARBX7-GRB-STH GEAR BOX STRIPPED 3.14E-07 7.86E-08 4
800-HEEO-GEARBX8-GRB-STH GEAR BOX STRIPPED 3.14E-07 7.86E-08 4
800-HEEO-GEARBXC-GRB-STH COMMON CAUSE FAILURE | 2.85E-09 7.12E-10 4
OF TEV GEARBOXES
800-HEEO-INTRLCK-IEL-FOH INTERLOCK FAILURE - TEV | 1.37E-04 3.43E-05 4
DOOR INTERLOCK
800-HEEO-JACKO00-SJK-CCF SCREW JACK CCF 8.10E-07
FAILURE
800-HEEO-JACK001-SJK-FOH TEV SCREW JACK FAILURE | 3.26E-05 8.14E-06 4
800-HEEO-JACK002-SJK-FOH TEV SCREW JACK FAILURE | 3.26E-05 8.14E-06 4
800-HEEO-JACK003-SJK-FOH TEV SCREW JACK FAILURE | 3.26E-05 8.14E-06 4
800-HEEO-JACK004-SJK-FOH TEV SCREW JACK FAILURE | 3.26E-05 8.14E-06 4
800-HEEO-LIFTO00-LRG-CCF COMMON CAUSE FAILURE | 7.45E-08
OF ALL FOUR LIFTING
RIG/HOOKS
800-HEEO-LIFT001-LRG-FOH LIFTING RIG OR HOOK 2.98E-06 7.45E-07 4
FAILURE
800-HEEO-LIFT002-LRG-FOH LIFTING RIG OR HOOK 2.98E-06 7.45E-07 4
FAILURE
800-HEEOQ-LIFT003-LRG-FOH LIFTING RIG OR HOOK 2.98E-06 7.45E-07 4
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Table 6.3-1. Active Component Reliability Data Summary (Continued)

BASIC EVENT MEAN MISSION
BASIC EVENT MEAN FAILURE TIME
BASIC EVENT NAME DESCRIPTION PROBABILITY RATE (HOURS)

FAILURE

800-HEEO-LIFT004-LRG-FOH LIFTING RIG OR HOOK 2.98E-06 7.45E-07 4
FAILURE

800-HEEO-MOTACT1-ATP-SPO ACTUATOR SPURIOUS OP - | 1.34E-06 1.34E-06 1
TEV MOTOR

800-HEEO-MOTACT2-ATP-SPO ACTUATOR SPURIOUS OP - | 1.34E-06 1.34E-06 1
TEV MOTOR

800-HEEO-MOTACT3-ATP-SPO ACTUATOR SPURIOUS OP - | 1.34E-06 1.34E-06 1
TEV MOTOR

800-HEEO-MOTACT4-ATP-SPO ACTUATOR SPURIOUS OP - | 1.34E-06 1.34E-06 1
TEV MOTOR

800-HEEO-MOTACTS-ATP-SPO ACTUATOR SPURIOUS OP - | 1.34E-06 1.34E-06 1
TEV MOTOR

800-HEEO-MOTACT6-ATP-SPO ACTUATOR SPURIOUS OP - | 1.34E-06 1.34E-06 1
TEV MOTOR

800-HEEO-MOTACT7-ATP-SPO ACTUATOR SPURIOUS OP - | 1.34E-06 1.34E-06 1
TEV MOTOR

800-HEEO-MOTACT8-ATP-SPO ACTUATOR SPURIOUS OP - | 1.34E-06 1.34E-06 1
TEV MOTOR

800-HEEO-MOTACTC-ATP-CCF CCF - TEV MOTOR 1.21E-08
ACTUATION (.009 TIMES
HOURLY)

800-HEEO-MOTORO01-MOE-FSO MOTOR (ELECTRIC) FAILS 5.40E-08 1.35E-08 4
TO SHUT OFF

800-HEEO-MOTOR02-MOE-FSO MOTOR (ELECTRIC) FAILS 5.40E-08 1.35E-08 4
TO SHUT OFF

800-HEEO-MOTORO03-MOE-FSO MOTOR (ELECTRIC) FAILS 5.40E-08 1.35E-08 4
TO SHUT OFF

800-HEEO-MOTOR04-MOE-FSO MOTOR (ELECTRIC) FAILS 5.40E-08 1.35E-08 4
TO SHUT OFF

800-HEEO-MOTORO05-MOE-FSO MOTOR (ELECTRIC) FAILS 5.40E-08 1.35E-08 4
TO SHUT OFF

800-HEEO-MOTORO06-MOE-FSO MOTOR (ELECTRIC) FAILS 5.40E-08 1.35E-08 4
TO SHUT OFF

800-HEEO-MOTORO7-MOE-FSO MOTOR (ELECTRIC) FAILS 5.40E-08 1.35E-08 4
TO SHUT OFF

800-HEEO-MOTORO08-MOE-FSO MOTOR (ELECTRIC) FAILS 5.40E-08 1.35E-08 4
TO SHUT OFF

800-HEEO-PLCDOOR-PLC-SPO PLC SPURIOUS OP - TEV 1.46E-06 3.65E-07 4
DOORS

800-HEEO-PLCLDR1-PLC-SPO DRIVE CONTROLLER - PLC | 1.46E-06 3.65E-07 4
SPURIOUS OP

800-HEEO-PLCRETR-PLC-SPO PLC SPURIOUS OP - WP 3.65E-07 3.65E-07 1
RETRIEVAL CONTROLLER

800-HEEO-PLCSPD1-PLC-SPO SPEED CONTROLLER - PLC | 1.46E-06 3.65E-07 4
SPURIOUS OP
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Table 6.3-1. Active Component Reliability Data Summary (Continued)

BASIC EVENT MEAN MISSION
BASIC EVENT MEAN FAILURE TIME
BASIC EVENT NAME DESCRIPTION PROBABILITY RATE (HOURS)

800-HEEO-ROTARY1-ECP-FOH TEV POSITION ENCODER 7.16E-06 1.79E-06 4
FAILURE - 1

800-HEEO-ROTARY2-ECP-FOH TEV POSITION ENCODER 7.16E-06 1.79E-06 4
FAILURE -2

800-HEEO-ROTARY3-ECP-FOH TEV POSITION ENCODER 7.16E-06 1.79E-06 4
FAILURE -3

800-HEEO-ROTARY4-ECP-FOH TEV POSITION ENCODER 7.16E-06 1.79E-06 4
FAILURE -4

800-HEEO-ROTARY5-ECP-FOH TEV POSITION ENCODER 7.16E-06 1.79E-06 4
FAILURE -5

800-HEEO-ROTARYB-ECP-FOH TEV POSITION ENCODER 7.16E-06 1.79E-06 4
FAILURE -6

800-HEEO-ROTARY7-ECP-FOH TEV POSITION ENCODER 7.16E-06 1.79E-06 4
FAILURE -7

800-HEEO-ROTARYS8-ECP-FOH TEV POSITION ENCODER 7.16E-06 1.79E-06 4
FAILURE - 8

800-HEEO-ROTARYC-ECP-CCF COMMON CAUSE FAILURE | 6.40E-08 1.60E-08 4
OF 8 ROTARY ENCODERS

800-HEEO-SHTBLTO-PIN-CCF COMMON CAUSE FAILURE | 8.23E-10
OF 2 OR MORE TEV SHOT
BOLTS

800-HEEO-SHTBLT1-PIN-FOH TEV SHOT BOLT 1 FAILS 3.29E-08 8.23E-09 4

800-HEEO-SHTBLT2-PIN-FOH TEV SHOT BOLT 2 FAILS 3.29E-08 8.23E-09 4

800-HEEO-SHTBLT3-PIN-FOH TEV SHOT BOLT 3 FAILS 3.29E-08 8.23E-09 4

800-HEEO-SHTBLT4-PIN-FOH TEV SHOT BOLT 4 FAILS 3.29E-08 8.23E-09 4

800-HEEO-SPSHFC-AXL-CCF COMMON CAUSE FAILURE | 9.60E-10 2.40E-10 4
OF SPLINE SHAFT

800-SD--SRU001--SRU-FOH SHIELD DOOR 9.62E-05 9.62E-05 1
ULTRASONIC
OBSTRUCTION SENSOR
FAILS

800-TEV1-ECP0001-ECP-FOH POSITION ENCODER 7.16E-06 1.79E-06 4
FAILURE

800-TEV1-ECP0002-ECP-FOH POSITION ENCODER 7.16E-06 1.79E-06 4
FAILURE

800-TEV1-ECP0003-ECP-FOH POSITION ENCODER 7.16E-06 1.79E-06 4
FAILURE

800-TEV1-ECP0004-ECP-FOH POSITION ENCODER 7.16E-06 1.79E-06 4
FAILURE

800-TEV1-ECP0005-ECP-FOH POSITION ENCODER 7.16E-06 1.79E-06 4
FAILURE

800-TEV1-ECP0006-ECP-FOH POSITION ENCODER 7.16E-06 1.79E-06 4
FAILURE

800-TEV1-ECP0007-ECP-FOH POSITION ENCODER 7.16E-06 1.79E-06 4
FAILURE

800-TEV1-ECP0008-ECP-FOH POSITION ENCODER 7.16E-06 1.79E-06 4
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Table 6.3-1. Active Component Reliability Data Summary (Continued)

BASIC EVENT MEAN MISSION
BASIC EVENT MEAN FAILURE TIME
BASIC EVENT NAME DESCRIPTION PROBABILITY RATE (HOURS)
FAILURE
800-TEV1-HNDSWCH-SEL-FOH SPEED SELECTOR FAILS - | 1.66E-05 4.16E-06 4
HAND SWITCH INCLUDED
800-TEV1-SRS0001-SRS-FOH OVER SPEED SENSOR 8.56E-05 2.14E-05 4
FAILS
800-TEV1-SRS0002-SRS-FOH OVER SPEED SENSOR 8.56E-05 2.14E-05 4
FAILS
800-TEV1-SRS0003-SRS-FOH OVER SPEED SENSOR 8.56E-05 2.14E-05 4
FAILS
800-TEV1-SRS0004-SRS-FOH OVER SPEED SENSOR 8.56E-05 2.14E-05 4
FAILS
800-TEV1-SRS0005-SRS-FOH OVER SPEED SENSOR 8.56E-05 2.14E-05 4
FAILS
800-TEV1-8SRS0006-SRS-FOH OVER SPEED SENSOR 8.56E-05 2.14E-05 4
FAILS
800-TEV1-SRS0007-SRS-FOH OVER SPEED SENSOR 8.56E-05 2.14E-05 4
FAILS
800-TEV1-SRS0008-SRS-FOH OVER SPEED SENSOR 8.56E-05 2.14E-05 4
FAILS

NOTE: 'FOR COMMON CAUSE FAILURE OF 2 OF 4 LIFTING RIGS OR HOOKS, AN ALPHA OF 0.0213
SHOULD APPLY. IT APPEARS THAT AN ALPHA OF 0.00528 WAS USED. THE FAILURE RATE IS
SO SMALL THAT THE INCORRECT VALUE HAS NO IMPACT ON THE OVERALL RESULTS.

AC = ALTERNATING CURRENT; AHU = AIR-HANDLING UNIT; CCF = COMMON-CAUSE
FAILURE; CRCF = CANISTER RECEIPT AND CLOSURE FACILITY; CTM = CANISTER TRANSFER
MACHINE; DG = DIESEL GENERATOR; ELEC = ELECTRICAL,; EXH = EXHAUST; HEPA = HIGH-
EFFICIENCY PARTICULATE AIR; ITS = IMPORTANT TO SAFETY; MCC = MOTOR CONTROL
CENTER,; PLC = PROGRAMMABLE LOGIC CONTROLLER; SFP = SPENT FUEL POOL;

SPMRC = SITE PRIME MOVER RAILCAR; SPMTT = SITE PRIME MOVER TRUCK TRAILER; ST =
SITE TRANSPORTER;
WP = WASTE PACKAGE; WPTT = WASTE PACKAGE TRANSFER TROLLEY; XFER = TRANSFER.

SOURCE:
6.3.2 Passive Equipment Failure Analysis

Many event sequences described in Section 6.1 include pivotal events that arise from loss of
integrity of a passive component, namely one of the aging overpacks, casks or canisters that
contain a radioactive waste form. Such pivotal events involve 1) loss of containment of
radioactive material that prevents airborne releases, or 2) LOS effectiveness. Both types of
pivotal events may be caused by failure modes caused by either physical impact to the container
or by thermal energy transferred to the container. This section summarizes the results of the
passive failure analyses detailed in Attachment D that yield the conditional probability of loss of
containment or LOS.

6.3.2.1 Probability of Loss of Containment

An overview of the methodology for calculating the probability of failure of passive equipment
from drops and impact loads is presented in Section 4.3.2.2. . Consistent with /nterim HLWRS-
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ISG-02 (Ref. 2.2.73), the methodology essentially consists of comparing the demand upon the
equipment to a capacity curve. The probability of failure is the value of the cumulative
distribution function for the capacity curve, evaluated at the demand upon the container. More
detailed discussion is presented in Attachment D, Section D1. The methodology is applicable to
all of the waste containers that are processed, including transportation casks, aging overpacks,
canisters, and waste packages. As described in Section 4.3.2.2, the condition at which a passive
component is said to fail depends on the success criteria defined for the component. Passive
components are designed and manufactured to ensure that the success criteria are met in normal
operating conditions and with margin, to ensure that the success criteria are also met when
subjected to abnormal loads, including those expected during event sequences. The design
margins, and in some cases materials, may be dictated by the code and standards applied to a
given type of container as characterized by tensile elongation data for impact loads and by
strength at temperature data for thermal loads.

As described in Sections 4.3.2.2, the probability of a passive failure is often based on
consideration of variability (uncertainty) in the applied load, and the variability in the strength
(resistance) of the component. The variability in the physical and thermal loading are derived
from the systems analysis that defines the probabilities of physical or thermal loads of a given
magnitude in a given event sequence. Such conditions arise from the event sequence analysis
described in Section 6.1. For the analysis of the effects of fires on waste containers, probability
distributions were developed for both the load and the response. For drops and impacts,
however, an event sequence analysis is used to define conservative conditions for the load rather
than deal with possible ranges of such parameters. Therefore, the calculation of the probability
of passive failures is based on the response or resistance characteristics of the container, given
the conservative point value for the drop or impact load defined for a given event sequence.

6.3.2.2 Probability of Loss of Containment for Drops and Impacts

Calculation of the probability of failure of the various containers is based on the variability in the
strength (resistance) of the container as derived from tests and structural analysis, including
Finite Element Analysis (FEA), detailed in Attachment D, Section D1. Loss of containment
probability analysis has been evaluated for various containers by three different studies:

o Seismic and Structural Container Analysis for the PCSA (Ref. 2.2.39)

o Structural Analysis Results of the DOE SNI Canisters Subjected to the 23-foot Vertical
Repository Drop Event to Support Probabilistic Risk Evaluations (Ref. 2.2.82) and
Qualitative Analysis of the Standardized DOE SNIF Canister for Specific Canister-on-
Canister Drop Events at the Repository (Ref. 2.2.81)

o Naval Long Waste Package Vertical Impact on Emplacement Pallet and Invert
(Ref.2.2.25)

All analyses have applied essentially the same methods that include FEA to determine the
structural response of the various canisters and cask to drop and impact loads, developing a
fragility function for the material used in the respective container, and using the calculated
responses (strains) with the fragility function to derive the probability of container breach
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Failure probabilities for drops are summarized in Table 6.3-2. Conservative representations of
drop height are defined for operations with each type of container. Sometimes more than one
conservative drop height is specified, for example, for normal height crane lifts and two-block
height crane lift. LLNL predicts failure probabilities of <1.0 x 10 for most of the events
(Ref. 2.2.39). If a probability for the event sequence is less than 1 x 10°, additional
conservatism is incorporated in the PCSA by using a failure probability of 1.0 x 107, which are
termed “LLNL, adjusted”. This additional conservatism is added to account for, (a) future
evolutions of cask and canister designs, and (b) uncertainties, such as undetected material
defects, undetected manufacturing deviations, and undetected damage associated with handling
before the container reaches the repository, which are not included in the tensile elongation data.

LLNL calculates strains by modeling representative casks, aging overpacks, and canisters that
encompass TAD canisters, naval SNF canisters, and a variety of DPCs with the dynamic finite
element code, LSDyna (Ref. 2.2.39). For these canisters, only flat-bottom drops are considered
to model transfers by a CTM. This is justified because these canisters fit sufficiently tightly
within the CTM and potential dropped canisters are guided by the canister guide sleeve of the
CTM to remain in a vertical position.

Probability of failure is conservatively calculated by comparing the peak strain to the cumulative
distribution function derived from tensile strain to failure test data. BSC FEA analysis used
LSDyna to model waste packages. Alloy 22 is not stainless steel but a nickel based alloy, and
the most appropriate metric for probability of failure is a cumulative distribution function over
extended toughness fraction (see Attachment D, Section D1.4). The probability of failure is
calculated using the peak toughness index over the waste package, which is a measure of the
alloy’s energy absorbing capability.

Table 6.3-2.Failure Probabilities Due to Drops and Other Impacts

Drop Height Failure
(ft) Probability Note
Waste package 2 1.0 x 10° BSC FEA, horizontal orientation

NOTE: BSC = Bechtel SAIC; FEA=finite element analysis.
Source: Attachment D, Table D1.4-1.

Containment failure probabilities due to other physical impact conditions, equivalent to drops,
are listed in Table 6.3-3. These probabilities were modeled by LLNL using FEA, resulting in
prediction of failure probabilities of <1.0 x 10®.  Again, additional conservatism was
incorporated by using a failure probability of 1.0 x 107 for most of these events. The side
impact event was not adjusted from the LLNL result of < 1.0 x 10" because of the very low
velocities involved. A comparison of the strains induced by drops and slow speed, side impacts
indicates significantly lower strains for the low velocity impacts.

Table 6.3-3.Failure Probabilities Due to Miscellaneous Events

Event Failure Probability Note

Derail 1.0x10° LLNL, adjusted, analogous to &, 3° from
horizontal
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Rollover 1.0 x 10° LLNL, adjusted, analogous to &', 3° from
horizontal
Drop on 1.0 x 10° LLNL, adjusted
10-metric-ton load onto container
Tip over 1.0 x 10° LLNL, adjusted, analogous to
13.1-foot drop plus slap-down
Side Impact from 1.0 x 10° Or value for low speed collision, whichever is
collision with rigid greater (Table 6.3-4)
surface Crane moving 20 ft/min
Tilt down/Up 1.0 x 10° LLNL, adjusted; Bounded by slap-down

NOTE: LLNL = Lawrence Livermore National Laboratory.

Source: Attachment D.

Table 6.3-4 shows failure probabilities for various collision events for various containers as a
function of impact speed. For each of the events, the collision speed, whether in miles per hour
(mph) or feet per minute (fpm) is converted to feet per second (fps), then to an equivalent drop
height in feet. The drop heights are very small compared with the drop heights for the modeled
situations summarized in Table 6.3-2. The damage to a container, expressed in terms of strain, is
roughly proportional to the impact energy, which is proportional to the drop height, as is readily
seen from the following:

Energy from drop = 8" % 'S and "< Mg therefore, SN where s = strain, F = local
force on container from drop, m = mass of container, h = drop height, and g =
acceleration of gravity.

For drop heights other than those for the modeled situations presented in Table 6.3-2, failure
probabilities can be estimated by shifting capacity curve to match the conservative failure
probabilities listed in Table 6.3-2. The mean failure drop height, Hy,, is found so that the
probability of failure, P, is the value listed in table 6.3-2 for the drop height, Hy, listed in
Table 6.3-2.

. H /1, y
P = L N@di and - x = = — (Eq. 17)
where
P = Probability of failure for container dropped from height Hy
N(t) = Standard normal distribution with mean of zero and standard deviation of one
t = Variable of integration
Hq = Modeled drop height for which the failure probability has been determined
Hn = Median failure drop height of the failure drop height distribution such that the
failure probability at the modeled drop height, Hy, is P
COV = Coefficient of variation = ratio of standard deviation to mean for strain

capacity distribution, applied here to stress capacity or true tensile strength
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The probabilities of failure for the collision cases listed in Table 6.3-4 are then determined using
the above formula with H,, determined above and with Hy being the drop height corresponding to
the collision speed as listed in Table 6.3-4.

Two-blocking events are also included in Table 6.3-4. The failure probabilities of these events
are shown in PEFA Chart.xls included in Attachment H. The CTM, which lifts canisters, is
designed such that drops from the height associated with two-blocking is very low probability
and no higher than drops from normal operation. The design features that ensure this are: slide
gate closure and two levels of shut-off switches as the normal lift height is exceeded, and a
tension relief device that prevents over tensioning of hoist cables if the two-block height is
reached. Transportation cask handling cranes are also equipped with the shut-off switches and
the tension relief device.
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Table 6.3-4.Failure Probabilities for Collision Events and Two-Blocking

Failure Probabilities for Various Container Types
High-Level
Collision Velocity | Equivalent Drop | Transportation Waste Radioactive
Scenario Speed (ft/sec) Height (ft)° Cask Canister Package MCO Waste

Railcar 25 3.67 0.21 1.00E-08
(mph)

Truck Trailer 25 3.67 0.21 1.00E-08
(mph)

Crane 20 0.33 0.00 1.00E-08
(ft/min)

CTT 10 0.17 0.00 1.00E-08 1.00E-08 1.00E-08 1.00E-08
(ft/min)

ST 25 3.67 0.21 1.00E-08 1.00E-08 1.00E-08
(mph)

WPTT 40 0.67 0.01 1.00E-08 1.00E-08 1.00E-08 1.00E-08
(ft/min)

WP (in TEV) 1.7 2.49 0.10 1.00E-08
(mph)

CTM 20 0.33 0.00 1.00E-08 1.00E-08 1.00E-08
(ft/min)

CTM 40 0.67 0.01 1.00E-08 1.00E-08 1.00E-08
(ft/min)

Two blocking 1.00E-04 1.00E-05 NA 1.00E+00 1.40E-02

NOTE: ®Calculated as follows based on constant acceleration due to gravity (no air resistance): v2/(2 x 32.2 ft/secz), where v is the velocity in ft/sec.

Values are rounded to the nearest hundredth of a ft.

CTM = canister transfer machine; CTT = cask transfer trolley; ft = feet; MCO = multicanister overpack; min = minutes; mph = miles per hour;
sec = seconds; ST = site transporter; TEV = transport and emplacement vehicle; WP =waste package; WPTT = waste package transfer
trolley.

Source: Attachment D

SISA[EUY UONEZLI0FIR)) 90uanbag JUIAF pue

Ariqeray suonerad doepnsqng

V00-000-00500-04DIN-VSd-000



Subsurface Operations Reliability 000-PSA-MGRO0-00500-000-00A
and Event Sequence Categorization Analysis

6.3.2.3 Probability of Canister Failure in a Fire

In addition to passive equipment failures as a result of structural loads, passive failures can also
occur as a result of thermal loads such as exposure to fires or abnormal environmental
conditions, for example, loss of HVAC cooling. The PCSA evaluates the probability of loss of
containment (breach) due to a fire for several types of waste form containers, including:
transportation casks containing uncanistered SNF assemblies, and canisters representative of
TAD canisters, DPCs, DOE standardized canisters, HLW canisters, and naval SNF canisters.

The methods for analyzing thermally-induced passive failures are discussed in Section 4.3.2.2,
and detailed in Attachment D. In summary, the probability of failure of a waste form container
as a result of a fire is evaluated by comparing the demand upon a container (which represents the
thermal challenges of the fire vis-a-vis the container), with the capacity of the container (which
represents the variability in the temperature at which failure would occur). The demand upon the
container is controlled by the fire duration and temperature, because these factors control the
amount of energy that the fire could transfer to the container.

In response to a fire, the temperature of the waste form container under consideration increases
as a function of the fire duration. The maximum temperature is calculated using a heat transfer
model that is simplified to allow a probabilistic analysis to be performed that accounts for the
variability of key parameters. The model accounts for radiative and convective heat transfers
from the fire, and also for the decay heat from the waste form inside a container. The
temperature evolution of waste form containers is analyzed based on a simplified geometry with
a wall thickness that, for the range of waste form containers of interest in the PCSA, is
representative or conservatively small. Specifically, two characteristic canister wall thicknesses
are modeled: 0.5 inches, characteristic of some DPCs and other waste canisters; and 1.0 inches,
the anticipated thickness of TAD and naval SNF canisters. The wall thickness of a container is
an important parameter that governs both container heating and failure. Other conservative and
realistic modeling approaches are introduced in the heat transfer model, as appropriate. For
example, fires are conservatively considered to engulf a container, regardless of the fact that a
fire at the GROA may simply be in the same room as a container. When handled, TAD canisters,
DPCs, DOE standardized canisters, HLW canisters and naval SNF canisters are enclosed within
another SSC, for example a transportation cask, the shielded bell of a canister transfer machine,
or a waste package. Therefore, a fire does not directly impinge on such canisters. In contrast, the
external surface of a transportation cask containing uncanistered SNF may be impinged upon
directly by the flames of the fire.

Accounting for the uncertainty of the key parameters of the fires and the heat transfer model, the
maximum temperature reached by a waste form container, which represents the demand upon the
container due to a fire, is characterized with a probability distribution. The distribution is
obtained through Monte Carlo simulations.

To determine whether the temperature reached by a waste form container is sufficient to cause
the container to fail, the fire fragility distribution curve for the container is evaluated. In the
PCSA, this curve is expressed as the probability of breach of the container as a function of its
temperature. Two failure modes are considered for a container that is subjected to a thermal
challenge: creep-induced failure and limit load failure. Creep, the plastic deformation that takes
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place when a material is held at high temperature for an extended period under tensile load, is
possible for long duration fires. Limit load failure corresponds to situations where the load
exerted on a material exceeds its structural strength. This failure mode is considered because the
strength of a container decreases as its temperature increases. The variability of the key
parameters that can lead to a creep-induced failure or limit load failure is modeled with
probability distributions. Monte Carlo simulations are then carried out to produce the fire
fragility distribution curve for a container.

The probability of a waste form container losing its containment function as a result of a fire is
calculated by running numerous Monte Carlo simulations in which the temperature reached by
the container, sampled from the probability distribution representing the demand on the
container, is compared to the sampled failure temperature from the fragility curve. The model
counts the simulation result as a failure if the container temperature exceeds the failure
temperature.  Statistics based upon the number of recorded failures in the total number of
simulations are used to estimate the mean of the canister failure probability.

Table 6.3-5 shows the calculated mean and standard deviation for the failure probability of a
canister in the following configurations: a canister in a transportation cask, a canister in a waste
package, and a canister in a shielded bell.

Table 6.3-5. Summary of Canister Failure Probabilities in Fire

Failure Probability
Configuration® Mean Standard Deviation
Thin-Walled Canister in a Waste Package® 3.2 x 10" 5.7 x 10°
Thick-Walled Canister in a Waste Package® 1.0 x 10" 2.2x10°
Thin-Walled Canister in a Transport Cask 2.0 x 10° 1.4 x10°
Thick-Walled Canister in a Transport Cask 1.0 x 10° 1.0 x 10°
Thin-\Walled Canister in a Shielded Bell 1.4 x 10™ 26 x10°
Thick-Walled Canister in a Shielded Bell 9.0 x 10° 1.7 x 10°

NOTE: ®Forthe 5-DHLW/DOE SNF waste package, this probability applies only to the DOE HLW canisters located
on the periphery of the waste package. The DOE SNF canister in the center of the waste package would
not be heated appreciably by the fire.
bConfigurations not addressed in this table include, any canister in a waste package that is inside the
transfer trolley or any canister inside an aging overpack. Inthese configurations, the canister is protected
from the fire by the massive steel transfer trolley or by the massive concrete overpack. Calculations have
shown that the temperatures experienced by the canister in these configurations are well below the
canister failure temperature, so that failures for these configurations can be screened. For conservatism, a
screening conditional probability of 1 x 10 could be used.

Source: Attachment D, Table D2.1-9.
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Note that, no failure probability is provided for a bare canister configuration. The reason for this
is that the canister is outside of a waste package or cask for only a short time. During that time,
the canister is usually inside the shielded bell of the CTM. The preceding analysis addressed a
fire outside the shielded bell. When in that configuration, the canister is shielded from the direct
effects of the fire. A fire inside the shielded bell, which could directly heat the canister, is not
considered to be credible for two reasons. First, the hydraulic fluid used in the CTM equipment
is non-flammable and no other combustible material could be present inside the bell to cause a
fire. Second, the annular gap between the canister and the bell is only 3 inches wide, but is
approximately 27 feet long. Given this configuration, it is unlikely that there is sufficient inflow
of air to sustain a large fire that could heat a significant portion of the canister wall. There may
be sufficient inflow to sustain a localized fire, but such a fire would not be adequate to heat the
canister to failure.

The canister is also outside of a cask, waste package, or shielded bell as it is being moved from a
cask into the shielded bell or from the shielded bell into a waste package. The time during which
the canister is in this configuration is extremely short, a matter of minutes, so a fire that occurs
during this time is extremely unlikely. In addition, because the gap between the top of the waste
package or cask and ceiling of the transfer cell is generally much shorter than the height of the
canister, only a small portion of the canister surface is exposed to the fire. Furthermore, this
exposure would only be for the short time that the canister was in motion.

For these reasons, failure of a bare canister was not considered credible and is not explicitly
modeled in the PCSA.

6.3.2.4 Probability of Loss of Containment from Heatup

In addition to fire-related passive failures, the PCSA considered other passive equipment failures
due to abnormal thermal conditions. The thermal event of greatest concern for the surface
facilities is loss of HVAC cooling. If HVAC cooling is lost, the ambient temperature in the
facility will increase. This increase is particularly significant for relatively small enclosures such
as the transfer cells.

A series of bounding calculations was performed to determine the maximum temperature that
could be reached by a canister following loss of HVAC cooling (Ref 2.2.12). These
calculations consider a range of decay heat levels and a loss of cooling for 30 days. These
analyses indicate that the canister temperature would remain well below 500°C (773°K) (Ref.
2.2.12). This temperature is hundreds of degrees below the temperature at which the canister
would fail (see Figure D2.1-4 Attachment D). For that reason, canister failure due to a loss of
HVAC is physically unrealizable and considered beyond Category 2.

6.3.2.5  Probability of Loss/Degradation of Shielding
Loss or degradation of shielding probabilities is summarized in Table 6.3-6.

Shielding of a waste form that is being transported inside the GROA is accomplished by several
types of shielded containers, including: transportation casks, shielded transfer casks, aging
overpacks, shielded components of a WPTT, and shielded components of a TEV. In addition to a
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shielding function, sealed transportation casks and shielded transfer casks exert a containment
function. Only those items used in the WHF are discussed further.

A structural challenge may cause shielding degradation or shielding loss. Loss of shielding
occurs when an SSC fails in a manner that leaves a direct path for radiation to stream, for
example as a result of a breach. Degradation of shielding occurs when a shielding SSC is not
breached but its shielding function is degraded. In the PCSA, a shielding degradation probability
after a structural challenge is derived for those transportation casks that employ lead for
shielding. Finite-element analyses on the behavior of transportation casks subjected to impacts
associated with various collision speeds, reported in Reexamination of Spent Fuel Shipment Risk
Estimates, NUREG/CR-6672 (Ref. 2.2.83), indicate that lead slumping after an end impact could
result in a reduction of shielding; transportation casks without lead are not susceptible to such
shielding degradation. This information is used in Attachment D to derive the shielding
degradation probability of a transportation cask at drop heights characteristic of crane operations.
The distribution is developed for impacts on surfaces made of concrete, which compare to the
surfaces onto which drops could occur at the GROA. No impact limiter is relied upon to limit the
severity of the impact. Conservatively, the distribution is applied to transportation casks and also
shielded transfer casks, regardless of whether or not they use lead for shielding. Thus, for
containers that have both a containment and shielding function, the PCSA considers a probability
of containment failure (which is considered to result in a concurrent loss of shielding), and also a
probability of shielding degradation (which is associated with those structural challenges that are
not sufficiently severe to cause loss of containment). Table 6.3-6 displays the resulting shielding
degradation probabilities for transportation casks and shielded transfer casks after a structural
challenge. Given that there is significant conservatism in the calculation of strain and the
uncertainty associated with the fragility (strength), the resulting estimates include uncertainties
and are considered conservative

Shielding loss is also considered to potentially affect an aging overpack subjected to a structural
challenge, if the waste form container inside does not breach. Given the robustness of aging
overpacks, a shielding loss after a 3-ft drop height is calculated to have a probability of 5 x 10
per aging overpack impact, based upon the judgment that this probability may be conservatively
related to but lower than the probability of breach of an unprotected waste form container inside
the aging overpack (Attachment D). If the structural challenge is sufficiently severe to cause the
loss of containment (breach) of the waste form container inside the aging overpack, the loss of
the aging overpack shielding function is considered guaranteed to occur.

A CTM provides shielding with the shield bell, shield skirt, and associated slide gates. Also, the
CTM is surrounded by shield walls and doors, which are unaffected by structural challenges
resulting from internal random initiating events. Therefore, such challenges leave the shielding
function intact.
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The PCSA treats the degradation or loss of shielding of an SSC due to a thermal challenge as
described in the following paragraphs:

If the thermal challenge causes the loss of containment (breach) of a canister, the SSC that
provides shielding and in which the canister is enclosed is considered to have lost its shielding
capability. A transportation cask containing uncanistered SNF is also considered to have lost its
shielding if it has lost its containment function.

The shielding structure provided by the CTM is not subjected to drops. Such shields may be
subjected to collisions or dropped heavy objects. The analysis detailed in Attachment D
indicates there is no challenge to the shielding from these events. Therefore, these components
are assigned zero probability in Table 6.3-6.

If the thermal challenge is not sufficiently severe to cause a loss of containment function, it is
nevertheless postulated that it will cause shielding loss of the transportation cask, shielded
transfer cask, canister transfer machine, or cask transfer trolley affected by the thermal challenge
and in which the waste form container is enclosed. This is because the neutron shield on these
SSCs is made of a polymer which is not anticipated to withstand a fire without failing. Note,
however, that the degradation of gamma shielding of these SSCs is unlikely to be affected by a
credible fire. Although credible fires could result in the lead melting in a lead-sandwich
transportation cask, there is no way to displace the lead, unless the fire is accompanied by a
puncture or rupture of the outer steel wall of the cask. Preliminary calculations were unable to
disprove the possibility of hydraulic failure of the steel encasing due to the thermal expansion of
molten lead, so loss of gamma shielding for steel-lead-steel transportation casks engulfed in fire
is postulated. Conservatively, in the PCSA, transportation casks and shielded transfer casks are
postulated to lose their shielding function with a probability of one, regardless of whether or not
they use lead for shielding.

Aging overpacks made of concrete are not anticipated to lose their shielding function as a
consequence of a fire because the type of concrete used for aging overpacks is not sensitive to
spallation. In addition, it is likely that the aging overpacks will have an outer steel liner. For
these reasons, a loss of aging overpack shielding in a fire has been screened from consideration
in the PCSA.
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Table 6.3-6. Probabilities of Degradation or Loss of Shielding

Probability Note

Sealed transportation cask and shielded 1x10° Section D, Section D3.4.

transfer casks shielding degradation after

structural challenge

Aging overpack shielding loss after 5x 10° Section D, Section D3.4

structural challenge

CTM shielding loss after structural 0 Structural challenges sufficiently mild to leave the

challenge shielding function intact

Shielding loss by fire for waste forms in 1 Lead shielding could potentially expand and degrade.

transportation casks or shielded transfer This probability is conservatively applied to

casks transportation casks and STCs that do not use lead for
shielding.

Shielded loss by fire for aging overpacks 0 Type of concrete used for aging overpacks is not

and CTM shield bell sensitive to spallation; Uranium used in CTM shield
bell shielding does not lose its shielding function as a
result of a fire.

NOTE: CTM = canister transfer machine.
Source: Attachment D, Table D3.4-1.

6.3.2.6 Probability of Other Fire-Related Passive Failures

In addition to the canisters, other passive equipment could fail as a result of a fire. For the
PCSA, only failures that would result in a radionuclide release or radiation exposure are
considered.

6.3.2.7 Application to Event Sequence Models

Table 6.3-7 summarizes passive failure events needed for the event sequence modeling. The
values are either specifically developed in Attachment D, or are values from bouding events.
Probabilities for some events were obtained by extrapolation from developed probabilities as
described in this section or in Attachment D. The derivation of all passive failure probabilities is
described in Attachment D and shown in PEFA Chart.xls included in Attachment H.

It is noted that Table 6.3-7 address all passive event failures for the various waste form
configurations. Table 6.3-8 identifies the specific passive failure basic events used in event
sequence modeling and quantification for the WHF. The probability of each basic event is based
on one of the values presented in Tables 6.3-2 through 6.3-7.
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Table 6.3-7. Summary of Passive Event
Failure Probabilities

CONTAINER
VERTICAL
DROP FROM CONTAINE | CONTAINE 2-FOOT 2.5 MPH 2.5 MPH THIN- THICK-
10T NORMAL R 30-FOOT | R45-FOOT | HORIZONTA | FLAT SIDE LOCALIZED 9 MPH FLAT | 2.5 MPHEND- | 9 MPH END- SLAPDOWN WALLED WALLED
DROPPED ON OPERATING VERTICAL VERTICAL L DROP, IMPACT/ SIDE IMPACT/ | SIDE IMPACT/ TO-END TO-END (BOUNDS CANISTER CANISTER
CONTAINER HEIGHT DROP DROP ROLLOVER | COLLISION COLLISION COLLISION COLLISION COLLISION TIP OVER) FIRE FIRE
LOSS OF
CONTAINMENT
WASTE PACKAGE 1.E-05 N/A N/A N/A 1.E-05 1.E-08 N/A 1.E-08 1.E-05 N/A NO 3.E-04 1.E-04
CHALLENGE
LOSS OF SHIELDING
TEV NO NO N/A N/A NO NO N/A NO NO NO NO ~0 ~0
CHALLENGE CHALLENGE CHALLENGE | CHALLENG CHALLENGE CHALLENGE CHALLENGE CHALLENGE
E
NOTE: N/A=NOT APPLICABLE, NO SCENARIOS IDENTIFIED.

SOURCE: ATTACHMENT D.
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Table 6.3-8. Passive Failure Basic Events used in Event Sequence Analysis

Basic Event (BE) ID Basic Event Description BE Value Basis
SSO-ESD-01 - CRCF
WP impact facility shield Failure of Waste Package due to facility 1.00E-08 Table 6.3-7. WP 2.5-
door shield door impact mph flat side impact
(sequence 2)
TEV shielding Loss of gamma shielding 0.00E+00 No challenge to TEV
(sequences 2, 3, 4, 5, 6) gamma s_hleldlng due to
physical impact
Canister containment Canister containment fails when WP 1.00E+00 No credit taken for
(sequences 2, 3, 4, 5, 6) containment fails canister containment
when Waste Package
fails, so conditional
probability set to 1
WP impact TEV shield Failure of Waste Package due to TEV 1.00E-08 Table 6.3-7. WP 2.5-
door shield door impact mph flat side impact
(sequence 3)
WP TEV collision Failure of Waste Package due to TEV 1.00E-08 Table 6.3-7. WP 2.5-
(sequence 4) collision mph flat side collision
WP drop Failure of Waste Package due to drop of 1.00E-05 Table 6.3-7. WP
(sequence 5) Waste Package horizontal drop
Heavy load drop on WP Failure of Waste Package due to drop of 1.00E-05 Table6.3-7. 10T
(sequence 6) heavy load onto Waste Package dropped on WP
SSO-ESD-01 - IHF
WP impact facility shield Failure of Waste Package due to facility 1.00E-08 Table 6.3-7. WP 2.5-
door shield door impact mph flat side impact
(sequence 2)
TEV shielding Loss of gamma shielding for canister 0.00E+00 No challenge to TEV
(sequences 2, 3, 4, 5, 6) gamma s_hleldlng due to
physical impact
Canister containment Canister containment fails when TEV 1.00E+00 No credit taken for
(sequences 2, 3, 4, 5, 6) containment fails canister containment
when Waste Package
fails
WP impact TEV shield Failure of Waste Package due to TEV 1.00E-08 Table 6.3-7. WP 2.5-
door shield door impact mph flat side impact
(sequence 3)
WP TEV collision Failure of Waste Package due to TEV 1.00E-08 Table 6.3-7. WP 2.5-
(sequence 4) collision mph flat side collision
WP drop Failure of Waste Package due to drop of 1.00E-05 Table 6.3-7. WP
(sequence 5) Waste Package horizontal drop
Heavy load drop on WP Failure of Waste Package due to drop of 1.00E-05 Table6.3-7. 10T

(sequence 6)

heavy load onto Waste Package

dropped on WP

SSO-ESD-02
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Table 6.3-8. Passive Failure Basic Events used in Event Sequence Analysis (Continued)
Basic Event (BE) ID Basic Event Description BE Value Basis
TEV impact Failure of WP due to TEV impact, 1.00E-08 Table 6.3-7. WP 2.5-
(sequence 2) collision, or derailment mph flat side collision
TEV shielding Loss of gamma shielding 0.00E+00 No challenge to TEV
(sequences 2, 3, 4, 5) gamma shielding due to
physical impact
Canister containment Canister containment fails when WP 1.00E+00 No credit taken for
(sequences 2, 3, 4, 5) containment fails canister containment
when Waste Package
fails, so conditional
probability set to 1
TEV impact during transit Failure of WP due to TEV impact during 1.00E-08 Table 6.3-7. WP 2.5-
(sequence 3) transit mph flat side collision
WP drop during transit Failure of Waste Package due to drop of 1.00E-05 Table 6.3-7. WP
(sequence 4) Waste Package during transit horizontal drop
Heavy load drop on TEV Failure of Waste Package due to drop of 1.00E-05 Table6.3-7. 10T
(sequence 5) heavy load onto TEV dropped on WP
SSO-ESD-03
TEV impact Failure of WP due to TEV impact, 1.00E-08 Table 6.3-7. WP 2.5-
(sequence 2) collision, or derailment mph flat side collision
TEV shielding Loss of gamma shielding 0.00E+00 No challenge to TEV
(sequences 2, 3,4,5,6,7) gamma shielding due to
physical impact
Canister containment Canister containment fails when WP 1.00E+00 No credit taken for
(sequences 2, 3, 4, 5,6, 7) | containment fails canister containment
when Waste Package
fails, so conditional
probability set to 1
Direct impact to WP — Waste Package containment fails due to 1.00E-08 Table 6.3-7. WP 2.5-
collision direct impact during collision mph flat side collision
(sequence 3)
Drop or drag of WP Waste Package fails due to drop or drag 1.00E-05 Table 6.3-7. WP
(sequence 4) horizontal drop
Heavy load drop on TEV Failure of Waste Package due to drop of 1.00E-05 Table6.3-7. 10T
(sequence 5) heavy load onto TEV dropped on WP
WP impact due to TEV Failure of Waste Package due to impact 1.00E-08 Table 6.3-7. WP 2.5-
doors by TEV doors mph flat side impact
(sequence 6)
Heavy load drop on WP Failure of Waste Package due to drop of 1.00E-05 Table6.3-7. 10T

(sequence 7)

heavy load onto WP

dropped on WP

SSO-ESD-04
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Table 6.3-8. Passive Failure Basic Events used in Event Sequence Analysis (Continued)
Basic Event (BE) ID Basic Event Description BE Value Basis

Inadvertent entry Worker exposure due to inadvertent entry

No passive equipment into active drift

failure

(sequence 2)

Prolonged worker proximity | Worker exposure due to prolonged stay

No passive equipment in proximity to TEV

failure

(sequence 3)

Inadvertent TEV door Worker exposure due to inadvertent

opening opening of TEV shield door

No passive equipment

failure

(sequence 4)

Loss of movement loss of Loss of gamma shielding due to loss of 0.00E+00 No challenge to TEV

shielding TEV movement gamma shielding due to

5 prolonged exposure to

(sequence 5) sun (see Section 6.0)

SSO-ESD-05

TEV fire affects WP Waste Package failure due to fire 1.00E+00 | Canister failure causes

(sequences 2, 3, 4) engulfing TEV in drift WP failure, so
conditional probability
setto 1

TEV shielding Loss of gamma shielding 0.00E+00 No challenge to TEV

(sequences 2, 3, 4) gamma shielding due to
fire

Canister containment Canister containment fails when WP 3.20E-04 Thin-walled canister

(sequences 2, 3, 4)

containment fails

failure due to fire

NOTE:

Refer to Attachment D for discussion.

PEFA = passive equipment failure analysis; TEV = transport and emplacement vehicle; WP = waste

package.

Source: Original

6.3.3 Miscellaneous Data

Data that is not defined as Active Component Reliability Data (Section 6.3.1) or Passive
Equipment Failure Data (Section 6.3.2), but are used in the reliability analysis for this facility are

listed in Table 6.3-9.
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Table 6.3-9.Miscellaneous Data Used In the Reliability Analysis

Basic Event (BE) ID Basic Event Description BE Value Bases References
No. of WPs Number of Waste Packages 12,268 This basic event represents the number of Waste Form
waste packages emplaced during the Throughputs for
preclosure period. The value for this basic Preclosure
event is obtained by adding the number of Safety Analysis
waste packages from the CRCF (11,668) and | (Ref. 2.2.31)
from the IHF (600) which is documented in (Analyzed a
the throughput analysis. However the value greater
throughput analysis also shows a total than listed in
number of waste packages of 12,068 the reference.)
assigned for the Subsurface Operations. The
value of 12,268 used here is a conservative
estimate.
800-TRANSIT-ROCKFALL Rockfall Probability (captured in seismic 0.00E+00 | Rockfall impacting the TEV or WP is Seismic Event
analysis) analyzed in the seismic analysis, and thus, Seque_nce .
no further analysis is evaluated in this report. Qu:nt/ﬁcat/on
The sequence is screened from further aCnt ati
analysis, and the basic event is set to 0. (Rae?g?Zf‘? fon
ROCKFALL-ON-WP Rockfall on WP in drift (bound by seismic 0.00E+00 | Rockfall impacting the TEV or WP is Seismic Event
anal.) analyzed in the seismic analysis, and thus, Seque_nce .
no further analysis is evaluated in this report. | Quantification
The sequence is screened from further and o
analysis, and the basic event is set to 0. (CRaé?g.o:i?t/on
ROCKFALL-TEV Rockfall on TEV subsurface (addressed in 0.00E+00 | Rockfall impacting the TEV or WP is Seismic Event
seismic) analyzed in the seismic analysis, and thus, Seque_nce .
no further analysis is evaluated in this report. | Quantification
The sequence is screened from further and o
analysis, and the basic event is set to 0. (?Qaé?g?‘fi?t’on
FIRE-IN-DRIFT Large Fire in the Drift (Total frequency 3.0E-07 Large fire frequency of 9E-7 (fire/ operations) | Section 6.5

divided by 3)

is equally contributed by a large fire occurring
in the three areas where the TEV and the WP
might be present. Thus, the large fire
frequency in the drift is 1/3 of the total large
fire frequency or 3E-7 (fire/operations)
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Table 6.3-9. Miscellaneous Data Used In the Reliability Analysis (Continued)

Basic Event (BE) ID

Basic Event Description

BE Value

Bases

References

FIRE-IN-SUBSURFACE

Large Fire in Subsurface (Total fire frequency
divided by 3)

3.0E-07

Large fire frequency of 9E-7 (fire/ operations)
is equally contributed by a large fire occurring
in the three areas where the TEV and the WP
might be present. Thus, the large fire
frequency in subsurface is 1/3 of the total
large fire frequency or 3E-7 (fire/operations)

Section 6.5

FIRE-ON-SURFACE

Large Fire on the Surface (Total fire
frequency divided by 3)

3.0E-07

Large fire frequency of 9E-7 (fire/ operations)
is equally contributed by a large fire occurring
in the three areas where the TEV and the WP
might be present. Thus, the large fire
frequency on the surface is 1/3 of the total
large fire frequency or 3E-7 (fire/operations)

Section 6.5

060-VCTO-DRS0000-DRS-
OPN

Vestibule Door Open During Receipt/Export

1.60E-04

During receipt of a transportation cask or
aging overpack or during the export of a
waste package or aging overpack, delta
pressure is lost for a period of time not to
exceed 7 minutes per event (this is a
conservative estimate of the time it will take
for the HVAC system to return the vestibule
to a negative pressure). This occurs as a
direct consequence of opening vestibule
doors to allow the site transporter, the site
prime mover or the transport and
emplacement vehicle.

Attachment B
Section B2

800-TRANSIT-TIME

Transit time from entrance to emplacement
drift in yrs

2.20E-04

This basic event represents the transit time
between the facility and the drift, which is
estimated at 2 hours or 2.2E-4 year. Thisis
based on an average TEV speed of 150 feet
per minute and a longest distance of 3.4
miles.

(Ref. 2.2.27)
(Ref. 2.2.24)

26D-#EEY-ITSDG-A-#DG-
MTN

ITS DG A OOS Maintenance

1.95E-03

Diesel Generator A out of service for
maintenance

Attachment B
Section B3

26D-#EEY-ITSDG-B-#DG-
MTN

ITS DG B OOS Maintenance

1.95E-03

Diesel generator B out of service for
maintenance

Attachment B
Section B3

LOSP

Loss of offsite power

2.99E-03

Frequency of loss of off site power 3.6E-2/yr
or 4. 1E-6/hr, multiplied by 720 hours (30
days) for diesels in HVAC system

(Ref. 2.2.48),
(Ref. 2.2.33,

Attachment B
Sections B7

and B8)
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Table 6.3-9. Miscellaneous Data Used In the Reliability Analysis (Continued)

Basic Event (BE) ID Basic Event Description BE Value Bases References

060-VCTO-TRAINB-MAINT Train B HVAC is Off-Line for Maintenance 4 57E-03 Attachment B,

Section B2

060-EXCESSIVE-WIND- Sustained Wind Exceeds 40 MPH & Gust to 4.70E-03 Sustained wind with speed exceeding 40 (Ref. 2.2.30)

SPEED 90 MPH MPH and gust to 90 MPH has an estimated
frequency of 5.7E-02 per yr, and with a
mission time of 720 hours, the probability of
such an occurrence is 4.7E-3.

060-VCOO-NITS-PWR-FAILS | Non-ITS Power Failure to CRCF Supply Fan 3.54E-02 | This basic event is the loss of offsite power (Ref. 2.2.48)
frequency given in NUREG/CR-6890.

DSG-MILES Miles drip shield gantry travels 1.00E-01 | This value represents the number of miles Attachment B,
that the drip shield gantry will travel in Section B1
subsurface during normal operations.

TEV-CONTROL-MANUAL TEV is operating in manual mode 1.00E-01 | Although the TEV operations are totally Attachment B,
conducted remotely and controlled by the Section B1
DCMIS, there are occasions that manual
controls of TEV may be required. Thus, it is
conservatively assigned a fraction of 10% of
the TEV operations is conducted manually.

TEV-DECLINE TEV on decline 5.00E-01 | The longest distance between the entrance (Ref. 2.2.28)
and the emplacement drift is 3.4 miles (Ref. (Ref2.2.11)
2.2.26) or (3.4 miles * 5280 ft/mile) about o
18,000 ft. Based on Ref 2.2.95, the incline
from the entrance to the end of the incline is
about 2642 m or about 8700 ft. Thus, the
fraction of the incline in relation to the total
subsurface distance is (8700 ft / 18000 ft )

0.48 or about 0.5

060-VCTO-CONTDOORS- Vestibule Doors Open Receipt or Export from | 1.00E+00 | Set as "TRUE" that the vestibule doors are Attachment B,

OPEN CRCF open during receipt or export of a TC or AO Section B2

TEV-DERAIL-MILES-SURF Miles travelled by TEV on surface 2.00E+00 | This value represents the number of miles (Ref. 2.2.32)
that the TEV will travel on the surface during
normal operations.

TEV-DERAIL-MILES-DRIFT Miles travelled by TEV in subsurface 4.00E+00 | This value represents the number of miles (Ref. 2.2.26)

that the TEV will travel in subsurface during
normal operations. The distance is 3.4 miles,
but it is conservatively rounded up to 4 miles
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Table 6.3-9. Miscellaneous Data Used In the Reliability Analysis (Continued)

Basic Event (BE) ID

Basic Event Description

BE Value

Bases

References

MODERATOR - CRCF

Moderator present

2.10E-05

This value is based on either water or oil
being present as a potential moderator while
the WP is in the CRCF. Water moderator
sources other than inadvertent actuation of
the fire suppression system is estimated at
2E-5 for the CRCF. Another water source in
the CRCF is the inadvertent actuation of the
fire suppression system, which has a
calculated probability of 1E-6. The value of
Moderator is the sum of these two moderator
sources.

Section 6.2.2.8

MODERATOR - IHF

Moderator present

1.50E-03

This value is based on either water or oil
being present as a potential moderator while
the WP is in the IHF. Water moderator
sources other than inadvertent actuation of
the fire suppression system is estimated at
1.4E-3 for the IHF. Another water source in
the IHF is the inadvertent actuation of the fire
suppression system, which has a calculated
probability of 9E-7. The value of Moderator is
the sum of these two moderator sources.

Section 6.2.2.8

Generic Mission time

Generic Mission time

720 hrs

Under most all scenarios identified in the
reliability analysis for this facility, post
accident response time is limited to 720 hours
per ISG-03 and NUREG 0800. Thus, all
systems that are required to function during
post accident period are assigned with a
mission time of 720 hours.

(Ref. 2.2.89)
(Ref. 2.2.67)

NOTE: WP =waste package; TEV = Transport and Emplacement Vehicle.

Source: Original
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6.4 HUMAN RELIABILITY ANALYSIS

The PCSA has emphasized human reliability analysis because the waste handling processes
include substantial interactions between equipment and operating personnel. If there are human
interactions that are typically associated with the operation, test, calibration, or maintenance of a
certain type of SSC (e.g., drops from a crane when using slings) and this SSC has been treated
using industry-wide data per Attachment C, then human failure events may be implicit in the
reliability data. The analyst is tasked with determining whether that is the case. Otherwise, the
analyst includes explicit identification, qualitative modeling, and quantification of HFEs, as
described in this section. The detailed description of the HRA is presented in Attachment E.

6.4.1 HRA Scope

The scope of the HRA is established in order to focus the analysis on the issues pertinent to the
goals of the overall PCSA. Thus, the scope is as follows:

1. HFEs are only considered if they contribute to a scenario that has the potential to result
in a release of radioactivity, a criticality event, or a radiation exposure to workers.
Such scenarios may include the need for mitigation of radionuclides, for example,
provided by the confinement HVAC system.

2. Pursuant to the above, the following types of HFEs are excluded:
A. HFEs resulting in standard industrial injuries (e.g., falls)

B. HFEs resulting in the release of hazardous nonradioactive materials, regardless of
amount

C. HFE:s resulting solely in delays to or losses of process availability, capacity, or
efficiency.

3. The identification of HFEs is restricted to those areas of the facility that handle waste
forms, and only during the times that waste forms are being handled (e.g., HFEs are
not identified for the surface transportation of empty TEVs when there are no loaded
TEVs on the surface).

4. The exception to #3 is that system-level HFEs are considered for support systems
(e.g., electrical power for confinement HVAC) when those HFEs could result in a loss
of a safety function related to the occurrence or consequences associated with the
events specified in #1.

5. Post-initiator actions (as defined in Attachment E, Section ES.1.1.1) are not credited in
the analysis; therefore, HFEs associated with them are not considered.

6. In accordance with Section 4.2.10.1 (on boundary conditions of the PCSA), initiating
events associated with conditions introduced in SSCs before they reach the site are
not, by definition of 10 CFR 63.2 (Ref. 2.3.2) within the scope of the PCSA nor, by
extension, within the scope of the HRA.
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6.4.2 Base Case Scenarios

The first step in this analysis is to describe Subsurface Operations in sufficient detail such that
the human reliability analysts can identify specific deviations that would lead to a radiation
release, a direct exposure, or a criticality event. Subsurface Operations are significantly less
complicated than a set of facility operations; therefore, the entire set of Subsurface Operations is
analyzed as one group of operations. Figure E6.4-1 below provides an overview of Subsurface
Operations.

Loaded TEV in
WP from Radiologic Transit from . .
CRCF or» Inspection of » Surface Facility W?ﬂfg&'ﬁgﬁg? ot > Er[')nnTaig:ﬁEnt
IHF WP to Emplacement P
Drift Door

NOTE: CRCF = Canister Receipt and Closure Facility; IHF = Initial Handling Facility; TEV = transport and
emplacement vehicle; WP = waste package.

Source: Original

Figure 6.4-1. Subsurface Operations

For each block of Figure 6.4-1, a base case scenario is developed and documented. The base
case scenario represents the most realistic description of expected facility, equipment and
operator behavior for the selected operation. These scenarios are created from discussions
between the human reliability analysts, other PCSA analysts, and personnel from engineering
and operations. In addition to a detailed description of the operation itself, these base case
scenarios include a brief description of the initial conditions and relevant equipment features
(e.g., interlocks, procedural controls, etc.).

6.4.3 Identification of Human Failure Events

There are many possible human errors that could occur at YMP, the effects of which might be
significant to safety. Human errors, based upon the three temporal phases used in PRA
modeling, are categorized as follows:

e Pre-initiator HFEs
e Human-induced initiator HFEs
e Post-initiator HFEs':

— Non-recovery
— Recovery.

' Terminology common to nuclear power plants refers to post-initiator non-recovery events as Type C events and
recovery events as Type CR events.
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Each of these types of HFEs is defined in Attachment E, Section E5.1.1.1. The PCSA model
was developed and quantified with pre-initiator and human-induced initiator HFEs in the model.
The safety philosophy of waste handling operations is that an operator need not take any action
after an initiating event and there are no actions identified that could exacerbate the
consequences of an initiating event. This stems from the definitions and modeling of initiating
events and subsequent pivotal events as described in Section 6.1 and Attachment A. All
initiating events are proximal causes of either radionuclide release or direct exposure to
personnel. With respect to the latter, personnel evacuation was not considered in reducing the
frequency of direct exposure but personnel action could cause an initiating event. With respect
to the former, pivotal events address containment integrity, confinement availability, shielding
integrity, and moderator availability that have no post-initiator human interactions. Containment
and shielding integrity are associated only with the physical robustness of the waste containers.
Confinement availability is associated with a continuously operating HVAC and the status of
equipment confinement doors. Human interactions for HVAC are pre-initiator. Human actions
for shielding are associated the with the initiator phase. Moreover, recovery post-initiator HFEs
were not identified and not relied upon to reduce event sequence frequency. Thus, the focus of
the HRA task is to support the other PCSA tasks to identify these two HFE phases.

Pre-Initiator HFEs

Pre-initiators are identified by the system analysts when modeling fault trees during the system
analysis task. Special attention is paid to the possibility that an error can be repeated in similar
redundant components or trains, leading to a human CCF.

Human-Induced Initiator HFEs

Human-induced initiator HFEs are identified through an iterative process whereby the human
reliability analysts, in conjunction with other PCSA analysts and engineering and operations
personnel, meet and discuss the design and operations of the facility and the SSCs in order to
appropriately model the human interface. This iterative process began with the HAZOP
evaluation, the MLD and event sequence development, and the event tree and fault tree
modeling, and it culminated in the preliminary analysis and incorporation of HFEs into the
model. Included in this process is an extensive information collection process where subject
matter experts (i.e. from the Engineering and Operations departments) were interviewed in
conjunction with examination of the engineering design drawings, concept of operations
document and other available documentation. HFEs identified include both EOOs and EOCs.

The result of this identification process is a list of HFEs and a description of each HFE scenario,
including system and equipment conditions and any resident or triggered human factor concerns
(e.g., PSFs). This combination of conditions and human factors concerns then becomes the EFC
for a specific HFE. Additions and refinements to these initial EFCs are made during the
preliminary and detailed analyses.
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6.4.4 Preliminary Analysis

A preliminary analysis is performed to allow HRA resources for the detailed analyses to be
focused on only the most risk-significant HFEs. The preliminary analysis includes verification
of the validity of HFEs included in the initial PCSA model, assignment of conservative HEPs to
all HFEs and verification of those probabilities. The actual quantification of preliminary values
is a six-step process that is described in detail in Appendix E.IIl of Attachment E. Once the
preliminary probabilities are assigned, the PCSA model is quantified (initial quantification) to
determine which HFEs require a detailed quantification. HFEs are identified for a detailed
analysis if (1) the HFE is a risk-driver for a dominant sequence, and (2) using the preliminary
values, an aggregated event sequence is above Category 1 or Category 2 according to 10 CFR
63.111 (Ref. 2.3.2) performance objectives.

In cases where HFEs are completely mitigated by hardware (i.e., interlocks), the HFE is
generally assigned a value of 1.0 unless otherwise noted, and the hardware is modeled explicitly
in the fault tree.

HFE probabilities produced in this HRA are mean values; uncertainties are accounted for by
applying an error factor to the mean value of the overall HFE, according to the guidelines
presented in Section E3 .4 of Attachment E.

6.4.5 Detailed Analysis

Detailed HRA quantification is performed for those HFEs that were found in dominant event
sequences after the initial fault tree or event sequence quantification. The preliminary values
were sufficient to demonstrate compliance with the performance objectives of 10 CFR 63.111
(Ref. 2.3.2); therefore no detailed analyses were performed for this HRA.

6.4.6 Human Failure Event Probabilities used in Subsurface Event Sequences Analysis

The results of the HRA are the HFE probabilities used in the event tree and fault tree
quantification process, which are listed in Table 6.4-1.

Table 6.4-1. Human Failure Event Probability Summary

Basic Event
Mean Error Type of
Basic Event Name HFE Description ESD Probability Factor Analysis
060-#EEE-LDCNTRA-BUA-ROE | Operator Fails to 1 1.03E-05 10 Preliminary

Restore Load Center A
Post Maintenance

060-#EEE-LDCNTRB-BUA-ROE | Operator Fails to 1 1.03E-05 10 Preliminary
Restore Load Center B
Post Maintenance

060-VCTO-DR0O0001-HFI-NOD Operators Open Two or 1 1E-02 3 Preliminary
More Vestibule Doors in
CRCF

060-VCTO-HFIACOO0-HFI-NOM Human Error: Exhaust 1 1E-01 3 Preliminary
Fan Switch in Wrong
Position
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Table 6.4-1. Human Failure Event Probability Summary (Continued)

Basic Event
Mean Error Type of
Basic Event Name HFE Description ESD Probability Factor Analysis
060-VCTO-HEPALK-HFI-NOD Operator Fails to Notice 1 1.0 N/A Preliminary
HEPA Filter Leak in
Train A
26D-#EEY-ITSDG-A-#DG-RSS Operator Fails to 1 1.95E-04 10 Preliminary
Restore Diesel
Generator A to Service
26D-#EEY-ITSDG-B-#DG-RSS Operator Fails to 1 1.95E-04 10 Preliminary
Restore Diesel
Generator B to Service
800-HEEO-WKRDRFT-HFI-NOD | Worker Enters Drift from 4 N/A° N/A Omitted
Access Main from
Analysis
800-HEEO-WKRPROX-HFI-NOD | Worker Stands too Close 4 N/A° N/A Omitted
to TEV for an Extended from
Period of Time Analysis
800-HEEO-WKRFACD-HFI-NOD | Operator Causes 1 2.0E-03 5 Preliminary
Collision of TEV with
Facility Doors
800-HEEO-SIDEIMP-HFI-NOW Operator Causes 2 3.0E-04 10 Preliminary
Collision of TEV with
SsC
800-HEEO-TEVDOOR-HFI-NOD | Human Error Causes 4 1.0E-03 5 Preliminary
TEV Doors to Open
during Transit
800-HEEO-AXSDROO-HFI-NOD Operator Causes 2,3 2.0E-03 5 Preliminary
Collision of TEV with
Access Doors
800-HEEO-IMPACT-HFI-NOD Human Error Causes 3 1.0E-03 5 Preliminary
TEV to Impact WP in the
Drift
Drip shield emplacement Operator Error Causes 3 N/A® N/A Omitted
Impact to WP during from
Drip Shield Analysis
Emplacement
HFE-RUNAWAY-RESPONSE Operator Fails to Stop 1,2,3 N/A° N/A Omitted
TEV Using Manual from
Override during a Analysis
Runaway Event
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Table 6.4-1. Human Failure Event Probability Summary (Continued)

Basic Event
Mean Error Type of
Basic Event Name HFE Description ESD Probability Factor Analysis
OP-FAILS-ENDOFRAIL Operator Error Causes 2,3 1.0E-03 5 Preliminary
TEV to Run Over End of
Rail
TEV derailment Operator Causes TEV to 2,3 N/A® P N/A Historical
Derail as It Travels Data
between the Facility and
the Drifts

NOTE: ®HRA value replaced by use of historic data (see Attachment C on active component failure data).
® These HFEs were initially identified, but omitted from analysis for various reasons, including a design
change precluding the human failure, or the failure would require a series of unsafe actions in
combination with mechanical failures, such that the event is no longer credible. See the appropriate
HFE group in Attachment E for a case-by-case justification for these omissions.

CRCF = Canister Receipt and Closure Facility; ESD = event sequence diagram; HEPA = high-
efficiency particulate air filter; HFE = human failure event; N/A = not applicable; TEV = transport and
emplacement vehicle; WP = waste package.

Source: Original
6.5 FIRE INITIATING EVENTS

Attachment F of this document describes the work scope, definitions and terms, method, and
results for the fire analysis performed as a part of the PCSA. The internal events of the PCSA
model are evaluated with respect to fire initiating events and modified as necessary to address
fire-induced failures that lead to exposures. The list of fire-induced failures included in the
model is evaluated as to fire vulnerability. Fragility analyses are conducted as needed
(Section 6.3.2 and Attachment D).

Fire initiating event frequencies have been calculated for each initiating event identified for the
subsurface operations. Section F5 of Attachment F details the analysis performed to determine
these frequencies, using the methodology described in Section F4 of Attachment F.

6.5.1 Input to Initiating Events

Frequency of vehicle fire per operation and the number of movements of waste forms on site are
the values that contribute to calculating initiating event frequencies. An uncertainty distribution
is applied to the ignition frequency, and contributes to the resulting distribution for fire initiating
event frequencies. The uncertainty distribution is determined by using a team judgment process.

6.5.2 Initiating Event Frequencies

The result of the fire initiating event analysis is the fire initiating event frequency and its
associated distribution, as presented in Table 6.5-1. The frequency represents the probability,
over the length of the pre-closure surface operation period, that a fire will threaten the stated
waste form during onsite transportation. Calculations performed to obtain the initiating event
frequency are detailed in Section F5.2 of Attachment F.

171 March 2008



Subsurface Operations Reliability 000-PSA-MGRO0-00500-000-00A
and Event Sequence Categorization Analysis

Uncertainty distributions are utilized in the initiating event frequency calculation to account for
statistical uncertainty in the data. Uncertainty distributions utilized for this analysis are
lognormal.

Table 6.5-1  Fire Initiating Event Frequency Distributions

Mean frequency Error
Initiating Event (per 50 years) Factor Distribution
Fire Threatens a Waste Form During Onsite Transport 9.0E-07 15 Lognormal
fires/operation

Source: Original

6.6 NOT USED
6.7 EVENT SEQUENCE FREQUENCY RESULTS

This section provides the results of the event sequence quantification as produced from the Excel
spreadsheet analyses. Quantification of an event sequence consists of calculating its number of
occurrences of over the preclosure period by combining the frequency of a single initiating event
with the conditional probabilities of pivotal events that comprise the sequence. The
quantification results are presented as an expression of the mean number of occurrences of each
event sequence over the preclosure period, and the standard deviation as a measure of
uncertainty. Section 6.8 describes the process for aggregation of similar event sequences to
permit categorization as Category 1, Category 2, or Beyond Category 2 event sequences.

The section presents a summary of how the quantification is performed by the use of event trees,
fault trees, and basic event input parameters. The discussion includes the rationale for truncating
low values and analyzing uncertainties.

The results include a summary of all event sequences that are quantified and a table summarizing
the results of the final quantification (found in Attachment G).

6.7.1 Process for Event Sequence Quantification

Internal event sequences that are based on the event trees presented in Section 6.1 and fault trees
presented in Section 6.2 are quantified as follows. The fault tree quantification was performed
using SAPHIRE; the event sequences, on the other hand, are quantified using Excel spreadsheets
(Section 4.3). The quantification of an event sequence consists of calculating the number of
occurrences over the preclosure period by combining frequencies of each initiating event with
the conditional probabilities of pivotal events that comprise the sequence. The quantification
results are presented as an expression of the mean number of occurrences of each event sequence
over the preclosure period (Attachment G, Table G-1).

The event sequence quantification methodology is presented in Section 4.3.6. An event
sequence frequency is the product of several factors, as follows (with examples):

e The number of times the operation or activity that gives rise to the event sequence is
performed over the preclosure period, for example, the total number of emplacements of
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a waste package by a TEV over the preclosure period. In the Excel spreadsheet, this
number is entered in the first column of the initiator event tree from which the event
sequence arises or in the first event of the system-response event tree if no initiator event
tree exists.

e The probability of occurrence of the initiating event for the event sequence considered.
Continuing with the previous example, this could be the probability of dropping a waste
package during its transfer to the TEV in the CRCF Waste Package Loadout Room, or
the probability of occurrence of a fire that could affect the waste package in the drift.
The initiating event probability is modeled in SAPHIRE with a fault tree or with a basic
event. In an initiator event tree, this probability is assigned on the branch associated
with the event sequence as a direct input to the Excel spreadsheet. If no initiator event
tree exists, this probability is entered in the second event of the system-response event
tree.

e The conditional probability of each of the pivotal events of the event sequence, which
appear in the system-response event tree. The pivotal event may represent a passive
failure such as the breach of the containment boundary of the waste package or canister
or an active system failure such as the unavailability of the HVAC system. If the
conditional probability of the pivotal event is represented as a mean value with a
probability distribution or a point estimate (such as a passive failure estimate), it is
entered directly into the Excel spreadsheet. On the other hand, if the pivotal event is
modeled as a fault tree, the fault tree model is solved and the results are input into the
spreadsheet.

Uncertainties in input parameters such as throughput rates, equipment failure rates, passive
failure probabilities, and human failure events used to calculate basic event probabilities are
propagated through the fault tree and event sequence logic to quantify the uncertainty in the
event sequence quantification.

To quantify an event sequence, SAPHIRE is used to graphically draw the event tree. Then the
event tree logic (i.e., the combination of individual successes and failures of pivotal events after
the initiating event) is incorporated into the Excel spreadsheet. Where appropriate, SAPHIRE is
then used to solve the fault trees that support the initiating event and the pivotal events and
provide results that are used in the event quantification. The frequency for each event sequence
is calculated as the product of the initiating event frequency and the pivotal event probabilities.

As an illustration of the above process, the quantification of the event sequences established in
the ESD-03 in Table 6.7-1 is as follows: (1) the initiating event (e.g., collision or drop of the
waste package) and the number of waste packages handled over the preclosure period, (2) the
failure of the waste package, (3) the subsequent failure of the canister, and (4) the potential
moderator entry into the canister. This sequence logic is input into the Excel spreadsheet shown
in Table 6.7-1. The values associated with each initiating event or pivotal event are then input in
the same spreadsheet.
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Table 6.7-1.
(Col. 2) (Col. 3) (Col. 4) (Col. 5) (Col. 6) (Col.7) (Col. 8) (Col. 9) (Col. 10) (Col.11)
Moderator
WP Canister(s) | excluded from
Remains | Remain entering Calc'd Calc'd Calc'd End
IE values Intact Intact canister Mean Median StdDev State
#Waste
SSO- forms x
ESD-03 - | No. of IE mean | IE median |IE Std Dev IE mean x
SEQ WP (Col. 4A) [ (Col. 4B) (Col. 4C) WP CANISTER | MODERATOR PE Prob
Pt Values
=—=====> 1 2’268
em. bub ~ 21 12268 | 3.40E-03 | 2.42E-03 3.34E-03 |0 447E+01 | 297E+01 | 4.10E+01 | OK
TEV impact . = —— =S n— 10nc 0n T Y - :
collisioH or dapsly |22 1.00E-08 | 0.00E+0C E— 0.00E+00 | 0.00E+00 | 0.00E+00 | OK
2-3 1.00E-08 | 1.00E+00 1.00E+0C 4.17E-07 2.97E-07 4.10E-07 RRU
2-4 1.00E-08 | 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 RRC
g:';;c'?i“r::a‘c e L3 12,268 | 1.00E-03 | 6.28E-04 117603 [0 _1.23E+01 | 771E+00 | 1.43E+01 | OK
WP- collision 3-2 1.00E-08 | O DE+0C 0.00E+00 0.00E+00 0.00E+00 OK
3-3 1.00E-08 | 1.00E+00 1.23E-07 7.71E-08 1.43E-07 RRU
3-4 _1.00E-08 | 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 RRC
sm. bub3 - 4-1 12,268 2.68E-10 | 1.09E-10 6.14E-10 3.27E-086 1.33E-06 7.49E-06 OK
Drop or drag 4-2 ).00E+0C 0.00E+00 0.00E+00 0.00E+00 OK
of WP 4-3 1.00E+00 00E+00 1.64E-08 6.70E-09 3.77E-08 RRU
4-4 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 RRC
|
a':é;“g: Saop |5 12268 | 1.95E-03 | 1.23E-03 2 33E-03 230E+01 | 151E+01 | 2.86E+01 | OK
on TEV 5-2 _1.-'0_0E.-_08 0.00E+00 0.00E+00 0.00E+00 OK
5-3 1.00E-08 | 1.00E+00 2.39E-07 1.51E-07 2.86E-07 RRU
5-4 1.00E-08 | 1.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 RRC
sm. bub5 - 6-1 12,268 1.20E-05 | 8.02E-06 1.31E-05 9.95E-01 1.46E-01 9.79E-02 1.60E-01 OK
WP impact 6-2 '1.00E-08 | 0.00E+0C 0.00E+00 0.00E+00 0.00E+00 OK
due to TEV doors | 6-3 1.00E-08 | 1.00E+00 1.00E+00 | 1.47E-09 9.84E-10 1.61E-09 RRU
6-4 1.00E-08 | 1.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00 [ RRC
ii?é\?yulggd- 7-1 12,268 1.01E-02 | 6.20E-03 1.33E-02 |0 T— 1.24E+02 7.61E+01 1.63E+02 OK
drop on WP 72 1.00E-08 | 0.00E+00 | 0.00E+00 | 0.00E+00 [ 0.00E+00 | OK
7-3 1.00E-08 | 1.00E+00 | 1.24E-06 7.61E-07 1.63E-06 RRU
7-4 1.00E-08 | 1.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 RRC
NOTE: bub = bubble; Calc'd = calculated; dev = deviation; |IE = initiating event; No. = number; Prob = probability; Seq = sequence; sm = small; std = standard; TEV = transport and

emplacement vehicle; WP = waste package.

Source: Original
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Table 6.7-1 provides the following information:

e Column 1: the initiating events depicted as “small bubbles” in the ESD and the
initiating event tree.

e Column 2: event sequence identification number as “SSO-ESD-03-SEQ-2-17, etc. This
identification scheme provides the following information about the event sequence: the
ESD it comes from (e.g., SSO-ESD-03) and event sequence from the event tree (e.g.,
SEQ-2-1), etc.

o Column 3: the number of waste forms during the preclosure period, in this case, the
number of waste packages.

e Column 4: wvalues associated with the initiating event, which comprise 4a) initiating
event mean value, (4b) initiating event median value, (4c initiating event standard
deviation.

e Column 5: the conditional probability of failure accorded to the first pivotal event,
“WP”, which is defined as “WP remains intact” in the example. The conditional failure
probability of “WP” is estimated at 1E-8 for all initiating event, except for the “sm.
bub3 — Drop or drag of WP” initiating event for which the conditional probability of
failure of “WP” is estimated at SE-3.

e Column 6: the conditional probability of failure accorded to the second pivotal event,
“CANISTER”, which is defined as “Canister(s) remain intact” in this example. The
conditional probability of failure for the canister inside the waste package is
conservatively estimated at 1, given the waste package failure. If the canister succeeds
(not fails), then the end state is OK in Column 11 since there is no radioactive material
released.

e Column 7: the conditional probability of failure accorded to the third pivotal event,
“MODERATOR?”, which is defined as “Moderator excluded from entering canister” in
this example. The conditional probability of failure for moderator entering the waste
package is estimated at O, since there is no source of moderator available in the
proximity of the event sequence location. Given a canister failure occurs, but there is no
moderator entering the canister, the end state is then labeled as “RRU” in Column 11 for
unfiltered radioactive release. However, had there been a moderator entering the
canister event, the end state of the sequence would have been labeled as “RRC” in
Column 11 for radioactive release with importance to criticality.

e Column 8 “Calc’d Mean”, the mean value of the event sequence estimated by
multiplying the number of waste form (value in column 3) by the IE mean value (value
in Column 4 — subcolumn A) and by the PE value(s) (value in Column 5, 6 or 7, where
appropriate.
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e Column 9: “Calc’d Median”, the median value of the event sequence estimated by
multiplying the number of waste form (value in column 3) by the initiating event median
value (value in Column 4 — subcolumn B) and by the pivotal event value(s) (value in
Column 5, 6 or 7, where appropriate.

e Column 10: “Calc’d StdDev”, the standard deviation value of the event sequence
estimated by multiplying the number of waste form (value in column 3) by the initiating
event standard deviation value (value in Column 4 — subcolumn C) and by the pivotal
event value(s) (value in Column 5, 6 or 7, where appropriate.

e Column 11: “End State” denotes the end state assigned to each event sequence. For
example, for event sequence SSO-ESD-03-SEQ-3-3, the assigned end state is RRU,
which represents an unfiltered radioactive material release following a failure of waste
package(WP), a conditional failure of the canister (CANISTER) due to direct impact to
the waste package caused by a collision (initiating event), but no moderator enters the
failed canister /MODERATOR).

As an example, event sequence SSO-ESD-03-SEQ-2-3, which leads to an unfiltered radionuclide
release that is not important to criticality, starts with an initiator event tree that depicts the
number of waste packages in the TEV in the drift and the initiating events that could occur
during the emplacement process over the preclosure period. Based on Waste Form Throughputs
Jor Preclosure Safety Analysis (Ref. 2.2.31, Table 4), there are 12,068 such operations; however,
to be conservative, 12,268 value was used to match the total number of waste packages from IHF
and CRCF. Next, the branch on the initiator event tree that deals with the “TEV impact due to
collision or derail” is selected. The fault tree whose top event models the probability of a “TEV
impact due to collision or derail” is solved and the results are input into the spreadsheet as IE
mean (Col. 4A), IE median (Col. 4B) and IE Std Dev (Col. 4C). Multiplying the number of
TEV/WP operations in the drift by the probability of a TEV impact per operation yields the
number of occurrences, over the preclosure period, of the initiating event for the event sequence
considered.

The event quantification continues with the input of event sequence logic from the system-
response event tree which provides the basis for quantifying the rest of the event sequence
through the use of the pivotal events described in Section 6.1 and Attachment A. First, the
breach of the waste package, given an impact to the TEV, is evaluated under the pivotal event
called “WP”. The analyst ensures that the probability assigned to this pivotal event pertains to
the waste form considered in this event sequence — WP; in this example, the passive equipment
failure analysis yields a failure probability of 1E-8 for the TEV impact due to collision or
derailment. The next pivotal event that appears in the system-response event tree is called
“CANISTER”. This pivotal event has a probability of one (1), indicating that a canister failure is
consider to have occurred if a WP has failed.  Finally, the last pivotal event is called
“MODERATOR.” This event models moderator intrusion into the breached canister. In the
event sequence analyzed, no moderator entry occurs, that is, the success branch is followed.
Since there is no ITS air filtering medium available for the drift operations, release of radioactive
materials is considered unfiltered, or a “RRU” End State.
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The mean event sequence frequency is then obtained by calculating the product of the mean
initiating event frequency and the pivotal event probabilities:

(12,268 waste packages/preclosure period) x (3.4E-3 mean impact occurrence/waste packages) x
(1E-8 probability of a waste packages failure given a slow speed impact) x (1 canister failure
probability given a failure of the waste packages) x (1 probability of no moderator intrusion) =
4 2E-7 occurrence/preclosure period.

As noted, uncertainties in input parameters are propagated through the fault tree and event
sequence logic to quantify the uncertainty in the event sequence quantification. The fault tree
quantification uncertainty analysis uses the Monte Carlo method that is built into SAPHIRE.
The fault tree quantification was analyzed using 10,000 trials. The number of trials is considered
sufficient to ensure accurate results for the distribution parameters.

The uncertainty analysis for the event sequence quantification is propagated by multiplying the
probability distribution with a series of scalar quantities. For example, the initiating event is
normally represented by a probability distribution with a mean, median and standard deviation,
where the number of waste packages is a scalar quantity. Thus, for the example above, the event
sequence median value is (12,268 x 2.4E-3 x 1E-8 x 1 x 1) = 2.97E-7 with a standard deviation of
(12,268 x 3.3E-3 x IE-8 x 1 x 1) =4.1E-7.

In the case where the event sequence is comprised of two or more events (initiating or pivotal)
that each of them is represented by a probability distribution, the uncertainty propagation for that
event sequence is calculated by first, obtaining the uncertainty propagation for the product of the
events that have a probability distribution using SAPHIRE software (Section 4.2), and then,
multiplying the resulting product (and the calculated probability distribution) with the remaining
scalar quantities using the method described above.

6.7.2 Event Sequence Quantification Summary

Table G-1 of Attachment G presents the result of the event sequence quantification. Table G-1
summarizes the results of the event sequence quantification and lists the following elements: (1)
the initiating event, (2) the event tree from which the sequence is generated, (3) event sequence
designator (ID), (4) event sequence description, (5) event sequence logic, (6) event sequence end
state, (7) event sequence mean value, (8) event sequence median value, and (9) event sequence
standard deviation value.

6.8 EVENT SEQUENCE GROUPING AND CATEGORIZATION

An aggregation grouping process is applied prior to a categorization of event sequences as was
described in Section 4.3.1. It is appropriate for purposes of categorization, to add the frequencies
of event sequences that are derived from the same ESD, that elicits the same combination of
failure and success of pivotal events, and have the same end state. This is termed final event
sequence quantification, discussed in Section 6.8.1, and the results give the final frequency of
occurrence. Using the final frequency of occurrence, the event sequences are categorized
according to the definition of Category 1 and Category 2 event sequences given in 10 CFR 63.2
(Ref. 2.3.2). Dose consequences for Category 1 and Category 2 event sequences are subject to
the performance objectives of 10 CFR 63.111 (Ref. 2.3.2), which is performed in Preclosure
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Consequence Analyses (Ref. 2.2.36). Event sequences with a frequency of occurrence less than
one chance in 10,000 of occurring before permanent closure of the repository are designated as
Beyond Category 2 event sequences and are not analyzed for dose consequences.

Rather than calculate dose consequences for each Category 2 event sequence identified in the
categorization process, dose consequences are performed for a set of bounding events that
encompass the end states and material at risk for event sequences. Therefore, dose consequences
are determined for a representative set of postulated Category 2 event sequences, identified in
Table 6.8-1 (Ref. 2.2.36, Table 2 and Section 7). Once event sequence categorization is
complete, Category 2 event sequences are cross referenced with the bounding event number
given in Table 6.8-1, thus assuring that Category 2 event sequences have been evaluated for dose

consequences and compared to the 10 CFR 63.111 (Ref. 2.3.2) performance objectives.

Table 6.8-1. Bounding Category 2 Event Sequences

Bounding
Event Affected Waste
Number Form Description of End State Material At Risk

2-01* LLWF inventory Seismic event resulting in LLWF collapse and failure | HEPA filters
and HEPA filters of HEPA filters and ductwork in other facilities. LLWF inventory

2-02* HLW canister in Breach of sealed HLW canisters in a sealed 5 HLW canisters
transportation cask | transportation cask

2-03* HLW canister Breach of sealed HLW canisters in an unsealed 5 HLW canisters

waste package

2-04* HLW canister Breach of sealed HLW canister during transfer (one 2 HLW canisters

drops onto another)

2-05* Uncanistered Breach of uncanistered commercial SNF in a sealed | 4 PWR or 9 BWR
commercial SNF in | truck transportation cask in air commercial SNF
transportation cask

2-06* Uncanistered Breach of uncanistered commercial SNF in an 4 PWR or 9 BWR
commercial SNF in | unsealed truck transportation cask in pool commercial SNF
pool

2-07* DPC in air Breach of a sealed DPC in air 36 PWR or 74 BWR

commercial SNF

2-08* DPC in pool Breach of commercial SNF in unsealed DPC in pool 36 PWR or 74 BWR

commercial SNF

2-09* TAD canister in air | Breach of a sealed TAD canister in air within facility 21 PWR or 44 BWR

commercial SNF

2-10* TAD canister in Breach of commercial SNF in unsealed TAD canister | 21 PWR or 44 BWR
pool in pool commercial SNF

2-11* Uncanistered Breach of uncanistered commercial SNF assembly in | 2 PWR or 2 BWR
commercial SNF pool (one drops onto another) commercial SNF

2-12* Uncanistered Breach of uncanistered commercial SNF in pool 1 PWR or 1 BWR
commercial SNF commercial SNF

2-13* Combustible and Fire involving LLWF inventory Combustible and
non combustible non combustible
LLW LLW
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Bounding
Event Affected Waste
Number Form Description of End State Material At Risk
2-14* Uncanistered Breach of a sealed truck transportation cask duetoa | 4 PWR or 9 BWR
commercial SNF in | fire commercial SNF
truck

transportation cask

NOTE: Items marked with an asterisk (*) are not applicable to the Subsurface.

BWR = boiling water reactor; DPC = dual-purpose canister; HEPA = high-efficiency particulate air;
HLW = high-level radioactive waste; LLWF = Low-Level Waste Facility; PWR = pressurized water
reactor; SNF = spent nuclear fuel; TAD = transportation, aging and disposal. Items marked with an
asterisk (*) are not applicable to the Subsurface.

Source: (Ref. 2.2.36, Table 2).
6.8.1 Event Sequence Grouping and Final Quantification

Event sequences are modeled to represent the GROA operations and SSCs. Accordingly, an
event sequence is unique to a given operational activity in a given operational area, which is
depicted in an event sequence diagram. When more than one initiating event (for example, the
drop, collision, or other structural challenges that could affect the canister) share the same ESD
(and therefore elicit the same pivotal events and the same end states), it may be necessary to
quantify the event sequence for each initiating event individually because the conditional
probabilities of the pivotal events depend on the specific initiating event. In such cases, the
frequencies of event sequences that are represented in the same ESD and have the same end state
are added together, thus comprising an event sequence grouping.

By contrast, some ESDs indicate a single initiating event. Such initiating events may be
composites of several individual initiating events, but because the conditional probabilities of
pivotal events and the end states are the same for each of the constituents, the initiators are
grouped before the event sequence quantification.

In the PCSA, this grouping is performed for a given waste form configuration at the event ESD
level. Note that the subsurface operations only consider one waste form, which is the waste
package.

The grouping of event sequences is carried out by summing “like” event sequences listed in the
Excel spreadsheet for each ESD. The event sequence frequencies from this step comprise the
final event sequence quantification. Continuing the example listed in Table 6.7-1, the grouping
of event sequences is as follows.

Table 6.7-1 listed 6 different initiating events, with each initiating event having 4 event
sequences. The end states assigned to the event sequences 1, 2, 3, and 4 for each initiating event
are “OK”, “OK”, “RRU”, and “RRC”, respectively. Since the end states of the event sequences
are the same for each IE, the event sequences are then grouped as follows:

e Event sequence 1 of all initiating events are summed together.
e The summed event sequence, which represents the final event sequence, is then labeled

with an event sequence number denoting the ESD where it is originated from (SSO03),
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the waste form (waste package), the summed sequence number (SEQ1) and the end state
given to the original event sequence (OK). For this example, the final event sequence is
labeled as SSO03-WP-SEQ1-OK.

e The mean, median and standard deviation values are derived as shown in
Section 4.3.1.1. The mean value of the final event sequence is calculated as the sum of
the mean value of all event sequences bearing the same end state. The standard
deviation value of the final event sequence is calculated as the square root of the sum of
the squares of the standard deviation values of all event sequences bearing the same end
state. Because the event sequence probability distribution approximates a lognormal, the
median is derived from the mean.

The above information is then compiled and listed in Table 6.8-2 below.

Table 6.8-2.Event Sequence Grouping and Quantification Example

End State Total WP Sequence ID Mean Median Std Dev
OK SS003-WP-SEQ1-OK 2.02E+02 3.51E+01 1.71E+02
OK SS003-WP-SEQ2-OK 0.00E+00 0.00E+00 0.00E+00
RRU SS003-WP-SEQ3-RRU 2.04E-06 4.64E-07 1.71E-06
RRC SS003-WP-SEQ4-RRC 0.00E+00 0.00E+00 0.00E+00

NOTE: ID = identification; Std = standard; Dev = deviation; WP = waste package.

Source: Original
6.8.2 Event Sequence Categorization

Based on the resultant frequency of occurrence, the event sequences are categorized as
Category 1 or Category 2 per the definitions in 10 CFR 63.2 (Ref. 2.3.2) or Beyond Category 2.
The categorization is done on the basis of the expected number of occurrences of each event
sequence during the preclosure period. For purposes of this discussion, the expected number of
occurrences of a given event sequence over the preclosure period is represented by the
quantity m.

Some event sequences are not directly dependent on the duration of the preclosure period. For
example, the expected number of occurrences of waste package drops in subsurface operations
over the preclosure period is essentially controlled, among other things, by the number of waste
packages and the number of times these waste packages are transported. The duration of the
preclosure period is not directly relevant for this event sequence, but implicitly built into the
operations. In contrast, for other event sequences, time is a direct input. For example,
seismically induced event sequences are evaluated over a period of time. In such cases, event
sequences are evaluated and categorized for the time during which they are relevant. Seismically
induced event sequences for a surface facility are evaluated over a period of 50 years, because
surface facilities are expected to operate for no longer than 50years (Ref. 2.2.15,
Section 2.2.2.7). Seismically induced event sequences for the emplacement drifts are evaluated
over the entire preclosure period, which is 100 years (Ref. 2.2.15, Section 2.2.2.7).
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Using the parameter m for a given event sequence, categorization is performed using the
screening criteria set out in 10 CFR 63.2 (Ref. 2.3.2), as follows:

e Those event sequences that are expected to occur one or more times before permanent
closure of the GROA are referred to as Category 1 event sequences (Ref. 2.3.2). Thus, a
value of m greater than or equal to one means the event sequence is a Category 1 event
sequence.

e Other event sequences that have at least one chance in 10,000 of occurring before
permanent closure are referred to as Category 2 event sequences (Ref. 2.3.2). Thus, a
value of m less than one but greater than or equal to 10, means the event sequence is a
Category 2 event sequence.

e A measure of the probability of occurrence of the event sequence over the preclosure
period is given by a Poisson distribution that has a parameter taken equal tom. The
probability, P, that the event sequence occurs at least one time before permanent closure
is the complement to one that the event sequence occurs exactly zero times during the
preclosure period. Using the Poisson distribution, P = 1 — exp(—m) (Ref. 2.2.9, p. A-13).
A value of P greater than or equal to 10™* implies the value of m is greater than or equal
to —In(1 — P) = — In(1 — 10™*), which is approximately equal to 10™*. Thus, a value of m
greater than or equal to 10, but less than one, implies the corresponding event sequence
is a Category 2 event sequence.

e Event sequences that have a value of m less than 10 are designated as Beyond
Category 2.

An uncertainty analysis is performed on m to determine the main characteristics of its associated
probability distribution, specifically the 50th percentile (i.e., the median), and the standard
deviation. The uncertainty analysis is performed as described in Section 4.3.6.2.

The calculations carried out to quantify an event sequence are performed using the full precision
of the individual probability estimates that are used in the event sequence. However, the
categorization of event sequences is based upon the expected number of occurrences over the
preclosure period with one significant digit.

6.8.3 Final Event Sequence Quantification Summary

Initially, the results of the event sequence gathering and quantification process are reported in a
single table of all event sequences for the subsurface operations (Attachment G, Table G-2).
Following the final categorization, the event sequences for the respective Category 2 (Table 6.8-
4) and Beyond Category 2 (Attachment G, Table G-3) are tabulated separately. There are no
Category 1 (Table 6.8-3) events for the CRCF. As desired, other sorting may be performed. For
example, event sequences that have end states important to criticality are tabulated separately
(Attachment G, Table G-4).The format of the table headings and content are the same for each
table as follows:

1. Event sequence group ID —assigned during the grouping process
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2.

3.

10.

End state — taken from the event tree

Event sequence description — narrative to describe the initiating event(s) and pivotal
events that are involved

Material at risk — describes the quantity and type of waste form involved
Mean event sequence frequency (number of occurrences over the preclosure period).
Median event sequence frequency (number of occurrences over the preclosure period).

Standard deviation of the event sequence frequency (number of occurrences over the
preclosure period).

Event sequence category — declaration of Category 1, Category 2, or Beyond Category
2.

Basis for categorization (e.g., categorization by mean frequency, or from sensitivity
study for mean frequencies near a threshold as described in Section 4.3.6.2).

Consequence analysis — cross-reference to the bounding event number in the dose
consequence analysis (Table 6.8-1) (Ref. 2.2.36, Table 2 and Section 7).
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Table 6.8-3.Category 1 Final Event Sequences Summary

Event Event
Sequence Material-At- Std Sequence. Basis for Consequence
Group ID End State Description Risk Mean Median Dev Cat. Categorization Analysis
None

NOTE: ID = identification; Std = standard; Dev = deviation; WP = waste package.

Source: Original
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Table 6.8-4. Category 2 Final Event Sequences Summary

Event Event
Sequence Material-At- Std. Sequence Basis for Consequence
Group ID End State Description Risk Mean® | Median® Dev® Category | Categorization Analysis’
This event sequence
represents a thermal
challenge to a canister Mean of
SSO05- Direct inside a V\_/aste pacl_<ag<_e, 1 waste _ distribution for
WP-SEQ3- Iexposure, d_ue to a fire, resulting in a package with 1 E-02 7 E-03 1E-02 | Category 2 number of N/A2
DEL 0ss of dlrec’_c exposure fr_om loss _car_uster(s) occurrences of
shielding of shielding. In this inside event
sequence, the waste sequence
package fails, and the
canister remains intact.
This event sequence
represents a direct
exposure due to Mean of
SSO04- Direct inadv_ertent TEV door 1 waste _ distribution for
WP-SEQ2- exposure, opening or prolonged package with 1 E-03 1 E-04 1£-02 | cateqory 2 number of N/A2
loss of immobilization of the TEV | canister(s) ' ' ' gory occurrences of
DEL " . : g
shielding in the heat causing a loss | inside event
of shielding. In this sequence
sequence there are no
pivotal events.
NOTE: 'The bounding event number provided in this column identifies the bounding Category 2 event sequence identified in Table 6.8-1 from Preclosure

Consequence Analyses (Ref. 2.2.36, Table 2) that results in dose consequences that bound the event sequence under consideration.

? Because of the great distances to the locations of the offsite receptors, doses to members of the public from direct radiation after a Category 2
event sequence are reduced by more than 13 orders of magnitude to insignificant levels (GROA External Dose Rate Calculation (Ref. 2.2.22)).

® The mean, median, and standard deviation displayed are for the number of occurrences, over the preclosure period, of the event sequence under
consideration.

Source:

Original
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6.9 IMPORTANT TO SAFETY STRUCTURES, SYSTEMS, AND COMPONENTS
AND PROCEDURAL SAFETY CONTROL REQUIREMENTS

The results of the PCSA are used to define design bases for repository SSCs to prevent or
mitigate, event sequences that could lead to the release of radioactive material and/or result in
radiological exposure of workers or the public. Potential releases of radioactive material are
minimized to ensure resulting worker and public exposures to radiation are below the limits
established by 10 CFR 63.111 (Ref. 2.3.2). This strategy requires using prevention features in
the repository design wherever reasonable. This strategy is implemented by performing the
PCSA as an integral part of the design process in a manner consistent with a performance-based,
risk-informed philosophy. This integral design approach ensures the ITS design features and
operational controls are selected in a manner that ensures safety while minimizing design and
operational complexity through the use of proven technology. Using this strategy, design rules
are developed to provide guidance on the safety classification of SSCs. The following
information is developed in order to implement this strategy:

o Essential safety functions needed to ensure worker and public safety
e SSCs relied upon to ensure essential safety functions

e Design criteria that will ensure that the essential safety functions will be performed with
a high degree of reliability and margin of safety

¢ Administrative and procedural safety controls that, in conjunction with the repository
design ensure operations are conducted within the limits of the PCSAs.

Section 6.9.1 identifies ITS SSCs and Section 6.9.2 identifies the procedural safety controls.
6.9.1 Important to Safety Structures, Systems, and Components

Table 6.9-1 contains the nuclear safety design bases for the Subsurface ITS SSCs.
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Table 6.9-1 Preclosure Nuclear Safety Design Bases for the Subsurface ITS SSCs

Nuclear Safety Design Bases

Representative

Event
System or Subsystem or Sequence
Facility Function (Sequence
(System Code) | (as Applicable) | Component Safety Function Controlling Parameters and Values Number) Source
DOE and DOE and Entire Provide containment . The mean conditional probability of SSO-ESDO3- Table 6.3-7
Commercial Commercial breach of a sealed waste package WP Segq. 6-3
Waste Package | Waste Package resulting from a side impact shall be
System (DS) less than or equal to 1 x 10 per
impact.
. The mean conditional probability of SSO-ESDO1- Table 6.3-7
breach of a sealed waste package WP Seq. 6-4
resulting from a drop of a load onto
the waste package shall be less than
or equal to 1 x 10° per drop.
. The mean conditional probability of SSO-ESDO3- Table 6.3-4
breach of a sealed waste package WP Seq. 2-3
inside the transport and emplacement
vehicle (TEV) resulting from an end-
on impact or collision shall be less
than or equal to 1 x 108 per impact.
. The mean conditional probability of SSO-ESDO5- Table 6.3-7
breach of a representative canister WP Seq. 3-4

inside a sealed waste package as a
result of the spectrum of fires® shalll
be less than or equal to 3 x 10" per
fire event.
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Table 6.9-1. Preclosure Nuclear Safety Design Bases for the Subsurface Operations ITS SSCs (Continued)

Nuclear Safety Design Bases

Representative

Event
System or Subsystem or Sequence
Facility Function (Sequence
(System Code) | (as Applicable) Component Safety Function Controlling Parameters and Values Number) Source
Emplacement Emplacement Transport Protect against® TEV 5. The mean probability of runaway of a Initiating event Fault tree
and Retrieval/ and Retrieval/ and runaway TEV that can result in a potential does not gate
Drip Shield Drip Shield Emplacement breach of a waste package shall be require further “RNWY-
Installation Installation Vehicle less than or equal to 2 x 10° per analysisb INIT” (See
System (HE) System (TEV) transport. Attachment
B)
Protect against® direct 6. The mean probability of inadvertent SSO-ESD-04- SHIELD-
exposure of personnel TEV door opening shall be less than WP-Seq 4-2 DOOCR fault
or equalto 1 x 107 per transport. tree (See
Attachment
B)
Naval SNF Naval SNF Entire Provide containment 7. The mean conditional probability of SSO-ESDO3- Table 6.3-7
Waste Waste Package breach of a sealed waste package WP Segq. 6-3
Package resulting from a side impact shall be
System (DN) less than or equal to 1 x 10°® per
impact.
8. The mean conditional probability of SSO-ESDO1- Table 6.3-7
breach of a sealed waste package WP Seq. 6-4
resulting from a drop of a load onto
the waste package shall be less than
or equalto 1 x 10° per drop.
9. The mean conditional probability of SSO-ESDO3- Table 6.3-4
breach of a sealed waste package in | WP Seq. 2-3

the TEV resulting from an end-on
impact or collision shall be less than
or equalto 1 x 10°® per impact.
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Table 6.9-1. Preclosure Nuclear Safety Design Bases for the Subsurface Operations ITS SSCs (Continued)

Nuclear Safety Design Bases

Representative

Event
System or Subsystem or Sequence
Facility Function (Sequence
(System Code) | (as Applicable) Component Safety Function Controlling Parameters and Values Number) Source
10. The mean conditional probability of SSO-ESDO5- Table 6.3-7
breach of a canister inside a sealed | WP Seq. 3-4¢
waste package as a result of the
spectrum of fires® shall be less than
or equal to 1 x 10 per fire event.
NOTE: 2‘Protect against’ in this table means either ‘reduce the probability of or ‘reduce the frequency of.

b Design requirement is applied to reduce the frequency of any event sequence that could result in damage to a waste container to the beyond

Category 2 frequency range.

¢ Discussion on “the spectrum of fires” is provided in Attachment D, Section D2.1.5
dAlthough the failure probability of the Naval canister (considered as thick walled canister) inside a sealed waste package in a fire is 1 x 10, the

analysis for the event sequence does not differentiate between the Naval canister and other canisters inside the waste package, and as a result, a
conservative value for the canister failure probability of 3 x 10™ is used for the analysis.

Source: Original
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6.9.2 Procedural Safety Controls

Procedural safety controls (PSCs) are the controls that are relied upon to limit or prevent

potential event sequences or mitigate their consequences.

derived to reduce the initiating event sequence to an acceptable level.

For this analysis, all PSCs were

Table 6.9-2 lists the PSCs that are required to support the event sequence analysis and
categorization.

Table 6.9-2. Summary of Procedural Safety Controls for the Subsurface Operations

Event Sequence ID
Item Procedural Safety Controls Basis for Selection References
1 The amount of time that a waste form PCSA uses exposure/residence Applies to all event
container spends in each process area | times and reliability data to sequence and fault tree
or in a given process operation, calculate the probability of an quantification that uses
including total residence time in a initiating event, or the probability | data from Attachment C.
facility, is periodically compared of seismic induced failures that Also applies to fire
against the average exposure times lead to an event sequence. This | analysis per Section 4.3
used in the PCSA. Additionally, control ensures that the average | and Attachment E.
component failures per demand and exposure times and reliability
component failures per time period are | data are maintained consistent
compared against the PCSA. with those analyzed in the PCSA.
Significant deviations will be analyzed
for risk significance.
2 YMP will establish a program to control | To prevent worker direct SSO-ESD-04-SEQ-2-2
access to the drift and provide exposure to radiation.
appropriate training to the operators.
This access control program will
include controlled and locked access
door to the drift and clearly posted
warning signs.
3 Only one TEV containing a waste The control is to mitigate the SSO-ESD-04-SEQ-3-2
package (i.e., a "loaded" TEV) is in potential for a TEV containing a
transit at one time in the repository. WP colliding with another loaded
Also, an unloaded TEV is not operated | or unloaded TEV by restricting
at the same time a loaded TEV is in the number of TEVs in operation
transit on a surface or on a subsurface | at one time. However, the
rail. movement of an unloaded TEV
at the surface is permitted
concurrent with transit and
emplacement operations of a
TEV in the subsurface.
4 Workers are prevented from being in The control is to mitigate the SSO-ESD-04-SEQ-3-2
proximity to a TEV while the TEV potential of a worker to be close
contains a waste package proximity to the TEV ifa TEV
system failure occurs inducing an
exposure hazard It is also to
reduce the long-term worker
exposure from the TEV itself.
5 Vehicular crossings over the TEV The control is to mitigate the SSO-ESD-02-SEQ-2-4
railway are closed whenevera TEV is potential for a loaded TEV
in transit tor or from the subsurface. In | collision with another vehicle
the subsurface drifts, traffic will be stalled or otherwise halted at a
restricted from being in the same area | rail crossing, and inducing a
as a loaded TEV. derailment of the TEV
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Table 6.9-2. Summary of Procedural Safety Controls for the Subsurface Operations (Continued)

Event Sequence ID
ltem Procedural Safety Controls Basis for Selection References
6 Combustible Material Control Program | The requirement is to mitigate SSO-ESD-05
requires that each emplacement drift is | the potential for fire occurring in
inspected to ensure that all the emplacement drift (and
combustibles have been removed from | potentially breaching a waste
the drift at the completion of package). A fire can start in
construction and outfitting operations collections of combustible
and prior to the utilization of an materials that were required for
emplacement drift for waste storage, construction and inadvertently
and prohibits the storage or left behind.
accumulation of combustibles in
access mains along the path of travel
of the TEV.
7 Rock condition is to be observed as This control is to limit the SSO-ESD-03-SEQ-7-3
emplacement drift boring is potential for fault displacement
accomplished. Observed faults are to | (or related rockfall hazard) from a
be specifically evaluated to ensure that | seismic event to induce a breach
conditions cannot credibly lead to a of the waste package at rest in
breach of the waste package during an emplacement drift during the
the preclosure period, or a standoff preclosure period.
distance from the fault is to be
established.
8 Installation and configuration of the The control is to prevent N/A
Subsurface isolation barriers is personnel exposure and drift
controlled such that development impact due to activities at the
operations do not impact on construction side of the drift.
emplacement operations.
9 Operations and Construction areas are | The control is to prevent N/A
physically separated by distance and personnel exposure and drift
temporary barriers to preclude impact due to activities at the
construction activities from affecting construction side of the drift.
operations activities.
10 Full-service fire and rescue capabilities | Maintain fire frequency SSO-ESD-05
are available to support subsurface associated with WP within limits
activities. established by PCSA analysis

NOTE: TEV =transport and emplacement vehicle, WP = waste package.

Source: Original
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7. RESULTS AND CONCLUSIONS

This analysis and its predecessor, the event sequence development analysis (Ref. 2.2.42), are part
of the preclosure safety analysis (PCSA) for the geologic repository operations area (GROA) that
supports the license application. In combination these documents identify, evaluate, quantify,
and categorize event sequences for the GROA facilities and operations. They are part of a
collection of analysis reports that encompass all waste handling activities and facilities of the
GROA from initial operations to the end of the preclosure period. Probabilistic risk assessment
techniques derived from both nuclear power plant and aerospace methods are used to perform the
analyses to comply with the risk-informed aspects of 10 CFR 63.111 and 63.112 (Ref. 2.3.2),
and to be responsive to the acceptance criteria articulated in the Yucca Mountain Review Plan,
Final Report (Ref. 2.2.75). The identification and development of the event sequences is limited
to those that might lead to direct radiation exposure of workers or onsite members of the public;
radiological releases that may affect the workers or public (onsite and offsite); and nuclear
criticality.

The results of the analysis are discussed and presented in the logical progression through Section
6 of this document and are not reiterated here. Instead, only key points are highlighted. For the
ungrouped event sequence results and the complete grouped event sequence summaries,
electronic files are provided due to the large size of hard copy versions (refer to Attachments G
and H). In addition, although the results from the SAPHIRE model are used and presented in
Section 6 and Attachment B, the model itself is difficult to completely represent in paper form.
Therefore, these outputs are also provided electronically (refer to Attachment H). Table 7-1
describes the results and indicates the location within this analysis for each result provided.

Table 7-1. Key to Results

Result Description Cross Reference

Grouping & quantification of event Calculation of probability distributions for the Table G-1
sequences numbers of occurrences of internal event
sequence groups over the preclosure period

Categorization of event sequences | Assignment of frequency categories Category | Table 6.8-3

1, Category 2, or Beyond Category 2 to Table 6.8-4
internal event sequence groups based on Table 6-8-5
mean numbers of occurrences

Designation of SSCs as ITS Identification of SSCs that are relied on in the | Table 6.9-1

quantification of internal event sequences for
prevention or mitigation

Statement of nuclear safety design | Determination of nuclear safety design bases | Table 6.9-1
bases for SSCs that are relied on in the
quantification of internal event sequences for
prevention or mitigation

Statement of procedural safety Determination of procedural safety controls Table 6.9-2
controls that are relied on in the quantification of

internal event sequences for prevention or

mitigation

NOTE: ITS = important to safety; SSCs = structures, systems, and components.

Source: Original
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Summary of Event Sequences

For the Subsurface Operations, as shown in Table 6.8-4, the analysis concludes that there are no
Category 1 event sequences and two Category 2 event sequences.

Table 7-2. Summary of Category 2 Event Sequences

Canister Types

End State Description Waste Package

DE-SHIELD-DEGRADE Direct exposure due to None
degradation of shielding

DE-SHIELD-LOSS Direct exposure due to loss of 2
shielding

RR-UNFILTERED Radionuclide release, unfiltered None

RR-FILTERED Radionuclide release, filtered None

RR-UNFILTERED-ITC Radionuclide release, unfiltered, None

also important to criticality

RR-FILTERED-ITC Radionuclide release, filtered, None

also important to criticality

ITC

Important to criticality None

Source: Original

Summary of Conservatisms

It is noted that the event sequence identification and categorization were conducted with
conservatisms built into the analysis inputs, including the following:

1.

Fire frequency and damage analyses are performed without relying on fire
suppression. This increases the calculated frequency of large fires and also increases
the duration and peak temperature of fires, thereby significantly increasing the
calculated probability of waste container failure.

If a fire is calculated to propagate out of the initiating location fire zone, the entire
building is considered to be involved in the fire.

In the passive equipment failure analysis (PEFA) for thermal and fire scenarios,
conservatism is built into the boundary conditions, which consider the fire as occurring
next to the waste forms instead of only a fraction of the fire occurrence being near the
waste form. A fire closer to the target will lead to a higher target failure probability
than a fire located further away. By considering all fires to be next to the waste forms,
the thermal PEFA yields higher waste form failure probabilities than is likely.

For event sequences in which a cask containing a canister is subjected to a drop,
slapdown, or in which a load is dropped onto the cask, the calculated containment
failure probability pertains to the canister inside without regard to the integrity of the
cask. That is, cask containment is not relied upon to reduce probability of containment
failure.
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5.

10.

11.

12.

13.

14.

The structural PEFA uses a conservative failure probability of 1E-5, whereas the
actual PEFA assessment indicates values of less than 1E-8 failure probabilities (Table
D1.2-7 of Attachment D). This conservatism provides event sequence quantification
results of magnitude higher than what they would be if the actual PEFA assessment
values are used.

The structural analyses for drops and collisions of canisters or casks model a rigid,
unyielding surface as the target.

The structural analysis for drops of loads onto casks or canisters uses a rigid
unyielding object for the dropped load.

The probabilities of event sequences involving drops of casks and canisters represent a
drop height of 30 feet for casks and bare canisters. This is much higher than the
normal operational lift height but is applied for all drop heights. Lower drop heights
would result in less structural challenge to casks and canisters.

When a canister is inside a waste package, failure of the waste package is considered
to fail containment. That is, the canister is not relied upon to reduce the probability of
containment failure.

The speed limitation of crane and conveyances within facilities to 20 ft/min and
2.5 mph, respectively, is set to ensure no breach of casks of canisters. The probability
of breach at such speeds is calculated to be less than 1E-08 per impact. Speeds could
be considerably larger without changing the categorizations of event sequences.

The reliability evaluation of the ITS HVAC system, which provides confinement of
radioactive material releases following a breach of a waste container, is based a
mission time of 720 hrs (30 days). The use of this mission time in the analysis leads to
a requirement that the emergency diesel generators provide power to the HVAC for
720 hours following a release. The analysis does not account for the high likelihood
of recovering offsite power within the mission time. Recovery of offsite power would
reduce the length of time that the diesel generators would be required to run and would
thereby reduce the calculated unavailability of the diesel generators. This conservative
consideration leads to a lower ITS HVAC availability than is realistically expected.

The human reliability analysis screening values used for human failure events are
typically one or more orders of magnitude higher than values that are obtained through
detailed analysis.

The probability of failure associated with the structural analysis of mechanical impact
loads to casks and canisters is conservatively based on the maximum effective plastic
strain of any brick (i.e., finite element mesh) in the modeled structure rather than on
evidence of through-wall cracking.

Categorization of event sequences is based on the highest category after application of
a conservative adjustment to account for the uncertainty in the calculated uncertainties
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15. To preserve flexibility in the conduct of operations, the throughput analysis
(Ref. 2.2.29) embeds multiple and bounding waste handling scenarios in the
throughput numbers. For example, of about 350 DPCs available for transfer in the
WHF, the throughput analysis considers 350 DPCs are transferred from vertical
transportation casks, another 350 DPCs are transferred from horizontal transportation
casks, and another 350 DPCs are transferred from the horizontal aging modules
(HAMs) on the aging pad. Including this conservatism in the analysis yields
calculated event sequence frequencies that are higher than is realistically expected.
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ATTACHMENT A
EVENT TREES

Al INTRODUCTION

This attachment presents event trees that are derived from the event sequence diagrams (ESDs)
in Attachment F of the Subsurface Operations Event Sequence Development Analysis (Ref.
2.2.40). All initiator event trees and system response event trees are located at the end of this
attachment. Refer to Table AS5-1 for the figure locations of specific event and response trees.
The event trees are presented in Figures AS5-2 through A5-9; the ESD initiating event trees
(ESDs 01-05) are presented first, followed by the corresponding response trees for ESDs 01-03.
ESD-04 has no response tree and ESD-05 has the same response tree as ESD-02.

A2 READER’S GUIDE TO THE EVENT TREE DESCRIPTIONS

The following sections are organized by ESD. The event trees that correspond to each ESD are
presented as follows:

1. The event trees are briefly described and listed (initiator and system-response event
trees or self contained event trees, as applicable).

2. The initiating events are described and listed. The listing is provided as a table that
includes the assignments of fault trees or basic events to the initiating events. The
assignments are made in SAPHIRE using basic rules or by fault-tree construction..
The goal of the initiating event table is to provide a link to the underlying fault tree
(covered in Section 6.2 and Attachment B) or basic event (covered in Section 6.3 and
Attachment C). In a few cases, the assignment is not straightforward and a
supplemental fault tree provides a link to the fault tree or basic event level (covered in
Attachment B). Note that the initiating event frequencies are defined on a per-unit-
handled basis. Thus, when the initiating event frequencies are multiplied by the
number of waste packages handled over the preclosure period, the result is an
initiating event frequency over the preclosure period.

3. The system-response event tree that corresponds to the initiator event tree or the
system response for a self-contained event tree is covered as follows. Each pivotal
event used in an event tree is listed in the event tree description section and
summarized in Section A3. Each pivotal event is accompanied by a table that provides
a link between the name given to the pivotal event in the event tree and the associated
fault tree or basic event. The goal of the pivotal event table is to provide a link to the
underlying fault tree (covered in Section 6.2) or basic event (covered in Section 6.3).
In a few cases, the assignment is not straightforward and a supplemental fault tree
provides a link to the fault tree or basic event level.
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A3 SUMMARY OF THE MAJOR PIVOTAL EVENT TYPES

A self-contained event tree or a system response event tree may include pivotal events of
following types:

WP. This pivotal event represents the success or failure of the waste package to contain
radioactive material after the impact caused by the initiating event. The failure of this pivotal
event leads to loss of the waste package’s containment function. The failure probability for this
pivotal event depends on the selection of initiating event and is determined by passive equipment
failure analysis (PEFA), and is given in Table 6.3-4 in Section 6.3.2.

CANISTER. This pivotal event represents the success or failure of the canister to contain
radioactive material after the impact caused by the initiating event. Failure of a containment
pivotal event means that a release could occur if the canister containment barrier is breached
(along with the cask or waste-package containment, as applicable). In accordance with a
simplifying approximation, the conditional probability of canister breach given waste package
breach is taken to be 1.

SHIELDING. Failure of a shielding pivotal event means that a direct exposure could occur.
Waste package and some canister lids, and the transport and emplacement vehicle (TEV)
shielding structure (including shield doors) provide radiation shields that could be pierced or
degraded in some impact or thermal challenges. . In the subsurface analysis, waste packages
and canisters are conservatively considered to provide no shielding; only the TEV provides the
necessary radiation shielding. Thus, this pivotal event represents the success or failure of the
shielding function provided by the TEV after the impact caused by the initiating event. Failure
of shielding in this instance refers to an unspecified degree of the TEV shielding degradation due
to the impact.

CONFINEMENT. This pivotal event represents the success or failure of the HVAC system in
continuing to provide HEPA filtration (radiological confinement) after the initiating event.
Success of the pivotal event requires the facility structural integrity as well as the functioning of
equipment associated with the HVAC system. Failure results in a potential airborne release that
is not mitigated by the HEPA filtration system; in this case, the release is termed as unfiltered
release.

This pivotal event only applies to the TEV when it is in the CRCF. The IHF does not have an
ITS HVAC system, therefore, there is no confinement challenge (CONFINEMENT always fails
(pivotal event is set to 1)). When the loaded TEV is outside of the CRCF, the confinement no
longer exists and thus, it is not modeled in the corresponding response event trees.

MODERATOR. This pivotal event represents the conditional probability of introducing liquid
moderator (water) into a breached canister, given that a breached canister occurs. The
conditional probability of failure (introduction of liquid moderator) is the same for all waste
forms and all initiating events. Failure of a moderator pivotal event results in an end state that
may be susceptible to nuclear criticality. In addition to the probability of the event
MODERATOR being dependent upon the condition of the canister (intact vs. breached), the
opportunity for criticality also depends on the physical properties of the waste form.
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Specifically, HLW is not subject to the possibility of criticality; therefore, all moderator trees
pertaining to criticality sequences for HLW are set to “0.00E+00.”

Each of the specific failure events included in a self-contained or system-response event tree may
be linked to a basic event or to the top event of a fault tree that represents equipment failure
modes and human failure events that can initiate the specific event. The fault tree models are, in
turn, linked to basic events that provide the failure frequencies. Some of the pivotal events
represent failure of equipment whose failure probabilities are linked to a separately developed
basic event and not to a fault tree.

A4 EVENT TREE DESCRIPTIONS
A4.1 EVENT TREES FOR SSO-ESD-01

SSO-ESD-01 covers event sequences associated with TEV activities inside a facility waste
package load-out area (Ref. 2.2.40, Figure F-1). This ESD covers only waste packages;
therefore, there is only one event tree associated with SSO-ESD-01. An initiator event tree and a
system response event tree represent the ESD (Table A4.1-1).

Table A4.1-1. Summary of Event Trees for SSO-ESD-01

Number of
Waste Form
Waste Form Unit Associated Event Trees Units
Waste Package in CRCF Initiator: SSO-ESDO1 11,668
Response: RESPONSE-FACILITY
Waste Package in IHF Initiator: SSO-ESDO1 600
Response: RESPONSE-FACILITY

Source: (Ref. 2.2.31, Table 4)
A4.1.1 Initiating Events for SSO-ESD-01
Initiating event assignments for SSO-ESD-01 are located in Table A4.1-2.

WP Impact —Facility Shield Door. This initiating event accounts for the potential impact to the
waste package due to a TEV collision with the facility shield door.

WP Impact —-TEV Shield Door. This initiating event accounts for the potential impact to the
waste package due to the TEV shield door closing on the waste package.

TEYV Collision. This initiating event accounts for the potential impact to the waste package due
to a TEV collision with a structure.

Drop of Waste Package. This initiating event covers the potential impact to the waste package
due a drop of the waste package.

Heavy Load Dropped on TEV. This initiating event covers the potential impact to the waste
package due to the drop of a heavy object (e.g., empty waste package) by the waste package
handling crane.
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Table A4.1-2. Initiating Event Assignments for SSO-ESD-01

Initiating Event SAPHIRE Assignment at
Description Initiator Event Tree Fault Tree Level

WP Impact — Facility SSO-ESD-01 TEV fault tree

Shield Door

WP Impact — TEV Shield SSO-ESD-01 TEV fault tree

Door

TEV Collision SSO-ESD-01 TEV fault tree

Drop of WP SSO-ESD-01 TEV fault tree

Object Dropped onto WP SSO-ESD-01 TEV fault tree

NOTE: TEV =transport and emplacement vehicle; WP = waste package.

Source: Original
A4.1.2 System Response Event Tree RESPONSE-FACILITY

The pivotal events that appear in RESPONSE-FACILITY are listed below and summarized in
Section A3.

Waste Package
Shielding
Canister
Confinement
Moderator.

A4.2 EVENT TREES FOR SSO-ESD-02

SSO-ESD-02 covers event sequences associated with TEV activities during transit (Ref. 2.2.40),

Figure F-2). An initiator event tree and a system response event tree represent the ESD (Table
A4.2-1).

Table A4.2-1. Summary of Event Trees for SSO-ESD-02

Number of
Waste Form
Waste Form Unit Associated Event Trees Units
Waste Package Initiator: SSO-ESD02 12,268
Response: RESPONSE-TRANSIT

NOTE: The value for this basic event is obtained by adding the number of waste packages
from the CRCF (11,668) and from the IHF (600) which is documented in the
throughput analysis. However the throughput analysis also shows a total number of
waste packages of 12,068 assigned for the Subsurface Operations. The value of
12,268 used here is a conservative estimate.

Source: (Ref. 2.2.31, Table 4)

A4.2.1 Initiating Events for SSO-ESD-02

Initiating event assignments for SSO-ESD-02 are located in Table A4.2-2.

A-8 March 2008



Subsurface Operations Reliability 000-PSA-MGRO0-00500-000-00A
and Event Sequence Categorization Analysis

TEYV Impact — Collision or Derail. This initiating event accounts for the potential impact to the
waste package due to a TEV collision into a structure or TEV derailment.

TEV Impact During Transit. This initiating event accounts for the potential impact to the
waste package due to collision of another vehicle with the TEV.

Drop of Waste Package. This initiating event covers the potential impact to the waste package
due a drop of the waste package.

Heavy Load Dropped on TEV. This initiating event covers the potential impact to the waste
package due to the drop of a heavy object (i.e., rock fall) on the TEV.

Table A4.2-2. Initiating Event Assignments for SSO-ESD-02

Initiating Event " SAPHIRE Assignment at
P Initiator Event Tree
Description Fault Tree Level
TEV impact — Collision or SSO-ESD-02 TEV fault tree
Derall
TEV impact during transit SSO-ESD-02 TEV fault tree
Drop of WP SSO-ESD-02 TEV fault tree
Object dropped onto WP SSO-ESD-02 TEV fault tree

NOTE: EV =transport and emplacement vehicle; WP = waste package.

Source: Original

A4.2.2 System Response Event Tree RESPONSE-TRANSIT

The pivotal events that appear in RESPONSE-TRANSIT are listed below and summarized in
Section A3.

Waste Package
Shielding
Canister
Moderator.

A4.3 EVENT TREES FOR SSO-ESD-03
SSO-ESD-03 covers event sequences associated with TEV activities within the emplacement

drift (Ref. 2.2.40, Figure F-3). An initiator event tree and a system response event tree represent
the ESD (Table A4.3-1).
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Table A4.3-1. Summary of Event Trees for SSO-ESD-03

Number of
Waste Form
Waste Form Unit Associated Event Trees Units
Waste package Initiator: SSO-ESD03 12,268
Response: RESPONSE-DRIFT

Source: (Ref. 2.2.31, Table 4)
A4.3.1 Initiating Events for SSO-ESD-03
Initiating event assignments for SSO-ESD-03 are located in Table A4.3-2.

TEYV Impact — Collision or Derail. This initiating event accounts for the potential impact to the
waste package due to a TEV collision into a structure or TEV derailment.

Direct Impact to WP - Collision. This initiating event accounts for the potential impact to the
waste package due to collision of the TEV or other structure, system, or component (SSC)
directly with the waste package.

Drop or Drag of Waste Package. This initiating event covers the potential impact to the waste
package due a drop or drag of the waste package.

Heavy Load Dropped on TEV. This initiating event covers the potential impact to the waste
package due to the drop of a heavy object (i.e. rock fall) on the TEV.

WP Impact Due to TEV Doors. This initiating event covers the potential impact to the waste
package by the TEV shield doors.

Heavy Load Dropped on WP. This initiating event covers the potential impact to the waste
package due to the drop of a heavy object (i.e. rock fall) on the waste package.
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Table A4.3-2. Initiating Event Assignments for SSO-ESD-03

Initiating Event SAPHIRE Assignment at
Description Initiator Event Tree Fault Tree Level

TEV impact — collision or SSO-ESD-03 TEV fault tree
derail

TEV collision SSO-ESD-03 TEV fault tree
Drop or drag of WP SSO-ESD-03 TEV fault tree
Object dropped onto TEV SSO-ESD-03 TEV fault tree
WP impact — TEV shield SSO-ESD-03 TEV fault tree
door

Object dropped onto WP SSO-ESD-03 TEV fault tree

NOTE: TEV =transport and emplacement vehicle; WP = waste package.

Source: Original

A4.3.2 System Response Event Tree RESPONSE-DRIFT

The pivotal events that appear in RESPONSE-DRIFT are listed below and summarized in
Section A3.

o Waste Package
e Canister
e Moderator.

A4.4 EVENT TREE FOR SSO-ESD-04

SSO-ESD-04 covers event sequences associated with loss or lack of shielding during subsurface
operations (Ref. 2.2.40, Figure F-4). This self contained event tree represents the ESD (Table
A4 .4-1).

Table A4.4-1. Summary of Event Trees for SSO-ESD-04

Number of
Waste Form
Waste Form Unit Associated Event Trees Units
Waste package Initiator: SSO-ESD04 12,268
Response: RESPONSE-TRANSIT

Source: (Ref. 2.2.31, Table 4)
A4.4.1 Initiating Events for SSO-ESD-04
Initiating event assignments for SSO-ESD-04 are located in Table A4.4-2.

Inadvertent Entry into Drift. This initiating event accounts for the potential direct exposure of
a worker due to his inadvertent entry into an active drift.

Prolonged Worker Proximity to TEV. This initiating event accounts for the potential direct
exposure of a worker because he/she spends too much time near the TEV.
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Inadvertent TEV Door Open. This initiating event accounts for the potential direct exposure
of a worker due to inadvertent opening of the TEV shield door.

Loss of Movement — Loss of Shielding. This initiating event accounts for the potential direct
exposure of a worker due to degraded shield of the TEV from solar insolation.

Table A4.4-2. Initiating Event Assignments for SSO-ESD-04

Initiating Event " SAPHIRE Assignment at
2 Initiator Event Tree

Description Fault Tree Level
Inadvertent entry into drift SSO-ESD-04 Screened — See Section 6.0
Prolonged worker proximity | SSO-ESD-04 Screened — See Section 6.0
to TEV
Inadvertent TEV door open | SSO-ESD-04 TEV fault tree
Loss of movement — loss SSO-ESD-04 TEV fault tree
of shielding

NOTE: TEV =transport and emplacement vehicle.

Source: Original
A4.S EVENT TREES FOR SSO-ESD-05

SSO-ESD-05 covers event sequences associated with internal fires (Ref. 2.2.40, Figure F-5). An
initiator event tree and a system response event tree represent the ESD (Table A4.5-1).

Table A4.5-1. Summary of Event Trees for SSO-ESD-05

Number of
Waste Form
Waste Form Unit Associated Event Trees Units
Waste package Initiator: SSO-ESD05 12,268
Response: RESPONSE-TRANSIT

Source: (Ref. 2.2.31, Table 4)
A4.5.1 Initiating Events for SSO-ESD-05
Initiating event assignments for SSO-ESD-05 are located in Table A4.5-2.

TEV Fire Affects WP in Drift. This initiating event accounts for the potential damage to a
waste package in the drift due to fire.

TEV Fire Affects WP on Subsurface Rail. This initiating event accounts for the potential
damage to a waste package in the access main due to fire.

TEYV Fire Affects WP on Surface Rail. This initiating event accounts for the potential damage
to a waste package on the surface due to fire.
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Table A4.5-2. Initiating Event Assignments for SSO-ESD-05

Initiating Event " SAPHIRE Assignment at
v - Initiator Event Tree
Description Fault Tree Level
TEV fire affects WP in drift | SSO-ESD-05 TEV fault tree
TEYV fire affects WP on SSO-ESD-05 TEV fault tree
subsurface rail
TEYV fire affects WP on SSO-ESD-05 TEV fault tree
surface rail

NOTE: TEV =transport and emplacement vehicle; WP = waste package.

Source: Original

A4.5.2 System Response Event Tree RESPONSE-TRANSIT

The pivotal events that appear in RESPONSE-TRANSIT as well as the association of pivotal
event names with basic event or fault tree names have been described in Section A4.2.2.

AS. EVENT TREES

Navigation from an initiator event tree to the corresponding response event tree is assisted by the
rightmost two columns on the initiator event trees as shown in Figure AS-1. The numbers under
the “#” symbol may be used by the reader to refer to a particular branch of an event tree, but it is
not used elsewhere in this analysis.

Number of waste Identify initiating
forms processed events
over facility

NUMBER-WAS INIT-EVENT # XFER-TO-RESP-TREE

1 Indicates system

response event
Drop of waste form /

y tree title
2 T=>2 RESPONSE-SAMPLE

Waste form collision

3 T => 24 RESPONSE-SAMPLE

Indicates system
response event
tree sheet number

Heavy load drop on
waste form

4 T=>2 RESPONSE-SAMPLE

INIT-EVENT - Sample Initiating Event Tree 2007/10/24 Sheet 1

Source:  Original

Figure A5-1. Example Initiator Event Tree Showing Navigation Aids
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Table A5-1. ESDs to Event Trees
IE Event Response
Tree Response Tree
ESD# ESD Title IE Event Tree Name Location Tree Name Location
SSO-ESD-01 Event sequences | SSO-ESD-01 Figure A5-2 RESPONSE- Figure A5-7
for TEV activities FACILITY
inside facility WP
load-out area
SSO-ESD-02 Event sequences | SSO-ESD-02 Figure A5-3 RESPONSE- Figure A5-8
for TEV activities TRANSIT
during transit
SSO-ESD-03 Event sequences | SSO-ESD-03 Figure A5-4 RESPONSE- Figure A5-9
for TEV activities DRIFT
within the
emplacement
drift
SSO-ESD-04 Event sequences | SSO-ESD-04 Figure A5-5 No response N/A
for loss or lack of tree
shielding
SSO-ESD-05 Event sequences | SSO-ESD-05 Figure A5-6 RESPONSE- Figure A5-8
for Internal Fires TRANSIT
NOTE: IE = inititating event; TEV = transport and emplacement vehicle; WP = waste package.

Source: Original

March 2008




Subsurface Operations Reliability 000-PSA-MGRO0-00500-000-00A
and Event Sequence Categorization Analysis

Number of WPs Identify initiating
processed over events
facility life
NUMB-WP INIT-EVENT # XFER-TO-RESP-TREE

WP impact - facility shield door

2 T =>2 RESPONSE-FACILITY

WP impact - TEV shield door

3 T =>2 RESPONSE-FACILITY

TEV collision
4 T => 2 RESPONSE-FACILITY

Drop of WP

5 T =>2 RESPONSE-FACILITY

Heavy load drop on TEV

6 T =>2 RESPONSE-FACILITY

SSO-ESD-01 - TEV activities inside facility WP loadout area 2007/10/25 Page 1

Source:  Original

Figure A5-2. Event Tree SSO-ESD01 - TEV
Activities Inside Facility Waste
Package Loadout Area
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Number of WPs |dentify initiating
processed events
over facility life

NUMB-WP INIT-EVENT # XFER-TO-RESP-TREE
1 OK
TEV impact - collision or derail
2 T =>4 RESPONSE-TRANSIT
TEV impact during transit
3 T =>4 RESPONSE-TRANSIT
Drop of WP during transit
4 T =>4 RESPONSE-TRANSIT
Heavy load drop on TEV
5 T =>4 RESPONSE-TRANSIT
SSO-ESD-02 - TEV activities during transit 2007/10/19 Page 3

Source:  Original

Figure A5-3. Event Tree SSO-ESD02 - TEV
Activities During Transit
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Source:

Original

Number of WPs Identify initiating
processed events
over facility life
NUMB-WP INIT-EVENT

XFER-TO-RESP-TREE

TEV impact - collision or derail

Direct impact to WP - collision

Drop or drag of WP

Heavy load drop on TEV

WP impact due to TEV doors

Heavy load drop on WP

OK

RESPONSE-DRIFT

RESPONSE-DRIFT

RESPONSE-DRIFT

RESPONSE-DRIFT

RESPONSE-DRIFT

RESPONSE-DRIFT

SSO-ESD-03 - TEV activities within the emplacement drift

2007/10/19 Page 5

Figure A5-4. Event Tree SSO-ESD03 - TEV
Activities within the Emplacement

Drift
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Exposure period |dentify initiating
for emplacement events
activities
EXPOSURE INIT-EVENT # END-STATE
1 OK
Inadvertent entry into drift
2 DE-SHIELD-LOSS
Prolonged worker proximity to TEV
3 DE-SHIELD-LOSS
Inadvertent TEV door open
4 DE-SHIELD-LOSS
Loss of movement - loss of shielding
5 DE-SHIELD-LOSS
SSO-ESD-04 - Loss or lack of shielding 2007/10/25 Page 7

Source:  Original

Figure A5-5. Event Tree SSO-ESD04 - Loss or
Lack of Shielding
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Source:

Original

Number of WPs Identify initiating
processed events
over facility life

NUMB-WP INIT-EVENT #

XFER-TO-RESP-TREE

TEYV fire affects WP in drift

TEV fire affects WP on subsurface ralil
3

TEYV fire affects WP on surface rail

=> 4

=> 4

OK

RESPONSE-TRANSIT

RESPONSE-TRANSIT

RESPONSE-TRANSIT

SSO-ESD-05 - Internal fires

2007/10/19 Page 8

Figure A5-6. Event Tree SSO-ESDO05 — Internal

Fires
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Source:

Original

WP remains intact Shielding remains Canister(s) remains Confinement Moderator
intact intact boundary excluded from
remains intact entering canister
INIT-EVENT WP SHIELDING CANISTER CONFINEMENT MODERATOR

END-STATE-NAMES

OK

DE-SHIELD-LOSS

DE-SHIELD-LOSS

RR-FILTERED

RR-FILTERED-ITC

RR-UNFILTERED

RR-UNFILTERED-ITC

RESPONSE-FACILITY - Response tree for TEV in facility

2007/09/17 Page 2

Figure A5-7. Event Tree RESPONSE-FACILITY

A-20

— Response tree for TEV in Facility
[Response for SSO-ESDO1]
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000-PSA-MGR0-00500-000-00A

Source:

Original

WP remains intact

Shielding remains

Canister(s) remains

Moderator

intact intact excluded from
entering canister
INIT-EVENT WP SHIELDING CANISTER MODERATOR

# END-STATE-NAMES

OK

2 DE-SHIELD-LOSS

3 DE-SHIELD-LOSS

4 RR-UNFILTERED

5 RR-UNFILTERED-ITC

RESPONSE-TRANSIT - Response tree for TEV in transit

2007/09/17 Page 4

Figure A5-8. Event Tree RESPONSE-TRANSIT
— Response tree for TEV in Transit
[Response for SSO-ESD02, and

A-21

SSO-ESDO0%]
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WP remains intact Canister(s) remains Moderator
intact excluded from
entering canister

INIT-EVENT WP CANISTER MODERATOR # END-STATE-NAMES
1 OK
2 OK

3 RR-UNFILTERED

4 RR-UNFILTERED-ITC

RESPONSE-DRIFT - Response tree for WP in emplacement drift 2007/10/19 Page 6

Source:  Original

Figure A5-9. Event Tree RESPONSE-DRIFT -
Response tree for TEV in
Emplacement Drift [Response for
SSO-ESDO03]
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SYSTEM/PIVOTAL EVENT ANALYSIS - FAULT TREES
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ATTACHMENT B
SYSTEM/PIVOTAL EVENT ANALYSIS — FAULT TREES

This attachment describes the fault trees developed for subsurface operations. The fault trees are
described in relation to each of the major systems or equipment involved in operations, with
subsections providing a physical description and brief operational description of the system or
equipment. In addition, the specific functions that the system performs to prevent or mitigate
initiating events and the conditions required for that function to be successful are also described,
together with the system dependencies and interactions. Fault trees and basic events are
identified as well.

This Attachment is not intended to be a stand-alone analysis. Inputs to the fault tree models are
documented in different sections of the report. These include:

e Basic events related to active component failure, the data development is provided in
Attachment C and Section 6.3-1.

e Human reliability assessment is documented in Attachment E and Section 6.4.

Fault trees results, including cut sets, mean probabilities and uncertainties, are outputs from
SAPHIRE modeling.

B1 TRANSPORT AND EMPLACEMENT VEHICLE — FAULT TREES ANALYSIS
B1.1 REFERENCES

The PCSA is a safety analysis based on a snapshot of the design. The reference design
documents are appropriately documented as design input in this section. Since the safety
analysis is based on a snapshot of the design, referencing subsequent revisions to the design
documents (as described in EG-PRO-3DP-G04B-00037, Calculations and Analyses (Ref. 2.1.1),
paragraph 3.2.2.F) that implement PCSA requirements flowing from the safety analysis would
not be appropriate for the purpose of the PCSA.

The inputs in this Section noted with an asterisk (*) indicate that they fall into one of the
designated categories described in Section 4.1, relative to suitability for intended use.

B1.1.1 ASME NOG-1-2004. 2005. Rules for Construction of Overhead and Gantry Cranes
(Top Running Bridge, Multiple Girder). New York, New York: American Society of
Mechanical Engineers. TIC: 257672. ISBN: 0-7918-2939-1.

B1.1.2 Notused
B1.1.3 Notused
B1.1.4 Notused

B1.1.5 Not Used.
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Bl.

Bl.

Bl.

Bl

Bl.

Bl.

Bl.

Bl.

Bl.

Bl.

Bl

Bl.

Bl.

1.6 BSC 2007. Emplacement and Retrieval Transport And Emplacement Vehicle
Mechanical Equipment Envelope. 800-MJO-HE00-00101-000-REV B. Las Vegas,
Nevada: Bechtel SAIC Company. ACC: ENG.20070918.0041.

1.7 BSC 2007. Mechanical Handling Design Report: Waste Package Transport and
Emplacement Vehicle. 000-30R-HE00-00200-000 REV 001. Las Vegas, Nevada:
Bechtel SAIC Company. ACC: ENG.20071205.0002.

1.8 Not used

1.9 BSC 2007. Waste Form Throughputs for Preclosure Safety Analysis. 000-PSA-MGRO-

01800-000-00A. Las Vegas, Nevada: Bechtel SAIC Company. ACC:
ENG.20071106.0001.

1.10 BSC 2007. Naval Waste Package Design Report. 000-00C-DNF0-00800-000-00B.
Las Vegas, Nevada: Bechtel SAIC Company. ACC: ENG.20071030.0043.

1.11 BSC 2007. Project Design Criteria Document. 000-3DR-MGRO0-00100-000-007. Las
Vegas, Nevada: Bechtel SAIC Company. ACC: ENG.20071016.0005.

1.12 BSC 2007. TAD Waste Package Configuration. 000-MWO0-DSC0-00101-000-00B.
Las Vegas, Nevada: Bechtel SAIC Company. ACC: ENG.20070301.0010.

1.13 BSC 2007. Transport and Emplacement Vehicle Envelope Calculation. 800-MQC-
HE00-00100-000-00B. Las Vegas, Nevada: Bechtel SAIC Company. ACC:
ENG.20070830.0043.

1.14 BSC 2007. Waste Package Emplacement Mechanical Handling System Block Flow
Diagram Level 3. 800-MHO-HEEO0-00201-000 REV 00C. Las Vegas, Nevada:
Bechtel SAIC Company. ACC: ENG.20070830.0034.

1.15 BSC 2007. WP Transport & Emplacement Vehicle Process & Instrumentation
Diagram (Sheet [ of 3). 800-M60-HE00-00101-000 REV 00B. Las Vegas, Nevada:
Bechtel SAIC Company. ACC: ENG.20071128.0041.

.1.16 BSC 2007. WP Transport & Emplacement Vehicle Process & Instrumentation

Diagram (Sheet 2). 800-M60-HE00-00102-000 REV 00B. Las Vegas, Nevada:
Bechtel SAIC Company. ACC: ENG.20071128.0042.

1.17 BSC 2007. WP Transport & Emplacement Vehicle Process & Instrumentation
Diagram (Sheet 3). 800-M60-HE00-00103-000 REV 00A. Las Vegas, Nevada:
Bechtel SAIC Company. ACC: ENG.20071128.0043.

1.18 *CRWMS M&O 1998. Evaluation of WP Transporter Neutron Shielding Materials.
BCAE00000-01717-0210-00002 REV 000. Las Vegas, Nevada: CRWMS M&O.
ACC: MOL.19990119.0320.
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B1.1.19 BSC (Bechtel SAIC Company) 2007. Drip Shield and Waste Package Emplacement
Pallet Design Report. 000-00C-SSE0-00100-000-00B. Las Vegas, Nevada: Bechtel
SAIC Company. ACC: ENG.20070810.0008; ENG.20080305.0004.

B1.2 TRANSPORT AND EMPLACEMENT VEHICLE DESCRIPTION
B1.2.1 Overview

The transport and emplacement vehicle (TEV) is an electrically powered, rail-based, vehicle
(Figure B1.2.-1) that is used to transport a waste package and an emplacement pallet from a
surface nuclear facility into the subsurface repository for emplacement (Ref. B1.1.7). The
equipment on the TEV is proven and commercially available technology, primarily nuclear and
heavy industrial crane applications. The TEV travels along a dedicated rail system. The TEV is
radiation shielded so that it is capable of safely transporting radioactive waste packages. The
TEV contains multiple mechanical features for handling of the waste packages. The TEV
contains multiple mechanical features for handling of the waste packages. The TEV is remotely
controlled and monitored by operators in the central control center, using the Digital Control and
Management Information System (DCMIS) interfacing to an onboard redundant programmable
logic controller (PLCs). (Ref. B1.1.7, Section 2.1) In most cases, operation of the TEV is under
PLC control with only general oversight from a central control, but some in some cases,
operations that are solely under manual control are performed as needed.

Rear Shisld Door (Fetwaan the Flacionics Catinat
and the Steelded Enclosure

Elactronics Cabined

Etoelded Entlosue LN Systam

fhiplged Enclosyre
Basa Plae Faanded

Front Shisdd Doors

4
- 1

Dirtve Mstor &
Gambanes 1 !

: d Thind Rad

15

WWhael Trucks o5
Blruchural Chassis .

Thind Rad Cobactors

Wingte Pasinge Lrrgiacamnet Pallp
From Snasid Dooe Loess

Source: Modified from Mechanical Handling Design Report: Waste Package Transport and Emplacement Vehicle,
(Ref. B1.1.7)

Figure B1.2-1. [lllustration of the Transport and Emplacement Vehicle (TEV)
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The maximum loaded TEV weighs approximately 300 short tons and has nominal height, width,
and length of 11.1 x 15.4 x 29.8 ft respectively (Ref. B1.1.6). The instrumentation of the TEV is
described in associated process and instrumentation diagrams (Ref. B1.1.15), (Ref. B1.1.16), and
(Ref. B1.1.17).

Specific components of the TEV that are considered in fault trees are described in the following
sections. The discussions are based on Mechanical Handling Design Report: Waste Package
Transport and Emplacement Vehicle (Ref. B1.1.7).

B1.2.2 TEYV Drive Wheels

The TEV has eight wheels (four on each side) each driven by an electric motor. To limit
derailment, the wheels on one side of the vehicle are double-flanged (Ref. B1.1.7). The wheels
travel on 171 lb crane rail with a gauge of 11 ft, installed in accordance with the requirements of
ASME NOG-1 2004, 2005 (Ref. B1.1.1).

B1.2.3 TEYV Electronics Cabinet

The PLCs and other electronic controls of the TEV are housed in a separate cabinet, positioned
externally at the rear of the TEV shielded enclosure. This compartment houses a number of sub-
enclosures that contain the control and instrumentation components with duplicate equipment to
provide defense in depth. Each sub-enclosure is totally enclosed to provide fire protection and
protection against internal explosions. The overall compartment also contains a heating,
ventilation, and air-conditioning (HVAC) unit to maintain the operating environment for the
control instrumentation, as well as a fire detection system that activate the onboard fire
suppression system, should fire be detected within this compartment (Ref. B1.1.7).

B1.2.4 TEV Shielding

The shielding of the TEV shielded enclosure is approximately 10 in thick and constructed of a
layered metal/polymer composite (Table B1.2-1). The TEV shield enclosure is not airtight, but
the shielding prevents a dose rate in excess of 100 mrem/hr at 11.81 in. from the external
accessible surfaces, based on design requirements (Ref. B1.1.11, Table 4.10.1-1). The only non-
metallic component, the synthetic polymer material, NS-4-FR, is a fire-resistant neutron
shielding material with a maximum continuous operating temperature limit of 150° C (300° F)
(Ref. B1.1.18, Attachment II).

Table B1.2-1. TEV Shielding Configuration

Layer Thickness
Component Material (inches)

Inner layer Austenitic stainless steel, 1.5

SS8316L

(UNS $31603)
Gamma shield Depleted Uranium 1.5
Structural steel Austenitic stainless steel, 0.5

SS8316L

(UNS $31603)
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Table B1.2-1. TEV Shielding Configuration (Continued)

Layer Thickness
Component Material (inches)
Neutron shield Synthetic polymer material, 6.0
NS-4-FR
Outer layer Stainless steel, 0.5
SS3316L
Total shielding thickness -10.0

NOTE: Material layers start with inner material at the top of the list and
progresses to the shielding outer layer at the base of the list.

Source: Modified from (Ref. B1.1.7, Table 3).
B1.2.5 TEV Lift System

The TEV engages the waste package by raising the entire shielded enclosure. To lower and raise
the enclosure, six screw jacks are mounted on the TEV exterior frame, with the front and rear
jacks used in normal operations and two central jacks acting as backup units. The jacks for
normal operations are to be nominally 100 tons screw jacks with 20 inch travel. The backup
units are to have a nominal 150 tons capacity. These jacks have the ability to self-lock in the
event of drive failure (Ref. B1.1.13, Section 6.5).

B1.2.6 TEYV Base Plate

The TEV incorporates a moveable radiation shield for the bottom of the TEV known as the base
shielding plate, or simply the base plate. The base plate is extended and retracted from below the
TEV by a simple gear motor driving a rack and pinion drive system mounted to the chassis on
each side of the base plate. As the base plate extends, the end is supported by a separate set of
wheels at the rear of the TEV (Figure B1.2-1). The base plate is mechanically interlocked with
the TEV front shield doors; this interlock prevents the extension of the base plate if the shield
doors are closed. In addition, as the plate interfaces with the shielded enclosure, it prevents the
enclosure from dropping (Ref. B.1.1.7).

B1.2.7 TEY Shield Doors

To allow the loading and emplacement of waste packages, the TEV has two-hinged shield doors
at the front of the TEV. Door movement is provided by electromechanical linear actuators. The
door hinge system consists of four structural features at the front and on both sides of the main
TEV chassis, which provide a solid mounting for four hinge pins or vertical pivot shafts.
Additionally, the four door hinge structures house radial and thrust bearings that allow easy and
precise radial movement of the doors. The shield doors have the same shielding configuration as
the shielded enclosure.

The door hinges are mounted to the structural chassis of the TEV, not to the shielded enclosure,
which provides a mechanical interlock that prevents the shielded enclosure from being lowered
until the front shield doors are fully opened. In addition, to prevent the inadvertent opening of
the shield doors during transit, the TEV incorporates an electro-mechanical interlock for the front
shield doors. To allow the doors to open, a special switch is placed along the rail line next to
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waste handling facilities or in front to emplacement drift turnouts. The switch deactivates an
interlock on the TEV upon entry to allow the TEV shield doors to open. Conversely, the switch
reactivates the interlock as the TEV exits either a facility or emplacement drift (Ref. B.1.1.7).

B1.2.8 TEYV Linear Drive Gear Motors

Each of the TEV's eight wheels are driven by a 20 hp (15kW) AC, 480 volt, 1750 rpm motor
featuring integral disc brakes. Each motor is coupled to a flange mounting gear gearbox that has
a nominal output speed of seventeen (17) rpm , a torque output of 72,200) Ib-in., and a gearbox
ratio of one hundred point seven five to one (100.75:1) (Ref.B1.1.7, Section 3.3.4).

B1.2.9 Waste Package

Waste packages are emplaced in the subsurface facility, each containing canisterized nuclear
waste (Figure B1.2-2). A nuclear waste canister (or several canisters) is placed into a cylindrical
waste package which is then welded closed within a surface handling facility prior to transport
into the subsurface. The waste package provides containment to prevent or limit the introduction
of a moderator into the disposed waste form, and to prevent or limit the release of radionuclides
into the environment (Ref. B1.1.12).

Waste
Package

Lifting Point

Emplacement
Lifting Point Pallet

Source: Modified from (Ref. B1.1.19, Figure 2.
Figure B1.2-2. lllustration of the Waste Package on Pallet
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The waste canisters within the waste package contain one of several waste forms, including: (1)
spent nuclear fuel (SNF) in a transportation, aging, and disposal (TAD) canisters; (2) canistered
U.S. Department of Energy (DOE) SNF, including canistered naval SNF; and (3) canistered
high-level radioactive waste (HLW) from prior commercial and defense fuel-reprocessing
operations.

Approximately 12,000 waste packages of various sizes will be emplaced in the repository

(Ref. B1.1.9). The general waste package design consists of two concentric cylinders in which
the canisters are placed, illustrated in Figure B1.2-3.

Lower Sleeve

Quter Corrosion Barrier

Inner Vessel

Inner Lid

Upper Sleeve

Waste Canister

Spread Ring
Outer Lid

Source: Modified from Ref. B1.1.10, Figure 1.
Figure B1.2-3. lllustration of the Waste Package Components

Within the emplacement drift and above the invert, each waste package rests upon a composite
metal frame or pallet. The pallet consists of two V-shaped supports of Alloy 22 (UNS N06022),
which are tied together by stainless steel tubes (UNS S31600). To prevent damage to the waste
package, the waste package is handled solely using this pallet, to ensure that the handling
equipment does not make direct contact with the waste package during normal subsurface
operations.
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B1.2.10 Operations
The TEV operations can be divided into three aspects:

1. Waste Package and Pallet Receipt—the process of the TEV loading the waste package
and moving out of the facility.

2. Waste Package and Pallet Transportation—the process of the TEV moving the waste
package from the facility on the surface into subsurface up to the entrance of the
emplacement drift.

3. Waste Package and Pallet—the process of the TEV moving the waste package into the
emplacement drift, placing the waste package and pallet on the invert and then moving
out of the drift.

Block diagrams on TEV operations are provided in Waste Package Emplacement Mechanical
Handling System Block Flow Diagram Level 3 (Ref. B1.1.14).

B1.2.11 Waste Package and Pallet Receipt

The TEV is designed to remotely receive a waste package and emplacement pallet in the waste
package loadout rooms within a surface nuclear facility. Prior to staging a waste package and
emplacement pallet within the surface nuclear facility waste package loadout room, the TEV
enters the surface nuclear facility; the TEV passes over a stationary actuating bracket, which
closes an ITS switch located on the TEV, allowing the TEV shielded enclosure to be opened.
The facility shield doors and confinement doors are closed and secured after the TEV has entered
the waste package loadout room.

After ensuring the facility doors are secured, the TEV front shield door locks are unlocked and
the front shield doors are opened. The rear shield door is raised to the open position and the base
plate is extended. The screw jacks are raised from a lowered park position to engage the lifting
features and to support the weight of the shielded enclosure. When this action is completed, the
transportation shot bolts are retracted into an unlocked position. The entire shielded enclosure is
then lowered for waste package and emplacement pallet receipt. After the shielded enclosure has
been lowered, a waste package and emplacement pallet are loaded into the shielded enclosure,
such that the integral shielded enclosure lifting features are positioned under the emplacement
pallet lifting points. Onboard cameras are used to identify the waste package. The shielded
enclosure is then raised to the transport height and the transportation shot bolts are extended back
into a locked position. This action allows the screw jacks to be driven back into a lowered park
position. The base plate is retracted and the rear shield door is lowered, which mechanically
prevents movement of the base plate. The front shield doors are closed and locked. Once this
operation is completed, the facility doors are opened and the TEV moves, in reverse, out of the
facility waste package loadout room. Movement of the TEV out of this room past the stationary
actuating bracket opens the ITS switch on the TEV, which disables unlocking of the front shield
doors and raising of the rear shield door (Ref. B1.1.7).

B1-18 March 2008



Subsurface Operations Reliability 000-PSA-MGRO0-00500-000-00A
and Event Sequence Categorization Analysis

B1.2.12 Waste Package and Pallet Transportation

The TEV travels along a rail line spur from the surface nuclear facilities, through a switch
allowing access onto the surface main TEV rail line that proceeds to the North Portal. Prior to
arrival at the North Portal, the TEV passes through a series of switches to establish the correct
direction of travel. Confirmation of the rail switch positions are verified by operators in the
central control center via the TEV front and rear cameras or by DCMIS of the rail switch
position.

The TEV stops at the North Portal for an inspection and remote monitoring check of TEV
systems by operators in the central control center prior to descent of the North Ramp. After the
inspection and monitoring check, the TEV then proceeds through the North Portal, down the
North Ramp, through the curve (at the ramp base), and continues to the turnout of the selected
emplacement drift.

Each emplacement drift turnout has an emplacement bulkhead with emplacement access doors.
The configuration of each turnout is an initial curve, a straight segment, and a transition into an
emplacement drift.

As the TEV nears the predetermined emplacement drift turnout rail switch, the operators in the
central control center confirm the correct position of the rail switch. The TEV proceeds through
the rail switch to the emplacement access door where it stops. TEV onboard positional sensors
(linear drive encoders) are then calibrated to confirm the vehicle location and establish a waste
package positional datum point. The operators in the central control center perform this
calibration remotely. When calibration is complete, the emplacement access doors are opened,
the TEV enters, and the emplacement access doors close after the TEV has passed through. The
stationary actuating bracket located on the TEV rails inside the emplacement access doors close
the ITS switch on the TEV, allowing unlocking of the front shield doors and raising of the rear
shield door (Ref. B1.1.7).

B1.2.13 Waste Package and Pallet Emplacement

After entering an emplacement drift, the TEV travels at a nominal design speed of 150 ft per
minute and stops at a predetermined position that is relative to a previously emplaced waste
package. The locks on the front shield doors are unlocked and opened. The rear shield door is
raised to the open position and the base plate is extended.

The TEV then moves forward at a crawl speed, nominally 15 feet per minute, to a predetermined
position that is relative to a previously emplace waste package. At this stage, the cameras and
lights mounted on the top of the TEV are turned on. The forward range detection indicator is
also closely monitored during this time; these instruments add confirmation for positioning a
waste package carried by a TEV as it nears a previously emplaced waste package.

The speed of the TEV is then decreased further and it proceeds forward at a slow crawl speed,
nominally 1.5 ft per minute, until the emplacement position of the onboard waste package and
emplacement pallet is reached. Onboard cameras and lights are used by operators in the central
control center to confirm the final position. When the waste package is confirmed as correctly
positioned, screw jacks are raised from a lowered parked position to engage the lifting features
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and support the weight of the shielded enclosure. Transportation shot bolts are retracted into the
unlocked position. The shielded enclosure is lowered, placing the waste package and pallet on
the emplacement drift invert structure. The weight indications for the screw jacks are monitored
to confirm that the waste package and emplacement pallet are not being supported.

After placing the waste package and emplacement pallet, the TEV moves at a slow crawl speed
away from the emplaced waste package and pallet to a predetermined distance and stops,
allowing proper operation of the front shield doors. The shielded enclosure is raised to the travel
height and the transportation shot bolts are extended into the locked position, allowing the screw
jacks to be driven into a lowered parked position. The base plate is retracted and the rear shield
door is lowered, mechanically preventing movement of the base plate. The front shield doors are
closed and locked. When these actions are completed, the TEV returns through the emplacement
drift and turnout to the emplacement access doors at the design nominal operating speed of 150 ft
per minute.

Movement of the TEV past the stationary actuating bracket inside the emplacement access doors
opens the ITS switch on the TEV, disabling unlocking of the front shield doors and raising the
rear shield door, thus ensuring that the shielded enclosure cannot be opened inadvertently. The
TEV returns to the surface nuclear facility, reversing the steps taken during travel from the
surface nuclear facility to the emplacement location (Ref. B1.1.7).

B1.3 DEPENDENCIES AND INTERACTIONS ANALYSIS

Dependencies are broken down into five categories with respect to their interactions with
systems, structures, and components. The five areas considered are addressed in Table B1.3-1
with the following dependencies:

1. Functional dependence.
2. Environmental dependence.
3. Spatial dependence.
4. Human dependence.
5. Failures based on external events.
Table B1.3-1. Dependencies and Interactions Analysis
Dependencies and Interactions
Systems, Structures, External
Components Functional Environmental Spatial Human Events
Third rail electrical Provides
power powered for - - -
vehicle motion
and controls
Programmable logic Provide local Failure due to
controllers control of high temperature . . .
mechanical or radiation
systems
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Table B1.3-1. Dependencies and Interactions Analysis (Continued)

Dependencies and Interactions

Systems, Structures, External
Components Functional Environmental Spatial Human Events
Control enclosure Provides Provides proper
HVAC system proper environment for
environment control system — — —
for logic
controllers
Linear-drive gear Provides
motors for wheels motive force — — — —
for vehicle
Rail system Constrains and Controls vehicle Seismic
(including switches) | supports _ path _ loading can
vehicle fail rail system
movement
Motorized lifting screw | Lower and Constrains
jacks (lift system) raise shielded motion of
enclosure - shielded - -
enclosure
Front shield doors Provides Interlocks with
shielding for base plate
waste package — preventing — —
movement while
doors are closed
Base plate Provides Interlocks with
shielding for shield
waste package enclosure,
— preventing — —
lowering of base
plate when
retracted
Shielded enclosure Provides Engages pallet
shielding for for waste
waste package _ package _ _
transport
Central control and Controls Incorrect
communication operation — — instruction —
system

Source: Original

B1.4 TEV RELATED FAILURE SCENARIOS

There are 10 separate failure scenarios represented by fault trees associated with the TEV:

1. TEV front shield doors impact a waste package. Fault tree FACILITY-TEV-DOOR

2. TEV collision within facility. Fault tree FACILITY-COLLISION

3. TEV collides with object during emplacement in drift.

IMPACT

Fault tree DRIFT-TEV-

4. Impact to TEV during transit. Fault tree TRANSIT-IMPACT
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5. TEV stops for extended time. Fault tree SHIELD-STOP

6. Inadvertent TEV door opening during transit. Fault tree SHIELD-DOOR

7.  Waste package drop in facility. Fault tree FACILITY-DROP

8. Waste package dropped during transit. Fault tree TRANSIT-DROP

9. Waste package drop or dragging in an emplacement drift. Fault tree DRIFT-DRAG

10. TEV collides with emplaced waste package. Fault tree TEV-IMPACTS-WP.
B1.4.1 TEYV Door Impacts a Waste Package
B1.4.1.1 Description

The scenario describes the closure of the TEV's front shield doors onto, and impacting, a waste
package during either loadout or emplacement operations. During loadout operations, the
occurrence can be realized when the TEV has moved to the loadout station and waste package is
being inserted into the TEV shielded enclosure (prior to the start of TEV operations to engage
the waste package pallet). During emplacement operations, the occurrence can be realized when
the TEV has moved to the emplacement location within the drift and the waste package is being
removed from the TEV for emplacement. If during either of these periods, one or both of the
TEV shield doors is activated, the door or doors will impact laterally on the waste package
pinching the waste package between the doors. Note that TEV interlock for the shield doors is
not activated at this stage to prevent the door operation.

B1.4.1.2 Success Criteria

The success criterion for the scenario is that the TEV's front shield doors operate without
spurious movement. During the normal operations, the shield door system is not to close onto
the waste package during movement of the waste package under the TEV shielded enclosure.

B1.4.1.3 Design Requirements and Features
The following requirements are identified with respect to this scenario:

e The operational status of the TEV shield doors is clearly displayed for the remote
operator on the control panel, including the opening and closing of the shield doors.

e The door actuators on the front shield door are sized so that the force of door closure on
a waste package is minimized while assuring proper door operation.

e The waste package is designed to sustain the expected lateral force of door closure on a
waste package without breach of the waste package containment.

e Normal periodic maintenance and inspection is performed on the TEV control system to
minimize the generation of spurious signals.
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B1.4.1.4 Fault Tree Model

The fault tree model for the sequence is labeled as FACILITY-TEV-DOOR or DRIFT-DOOR-
IMPACT. Identical fault trees are used for both occasions. The top event is the occurrence of
the TEV's front shield doors closing and impacting the waste package as the package is inserted
into the TEV. This top event is realized by either the occurrence of the door closure due to a
spurious signal from programmable logic controller or the spurious operation of the door
actuators. The generation of the spurious signal from programmable logic controller is
represented by a basic event. The spurious operation of a door actuator can be caused by either
of the door actuators, as represented by two basic events connected through an OR gate. The
fault tree is presented graphically in Figure B1.4-21. (DRIFT-DOOR-IMPACT is shown;
FACILITY-TEV-DOOR is identical.)

B1.4.1.5 Basic Events Data

Table B1.4-1 contains a list of basic events used in the fault tree, DRIFT-DOOR-IMPACT, for a
waste package impact from the TEV front shield doors.

Table B1.4-1. Basic Event Probabilities for Waste Package Impact from the TEV Front Shield Doors
Mean
Calc. Calculated Failure

Name Description Type® Probability Probability Lambda®
800-HEEO-PLCDOOR- PLC Spurious Op — TEV 3 1.460E-06 0.000E+00 3.650E-07
PLC-SPO Doors
800-HEEO-ACTDRO1-ATP- | Actuator Spurious Op — 3 5.360E-06 0.000E+00 1.340E-06
SPO TEV door
800-HEEO-ACTDRO2-ATP- | Actuator Spurious Op — 3 5.360E-06 0.000E+00 1.340E-06
SPO TEV door

NOTE:
mission time.

#For Calc. Type 3 with a mission time of 0, SAPHIRE performs the quantification using the system

Op = operation; PLC = programmable logic controller; TEV = transport and emplacement vehicle.

Source: Original

B1.4.1.5.1 Human Failure Events

No basic event is identified as associated with human error involving the closure of the TEV

doors.

B1.4.1.5.2 Common-Cause Failures

There are no common-cause failures (CCFs) identified for this model.
B1.4.1.6 Uncertainty and Cut Set Generation Results

Uncertainty and cut set results from SAPHIRE for the fault tree for “TEV Door Impacts a Waste
Package” are presented in Figures B1.4-1 and B1.4-2.
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Uncertainty Results

Source: Original

Name FACILITY-TEV-DOOR
Random Seed 1234 Events 3
Sample Size 10000 Cut Sets 3
Poirt estimate 1.218E-005
Mean YValue 1.197E-005
5th Percentile Value 1.946E-006
Median Value §.025E-006
95th Percentile Yalue 3.522E-005
Minimum Sample Value 3.279E-007
Maximum Sample Value 2.269€E-004
Standard Deviation 1.312E-005
Skewwness 4 297E+000
Kurtosis 3.962E+001
Elapsed Time 00:00:00.810
OK

Figure B1.4-1. Uncertainty Results for the TEV Doors Impact Waste Package
(FACILITY-TEV-DOOR and DRIFT-DOOR-IMPACT)
Fault Tree

Cut Set Generation Results

MName:

DRIFT-DOOR-IMPACT

Elapsed Time: 00:00:00.010

Size

00 = 00 N o ) B3 =+

9

10
»10
Total

Cut #

minCut

1.218E-005
E

1.218E-005

Total Elapsed Time : 00:00:00.060

o]

Wiew Results l

Source: Original

Figure B1.4-2  Cut Set Generation Results for the (FACILITY-TEV-DOOR
and DRIFT-DOOR-IMPACT) Fault Tree
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B1.4.1.7 Cut Sets

Table B1.4-2 contains the cut sets for the DRIFT-DOOR-IMPACT fault tree

Table B1.4-2 DRIFT-DOOR-IMPACT Cut Sets

% % Prob./

Total | Cut Set | Frequency Basic Event Description Event Prob.

44.01 44.01 5.360E-06 800-HEEO-ACTDRO1- | Actuator Spurious Op - TEV door 5.360E-06
ATP-SPO

88.02 | 44.01 5.360E-06 800-HEEO-ACTDRO2- | Actuator Spurious Op - TEV door 5.360E-06
ATP-SPO

100.00 | 11.99 1.460E-06 800-HEEO- PLC Spurious Op - TEV doors 1.460E-06
PLCDOOR-PLC-SPO

NOTE: Op = operation; PLC = programmable logic control; Prob. = probability; TEV = transport and
emplacement vehicle.

Source: Original

B1.4.2 TEV Collision within Facility
B1.4.2.1 Description

The scenario describes the collision of the TEV within the facility. After the TEV engages the
waste package and pallet, and closes the shield doors, the TEV moves along the rail system to
exit the facility. The scenario involves the collision of the TEV with a facility door or piece or
equipment during uncontrolled movement of the TEV during the facility exit. If the facility
shield door is impacted, the door system may fail, allowing the door to impact the TEV.

B1.4.2.2 Success Criteria

Success criteria for the scenario is that the TEV moves out of the facility without spurious
operations, and when under manual control, that the TEV functions properly. During the normal
operations, the TEV is to move in a predictable fashion from the loadout station to outdoors
without collision.

B1.4.2.3 Design Requirements and Features
The following requirements are identified with respect to this scenario:

o The facility shield doors are be able to sustain the impact from the TEV such that after
an impact from the TEV traveling at full operational speed, the facility shield door is
retained in position and does not collapse onto the TEV.

e The operational status of the TEV is clearly displayed for the remote operator and
cameras and other sensors are provided to monitor the TEV motion and avoid collision.
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B1.4.2.4 Fault Tree Model

The fault tree model for the sequence is labeled as FACILITY-COLLISION. Figure B1.4-22
presents the fault tree graphic for this model. The top event is the TEV collides with a structural
component of a facility. This top event is realized by either the occurrence an improper
command due to human error or by mechanical failure. Human error is represented by a basic
event describing the operator failure. The mechanical failure is attributed to TEV moving in an
uncontrolled fashion, caused by either a spurious signal from programmable logic controller or
the TEV activation to full operational speed by a switch failure when under manual control. The
spurious signal generated by programmable logic controller is represented as a basic event. The
switch failure requires the joint occurrence of the TEV being under manual control together with
the switch failure when activated. These factors are each represented by as a basic event. The
fault tree is presented graphically in Figure B1.4-22.

B1.4.2.5 Basic Events Data

Table B1.4-3 contains a list of basic events used in the fault tree, FACILITY-COLLISION, for a
TEV collision within waste handling facility.

Table B1.4-3. Basic Event Probabilities for TEV Collision within Facility

Mean
Calculated Failure
Name Description Calc. Type Probability Probability Lambda
800-HEEO-IMPACT- Operator causes 1 1.000E-03 1.000E-03 0.000E+00
HFI-NOD uncontrolled
movement of TEV
800-HEEO-PLCLDR1- | Drive controller — PLC 3 1.460E-06 0.000E+00 3.650E-07
PLC-SPO Spurious OP
800-TEV1- Speed Selector Fails — 3 1.664E-05 0.000E+00 4.160E-06
HNDSWCH-SEL-FOH | Hand switch included
TEV-CONTROL- TEV is operating in 1 1.000E-01 1.000E-01 0.000E+00
MANUAL manual mode

NOTE: Calc. calculation; Op = operation; PLC = programmable logic control; Prob. = probability; TEV =
transport and emplacement vehicle.

Source: Original
B1.4.2.5.1 Human Failure Events

One basic event is identified as associated with human error involving the uncontrolled
movement of the TEV. The basic event is identified as 800-HEEO-IMPACT-HFI-NOD.

B1.4.2.5.2 Common-Cause Failures

There are no CCFs identified for this model.
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B1.4.2.6 Uncertainty and Cut Set Generation Results

Uncertainty and cut set results from SAPHIRE for the fault tree for “TEV Collision within
Facility” are presented in Figures B1.4-3 and B1.4-4.

Source: Original

MName FACILITY-COLLISION
Ranclom Seed 1234 Everts 4
Sample Size 10000  Cut Sets 3
Foirt estimate 1.003E-003
Mean Yalue 9.882E-004
Sth Percertile Yalue 1.317E-004
Median Value 6164E-004
95th Percentile Value 3.065E-003
Minimum Sample Yalue 8.221E-006
Maximum Sample Yalue 2.089E-002
Standard Deviation 1.169E-003
Skewness 4 169E+000
Kurtosis 3.504E+001
Elapsed Time 00:00:01 110

Uncertainty Resulis

Figure B1.4-3. Uncertainty Results for TEV Collides with Object in a Facility

Source: Original

o]

Cut Set Generation Results &]
Name: FACILITY-COLLISION
Elapsed Time: 00:00:00.080
Cut g minCut
Size

1 2 1.002E-003
2 1 1 BB4E-006
3 0
4 0
5 0
& 0
7 0
8 0
9 0
0 0
»10
Total 3 1.003E-003

Total Elapsed Time - 00:00:00.230

View Results [

Figure B1.4-4. Cut Set Results for TEV Collides with Object in a Facility
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B1.4.2.7 Cut Sets

Table B1.4-4 contains the cut sets for the FACILITY-COLLISION fault tree.

Table B1.4-4. Facility-Collision Cut Sets

% % Prob./
Total | Cut Set | Frequency Basic Event Description Event Prob.
99.69 99.69 1.000E-03 | 800-HEEO-IMPACTF- Operator causes uncontrolled 1.000E-03
HFI-NOD movement of TEV
99.86 0.17 1.664E-06 | 800-TEV1-HNDSWCH- Speed selector fails — hand 1.664E-05
SEL-FOH switch included
— — — TEV-CONTROL- TEV is operating in manual 1.000E-01
MANUAL mode
100.00 0.15 1.460E-06 | 800-HEEO-PLCLDR1- Drive controller - PLC 1.460E-06
PLC-SPO spurious Op

NOTE: Op = operation; PLC = programmable logic controller, Prob. = probability; TEV = transport and
emplacement vehicle.

Source: Original

B1.4.3 TEV Collides With Object during Emplacement
B1.4.3.1 Description

The scenario describes the collision of the TEV entering into, or traveling within, an
emplacement drift, as the TEV moves to emplace a waste package. The scenario involves three
potential modes of collision: (1) the TEV impacting the emplacement access door when the door
is closed or only partially open; (2) the derailment of the TEV leading to the impact with the
tunnel wall; and (3) the impact of the TEV moving off the end-of-rail at the end of the
emplacement drift.

As the TEV enters the turnout drift leading to an emplacement drift, the TEV must pass through
emplacement access doors which restrict access into the emplacement area. The remote operator
controls the operation of the emplacement access door and may fail to open the door or close the
door before the TEV reaches the threshold, inducing the TEV to collide with either a closed or
partially open emplacement access door. (This failure mode is described in more detail in
Section B.6)

The second collision mode can occur if the TEV derails due to mechanical failure of the TEV or
of the rail system and collides with the tunnel wall.

The third collision mode can occur if the TEV passes the end-of-rail point. At the end of the
turnout switch and at the end of the emplacement drift, the TEV rail terminates, and if the TEV
inadvertently travels past this point, it can impact a bulkhead or tunnel wall. The TEV at this
point may be under the local control or may be remotely operated. Position sensing of the TEV
is based on rotary encoders located on each drive wheel.
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B1.4.3.2 Success Criteria

The success criterion for the scenario are that the TEV and the emplacement access door operate
without spurious operations, and that if a collision does occur, that the TEV can sustain the
impact without damage to the waste package. During normal operations, the TEV moves the
waste package into the emplacement drift without incident.

B1.4.3.3 Design Requirements and Features
The following requirements are identified with respect to this scenario:

e The TEV is able to sustain the impact from the emplacement access door such that after
an impact from the TEV traveling at full operational speed, the shielding function of the
TEV is preserved.

e The operational status of the TEV and the emplacement access door is clearly displayed
for the remote operator and cameras as well as other sensors are provided to monitor the
TEV motion and avoid collision.

B1.4.3.4 Fault Tree Model

The fault tree model for the sequence is labeled as DRIFT-TEV-IMPACT. The top event is the
occurrence of the TEV colliding with an object as the TEV enters the emplacement drift and as
the TEV travels to emplace the waste package. This top event is realized by either the
occurrence of three events: (1) the TEV impacts the emplacement access door; (2) the TEV
derails; and (3) TEV is commanded to travel past the end of rail; the three events are connected
by an OR gate. Figures B1.4-23 through B1.4-25 present the fault tree graphics for this model.

The TEV impacting the emplacement access door can be caused by the premature emplacement
access door closure due to human error or mechanical failure. Human error is represented by a
basic event describing the operator failure. The mechanical failure is attributed to the failure of
the emplacement access door safety features together with the spurious activation of the door to
close, and is represented by an AND gate. The safety feature for the emplacement access door is
identified as the actuator motor stopping and opening upon sensing an increased load, and is
represented by a basic event. The spurious activation of the access door can be due to either a
spurious signal from the programmable logic controller or the failure of the actuator; the
frequency of both occurrences is represented basic events.

The logic for the derailment of the TEV is transferred to a subtree, DRIFT-DERAIL. This fault
tree represents the frequency of derailment as the combination of two basic events: the frequency
of derailment of the TEV per mile and the miles traveled by the TEV.

The TEV is commanded to travel beyond the end-of-rail by either human error or by mechanical
failure. Human error is represented by a basic event describing the operator failure. The
mechanical failure is attributed to the failure of the rotary encoders on the drive wheels of the
TEV (which provide the location of the TEV to the control system) or the generation of a
spurious signal to activate the motors when they not move. The failure of the rotary encoders is
represented by both the failure of each of the eight encoders (as represented by eight basic events
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joined under an AND gate) or the common-cause failure of all encoders. The spurious signal
from programmable logic controller of the drive controller is represented as a single basic event.
Although rail stops will be installed at the end of the rail, they are not modeled in the fault tree
because they only affect a couple of, but not all “failure to stop the TEV” scenarios. Not
crediting rail stops in the model would yield a conservative result.

B1.4.3.5 Basic Event Data

Table B1.4-5 contains a list of basic events used in the fault tree, DRIFT-TEV-IMPACT, for a
TEV colliding with object (e.g., a facility door, another vehicle) during transit.

Table B1.4-5. Basic Event Probabilities for TEV Collides with Object during Transit
Calcul Mean
ation Calculated Failure Mission
Name Description Typez’1 Probability Probability Lambda Time®

800-HEEO- Operator closes 1 2.000E-03 2.000E-03 0.000E+00 | 0.000E+00
AXSDROO-HFI-NOD | emplacement

access door on

TEV
800-HEEO- Programmable 3 2.081E-09 0.000E+00 3.650E-07 | 5.700E-03
AXSDRO0-PLC-SPO | Logic Controller

Spurious Operation
800-HEEO- Motor (Electric) 3 7 .695E-11 0.000E+00 1.350E-08 | 5.700E-03
AXSMO01-MOE- Fails to Shut Off
FSO
800-HEEO- Motor (Electric) 3 7 .695E-11 0.000E+00 1.350E-08 | 5.700E-03
AXSMO02-MOE- Fails to Shut Off
FSO
800-HEEO- Actuator Spurious 3 7.638E-09 0.000E+00 1.340E-06 | 5.700E-03
ACTADR1-ATP- Op — Emplacement
SPO access door
800-HEEO- Actuator Spurious 3 7.638E-09 0.000E+00 1.340E-06 | 5.700E-03
ACTADR2-ATP- Op — Emplacement
SPO access door
800-HEEO- TEV derails — per 1 1.180E-05 1.180E-05 0.000E+00 | 0.000E+00
DERAILSS-TEV- mile
DOOR
TEV-DERAIL- Miles traveled by \ 4.000E+00 0.000E+00 0.000E+00 | 0.000E+00
MILES-DRIFT TEV in subsurface
OP-FAILS- Operator error 1 1.000E-03 1.000E-03 0.000E+00 | 0.000E+00
ENDOFRAIL causes TEV to run

over end of rail
800-HEEO- Common cause 3 6.400E-08 0.000E+00 1.600E-08 | 4.000E+00
ROTARYC-ECP- failure of 8 rotary
CCF encoders
800-HEEO- Drive controller — 3 1.460E-06 0.000E+00 3.650E-07 | 4.000E+00
PLCLDR1-PLC-SPO | PLC Spurious Op
800-HEEO- TEV Position 3 7.106E-06 0.000E+00 1.79E-06 4.000E+00
ROTARY1-ECP- Encoder Failure -1
FOH
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Table B1.4-5. Basic Event Probabilities for TEV Collides with Object during Transit (Continued)

Calcul Mean
ation Calculated Failure Mission
Name Description Type® Probability Probability Lambda Time®

800-HEEO- TEV Position 3 7.106E-06 0.000E+00 1.79E-06 4.000E+00
ROTARY2-ECP- Encoder Failure -2

FOH

800-HEEO- TEV Position 3 7.106E-06 0.000E+00 1.79E-06 4.000E+00
ROTARY3-ECP- Encoder Failure -3

FOH

800-HEEO- TEV Position 3 7.106E-06 0.0E+00 1.79E-06 4.000E+00
ROTARY4-ECP- Encoder Failure -4

FOH

800-HEEO- TEV Position 3 7.106E-06 0.000E+00 1.79E-06 4.000E+00
ROTARY5-ECP- Encoder Failure -5

FOH

800-HEEO- TEV Position 3 7.106E-06 0.000E+00 1.79E-06 4.000E+00
ROTARY6B-ECP- Encoder Failure -6

FOH

800-HEEO- TEV Position 3 7.106E-06 0.000E+00 1.79E-06 4.000E+00
ROTARY7-ECP- Encoder Failure -7

FOH

800-HEEO- TEV Position 3 7.106E-06 0.000E+00 1.79E-06 4.000E+00
ROTARYS8-ECP- Encoder Failure -8

FOH

NOTE:

®For Calc. Type 3 with a mission time of 0, SAPHIRE performs the quantification using the system

mission time.

Source: Original
B1.4.3.5.1 Human Failure Events

There are two basic events associated with human error: (1) the operator closes the emplacement
access door prior to the TEV entering the emplacement drift, identified as 800-HEEO-
AXSDROO0-HFI-NOD; and (2) the operator error causes the TEV to continue past the end-of-rail,
identified as OP-FAILS-ENDOFRAIL.

B1.4.3.5.2 Common-Cause Failures

One CCF is identified in the fault tree, associated with the CCF of the eight rotary encoders on
the TEV's wheels. The CCF is represented by a basic event and labeled as 800-HEEO-
ROTARYC-ECP-FOH.

B1.4.3.6 Uncertainty and Cut Set Generation Results

Uncertainty and cut set results from SAPHIRE for the fault tree for “TEV Collides with Object
during Transit” are presented in Figures B1.4-5 and B1.4-6.
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Source: Original

Name DRIFT-TEY-MPACT

Random Seed 1234 Events B
Sample Size 10000 Cut Sets 5
Poirt estimate 3.047E-003
Mean Yalue 3.009E-003
Sth Percertile Value 5.531E-004
Meclian Value 2.061E-003
95th Percentile Value 8.471E-003
Minimum Sample Yalue 1.303E-004
Maximum Sample Yalue 2.012E-001
Standard Deviation 3.757E-003
Skewness 1.744E+001
Kurtosis 7.972E+002
Elapsed Time 00:00:00 610

Uncertainty Results

Figure B1.4-5. Uncertainty Results for TEV Collides with Object during Transit

Source: Original

(DRIFT-TEV-IMPACT)

Cut Set Generation Results &I
Name: DRIFT-TEV-MPACT
Elapsed Time: 00:00:00.010
Cut " rinCut
Size

1 4  3000E-003
2 1 4 720E-005
3 0 v e
4 o - -
5 0
E D
7 0
8 0
3 0
0 0
>0 0
Total 5 3.047E-003

Total Elapsed Time : 00:00:00.030

o]

View Restills ]

Figure B1.4-6. Cut Set Results for TEV Collides with Object during Transit

B1.4.3.7 Cut Sets

(DRIFT-TEV-IMPACT)

Table B1.4-6 contains the cut sets for the DRIFT-TEV-IMPACT fault tree.
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Table B1.4-6. DRIFT-TEV-IMPACT Cut Sets
% % Prob./

Total Cut Set | Frequency Basic Event Description Event Prob.

65.65 65.65 2.000E-03 | 800-HEEO-AXSDROO- | Operator closes emplacement 2.000E-03
HFI-NOD access door on TEV

98.47 32.82 1.000E-03 | OP-FAILS- Operator error causes TEV to 1.000E-03
ENDOFRAIL run over end of rail

100.00 1.55 4.720E-05 | 800-HEEO-DERAILS- | TEV derails — per mile 1.180E-05
TEV-DER
TEV-DERAIL-MILES- | Miles travelled by TEV in 4.000E+00
DRIFT subsurface

100.00 0.05 1.460E-06 | 800-HEEO-PLCLDR1- | Drive controller — PLC 1.460E-06
PLC-SPO spurious Op

100.00 0.04 6.400E-08 | 800-HEEO- Common-cause failure of eight 6.400E-08
ROTARYC-ECP-FOH | rotary encoders

NOTE: NOTE: Op = operation; PLC = programmable logic control; Prob. = probability; TEV = transport and
emplacement vehicle.
Source: Original

B1.4.4 Impactto TEV during Transit
B1.4.4.1 Description

The scenario describes the collision of the TEV during transit with an object or vehicle. The
scenario involves three potential modes of collision: (1) a worker drives another vehicle into the
TEV which is possible at a vehicular crossing on the TEV rail line; (2) the TEV accelerates
uncontrolled down the North Ramp (a runaway) leading to the impact with the tunnel wall; and
(3) the impact of the TEV with an object along the rail line such as a stalled vehicle at a crossing
or another TEV also moving along the rail.

B1.4.4.2 Success Criteria

The success criteria for the scenario are that the TEV operates without spurious operations and
avoid impacts. If a collision does occur, then the TEV can sustain the impact without damage to
the waste package. During the normal operations, the TEV is to move the waste package along
the rail without incident.

B1.4.4.3 Design Requirements and Features
The following requirements are identified with respect to this scenario:

e The TEV is able to sustain the side impact load from a service vehicle such that the TEV
does not roll over.

e The operational status (including speed) of all TEV systems is clearly displayed to the
remote operator.
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e The TEV moving at full operational speed is able to sustain an impact with another TEV
moving similarly without breach of the contained waste package.

e The operational status of all TEV rail crossings is clearly displayed to all vehicles. The
crossings are closed prior to TEV transit and crossing barriers restrain vehicles from
proceeding along the barrier to cross the rail.

B1.4.4.4 Fault Tree Model

The fault tree model for the sequence is labeled as TRANSIT-IMPACT. The top event is an
impact to the TEV due to a collision during transit. This top event is realized by one of three
possible causes: (1) a worker drives a vehicle into the side of a TEV; (2) a runaway of the TEV
occurs on decline such as the North Ramp, leading to a acceleration and derailment of the TEV
which results in an impact with a tunnel wall; and (3) a TEV collision with an object along the
rail line. Figures B1.4-26 through B1.4-34 presents the fault tree graphics for this model.

The first potential cause of an impact, the collision of a vehicle into the TEV, is represented by a
basic event describing the vehicle's operator failure to yield at a crossing, and hitting the TEV.
The second potential cause that of a runaway, can be realized by either by mechanical failure of
the drive wheel system by shearing or by failure of TEV subsystems. The mechanical failure by
shearing requires the joint occurrence of the TEV traveling on a decline (downward slope) and
the mechanical failure leading to the TEV exceeding the design speed (termed, "over speed").
The logic of the mechanical failure is transferred to a subtree, RUNAWAY-MECH, which
described later. Similarly, the failure of the TEV subsystems is transferred to a subtree, TEV-
NONSHEARING, which is also described later in this section.

The third potential cause of an impact, the collision of the TEV with an object, can be realized by
the generation of a spurious signal instructing the onboard controllers to drive the TEV into an
object, or by the mechanical failure of the manual control switch. The spurious signal generated
within the programmable logic controller system is represented as a basic event. The realization
of the mechanical failure of the manual control switch requires the combined occurrence that the
TEV is operating in manual mode together with the failure of the speed control switch. The
switch failure and the frequency of the TEV in manual mode are represented by basic events.

The fault tree model RUNAWAY-MECH is the subtree representing the mechanical failure of
the wheel system due to shearing of the wheel system. Shearing of the wheel system can be
caused by either the shearing of all eight of motor's splined shafts (represented by a basic event)
or the shearing of the gear system of the motors. The logic of the gearbox failure can be
represented by the individual shearing of the gear boxes (and transferred to a subtree,
GEARBOX-IND-EVENT) or the common-cause failure of all gearboxes, represented by a basic
event. The fault tree model GEARBOX-IND-EVENT is the subtree describing the combined
failure of all gear boxes at one time, represented by an OR gate linking eight basic events, one
for each motor gearbox.

The fault tree model TEV-NONSHEARING is the subtree that represents a system failure as the
initiator of a runaway. The event can be realized by the combined occurrence of the TEV brake
system failing to slow the TEV to within design parameters and the control system instructing
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the TEV motors to over speed. The control system condition can arise due to either of three
causes: (1) a switch failure when in manual control; (2) a spurious signal in the programmable
logic controllers instructs the TEV to over speed; or (3) a incorrect command instructs the TEV
to over speed. The realization of the switch failure when in manual control requires the
combined occurrence that the TEV is operating in manual mode together with the failure of the
speed control switch. The switch failure and the frequency of the TEV in manual mode are both
represented by basic events. A spurious signal in the programmable logic controllers can be
induced in either the speed controller or the drive controller and again are both are represented
by basic events. The logic for third possible cause is transferred to a subtree, RUNAWAY-
SPURIOUS-SIGNAL. The event of the TEV brake system failing to slow the TEV is transferred
to MOTOR-SEIZURE.

The fault tree model, RUNAWAY-SPURIOUS-SIGNAL, is the subtree representing the
generation of spurious signal to cause the TEV to over speed. The event is represented by the
joint occurrence (i.e., connected with an AND gate) of a spurious signal together with the failure
of the operator to failure to halt the TEV as it starts to increase in speed. The source of the
spurious signal is attributed to either the rotary position encoders or the speed indicators; the
logic for these occurrences are transferred to subtree, SPUR-SIGN-ROTENCODE and subtree,
SPUR-SIGN-DRIVEIND, respectively.

MOTOR-SEIZURE is the subtree describing the failure of any of the eight motors to seize at one
time, represented by an OR gate linking eight basic events, one for each motor.

SPUR-SIGN-ROTENCODE is the subtree describing combined failure of all of the eight
position encoders (i.e., one on each wheel) at one time, represented by an AND gate linking eight
basic events, one for each position encored.

SPUR-SIGN-DRIVEIND is the subtree describing the failure of at least of two of the eight over
speed sensors (i.e., one on each wheel), represented by a conditioned OR gate linking eight basic
events, one for each sensor.

B1.4.4.5 Basic Event Data

Table B1.4-7 contains a list of basic events used in the fault tree, TRANSIT-IMPACT, for a
TEV impact from another vehicle during transit.
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Table B1.4-7.

Basic Event Probabilities for Impact to TEV during Transit

Name Description fya;ﬁé Calc. Prob. | Fail. Prob. Lambda Miss. Time®
800-HEEO-GEARBX1-GRB-STH Gear Box Stripped 3 3.144E-07 0.000E+00 | 7.860E-08 4.000E+00
800-HEEO-GEARBX2-GRB-STH Gear Box Stripped 3 3.144E-07 0.000E+00 | 7.860E-08 4.000E+00
800-HEEO-GEARBX3-GRB-STH Gear Box Stripped 3 3.144E-07 0.000E+00 | 7.860E-08 4.000E+00
800-HEEO-GEARBX4-GRB-STH Gear Box Stripped 3 3.144E-07 0.000E+00 | 7.860E-08 4.000E+00
800-HEEO-GEARBX5-GRB-STH Gear Box Stripped 3 3.144E-07 0.000E+00 | 7.860E-08 4.000E+00
800-HEEO-GEARBX6-GRB-STH Gear Box Stripped 3 3.144E-07 0.000E+00 | 7.860E-08 4.000E+00
800-HEEO-GEARBX7-GRB-STH Gear Box Stripped 3 3.144E-07 0.000E+00 | 7.860E-08 4.000E+00
800-HEEO-GEARBX8-GRB-STH Gear Box Stripped 3 3.144E-07 0.000E+00 | 7.860E-08 4.000E+00
800-HEEO-GEARBXC-GRB-STH | Common Cause Failure of TEV gearboxes 3 2.848E-09 1.080E-07 7.120E-10 4.000E+00
800-HEEO-MOTORO1-MOE-FSO | Motor (Electric) Fails to Shut Off 3 5.400E-08 0.000E+00 | 1.350E-08 4.000E+00
800-HEEO-MOTORO02-MOE-FSO | Motor (Electric) Fails to Shut Off 3 5.400E-08 0.000E+00 | 1.350E-08 4.000E+00
800-HEEO-MOTORO3-MOE-FSO | Motor (Electric) Fails to Shut Off 3 5.400E-08 0.000E+00 | 1.350E-08 4.000E+00
800-HEEO-MOTORO04-MOE-FSO | Motor (Electric) Fails to Shut Off 3 5.400E-08 0.000E+00 | 1.350E-08 4.000E+00
800-HEEO-MOTORO5-MOE-FSO | Motor (Electric) Fails to Shut Off 3 5.400E-08 0.000E+00 | 1.350E-08 4.000E+00
800-HEEO-MOTORO06-MOE-FSO | Motor (Electric) Fails to Shut Off 3 5.400E-08 0.000E+00 | 1.350E-08 4.000E+00
800-HEEO-MOTORO7-MOE-FSO | Motor (Electric) Fails to Shut Off 3 5.400E-08 0.000E+00 | 1.350E-08 4.000E+00
800-HEEO-MOTORO08-MOE-FSO | Motor (Electric) Fails to Shut Off 3 5.400E-08 0.000E+00 | 1.350E-08 4.000E+00
800-HEEOQO-PLCLDR1-PLC-SPO Drive controller - PLC Spurious Op 3 1.460E-06 0.000E+00 | 3.650E-07 4.000E+00
800-HEEOQ-PLCSPD1-PLC-SPO Speed Controller - PLC Spurious Op 3 1.460E-06 0.000E+00 | 3.650E-07 4.000E+00
800-HEEO-SIDEIMP-HFI-NOW Operator drives another vehicle into TEV side 1 3.000E-04 3.000E-04 | 0.000E+00 | 0.000E+00
800-HEEOQ-SPSHFC-AXL-CCF Common cause failure of spline shaft 3 5.600E-10 1.000E+00 | 1.400E-10 4.000E+00
800-TEV1-ECP0001-ECP-FOH Position Encoder Failure 3 7.160E-06 0.000E+00 | 1.790E-06 4.000E+00
800-TEV1-ECP0002-ECP-FOH Position Encoder Failure 3 7.160E-06 0.000E+00 | 1.790E-06 4.000E+00
800-TEV1-ECP0003-ECP-FOH Position Encoder Failure 3 7.160E-06 0.000E+00 | 1.790E-06 4.000E+00
800-TEV1-ECP0004-ECP-FOH Position Encoder Failure 3 7.160E-06 0.000E+00 | 1.790E-06 4.000E+00
800-TEV1-ECP0O005-ECP-FOH Position Encoder Failure 3 7.160E-06 0.000E+00 | 1.790E-06 4.000E+00
800-TEV1-ECP0006-ECP-FOH Position Encoder Failure 3 7.160E-06 0.000E+00 | 1.790E-06 4.000E+00
800-TEV1-ECP0007-ECP-FOH Position Encoder Failure 3 7.160E-06 0.000E+00 | 1.790E-06 4.000E+00
800-TEV1-ECP0008-ECP-FOH Position Encoder Failure 3 7.160E-06 0.000E+00 | 1.790E-06 4.000E+00
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Table B1.4-7. Basic Event Probabilities for Impact to TEV during Transit (Continued)
Calc.

Name Description Type® Calc. Prob. | Fail. Prob. Lambda Miss. Time®
800-TEV1-HNDSWCH-SEL-FOH | Speed Selector Fails — Hand switch included 3 1.664E-05 0.000E+00 4.160E-06 4.000E+00
800-TEV1-SRS0001-SRS-FOH Over Speed Sensor Fails 3 8.560E-05 0.000E+00 2.140E-05 4.000E+00
800-TEV1-SRS0002-SRS-FOH Over Speed Sensor Fails 3 8.560E-05 0.000E+00 2.140E-05 4.000E+00
800-TEV1-SRS0003-SRS-FOH Over Speed Sensor Fails 3 8.560E-05 0.000E+00 2.140E-05 4.000E+00
800-TEV1-SRS0004-SRS-FOH Over Speed Sensor Fails 3 8.560E-05 0.000E+00 2.140E-05 4.000E+00
800-TEV1-SRS0005-SRS-FOH Over Speed Sensor Fails 3 8.560E-05 0.000E+00 2.140E-05 4.000E+00
800-TEV1-SRS0006-SRS-FOH Over Speed Sensor Fails 3 8.560E-05 0.000E+00 2.140E-05 4.000E+00
800-TEV1-SRS0007-SRS-FOH Over Speed Sensor Fails 3 8.560E-05 0.000E+00 2.140E-05 4.000E+00
800-TEV1-SRS0008-SRS-FOH Over Speed Sensor Fails 3 8.560E-05 0.000E+00 2.140E-05 4.000E+00

NOTE: ®For Calc. Type 3 with a mission time of 0, SAPHIRE performs the quantification using the system mission time.

TEV = transport and emplacement vehicle.

Source: Original
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B1.4.4.5.1 Human Failure Events

There are two basic events associated with human error: (1) a worker drive another vehicle in the
side of the TEV, identified as 800-HEEO-SIDEIMP-HFI-NOD; and (2) the operator failure to
halt the TEV using the manual override during over speed, identified as HFE-RUNAWAY-
RESPONSE.

B1.4.4.5.2 Common-Cause Failures

Two CCFs are identified in the fault tree. The first is associated with the CCF of the splined
shafts of the TEV's eight drive wheels. This CCF is represented by a basic event and labeled as
800-HEEO-SPSHFC-AXL-FOH. The second is associated with the CCF of the gearboxes of the
TEV's eight drive wheels. This CCF is represented by a basic event and labeled as 800-HEEO-
GEARBXC-GRB-ST.

B1.4.4.6 Uncertainty and Cut Set Generation Results

Uncertainty results from SAPHIRE for the fault tree for “Impact to TEV during Transit” are
presented in Figure B1.4-7 and the cut set generation results are shown in Figure B1.4-8.

Uncertainty Results

MName TRANSIT-IMPACT
Random Seed 1234 Events 16
Sample Size 10000 Cut Sets 13
Point estimate 3.031E-004
hean YWalue 2 936E-004
Sth Percentile Value 1.406E-005
Median Value 1.139€E-004
95th Percentile Value 1.089E-003
Minimum Sample Yalue 1.273E-006
Maximum Sample Yalue 3.108E-002
Standard Deviation ¥.356E-004
Skewness 1.636E+001
Kurtosis 4 812E+002
Elapzed Time 00:00:00.720
oK

Source: Original

Figure B1.4-7.  Uncertainty Results for Impact to TEV during Transit
(TRANSIT-IMPACT)
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Source: Original
Figure B1.4-8.

B1.4.4.7 Cut Sets

Cut Set Generation Results

X

Mame: TRANSIT-IMPACT
Elapsed Time: 00:00.00.030
Cut # minCut
Size
1 2 3.015E-004
2 11  1.666E-00B
30 - E--
4 0 - E--
| e S
E 0 - E--
700 - E--
8 0 e E---
9 0 - E--
10 0 E---
0 0 - E--
Total 13 3.031E-004

Total Elapsed Time : 00:00:00.040

o]

Yiew Results

Cut Set Generation Results for Impact to TEV during Transit
(TRANSIT-IMPACT)

Table B1.4-8 contains the cut sets for the TRANSIT-IMPACT fault tree.

Table B1.4-8. TRANSIT-IMPACT Cut Sets
% % Prob./

Total Cut Set | Frequency Basic Event Description Event Prob.

98.97 98.97 3.000E-04 | 800-HEEO-SIDEIMP- | Operator drives another vehicle into 3.000E-04
HFI-NOW TEV side

99.52 0.55 1.664E-06 | 800-TEV1- Speed selector fails — hand switch 1.664E-05
HNDSWCH-SEL- included
FOH
TEV-CONTROL- TEV is operating in manual mode 1.000E-01
MANUAL

100.00 0.48 1.460E-06 | 800-HEEO- Drive controller - PLC spurious Op 1.460E-06
PLCLDR1-PLC-SPO

100.00 0.00 7.120E-10 | 800-HEEO- Common-cause failure of TEV 1.424E-09
GEARBXC-GRB-ST | gearboxes
TEV-DECLINE TEV on decline 5.000E-01

100.00 0.00 4.800E-10 | 800-HEEO-SPSHFC- | Common-cause failure of spline 9.600E-10
AXL-FOH shaft
TEV-DECLINE TEV on decline 5.000E-01
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Table B1.4-8.

TRANSIT-IMPACT Cut Sets (Continued)

% %
Total Cut Set

Prob./
Frequency

Basic Event

Description

Event Prob.

100.00 0.00 7.884E-14

800-HEEO-
MOTORO05-MOE-
FSO

Motor (electric) fails to shut off

5.400E-08

800-HEEO-
PLCSPD1-PLC-SPO

Speed controller - PLC spurious Op

1.460E-06

100.00 | 0.00 7.884E-14

800-HEEO-
MOTORO06-MOE-
FSO

Motor (electric) fails to Shut Off

5.400E-08

800-HEEO-
PLCSPD1-PLC-SPO

Speed controller - PLC spurious Op

1.460E-06

100.00 | 0.00 7.884E-14

800-HEEO-
MOTORO07-MOE-
FSO

Motor (electric) fails to shut off

5.400E-08

800-HEEO-
PLCSPD1-PLC-SPO

Speed controller - PLC spurious Op

1.460E-06

100.00 | 0.00 7.884E-14

800-HEEO-
MOTORO08-MOE-
FSO

Motor (electric) fails to shut off

5.400E-08

800-HEEO-
PLCSPD1-PLC-SPO

Speed controller - PLC spurious Op

1.460E-06

100.00 | 0.00 7.884E-14

800-HEEO-
MOTORO01-MOE-
FSO

Motor (electric) fails to shut Off

5.400E-08

800-HEEO-
PLCSPD1-PLC-SPO

Speed controller - PLC spurious Op

1.460E-06

100.00 | 0.00 7.884E-14

800-HEEO-
MOTORO02-MOE-
FSO

Motor (electric) fails to shut Off

5.400E-08

800-HEEO-
PLCSPD1-PLC-SPO

Speed controller - PLC spurious Op

1.460E-06

100.00 | 0.00 7.884E-14

800-HEEO-
MOTORO03-MOE-
FSO

Motor (electric) fails to shut Off

5.400E-08

800-HEEO-
PLCSPD1-PLC-SPO

Speed controller - PLC spurious Op

1.460E-06

100.00 | 0.00 7.884E-14

800-HEEO-
MOTORO04-MOE-
FSO

Motor (electric) fails to shut Off

5.400E-08

800-HEEO-
PLCSPD1-PLC-SPO

Speed controller - PLC spurious Op

1.460E-06

NOTE: PLC = programmable logic controller; TEV = transport and emplacement vehicle.

Source: Original

B1.4.5 TEV Stops for an Extended Period of Time

B1.4.5.1 Description

The scenario describes the stopping of the TEV along the rail due to motive failure for an
extended period time and the subsequent thermal heating and degradation of the TEV shielding.
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The scenario can be initiated by a loss of offsite power, a local failure of the third rail power
system, the failure of the TEV's onboard programmable controllers or the failure of the TEV's
motor's speed sensors.

B1.4.5.2 Success Criteria

The success criterion for the scenario is that the TEV shielding can sustain its shielding function
over a prolonged period without operational support.

B1.4.5.3 Design Requirements and Features
The following requirement is identified with respect to this scenario:

e The TEV shielding is able to sustain the thermal loading for all waste package loadings
over an extended period of time without significant degradation of the shielding
function.

B1.4.5.4 Fault Tree Model

The fault tree model for the sequence is labeled as SHIELD-STOP. The top event is the
occurrence that the TEV is stopped for an extended period of time along the rail without active
ventilation of the shielded enclosure. This top event is realized by lack of power and control to
the drive motors together with the failure of the TEV fan, which provides air circulation for the
shielded enclosure. The fan failure is represented by a basic event. The lack of power and
control to the drive motors can be caused by either of four occurrences: (1) failure of the third
rail system which powers the TEV; (2) the failure of the programmable logic controllers for the
speed control of the TEV motors; (3) the loss of offsite power at the repository; and (4) failure of
one of the eight the speed sensors which causes the TEV to stop and shutdown. The first three
possible causes are represented by basic events. The fourth cause is represented by an OR gate
linking eight basic events, one for the speed sensor on each motor. Figure B1.4-35 presents the
fault tree graphic for this model.

B1.4.5.5 Basic Event Data

Table B1.4-9 contains a list of basic events used in the fault tree, SHIELD-STOP, for a TEV
stopped for extended time.

Table B1.4-9. Basic Event Probabilities for TEV Stops for Extended Time
Calc. Calculated | Mean Failure Mission
Name Description Type® | Probability Probability Lambda Time®

800-HEEO-3RDRAIL- Third rail breaks 3 9.360E-08 0.000E+00 1.170E-08 | 8.000E+00
3RL-FOH
800-HEEO-PLCSPD1- | Speed Controller — 3 1.460E-06 0.000E+00 3.650E-07 | 4.000E+00
PLC-SPO PLC Spurious Op
LOSP-THERMAL Loss of offsite 1 7.940E-06 7.940E-06 0.000E+00 | 0.000E+00

power for thermal

condition
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Table B1.4-9. Basic Event Probabilities for TEV Stops for Extended Time (Continued)

Calc. Calculated | Mean Failure Mission
Name Description Type® | Probability Probability Lambda Time®
800-TEV1-SRS0001- | Over Speed Sensor 3 8.560E-05 | 0.000E+00 | 2.140E-05 | 4.000E+00
SRS-FOH Fails
800-TEV1-SRS0002- | Over Speed Sensor 3 8.560E-05 0.000E+00 | 2.140E-05 | 4.000E+00
SRS-FOH Fails
800-TEV1-SRS0003- | Over Speed Sensor 3 8.560E-05 0.000E+00 | 2.140E-05 | 4.000E+00
SRS-FOH Fails
800-TEV1-SRS0004- | Over Speed Sensor 3 8.560E-05 0.000E+00 | 2.140E-05 | 4.000E+00
SRS-FOH Fails
800-TEV1-SRS0005- | Over Speed Sensor 3 8.560E-05 0.000E+00 | 2.140E-05 | 4.000E+00
SRS-FOH Fails
800-TEV1-SRS0006- | Over Speed Sensor 3 8.560E-05 0.000E+00 | 2.140E-05 | 4.000E+00
SRS-FOH Fails
800-TEV1-SRS0007- | Over Speed Sensor 3 8.560E-05 0.000E+00 | 2.140E-05 | 4.000E+00
SRS-FOH Fails
800-TEV1-SRS0008- | Over Speed Sensor 3 8.560E-05 0.000E+00 | 2.140E-05 | 4.000E+00
SRS-FOH Fails

NOTE: ®For Calc. Type 3 with a mission time of 0, SAPHIRE performs the quantification using the system

mission time.

Source: Original
B1.4.5.5.1 Human Failure Events
No basic event is identified as associated with human error for this model.
B1.4.5.5.2 Common-Cause Failures
There are no CCFs identified for this model.
B1.4.5.6 Uncertainty and Cut Set Results

Uncertainty results from SAPHIRE for the fault tree for “TEV Stops for an Extended Period of
Time” are presented in Figure B1.4-9 and the cut set generations results are shown in
Figure B1.4.10.
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Source: Original

Figure B1.4-9.

Source: Original

Mame SHIELD-STOP

Random Seed 1234 Events 11
Sample Size 10000 Cut Sets 11

Poirt estimate 5.940E-004
Mean Value 5.932E-004
Sth Percertile Value 5 .969E-004
Median Yalue 5.905E-004
95th Percertile Yalue 7 962E-004
Minimum Sample Yalue 4.597E-004
Maximum Sample Yalue 9.429E-004
Standard Deviation 5.060E-005
Skewness 1.564E-001
Kurtosis 3.064E+000
Elapsed Time 00:00:00.540

| OK

Uncertainty Results

Uncertainty Results for TEV Stops for Extended Time

(SHIELD-STOP)

Cut Set Generation Results

3

Mame: SHIELD-STOP
Elapsed Time: 00:00:00.000

Cut # minCut
Size
1 11  6.940E-004
2 0 e Err
3 0 e e
4 0 T
5 0 s £
B 0 - E---
70 E--
8 0 —eEe
g 0 |
10 0 Eoeee
10 0 B
Total 11  6.940E-004
Total Elapsed Time : 00:00:00.020
0K

View Results '

Figure B1.4-10. Cut Set Generation Results for TEV Stops for Extended
Time (SHIELD-STOP)

B1-43

March 2008



Subsurface Operations Reliability
and Event Sequence Categorization Analysis

000-PSA-MGRO0-00500-000-00A

B1.4.5.7 Cut Sets

Table B1.4-10 contains the cut sets for the SHIELD-STOP fault tree.

Table B1.4-10. SHIELD STOP Cut Sets
% % Prob./ Event

Total Cut Set | Frequency Basic Event Description Prob.

12.33 12.33 8.560E-05 | 800-TEV1-SRS0002-SRS-FOH | Over speed sensor fails 8.560E-05

24.66 12.33 8.560E-05 | 800-TEV1-SRS0003-SRS-FOH | Over speed sensor fails 8.560E-05

36.99 12.33 8.560E-05 | 800-TEV1-SRS0004-SRS-FOH | Over speed sensor fails 8.560E-05

49.32 12.33 8.560E-05 | 800-TEV1-SRS0005-SRS-FOH | Over speed sensor fails 8.560E-05

61.65 12.33 8.560E-05 | 800-TEV1-SRS0001-SRS-FOH | Over speed sensor fails 8.560E-05

73.98 12.33 8.560E-05 | 800-TEV1-SRS0006-SRS-FOH | Over speed sensor fails 8.560E-05

86.31 12.33 8.560E-05 | 800-TEV1-SRS0007-SRS-FOH | Over speed sensor fails 8.560E-05

98.64 12.33 8.560E-05 | 800-TEV1-SRS0008-SRS-FOH | Over speed sensor fails 8.560E-05

99.78 1.14 7.940E-06 | LOSP-THERMAL Loss of offsite power for 7.940E-06
thermal condition

99.99 0.21 1.460E-06 | 800-HEEO-PLCSPD1-PLC-SPO | Speed controller - PLC 1.460E-06
spurious Op

100.00 0.01 8.080E-08 | 800-HEEO-3RDRAIL-THR-BRK | Third rail breaks 8.080E-08

NOTE: Op = operation; PLC = programmable logic controller; Prob. = probability; TEV = transport and

Source:

B1.4.6 Inadvertent TEV Door Opening during Transit

emplacement vehicle.

Original

B1.4.6.1 Description

The scenario describes the opening of the TEV's front shield doors as the TEV exits a waste
handling facility. The scenario can be initiated by a spurious signal or by a failure of the front
shield door actuators. The interlock to prevent these shield doors has not been activated at this

stage.

B1.4.6.2 Success Criteria

The success criterion for the scenario is that the TEV operates without spurious operations and

subsystem failures.
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B1.4.6.3 Design Requirements and Features
The following requirements are identified with respect to this scenario:

e Operational requirements require workers to be at a distance from the facility shield
doors as a loaded TEV exits a facility.

¢ Both visual and audio alarms are used to alert workers of the TEV's movement along the
rail line as the TEV exits a facility.

B1.4.6.4 Fault Tree Model

The fault tree model for the sequence is labeled as SHIELD-DOOR. The top event is the
occurrence of the TEV's shield doors opening during transit. The top event is realized by either
(1) an interlock failure together with human error, or (2) a mechanical-based failure of the
system. For the human-error initiated event, the opening of the door imitated erroneously by an
operator command must be accompanied by the failure of the TEV interlock system (which is to
prevent the front shield doors opening in transit) to be realized. This logic is represented by two
basic events (representing the operator command and the interlock failure) joined by an AND
gate. The mechanical-based failure also incorporates the failure of the interlock system (again
represented by a basic event) together with the opening of the door initiated by a spurious signal
or by spurious movement of the TEV's front shield door actuators. The spurious signal is
(represented by basic event) joined by an OR gate to the spurious movement of the door
actuators, which is represented as an OR joining basic failure events for each actuator. Figure
B1.4-36 presents the fault tree graphic for this model.

B1.4.6.5 Basic Event Data

Table B1.4-11 contains a list of basic events used in the fault tree, SHIELD-DOOR, for the
inadvertent TEV door opening during transit.

Table B1.4-11. Basic Event Probabilities for Inadvertent TEV Door Opening during Transit
Mean
Calc. | Calculated Failure Mission
Name Description Type® | Probability | Probability | Lambda Time®
800-HEEO-PLCDOOR- PLC Spurious Op _ 3 1.460E-06 | 0.000E+00 | 3.650E-07 | 4.000E+00
PLC-SPO TEV doors
800-HEEO-ACTDRO1- Actuator Spurious 3 5.360E-06 | 0.000E+00 | 1.340E-06 | 4.000E+00
ATP-SPO Op — TEV door
800-HEEO-ACTDRO2- Actuator Spurious 3 5.360E-06 | 0.000E+00 | 1.340E-06 | 4.000E+00
ATP-SPO Op — TEV door
800-HEEO-INTRLCK-IEL- | Interlock Failure- 3 1.372E-04 | 0.000E+00 | 3.430E-05 | 4.000E+00
FOH TEV door interlock
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Table B1.4-11. Basic Event Probabilities for Inadvertent TEV Door Opening during Transit (Continued)

Mean
Calc. | Calculated Failure Mission

Name Description Type® | Probability | Probability | Lambda Time®
800-HEEO-TEVDOOR- Operator attempts 1 1.000E-03 1.000E-03 | 0.000E+00 | 0.000E+00
HFI-NQD to open door

erroneously

NOTE: ?*For Calc. Type 3 with a mission time of 0, SAPHIRE performs the quantification using the system

mission time.

Op = operation; PLC = programmable logic controller, TEV = transport and emplacement vehicle.
Source: Original

B1.4.6.5.1 Human Failure Events

One basic event is identified as associated with human error of the operator opening the TEV
shield doors. The basic event is identified as 800-HEEO-TEVDOOR-HFI-NOD.

B1.4.6.5.2 Common-Cause Failures
There are no CCFs identified for this model.
B1.4.6.6 Uncertainty and Cut Set Generation Results

Uncertainty and cut set generation results from SAPHIRE for the fault tree for an “Inadvertent
TEV Door Opening during Transit” are presented in Figures B1.4-11 and B1.4-12.

Uncertainty Resulis

MName SHELD-DOOR

Random Seed 1234 Events 5
Sample Size 10000 Cut Sets 4
Poirt estimate 1.385E-007
Mean Value 1.150E-007
5th Percertile Yalue 5.720E-011
Median ‘Yalue 4 423E-009
95th Percertile Yalue 3.260E-007
Minimum Sample Yalue 1.925E-M3
Maximum Sample Value 9.906E-005
Standard Deviation 1.201E-006
Skewness 5. 967E+001
Kurtosis 4 E7T3E+003
Elapsed Time 00:00:00.440

Source: Original

Figure B1.4-11. Uncertainty Results for TEV Exits Facility with Open
Shield Doors (SHIELD DOOR)
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Cut Set Generation Resulis @

Name: SHIELD-DOOR
Elapsed Time: 00:00:00.000

Cut # minCut

Size

il e
1.389E-007

W00~ = W) —
ooooooo O

10 0
10 0 e
Toatal 4 1.389€-007

Total Elapsed Time : 00:00:00.050

| oK I View Results

Source: Original

Figure B1.4-12. Cut Sets for TEV Exits Facility with Open Shield Doors
(SHIELD DOOR)

B1.4.6.7 Cut Sets

Table B1.4-12 contains the cut sets for the SHIELD-DOOR fault tree.

Table B1.4-12. SHIELD-DOOR Cut Sets

% % Prob./ Event
Total Cutset | Frequency Basic Event Description Prob.
98.80 98.80 1.372E-07 | 800-HEEO-INTRLCK-IEL-FOH Interlock Failure - TEV door | 1.372E-04

interlock

800-HEEO-TEVDOOR-HFI-NOD | Operator attempts to open 1.000E-03
door erroneously

99.33 0.53 7.353E-10 | 800-HEEO-ACTDRO1-ATP-SPO | Actuator Spurious Op - 5.360E-06
TEV door
800-HEEO-INTRLCK-IEL-FCH Interlock Failure - TEV door | 1.372E-04
interlock
99.86 0.53 7.353E-10 | 800-HEEO-ACTDRO2-ATP-SPO | Actuator Spurious Op - 5.360E-06
TEV door
800-HEEO-INTRLCK-IEL-FOH Interlock Failure - TEV door 1.372E-04
interlock
100.00 0.14 2.003E-10 | 800-HEEOQ-INTRLCK-IEL-FOH Interlock Failure - TEV door | 1.372E-04
interlock
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Table B1.4-12. SHIELD-DOOR Cut Sets (Continued)

% % Prob./ Event
Total Cut set | Frequency Basic Event Description Prob.
800-HEEO-PLCDOOR-PLC-SPO | PLC Spurious Op - TEV 1.460E-06
doors

NOTE: Op = operation; PLC = programmable logic controllers; TEV = transport and emplacement vehicle.

Source: Original
B1.4.7 Waste Package Drop in Facility
B1.4.7.1 Description

The scenario describes the drop of a waste package within a facility during the loadout operation.
After the waste package has been placed under the TEV at the loadout dock, the TEV's shielded
enclosure raises the waste package to allow the retraction of the base plate. At this point, the lift
system of screw jacks or the lifting features on the shielded enclosure can fail, allowing the drop
of the waste package to the dock.

B1.4.7.2 Success Criteria

The success criteria for the scenario are that the TEV operates without spurious operations and
without structural or system failures.

B1.4.7.3 Design Requirements and Features
The following requirement is identified with respect to this scenario:

e The operational status of the TEV is clearly displayed for the remote operator and
cameras as well as other sensors are provided to monitor the status of the TEV and the
waste package.

B1.4.7.4 Fault Tree Model

The fault tree model for the sequence is labeled as FACILITY-DROP.  The top event is the
drop of a waste package by the TEV during the loadout operations within a waste handling
facility. This top event is realized by either the failure of the lift system (jack failure) or the
mechanical failure of the lift features holding the pallet and waste package configuration.
Figure B1.4-37 presents the fault tree graphic for this model.

The lift system can fail if two of the primary jacks fail as represented by the failure of the
individual jacks joined by a conditional OR gate. For the waste package to be dropped, a
minimum of two of the primary jacks must fail (at either end of the TEV).

The lift features can also fail, allowing the waste package to drop. Again, for the waste package
to be dropped, a minimum of two of the four lift features must fail. The failure of the lift
features is represented by the failure of the lift features joined by a conditional OR gate requiring
the failure of two of the four features for realization.
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B1.4.7.5 Basic Event Data

Table B1.4-13 contains a list of basic events used in the fault tree, FACILITY-DROP, for the
drop of a waste package in a waste handling facility.

Table B1.4-13. Basic Event Probabilities for Waste Package Drop in Facility
Mean
Calc. Calculated Failure Mission
Name Description Typez’1 Probability | Probability Lambda Time®
800-HEEO- Screw Jack CCF Failure 1 8.100E-07 8.100E-07 0.000E+00 | 0.000E+00
JACKO005-JCK-
FOH
800-HEEO- TEV Screw Jack Failure 3 3.256E-05 0.000E+00 8.100E-06 | 4.000E+00
JACKO001-JCK-
FOH
800-HEEO- TEV Screw Jack Failure 3 3.256E-05 0.000E+00 8.100E-06 | 4.000E+00
JACK002-JCK-
FOH
800-HEEO- TEV Screw Jack Failure 3 3.256E-05 0.000E+00 8.100E-06 | 4.000E+00
JACKO003-JCK-
FOH
800-HEEO- TEV Screw Jack Failure 3 3.256E-05 0.000E+00 8.100E-06 | 4.000E+00
JACK004-JCK-
FOH
800-HEEO- Lifting Rig or Hook 3 2.980E-06 0.000E+00 7.450E-07 | 4.000E+00
LIFTO01-LRG-FOH | Failure
800-HEEO- Lifting Rig or Hook 3 2.980E-06 0.000E+00 7.450E-07 | 4.000E+00
LIFT002-LRG-FOH | Failure
800-HEEO- Lifting Rig or Hook 3 2.980E-06 0.000E+00 7.450E-07 | 4.000E+00
LIFTO03-LRG-FOH | Failure
800-HEEO- Lifting Rig or Hook 3 2.980E-06 0.000E+00 7.450E-07 | 4.000E+00
LIFT004-LRG-FOH | Failure

NOTE:

mission time.

Source: Original

B1.4.7.5.1 Human Failure Events

No basic event is identified as associated with human error for this model.

B1.4.7.5.2 Common-Cause Failures

There are no CCFs identified for this model.

B1.4.7.6 Uncertainty and Cut Set Generation Results

@For Calc. Type 3 with a mission time of 0, SAPHIRE performs the quantification using the system

Uncertainty and cut set generation results from SAPHIRE for the fault tree for “Waste Package
Drop in Facility” are presented in Figures B1.4-13 and B1.4-14.
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Uncertainty Results

MName FACILITY-DROP

Random Seed 1234 Events 4
Sample Size 10000  Cut Sets 6
Point estimate 5.328E-011
Mean Value 5.44BE-011
Sth Percertile Yalue 3.170E-D11
Median Value 5.260E-011
95th Percertile Yalue 8.350E-011
Minirmum Sample Value 1.319E-011
Maximum Sample Yalue 1.508E-010
Standard Deviation 1 BO0E-011
Skewness 7.370E-001
Kurtasis 3.934E+000
Elapsed Time 00:00:00 560

[ ]

Source: Original

Figure B1.4-13. Uncertainty Results for Package Drop During Loading
in Facility (FACILITY-DROP)

Cut Set Generation Results @
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Elapsed Time: 00:00:00.020
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Source: Original

Figure B1.4-14. Cut Set Generation Results for Package Drop during
Loading in Facility (FACILITY-DROP)
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B1.4.7.7 Cut Sets

Table B1.4-14 contains the cut sets for the FACILITY-DROP fault tree.

Table B1.4-14. FACILITY-DROP Cut Sets
% % Prob./
Total | Cut Set | Frequency Basic Event Description Event Prob.
16.67 16.67 8.880E-12 | 800-HEEO-LIFT001-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-LIFT002-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
33.34 16.67 8.880E-12 | 800-HEEO-LIFT001-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-LIFT003-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
50.01 16.67 8.880E-12 | 800-HEEO-LIFT002-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-LIFT003-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
66.68 16.67 8.880E-12 | 800-HEEO-LIFT001-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-LIFT004-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
83.35 16.67 8.880E-12 | 800-HEEO-LIFT002-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-LIFT004-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
100.00 | 16.67 8.880E-12 | 800-HEEO-LIFTO03-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-LIFT004-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
16.67 16.67 8.880E-12 | 800-HEEO-LIFT001-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-LIFT002-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
33.34 16.67 8.880E-12 | 800-HEEO-LIFT001-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-LIFT003-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
50.01 16.67 8.880E-12 | 800-HEEO-LIFT002-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-LIFT003-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
66.68 16.67 8.880E-12 | 800-HEEO-LIFT001-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-LIFT004-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
83.35 16.67 8.880E-12 | 800-HEEO-LIFT002-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-LIFT004-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
100.00 | 16.67 8.880E-12 | 800-HEEOQ-LIFTO03-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-LIFT004-LRG-FOH Lifting Rig or Hook Failure 2.980E-06

NOTE: Prob. = probability; TEV = transport and emplacement vehicle.

Source: Original

B1.4.8 Waste Package Drop during Transit

B1.4.8.1 Description

The scenario describes the drop of a waste package by the TEV during transit. To allow for a
fall of the waste package to the invert during transit, the TEV's base plate must be first extended
from underneath the TEV. To allow this extension, the TEV's front shield doors must open to

disengage the mechanical interlock on base plate movement.

However for the TEV's shield

doors to open, the electro-mechanical interlock on the shield doors must fail as well. [Note: as
the TEV exits a facility, an interlock is activated to restrict the opening of the front shield doors.]

B1-51

March 2008



Subsurface Operations Reliability 000-PSA-MGRO0-00500-000-00A
and Event Sequence Categorization Analysis

After the base plate is extended, the lift system of screw jacks or the lifting features on the
shielded enclosure fail, allowing the drop of the waste package to the dock.

B1.4.8.2 Success Criteria

The success criterion for the scenario is that the TEV operates without structural or system
failures.

B1.4.8.3 Design Requirements and Features
The following requirements are identified with respect to this scenario:

e The TEV has an electro-mechanical interlock to prevent the front shield doors to open
when the TEV is in transit outside of a facility or an emplacement drift.

e The operational status of the TEV is clearly displayed for the remote operator and
cameras as well as other sensors are provided to monitor the status of the TEV's shield
doors.

B1.4.8.4 Fault Tree Model

The fault tree model for the sequence is labeled as TRANSIT-DROP. The top event is the drop
of a waste package by the TEV during transit on the surface or in the subsurface. This top event
is realized by the failure of the shot bolts holding the pallet and waste package configuration.
However, for this type of drop to occur during transit, the TEV's base plate must be first
extended. Therefore the failure of the shot bolts is joined by an AND gate to the extension of the
base plate. Figures B1.4-38 and B1.4-39 present the fault tree graphic for this model.

For the base plate to be extended during transit, the base plate can be actuated by a spurious
signal represented by a basic event. However, for the base plate to extend, the front shield doors
must be first opened to disengage the interlock of the doors on the base plate movement. The
logic for the shield door to open is transferred to a subtree, DOOR-INIT.

The lift system can fail if two of the primary jacks fail together with the failure of the backup
jacks upon demand. For the waste package to be dropped, a minimum of two of the primary
jacks must fail (at either end of the TEV).

The lift features can also fail and allow the waste package to drop. Again, for the waste package
to be dropped, a minimum of two of the four' lift features must fail. The failure of the lift
features is represented by the failure of the lift features joined by a conditional OR gate requiring
the failure of two of the four features for realization.

DOOR-INIT is the subtree describing the opening of the TEV shield doors during transit. This
event is realized by either (1) an interlock failure together with human error, or (2) a mechanical-

' The actual TEV lift features are continuous structural supports on either side of the waste package. However, for
this analysis, the front support section is divided from the rear support section on a side, resulting in four lift
"features" for the TEV and allowing for only a portion of the support to fail.
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based failure of the system. For the human-error initiated event, the opening of the door imitated
erroneously by an operator command must be accompanied by the failure of the TEV interlock
system (which is to prevent the front shield doors opening in transit) to be realized. This logic is
represented by two basic events (representing the operator command and the interlock failure)
joined by an AND gate. The mechanical-based failure also incorporates the failure of the
interlock system (again represented by a basic event) together with the opening of the door
initiated by a spurious signal or by spurious movement of the TEV's front shield door actuators.
The spurious signal is (represented by basic event) joined by an OR gate to the spurious
movement of the door actuators, which is represented as an OR joining basic failure events for
each actuator.

B1.4.8.5 Basic Event Data

Table B1.4-15 contains a list of basic events used in the fault tree, TRANSIT-DROP, for a waste
package dropped during transit.

Table B1.4-15. Basic Event Probabilities for Waste Package Dropped during Transit

Mean
Calc. Calculated Failure Mission
Name Description Typez’1 Probability Probability Lambda Time®

800-HEEO- Actuator Spurious 3 5.360E-06 0.000E+00 1.340E-06 | 4.000E+00
BEDEXTD-ADP-SPO | Op — TEV base plate
800-HEEO-LIFT000- Common cause 1 7.450E-08 7.450E-08 0.000E+00 | 0.000E+00
LRG-CCF failure of all four

Lifting Rigs or Hooks
800-HEEO-LIFT001- Lifting Rig or Hook 3 2.980E-06 0.000E+00 7.450E-07 | 4.000E+00
LRG-FOH Failure
800-HEEO-LIFT002- Lifting Rig or Hook 3 2.980E-06 0.000E+00 7.450E-07 | 4.000E+00
LRG-FOH Failure
800-HEEO-LIFT003- Lifting Rig or Hook 3 2.980E-06 0.000E+00 7.450E-07 | 4.000E+00
LRG-FOH Failure
800-HEEO-LIFT004- Lifting Rig or Hook 3 2.980E-06 0.000E+00 7.450E-07 | 4.000E+00
LRG-FOH Failure
800-HEEOQO-SHTBLTO- | Common Cause 1 8.230E-10 8.230E-10 0.000E+00 | 0.000E+00
PIN-CCF failure of 2 or more

shot bolts
800-HEEOQO-SHTBLT1- | TEV Shot Bolt 1 3 3.292E-08 0.000E+00 8.230E-09 | 4.000E+00
PIN-FOH Fails
800-HEEOQO-SHTBLT2- | TEV Shot Bolt 2 3 3.292E-08 0.000E+00 8.230E-09 | 4.000E+00
PIN-FOH Fails
800-HEEOQO-SHTBLT3- | TEV Shot Bolt 3 3 3.292E-08 0.000E+00 8.230E-09 | 4.000E+00
PIN-FOH Fails
800-HEEOQO-SHTBLT4- | TEV Shot Bolt 4 3 3.292E-08 0.000E+00 8.230E-09 | 4.000E+00
PIN-FOH Fails
800-HEEO-INTRLCK- | Interlock Failure — 3 1.372E-04 0.000E+00 3.430E-05 | 4.000E+00
IEL-FOH TEV door interlock
800-HEEO- Operator attempts to 1 1.000E-03 1.000E-03 0.000E+00 | 0.000E+00
TEVDOOR-HFI-NOD | open door

erroneously
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Table B1.4-15. Basic Event Probabilities for Waste Package Dropped during Transit (Continued)

Mean
Calc. Calculated Failure Mission
Name Description Type® | Probability | Probability Lambda Time®
800-HEEO- PLC Spurious Op — 3 1.460E-06 0.000E+00 3.650E-07 | 4.000E+00
PLCDOOR-PLC-SPO | TEV doors
800-HEEO-ACTDRO1- | Actuator Spurious 3 5.360E-06 0.000E+00 1.340E-06 | 4.000E+00
ATP-SPO Op — TEV door
800-HEEO-ACTDRO2- | Actuator Spurious 3 5.360E-06 0.000E+00 1.340E-06 | 4.000E+00
ATP-SPO Op — TEV door
NOTE: ®For Calc. Type 3 with a mission time of 0, SAPHIRE performs the quantification using the system
mission time.

Op = operation; PLC = programmable logic controllers; TEV = transport and emplacement vehicle.

Source: Original
B1.4.8.5.1 Human Failure Events

One basic event is identified as associated with human error of the operator opening the TEV
shield doors. The basic event is identified as 800-HEEO-TEVDOOR-HFI-NOD.

B1.4.8.5.2 Common-Cause Failures

There are two CCFs identified for this model. Both are the failure of at least two of four
components; 800-HEEO-LIFT000-LRG-CCF models the failure of at least two of four lifting rigs
or hooks and 800-HEEO-SHTBLTO-PIN-CCF models the failure of at least two or four shot
bolts.

B1.4.8.6 Uncertainty and Cut Set Generation Results

Uncertainty and cut set generation results from SAPHIRE for the fault tree for “Waste Package
Drop during Transit” are presented in Figures B1.4-17 and B1.4-18.
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Mame TRANSIT-DROP

Random Seed 1234 Events 16
Sgmple Size 10000  Cut Sets 18
Paoint estimate 7 538E-008
Mean Value 7 541E-008
5th Percentile Value 5.775E-005
Median Value 7 482E-008
95th Percertile Value 9 .503E-008
Minimum Sample Yalue 4 496E-008
Maximum Sample Value 2 281E-007
Stancard Devistion 1.144E-008
Skewness 5.7 24E-001
Kurtosis 6 280E+000
Elap=ed Time 00:00:00 810

Uncertainty Results

Figure B1.4-15. Uncertainty Results for Waste Package Drop during

Transit (TRANSIT-DROP)

Cut Set Generation Results El
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View Results

Source: Original

Figure B1.4-16. Cut Sets Generation Results for Waste Package Drop

B1-55

during Transit (TRANSIT-DROP)

March 2008



Subsurface Operations Reliability

and Event Sequence Categorization Analysis

000-PSA-MGR0-00500-000-00A

B1.4.8.7

Cut Sets

Table B1.4-16 contains the cut sets for the TRANSIT-DROP fault tree.

Table B1.4-16. TRANSIT-DROP Cut Sets

% % Prob./
Total | Cut Set | Frequency Basic Event Description Event Prob.
98.84 98.84 7.450E-08 | 800-HEEO-LIFTO00-LRG-CCF Common cause failure of all 7.450E-08
four lifting Rig/hooks
99.93 1.09 8.230E-10 | 800-HEEO-SHTBLTO-PIN-CCF Common Cause failure of 2 8.230E-10
or more TEV Shot Bolts
99.94 0.01 8.880E-12 | 800-HEEO-LIFT001-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-LIFT002-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
99.95 0.01 8.880E-12 | 800-HEEO-LIFT001-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-LIFT004-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
99.96 0.01 8.880E-12 | 800-HEEO-LIFT002-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-LIFT004-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
99.97 0.01 8.880E-12 | 800-HEEO-LIFT003-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-LIFT004-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
99.98 0.01 8.880E-12 | 800-HEEO-LIFT001-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-LIFTO03-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
99.99 0.01 8.880E-12 | 800-HEEO-LIFT002-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-LIFTO03-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
99.99 0.00 7.353E-13 | 800-HEEO-BEDEXTD-ATP-SPO | Actuator Spurious Op - TEV 5.360E-06
base plate
800-HEEO-INTRLCK-IEL-FOH Interlock Failure - TEV door 1.372E-04
interlock
800-HEEO-TEVDOOR-HFI-NOD | Operator attempts to open 1.000E-03
door erroneously
99.99 0.00 3.941E-15 | 800-HEEO-ACTDRO1-ATP-SPO | Actuator Spurious Op - TEV 5.360E-06
door
800-HEEO-BEDEXTD-ATP-SPO | Actuator Spurious Op - TEV 5.360E-06
base plate
800-HEEO-INTRLCK-IEL-FOH Interlock Failure - TEV door 1.372E-04
interlock
99.99 0.00 3.941E-15 | 800-HEEO-ACTDRO02-ATP-SPO | Actuator Spurious Op - TEV 5.360E-06
door
800-HEEO-BEDEXTD-ATP-SPO | Actuator Spurious Op - TEV 5.360E-06
base plate
800-HEEO-INTRLCK-IEL-FOH Interlock Failure - TEV door 1.372E-04
interlock
99.99 0.00 1.084E-15 | 800-HEEO-SHTBLT1-PIN-FOH | TEV Shot Bolt 1 fails 3.292E-08
800-HEEO-SHTBLT2-PIN-FOH | TEV Shot Bolt 2 Fails 3.292E-08
99.99 0.00 1.084E-15 | 800-HEEO-SHTBLT1-PIN-FOH | TEV Shot Bolt 1 fails 3.202E-08
800-HEEO-SHTBLT4-PIN-FOH | TEV Shot Bolt 4 Fails 3.292E-08
99.99 0.00 1.084E-15 | 800-HEEO-SHTBLT2-PIN-FOH | TEV Shot Bolt 2 Fails 3.292E-08
800-HEEO-SHTBLT4-PIN-FOH | TEV Shot Bolt 4 Fails 3.292E-08
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Table B1.4-16. FACILITY-DROP Cut Sets (Continued)

% % Prob./
Total | Cut Set | Frequency Basic Event Description Event Prob.
99.99 0.00 1.084E-15 | 800-HEEO-SHTBLT3-PIN-FOH | TEV Shot Bolt 3 Fails 3.202E-08
800-HEEO-SHTBLT4-PIN-FOH | TEV Shot Bolt 4 Fails 3.292E-08
99.99 0.00 1.084E-15 | 800-HEEO-SHTBLT1-PIN-FOH | TEV Shot Bolt 1 fails 3.292E-08
800-HEEO-SHTBLT3-PIN-FOH | TEV Shot Bolt 3 Fails 3.292E-08
99.99 0.00 1.084E-15 | 800-HEEO-SHTBLT2-PIN-FOH | TEV Shot Bolt 2 Fails 3.292E-08
800-HEEO-SHTBLT3-PIN-FOH | TEV Shot Bolt 3 Fails 3.292E-08
99.99 0.00 1.074E-15 | 800-HEEO-BEDEXTD-ATP-SPO | Actuator Spurious Op - TEV 5.360E-06
base plate
800-HEEO-INTRLCK-IEL-FOH Interlock Failure - TEV door 1.372E-04
interlock
800-HEEO-PLCDOOR-PLC- PLC Spurious Op - TEV 1.460E-06
SPO doors
98.84 98.84 7.450E-08 | 800-HEEO-LIFTO00-LRG-CCF Common cause failure of all 7.450E-08
four lifting Rig/hooks
99.93 1.09 8.230E-10 | 800-HEEO-SHTBLTO-PIN-CCF Common Cause failure of 2 8.230E-10
or more TEV Shot Bolts
99.94 0.01 8.880E-12 | 800-HEEO-LIFT001-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-LIFT002-LRG-FOH Lifting Rig or Hook Failure 2.980E-06

NOTE: Op = operation; PLC = programmable logic controller; TEV = transport and emplacement vehicle.

Source: Original
B1.4.9 Waste Package Drop or Dragging in an Emplacement Drift
B1.4.9.1 Description

The scenario describes the drop or dragging of a waste package by the TEV during emplacement
operations. Dragging can occur as the TEV moves away from an emplaced waste package with
the shielded enclosure at its lowered position. At this point, a spurious signal could activate the
shielded enclosure to be raised, which would induce the TEV to engage the pallet at one end. As
the TEV continues to move, the pallet and the waste package are dragged along with the TEV,
with one end of the pallet moving on the invert. With continued motion, waste package would
eventually slide or drop from the pallet to the invert.

The TEV can also drop the waste package just prior to the placement of the pallet and package
on the drift invert. At this point, the base plate is extended, the lift system of screw jacks or the
lifting features on the shielded enclosure fail, allowing the drop of the waste package to the
invert.

B1.4.9.2 Success Criteria

The success criteria for the scenario are that the TEV operates without spurious operations and
without structural or system failures.
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B1.4.9.3 Design Requirements and Features
The following requirement is identified with respect to this scenario:

e The operational status of the TEV is clearly displayed for the remote operator and
cameras as well as other sensors are provided to monitor the status of the TEV and the
waste package.

B1.4.9.4 Fault Tree Model

The fault tree model for the sequence is labeled as DRIFT-DRAG. The top event is the drop or
dragging of the waste package within the emplacement drift. This top event is realized by either
the occurrence of the TEV dragging the waste package and pallet along the invert or the drop of
the waste package by the TEV just prior to emplacement. Figures B1.4-40 to B1.4-42 present
the fault tree graphic for this model.

For the waste package to be dragged the TEV shielded enclosure must improperly engage the
waste package during its movement away from the waste package and continues to move away
after the engagement. This is represented as an AND gate connecting the events representing the
improper engagement of waste package and the TEV's spurious movement.

The improper engagement of the waste package can be initiated by one of three causes: (1) a
spurious signal driving the programmable logic controller for waste package retrieval; (2) the
failure of the primary lift (jack) system; and (3) the failure of the lift features.

The lift system can fail if one of the four primary jacks fail The failure of the primary jacks is
represented by the failure of an individual jack (each represented as a basic event) joined by a
conditional OR gate. The lift features can also fail, and the failure of the lift features is
represented by the failure of the one of the four lift features (each represented as a basic event)
joined by a conditional OR gate.

The generation of spurious signal to cause TEV movement can be caused by either a spurious
signal within the speed controller or the start of movement by the TEV motors. The motors can
be actuated from central control (represented by a basic event) or all the motors can activate
independently. This independent activation is represented by basic events for each of the eight
drive wheel motors connected by an AND gate.

The drop of the waste package by the TEV is realized by either the failure of the lift system (jack
failure) or the mechanical failure of the lift features holding the pallet and waste package
configuration. However, as stated in (Ref. B1.1.7), the TEV is constructed with vertical guide
rollers that render the scenario of dragging the waste package scenario following a drop virtually
impossible. Note that at this point in TEV operations, the baseplate is extended.

The lift system can fail if two of the primary jacks fail together with the failure of the backup
jacks upon demand. The failure of the backup jacks is represented by a single basic event joined
by an AND gate to the failure of the primary jacks, as represented by the failure of the individual
jacks joined by a conditional OR gate. For the waste package to be dropped, a minimum of two
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of the primary jacks must fail (at either end of the TEV). This drop model will yield a
conservative result.

The lift features can also fail, allowing the waste package to drop. Again, for the waste package
to be dropped, a minimum of two of the four lift features must fail. The failure of the lift
features is represented by the failure of the lift features joined by a conditional OR gate requiring
the failure of two of the four features for realization.

B1.4.9.5 Basic Event Data

Table B1.4-17 contains a list of basic events used in the fault tree, DRIFT-DRAG, for the drop or
dragging of a waste package in an emplacement drift.

Table B1.4-17. Basic Event Probabilities for a Waste Package Drop or Dragging in an Emplacement Drift

Calc. Calculated Mean Failure Mission

Name Description Typez’1 Probability Probability Lambda Time®
800-HEEO- PLC Spurious Op — 3 3.650E-07 0.000E+00 3.650E-07 | 1.000E+00
PLCRETR-PLC- WP retrieval controller
SPO
800-HEEO- Screw jack CCF failure 1 8.100E-07 8.100E-07 0.000E+00 | 0.000E+00
JACKO000-JCK-
CCF
800-HEEO- TEV screw jack failure 3 3.256E-05 0.000E+00 8.140E-06 | 4.000E+00
JACKO001-JCK-
FOH
800-HEEO- TEV screw jack failure 3 3.256E-05 0.000E+00 8.140E-06 | 4.000E+00
JACK002-JCK-
FOH
800-HEEO- TEV screw jack failure 3 3.256E-05 0.000E+00 8.140E-06 | 4.000E+00
JACKO003-JCK-
FOH
800-HEEO- TEV screw jack failure 3 3.256E-05 0.000E+00 8.140E-06 | 4.000E+00
JACK004-JCK-
FOH
800-HEEO- Common cause failure 1 7.450E-08 7.450E-08 0.000E+00 | 0.000E+00
LIFTO00-LRG- of at least two lifting
CCF rigs/hooks
800-HEEO- Lifting Rig or Hook 3 2.980E-06 0.000E+00 7.450E-07 | 4.000E+00
LIFTO01-LRG- fails
FOH
800-HEEO- Lifting Rig or Hook 3 2.980E-06 0.000E+00 7.450E-07 | 4.000E+00
LIFT002-LRG- fails
FOH
800-HEEO- Lifting Rig or Hook 3 2.980E-06 0.000E+00 7.450E-07 | 4.000E+00
LIFTO03-LRG- fails
FOH
800-HEEO- Lifting Rig or Hook 3 2.980E-06 0.000E+00 7.450E-07 | 4.000E+00
LIFTO04-LRG- fails
FOH
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Table B1.4-17. Basic Event Probabilities for a Waste Package Drop or Dragging in an Emplacement Drift

(Continued)
Calc. Calculated Mean Failure Mission
Name Description Type® | Probability Probability Lambda Time®
800-HEEO- Speed Controller — 3 1.460E-06 0.000E+00 3.650E-07 | 4.000E+00
PLCSPD1-PLC- POC spurious Op
SPO
800-HEEO- CCF — TEV motor 1 1.210E-08 1.210E-08 0.000E+00 | 0.000E+00
MOTACTC-ATP- actuation (0.009 times
CCF hourly)
800-HEEO- Actuator Spurious Op 3 1.340E-06 0.000E+00 1.340E-06 | 1.000E+00
MOTACT1-ACT- — TEV motor
SPO
800-HEEO- Actuator Spurious Op 3 1.340E-06 0.000E+00 1.340E-06 | 1.000E+00
MOTACT2-ACT- — TEV motor
SPO
800-HEEO- Actuator Spurious Op 3 1.340E-06 0.000E+00 1.340E-06 | 1.000E+00
MOTACT3-ACT- — TEV motor
SPO
800-HEEO- Actuator Spurious Op 3 1.340E-06 0.000E+00 1.340E-06 | 1.000E+00
MOTACT4-ACT- — TEV motor
SPO
800-HEEO- Actuator Spurious Op 3 1.340E-06 0.000E+00 1.340E-06 | 1.000E+00
MOTACT5-ACT- — TEV motor
SPO
800-HEEO- Actuator Spurious Op 3 1.340E-06 0.000E+00 1.340E-06 | 1.000E+00
MOTACTB-ACT- — TEV motor
SPO
800-HEEO- Actuator Spurious Op 3 1.340E-06 0.000E+00 1.340E-06 | 1.000E+00
MOTACT7-ACT- — TEV motor
SPO
800-HEEO- Actuator Spurious Op 3 1.340E-06 0.000E+00 1.340E-06 | 1.000E+00
MOTACTS8-ACT- — TEV motor
SPO

NOTE:

mission time.

#For Calc. Type 3 with a mission time of 0, SAPHIRE performs the quantification using the system

CCF = common-cause failure; Op = operation; PLC = programmable logic controller; TEV = transport
and emplacement vehicle.

Source: Original

B1.4.9.5.1

Human Failure Events

No basic event is identified as associated with human error for this model.
B1.4.9.5.2 Common-Cause Failures

There are two CCFs identified for this model. The first is the CCF of the TEV screw jacks,
conservatively modeled as any 2 of 4 (800-HEEO-JACKO000-JCK-CCF) and the CCF of the
lifting rigs, also conservatively modeled as any 2 of 4 (800-HEEO-LIFT000-LRG-CCF).
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B1.4.9.6 Uncertainty and Cut Set Generation Results

Uncertainty and cut set generation results from SAPHIRE for the fault tree for “Waste Package
Drop or dragging in an Emplacement Drift” are presented in Figures B1.4-17 and B1.4-18.

Uncertainty Results

MName DRIFT-DRAG
Random Seed 1234 Events 13
Sample Size 10000  Cut Sets 32
Pairt estimate 8.911E-007
Mean Value 9.071E-007
5th Percentile Value 8.361E-008
Median Yalue 4 BE1E-007
935th Percertile Value 3.195E-006
Minimum Sample Value 5.010E-005
Maximum Sample Value 1.614E-005
Standard Deviation 1.144E-006
Skewness 2.726E+000
Kurtosis 1.443E+001
Elapsed Time 00:00:00.580
Ok

Source: Original

Figure B1.4-17. Uncertainty Results for Drop or Drag of Waste Package
by TEV in Emplacement Drift (DRIFT-DRAG)
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Source: Original

Figure B1.4-18.

Cut Set Generation Results @

Mame:
Elapsed Time: 00:00:00.010

DRIFT-DRAG

Cut H minCut
Size
1 2 8.845E-007
2 30 E.624E-009
3 0 B e
4 0 T e
) 0 e e
B 0 e
7 0 swmme e
8 ] B Sees
9 1] S SE
10 ] B e
»>10 0 B S
Total 32 8.911E-007

Total Elapsed Time : 00:00:00,070

oK

Wiew Results

by TEV in Emplacement Drift (DRIFT-DRAG)

Table B1.4-18 contains the top 20 cut sets for the DRIFT-DRAG fault tree.

Table B1.4-18. DRIFT-DRAG Cut Sets

Cut Set Generation Results for Drop or Drag of Waste Package

% % Prob./
Total | Cut Set | Frequency Basic Event Description Event Prob.
90.90 90.90 8.100E-07 | 800-HEEO-JACK000-SJK-CCF Screw jack CCF Failure 8.100E-07
99.26 8.36 7.450E-08 | 800-HEEO-LIFT000-LRG-CCF Common cause failure of 7.450E-08
at least two lifting
Rig/hooks
99.38 0.12 1.060E-09 | 800-HEEO-JACKO01-SJK-FOH TEV screw jack failure 3.256E-05
800-HEEO-JACKO002-SJK-FOH TEV screw jack failure 3.256E-05
99.50 0.12 1.060E-09 | 800-HEEO-JACKO001-SJK-FOH TEV screw jack failure 3.256E-05
800-HEEO-JACKO003-SJK-FOH TEV screw jack failure 3.256E-05
99.62 0.12 1.060E-08 | 800-HEEO-JACK002-SJK-FOH TEV screw jack failure 3.256E-05
800-HEEOQ-JACKO03-SJK-FOH | TEV screw jack failure 3.256E-05
99.74 0.12 1.060E-09 | 800-HEEO-JACK001-SJK-FOH TEV screw jack failure 3.256E-05
800-HEEO-JACKO004-SJK-FOH TEV screw jack failure 3.256E-05
99.86 0.12 1.060E-09 | 800-HEEO-JACKO002-SJK-FOH TEV screw jack failure 3.256E-05
800-HEE0-JACK004-SJK-FOH | TEV screw jack failure 3.256E-05
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Table B1.4-18. DRIFT-DRAG Cut Sets (Continued)

% % Prob./
Total | Cut Set | Frequency Basic Event Description Event Prob.
99.98 0.12 1.060E-09 | 800-HEEO-JACKO003-SJK-FOH TEV screw jack failure 3.256E-05
800-HEEO-JACK004-SJK-FOH TEV screw jack failure 3.256E-05
99.99 0.01 4.754E-11 | 800-HEEO-JACK001-SJK-FOH TEV screw jack failure 3.256E-05
800-HEEO-PLCSPD1-PLC-SPO Speed Controller - PLC 1.460E-06
Spurious Op
100.00 0.01 4.754E-11 | 800-HEEO-JACK002-SJK-FOH TEV screw jack failure 3.256E-05
800-HEEO-PLCSPD1-PLC-SPO Speed Controller - PLC 1.460E-06
Spurious Op
100.00 0.01 4.754E-11 | 800-HEEO-JACK003-SJK-FOH TEV screw jack failure 3.256E-05
800-HEEO-PLCSPD1-PLC-SPO Speed Controller - PLC 1.460E-06
Spurious Op
100.00 0.01 4.754E-11 | 800-HEEO-JACK004-SJK-FOH TEV screw jack failure 3.256E-05
800-HEEO-PLCSPD1-PLC-SPO Speed Controller - PLC 1.460E-06
Spurious Op
100.00 0.00 8.880E-12 | 800-HEEO-LIFT001-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-LIFT002-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
100.00 0.00 8.880E-12 | 800-HEEO-LIFT001-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-LIFTO003-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
100.00 0.00 8.880E-12 | 800-HEEO-LIFT002-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-LIFT003-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
100.00 0.00 8.880E-12 | 800-HEEO-LIFT001-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-LIFT004-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
100.00 0.00 8.880E-12 | 800-HEEO-LIFT002-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-LIFT004-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
100.00 0.00 8.880E-12 | 800-HEEO-LIFT003-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-LIFT004-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
100.00 0.00 4.351E-12 | 800-HEEOQ-LIFT001-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-PLCSPD1-PLC-SPO Speed Controller - PLC 1.460E-06
Spurious Op
100.00 0.00 4.351E-12 | 800-HEEOQ-LIFT002-LRG-FOH Lifting Rig or Hook Failure 2.980E-06
800-HEEO-PLCSPD1-PLC-SPO Speed Controller - PLC 1.460E-06

Spurious Op

NOTE: CCF = common-cause failure; Op = operation; PLC = programmable logic controller; TEV = transport and
emplacement vehicle; WP = waste package.

Source:

Original
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B1.4.10 TEV Collides with Emplaced Waste Package
B1.4.10.1 Description

The scenario describes the TEV impacting an emplaced waste package during emplacement
operations. A collision can occur as a TEV enters the emplacement drift, and due to a system
failure, human error or spurious signal, the TEV continues at full operational speed along the
drift until it strikes a waste package emplaced earlier. A collision can also occur as the TEV
moves away from the waste package after emplacement, and a signal directs the TEV to reverse
direction, which would induce the TEV to move along the drift in the wrong direction until it
collides with the waste package recently emplaced.

B1.4.10.2 Success Criteria

The success criteria for the scenario are that the TEV operates without spurious operations and
without system failures.

B1.4.10.3 Design Requirements and Features
The following requirement is identified with respect to this scenario:

e The operational status of the TEV is clearly displayed for the remote operator and
cameras as well as other sensors are provided to monitor the status of the TEV including
speed, operational direction and the potential for collision.

B1.4.10.4 Fault Tree Model

The fault tree model for the sequence is labeled as TEV-IMPACTS-WP. . The top event is the
impact of an emplaced waste package by the TEV during emplacement operations. This top
event is realized by either a mechanical failure or by an operator error. The uncontrolled
movement of the TEV leading to a collision, as caused by operator error, is represented by a
basic event. Figure B1.4-43 presents the fault tree graphic for this model

For a collision due to the mechanical failure, the failure must induce the TEV to move in an
uncontrolled fashion. The uncontrolled movement can be caused by either the failure of the
mechanical speed control (if the TEV is operating in manual mode) or by a spurious operation
directed by the drive controller. The failure of the mechanical speed selector is represented as
basic event which is joined to the basic event that the TEV is operating in manual mode by an
AND gate. The spurious operation directed by the drive controller is also represented as a basic
event.
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B1.4.10.5 Basic Event Data

Table B1.4-19 contains a list of basic events used in the fault tree, TEV-IMPACTS-WP, for the
TEV colliding with an emplaced waste package.

Table B1.4-19. Basic Event Probabilities for TEV Collides with Emplaced Waste Package

Calc Mean Failure Mission

Name Calculation Type® Prob Probability Lambda Time®
800-HEEO-IMPACTF- | Operator causes uncontrolled 1 1.000E-03 1.000E-03 0.000E+00
HFI-NOD movement of TEV
800-HEEO-PLCLDR1- | Drive controller — PLC 3 1.460E-06 0.000E+00 3.650E-07
PLC-SPO Spurious Op
800-TEV1- Speed selector fails — Hand 3 1.664E-05 0.000E+00 4.160E-06
HNDSWCH-SEL-FOH | switch included
TEV-CONTROL- TEV is operating in manual 1 1.000E-01 1.000E-01 0.000E+00
MANUAL mode

NOTE: ®For Calc. Type 3 with a mission time of 0, SAPHIRE performs the quantification using the system
mission time.

Calc. = calculation; Op = operation; PLC = programmable logic controller; Prob. = probability. TEV =
transport and emplacement vehicle.

Source: Original

B1.4.10.5.1 Human Failure Events

One basic event is identified as associated with human error of the operator causing the
uncontrolled movement of the TEV (which impacts the waste package). The basic event is
identified as 800-HEEO-IMPACTF-HFI-NOD.

B1.4.10.5.2 Common-Cause Failures
There are no CCFs identified for this model.
B1.4.10.6 Uncertainty and Cut Set Generation Results

Uncertainty results and cut set generation results from SAPHIRE for the fault tree for “TEV
Collides with Emplaced Waste Package” are presented in Figures B1.4-19 and B1.4-20.
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Uncertainty Results

Source: Original

MName TEV-IMPACTSAP

Random Seed 1234 Everts 4
Sample Size 10000  Cut Sets 3
Paint estimate 1 .003E-003
Mean Yalue 9.892E-004
ath Percertile Yalue 1.317E-004
Median Yalue 6.164E-004
9sth Percentile Value 3.068E-003
Minimum Sample Yalue 8.221E-008
Maxirmum Sample Value 2 089E-002
Standard Deviation 1.169E-003
Skewness 4.169E+0D00
Kurtosis 3.504E+001
Elapsed Time 00:00:00.480

Figure B1.4-19. Uncertainty Results for TEV Impacts Waste Package in
Emplacement Drift (TEV-IMPACTS-WP)

Cut Set Generation Results E|

Name: TEV-IMPACTS WP
Elapsed Time: 00:00:00.020

Cut # minCut

Size
T2 1.002E-003
2 1 1.664E-008
SRR
FE N e =
5 0 k-
R R
7 0 =
g 0
S0
0 0
b L e
Total 3 1.003E-003

Total Elapsed Time : 00:00.00.020

| oK I View Results

Source: Original

Figure B1.4-20. Cut Set Generation Results for TEV Impacts Waste Package
in Emplacement Drift (TEV-IMPACTS-WP)
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B1.4.10.7 Cut Sets

Table B1.4-20 contains the top 20 cut sets for the TEV-IMPACTS-WP fault tree.

Table B1.4-20. TEV-IMPACTS-WP Cut Sets

% % Prob./

Total Cut Set | Frequency Basic Event Description Event Prob.

99.69 99.69 1.000E-03 | 800-HEEO-IMPACTF- | Operator causes uncontrolled 1.000E-03
HFI-NOD movement of TEV

99.86 0.17 1.664E-06 | 800-TEV1- Speed selector fails — hand switch 1.664E-05
HNDSWCH-SEL-FOH | included
TEV-CONTROL- TEV is operating in manual mode 1.000E-01
MANUAL

100.00 0.15 1.460E-06 | 800-HEEO-PLCLDR1- | Drive controller - PLC spurious Op 1.460E-06
PLC-SPO

NOTE: Op = operation; PLC = programmable logic controller, Prob. = probability; TEV = transport and

Source: Original

emplacement vehicle.

B1.4.10.8 FAULT TREES
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000-PSA-MGR0-00500-000-00A

TEV door impacts
WP

DRIFT-DOOR-IMPACT

PLC Spurious Spurious operation
Op - TEV doors f TEV door actuatotfs

Q 1.460E-6

800-HEE0-PLCDOOR-PLC-SPO DOOR-ACTUATOR
| |
Actuator Spurious Actuator Spurious
Op - TEV door Op - TEV door

Q 5.360E-6 O 5.360E-6

800-HEE0-ACTDRO01-ATP-SPO  800-HEE0-ACTDR02-ATP-SPO

DRIFT-DOOR-IMPACT - TEV door impacts WP

2008/03/03

Page 6

NOTE: Op = operation; PLC = programmable logic controller; TEV = transport and emplacement vehicle; WP = waste package.

Source: Original

Figure B1.4-21. DRIFT-WP-IMPACT - TEV
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000-PSA-MGR0-00500-000-00A

TEV Collision

when leaving
facility

FACILITY-COLLISION

Operator causes
uncontrolled
movement of TEV.

1.000E-3

800-HEEO-IMPACT-HFI-NOD

Mechancial failure
leads to TEV

collision

TEV-COLLISION-MECH

Drive controller
- PLC Spurious

Onp overspeed

Hand switch
failure causes

800-HEE0-PLCLDRI1-PLC-SPO

1.460E-6

HAND-SWITCH-FAILURE

Speed Selector TEV is operating
Fails - Handswitch in manual mode
included

O 1.664E-5 Q 1.000E-1

800-TEV1-HNDSWCH-SEL-FOH  TEV-CONTROL-MANUAL

FACILITY-COLLISION - TEYV Collision when leaving facility

2008/03/03

Page 18

NOTE: Op = operation; PLC = programmable logic controller; TEV = transport and emplacement vehicle.

Source: Original

Figure B1.4-22. FACILITY COLLISION - TEV
Collides with Object in a Facility
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TEV impact subsurface

DRIFT-TEV-IMPACT

TEV impacts Subsurface Derail TEV commanded
drift access to travel beyond
door end of track
ACCESS-DOOR-IMPACT DRIFT-DERAIL TEV-END-RAIL
[ 1
Operator closes Access door
access door on mechanical failure
TEV
2.000E-3
$00-HEE0-AXSDR00-HFI-NOD ACDRIMP-MECHANICAL
[ 1
Access door Access door
safetyffglamres spuriously close
il

A

ACCESS-DOOR-SAFETY

[

ACCESS-SPURIOUS

Access door Programmable Access door
motors fail to Logic Controller actuatorr spurious
stop when TEV Spurious Operation op
i ted
2.081E-9
ACCESS-DOOR-MOTORS $00-HEE(-AX SDR00-PLC-SPO ACCESS-ACTUATORS
I 1 I 1
Motor (Electric) Motor (Electric) Actuator Spurious Actuator Spurious
Fails to Shut Fails to Shut Op - Access door Op - Access door
off off
7.695E-11 7.695E-11 7.638E-9 7.638E-9

800-HEE0-AXSMO02-MOE-FSO 800-HEE0-AXSMO01-MOE-FSO

800-HEE0-ACTADR2-ATP-SPO 800-HEE0-ACTADR1-ATP-SPO

DRIFT-TEV-IMPACT - TEV impact subsurface

2008/03/03 Page 10

NOTE: Op = operation; PLC = programmable logic controller; TEV = transport and emplacement vehicle.

Source: Original

Figure B1.4-23. DRIFT-TEV-IMPACT (Page 1 of

B1-70

3) = TEV Collides with Object in
Emplacement Drift
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Subsurface Derail

DRIFT-DERAIL

TEV derails
- per mile

1.180E-5

800-HEEO-DERAILS-TEV-DER

Miles travelled
by TEV in subsurface

4.000E+0

TEV-DERAIL-MILES-DRIFT

DRIFT-DERAIL - Subsurface Derail

2008/03/03 Pages

NOTE: TEV =transport and emplacement vehicle.

Source: Original

Figure B1.4-24. DRIFT-TEV-IMPACT (Page 2 of 3) —
Subtree: DRIFT-DERAIL — TEV Derails
in Emplacement Drift
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000-PSA-MGR0-00500-000-00A

TEV commanded
totravel beyond
end of track
TEV-END-RAIL

r 1

Mechanical fail Operator error

causes TEV to causes TEV to

run over end run over end

of zail of zail
1.000E-3
TEV-END-MECHANICAL OP-FAILS ENDOFRAIL
I 1
Failiure of Spurious signal
rotary encoders - end of rail
ROTARY-ENCODERS TEV-END-SPURSIGNAL
I 1
Independent Common Cause Drive contraller
failure of rotary failure of 8 -PLC Spurious
encoders rotary encoders op
6.400E-8 1.460E-6
ROTARY-IND-FAIL 800-HEEQ-ROTARY C-ECP-CCF 800-HEE(-PL CLDR1-PLC-SPO
I T T T T T T 1
TEV Position TEV Position TEV Position TEV Position TEV Position TEV Position TEV Position TEV Position
Encoder Failure Encoder Failure Encoder Failure Encoder Failure Encoder Failure Encoder Failure Encoder Failure Encoder Failure
-7 -8 -1 -2 -3 -4 -5 -6
7.160E-6 7.160E-6 7.160E-6 7.160E-6 7.160E-6 7.160E-6 7.160E-6 7.160E-6
800-HEEQ-ROTARY7-ECP-FOH 800-HEEQ-ROTARY 8- ECP-FOH 800-HEEQ-ROTARY 1-ECP-FOH 800-HEEQ-ROTARY2 ECP-FOH 800-HEE0-ROTARY 3 ECP-FOH 800-HEEQ-ROTARY4ECP-FOH 800-HEEQ-ROTARY S ECP-FOH 800-HEEQ-ROTARY6-ECP-FOH

TEV-END-RAIL - TEV commanded to travel beyond end of track

2008/03/03

Page 11

NOTE: Op = operation; PLC = programmable logic controller; TEV = transport and emplacement vehicle.

Source: Original

Figure B1.4-25. DRIFT-TEV-IMPACT (Page 3 of 3) —

B1-72

Impact to TEV during Transit
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Impact to TEV
during transit

TRANSIT-IMPACT

Initiator for TEV moves in Operator drives
TEV runaway uncontrolled another vehicle
manner into TEV side
AN A o
RNWY-INIT TEV-UNCONTROLLED 800-HEEO0-SIDEIMP-HFI-NOW
[ |
Drive controller Hand switch
- PLC Spurious failure causes
Op overspeed
O 1.460E-6
800-HEE0-PLCLDR1-PLC-SPO HAND-SWITCH-FAILURE

Speed Selector
Fails - Handswitch

TEV is operating
in manual mode

included
O 1.664E-5 Q 1.000E-1
800-TEV1-HNDSWCH-SEL-FOH TEV-CONTROL-MANUAL
TRANSIT-IMPACT - Impact to TEV during transit 2008/03/03 Page 1

NOTE: TEV =transport and emplacement vehicle.
Source: Original

Figure B1.4-26. TRANSIT-IMPACT (Page 1 of 9) —
Impact to TEV during Transit
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]
Initiator for
TEV runaway
RNWY-INIT
| 1
TEV overspeed TEV overspeed
on declin
RUNAWAY-SHEARING TEV-NONSHEARING
| |
TEV on decline Mechanical failure
leads to overspeed
TEV-DECLINE RUNAWAY-MECH
RNWY-INIT - Initiator for TEV runaway 2008/03/03 Page 2

NOTE: PLC = programmable logic controller; TEV = transport and emplacement vehicle.
Source: Original

Figure B1.4-27. TRANSIT-IMPACT (Page 2 of 9) —
Impact to TEV during Transit
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Mechanical failure
leads to overspeed

[

RUNAWAY-MECH

Common cause
failure of spline
shaft (8 of8)

O 5.600E-10

800-HEEO-SPSHFC-AXL-CCF RUNAWAY-GEARBOX

Gearbox shears

Common Cause
Failure of TEV
gearboxes

O 2.848E-9

800-HEEO-GEARBXC-GRB-STH

Gearbox shearing
- independant

GEARBOX-IND-EVENT

RUNAWAY-MECH - Mechanical failure leads to overspeed

2008/03/03

Page 31

NOTE: Op = operation; PLC = programmable logic controller; TEV = transport and emplacement vehicle.

Source: Original

Figure B1.4-28. TRANSIT-IMPACT (Page 3 of 9) —
Impact to TEV during Transit
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Gearbox shearing
- independant

GEARBOX-IND-EVENT

Gear Box Stripped

Q 3.144E-7

800-HEEO-GEARBX1-GRB-STH

Gear Box Stripped

Gear Box Stripped

O 3.144E-7

800-HEE0-GEARBX3-GRB-STH

Gear Box Stripped

Gear Box Stripped

O 3.144E-7

800-HEE0-GEARBXS-GRB-STH

Gear Box Stripped

Gear Box Stripped

O 3.144E-7

800-HEE0-GEARBX7-GRB-STH

Gear Box Stripped

Q 3.144E-7

800-HEE0-GEARBX2-GRB-STH

O 3.144E-7

800-HEE0-GEARBX4-GRB-STH

O 3.144E-7

800-HEE0-GEARBX6-GRB-STH

Q 3.144E-7

800-HEE0-GEARBXS8-GRB-STH

GEARBOX-IND-EVENT - Gearbox shearing - independant 2008/03/03  Page 26

Source: Original
Figure B1.4-29. TRANSIT-IMPACT (Page 4 of 9) —
Impact to TEV during Transit
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Source: Original

TEV overspeed
TEV-NONSHEARING
[ |
Control systems TEV fails to
cause TEV overspeed slow
RUNAWAY-CONTROL RUNAWAY-FREEWHEEL
[ 1
Spurious signal Hand switch TEV PLC causes TEV Motor and
causes TEV overspeed failure causes overspeed brake failures
overspeed

/N

RUNAWAY-SPURIOUS-SIGNAL

HAND-SWITCH-FAILURE

TEV is operating
in manual mode

Q 1.000E-1

TEV-CONTROL-MANUAL

Speed Selector
Fails - Handswitch
included

O 1.664E-5

800-TEV1-HNDSWCH-SEL-FOH

A

RUNAWAY-PLC-FAIL

Speed Controller
- PLC Spurious
Op

Drive controller
- PLC Spurious
Op

O 1.460E-6

800-HEE0-PLCSPD1-PLC-SPO

O 1.460E-6

800-HEE0-PLCLDR1-PLC-SPO

()

TEV-MOTOR-BRAKE

Motors fail
to seize/stop
during overspeed

MOTOR-SEIZURE

TEV-NONSHEARING - TEV overspeed

2008/03/03 Page 32

Figure B1.4-30. TRANSIT-IMPACT (Page 5 of 9) -
Impact to TEV during Transit
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Motors fail
to seize/stop
during overspeed

MOTOR-SEIZURE

Motor (Electric) Motor (Electric) Motor (Electric) Motor (Electric)
Fails to Shut Fails to Shut Fails to Shut Fails to Shut
Ooff Off Off Off

Q 5.400E-8

800-HEE0-MOTOR01-MOE-FSO

O 5.400E-8

800-HEE0-MOTOR03-MOE-FSO

O 5.400E-8

800-HEE0-MOTORO05-MOE-FSO

Q 5.400E-8

800-HEE0-MOTORO07-MOE-FSO

Motor (Electric) Motor (Electric) Motor (Electric) Motor (Electric)
Fails to Shut Fails to Shut Fails to Shut Fails to Shut
Off Off Off Off

Q 5.400E-8

800-HEE0-MOTORO02-MOE-FSO

Q 5.400E-8

800-HEE0-MOTOR04-MOE-FSO

O 5.400E-8

800-HEE0-MOTOR06-MOE-FSO

O 5.400E-8

800-HEE0-MOTORO08-MOE-FSO

MOTOR-SEIZURE - Motors fail to seize/stop during overspeed 2008/03/03  Page 30

Source: Original
Figure B1.4-31. TRANSIT-IMPACT (Page 6 of 9) —
Impact to TEV during Transit
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Spurious signal
causes TEV overspeed

RUNAWAY-SPURIOUS-SIGNAL

| |
Operator fails to halt
TEV using manual
override during

Speed control
instruments -
spurious signal

overspeed
Q 1.000E-2
HFE-RUNAWAY-RESPONSE SPEED-CONTROLS-SPUR-SIG
! |
Speed indicators Rotary encoders
send spurious send spurious
low signal low signal to
‘ PIC
SPUR-SIGN-DRIVEIND SPUR-SIGN-ROTENCODE
RUNAWAY-SPURIOUS-SIGNAL - Spurious signal causes TEV overspeed 2008/03/03  Page 33

Source: Original
Figure B1.4-32. TRANSIT-IMPACT (Page 7 of 9) —
Impact to TEV during Transit
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Speed indicators
send spurious
low signal

2 8

SPUR-SIGN-DRIVEIND

Fails

OverSpeed Sensor

O 8.560E-5

800-TEV1-SRS0001-SRS-FOH

OverSpeed Sensor
Fails

Q 8.560E-5

800-TEV1-SRS0002-SRS-FOH

OverSpeed Sensor
Fails

O 8.560E-5

800-TEV1-SRS0003-SRS-FOH

OverSpeed Sensor
Fails

OverSpeed Sensor
Fails

O 8.560E-5

800-TEV1-SRS0004-SRS-FOH

O 8.560E-5

800-TEV1-SRS0005-SRS-FOH

OverSpeed Sensor
Fails

OverSpeed Sensor
Fails

O 8.560E-5

800-TEV1-SRS0006-SRS-FOH

Q 8.560E-5

800-TEV1-SRS0007-SRS-FOH

OverSpeed Sensor
Fails

O 8.560E-5

800-TEV1-SRS0008-SRS-FOH

SPUR-SIGN-DRIVEIND - Speed indicators send spurious low signal

2008/03/03 Page 34

NOTE: Op = operation; PLC = programmable logic controller; TEV = transport and emplacement vehicle.

Source: Original

Figure B1.4-33. TRANSIT IMPACT (Page 8 of 9)
Impact to TEV during Transit
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Rotary encoders
send spurious
low signal to

PLC

SPUR-SIGN-ROTENCODE

Position Encoder
Failure

O 7.160E-6

800-TEV1-ECP0001-ECP-FOH

Position Encoder
Failure

Position Encoder
Failure

800-TEV1-ECP0002-ECP-FOH
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800-TEV1-ECP0003-ECP-FOH

Position Encoder
Failure

Position Encoder
Failure

800-TEV1-ECP0004-ECP-FOH

O 7.160E-6

O 7.160E-6

800-TEV1-ECP0005-ECP-FOH

Position Encoder
Failure

Position Encoder
Failure

800-TEV1-ECP0006-ECP-FOH

O 7.160E-6

800-TEV1-ECP0007-ECP-FOH

Q 7.160E-6

Position Encoder
Failure

O 7.160E-6

800-TEV1-ECP0008-ECP-FOH

SPUR-SIGN-ROTENCODE - Rotary encoders send spurious low signal to PLC

2008/03/03  Page 35

NOTE: Op = operation; PLC = programmable logic controller; TEV = transport and emplacement vehicle.

Source: Original

Figure B1.4-34. TRANSIT IMPACT (Page 9 of 9)
Impact to TEV during Transit
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TEV stops for
extended time

[

SHIELD-STOP

TEV power fails

A

TEV-POWER

Third Rail Breaks

O 8.080E-8
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Speed Controller
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Op
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Q 1.460E-6
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SHIELD-STOP - TEYV stops for extended time

2008/03/03 Page 40

NOTE: Op = operation; PLC = programmable logic controller; TEV = transport and emplacement vehicle.

Source: Original

Figure B1.4-35. SHIELD-STOP - TEV Stops for
Extended Time
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1.372E-4 1.000E-3 1.372E-4
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O 1.460E-6
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DOOR-ACTUATOR

Actuator Spurious
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Op - TEV door Op - TEV door
Q 5.360E-6 O 5.360E-6
800-HEE(0-ACTDRO01-ATP-SPO 800-HEE(0-ACTDR(2-ATP-SPO

SHIELD-DOOR - Inadvertent TEV door opening 2008/03/03  Page 36

NOTE: TEV =transport and emplacement vehicle.

Source: Original

Figure B1.4-36. SHIELD-DOOR - Inadvertent
TEV Door Opening
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Page 19

NOTE: Op = operation; TEV = transport and emplacement vehicle; WP = waste package.

Source: Original

Figure B1.4-37. FACILITY-DROP — WP
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TRANSIT-DROP - WP dropped during transit 2008/03/03  Page 47

NOTE: Op = operation; PLC = programmable logic controller; TEV = transport and emplacement vehicle.
Source: Original
Figure B1.4-38. TRANSIT- DROP (1 of 2) Waste
Package Dropped During
Transit
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DOOR-INIT - TEV doors open during transit 2008/03/03 Page 4

NOTE: Op = operation; PLC = programmable logic controller; TEV = transport and emplacement vehicle; WP = waste package.

Source: Original

Figure B1.4-39. TRANSIT- DROP (2 of 2) Waste
Package Dropped During
Transit
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NOTE: PLC = programmable logic controller; TEV = transport and emplacement vehicle; WP = waste package.

Source: Original

Figure B1.4-40. DRIFT-DRAG (1 of 3) — Drop or
Drag of Waste Package by TEV
in Emplacement Drift
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NOTE: PLC = programmable logic controller; TEV = transport and emplacement vehicle; WP = waste package.

Source: Original

Figure B1.4-41. DRIFT-DRAG (2 of 3) — Drop or
Drag of Waste Package by TEV
in Emplacement Drift
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NOTE: PLC = programmable logic controller; TEV = transport and emplacement vehicle; WP = waste package.

Source: Original

Figure B1.4-42. DRIFT-DRAG (3 of 3) — Drop or
Drag of Waste Package by TEV
in Emplacement Drift
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NOTE: PLC = programmable logic controller; TEV = transport and emplacement vehicle; WP = waste package.

Source: Original

Figure B1.4-43. TEV-IMPACTS-WP — TEV

B1-90

Impacts Waste Package in
Emplacement Drift
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B2 HEATING VENTILATION AND AIR CONDITIONING FAULT TREE ANALYSIS

B2.1 REFERENCES

Design Inputs

The PCSA is a safety analysis based on a snapshot of the design. The reference design
documents are appropriately documented as design input in this section. Since the safety
analysis is based on a snapshot of the design, referencing subsequent revisions to the design
documents (as described in EG-PRO-3DP-G04B-00037, Calculations and Analyses (Ref. 2.1.1,
paragraph 3.2.2.F) that implement PCSA requirements flowing from the safety analysis would
not be appropriate for the purpose of the PCSA.

B2.1.1 Not Used.
B2.1.2 Not Used.

B2.1.3 BSC2007. CRCF I Composite Vent Flow Diagram Tertiary Conf ITS Exhaust & Non-
ITS HVAC Supply Systems. 060-M50-VCT0-00101-000 REV 00B. Las Vegas,
Nevada: Bechtel SAIC Company. ACC: ENG.20071227.0013.

B2.1.4 BSC2007. CRCF 1ITS Confinement Areas HEPA Exhaust System—1rain A
Ventilation & Instrumentation Diagram. 060-M80-VCT0-00103-000 REV 00B. Las
Vegas, Nevada: Bechtel SAIC Company. ACC: ENG.20071204.0005.

B2.1.5 BSC2007. CRCF 1ITS Confinement Areas HEPA Exhaust System—1rain B
Ventilation & Instrumentation Diagram. 060-M80-VCT0-00104-000 REV 00B. Las
Vegas, Nevada: Bechtel SAIC Company. ACC: ENG.20071204.0006.

B2.1.6 BSC2007. CRCF 1 Equipment Sizing and Selection Calculation (ITS). 060-M8C-
VCTO0-00500-000-00B. Las Vegas, Nevada: Bechtel SAIC Company. ACC:
ENG.20071220.0032.

Design Constraints

B2.1.7 NRC (Nuclear Regulatory Commission) 2007. Preclosure Safety Analysis - Dose
Performance Objectives and Radiation Protection Program. HLWRS-ISG-03.
Washington, D.C.: Nuclear Regulatory Commission. ACC: MOL.20070918.0096.

B2.2 ITSHVAC DESCRIPTION
B2.2.1 Overview

The ITS HVAC is a two train system of identical components. One train is always operational
while the other train is in standby mode. This system is not configured to run both trains at the
same time without bypassing relevant control circuitry. An operational two-train configuration
is not addressed in this analysis.
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Figure B2.2-1 shows the locations of the various pieces of ITS HVAC equipment described in
the following sections. Sizing of the ITS HVAC in the CRCF (Ref. B2.1.6, Section 6.1) was
performed to ensure desired air distribution, ventilation rates, and transport velocities were
attainable to maintain the required negative delta pressure within the tertiary confinement (C2)
zones in this facility.

In the CRCF, the train A HVAC equipment is located in Room 1011 and the train B HVAC
equipment is on the opposite end of the building in Room 1032. Each HVAC train exhausts air
through separate discharge ducts into the atmosphere. Although these trains are interconnected
through interior duct work, the trains are independent. A backdraft damper is used on each train
to ensure there is no airflow from the atmosphere back through the standby train.

This HVAC system is composed of four subsystems:
o A series of dampers are used to control pressure, flow, and flow direction

o Three HEPA filter units, each consisting of one medium-efficiency roughing filter (60-
90% efficiency), two high-efficiency filters for particulate removal (99.97% efticiency)
(Ref. B2.1.6, Appendix B) and a mister/demister for maintaining proper humidity levels.
(There is a water deluge system in each HEPA filter which is used in fire scenarios.
Refer to the facility fire analysis for information regarding these pieces of equipment)

¢ One exhaust fan per train

e Control circuitry with logic contained in an erasable programmable read-only memory
(EPROM) located in the adjustable speed drive (ASD) controller used for controlling the
speed of the operating fan and on fault detection ((Ref. B2.1.6, Section 3.2.3). For
off-normal conditions, uncorrectable delta pressures is either too high or too low, as
defined in Table B2.2-1, the ASD, shuts down the operating train and starts the standby
train. The ASD also controls non-ITS supply fans that are adjusted to maintain airflow
in the facility.

B2-2 March 2008



Subsurface Operations Reliability 000-PSA-MGRO0-00500-000-00A
and Event Sequence Categorization Analysis

CRCF AEM
& Tornado
TRAIN A an Da P
Stop stan L~ Auto ——
g From ASD-B (- Ty L‘i‘f‘lib‘"
i | 5 y .
e essmmesss———— coecd T (@Y
| Manual HEPA ¥ mth Manual Manual Backdraft Manual
! i Mister/Demister |
Speed Control | Damper— . Damper Damper Damper Damper |
from )*SD-A | — - 1 <] = ﬁ - !
? 4 &5 D ’— N T ) .
! z H S KT KTy W -'
S S 5 T = | LowDP |
— | i-{post }--i
[ l_l I :| t‘“—.—- )
N/ ! ?=| 0680 VCTO FLT#10 | |- !
CRCF NerITS ' o o ‘ j
Alr Supply Fans '_,_ — =|_ Ir‘ 4 AKM
Ti / #
] Delayl | | L l } |060VCTO FLT #11 l.; S Stop
L ? Ll S i -l Torado
_— | 4 L Aute Damper
| i |veme
TN Maintenance Low Flow "—_"
e I orTes -
from ASD-B Manual Backdraft Manual \ __J'" o

060 VCTO FLT #12
f o,
060 VCTO FLT #13 AT UM
L 080VCTOFLT#14

Damper Damper  Damper

I—

| LowDP !

NOTE: It should be noted that, the diagram has been simplified with respect to the HEPA filter equipment shown for
train A and B. The equipment configuration for HEPA Filters identified as 060 VCTO FLT 10, 11, 12, 13 and
14 are identical to the HEPA FLT 9. In addition, train B has the same input/output dampers shown for
train A. Train A is always defined as the operating train and train B is always designated as the standby
train.

ASD = adjustable speed drive; ATM = atmosphere; CRCF = Canister Receipt and Closure Facility; DP =
delta pressure; FSL = flow sensor low; ITS = important to safety; HEPA = high=efficiency particulate air
(filter), PDSL = pressure differential sensor low.

Source: Original
Figure B2.2-1. Block Diagram of the CRCF ITS HVAC System

B2.2.2 Damper Subsystem Description

The ITS HVAC system uses manual, backdraft and tornado dampers to control the delta pressure
inside the containment area or to isolate the standby system from the outside atmosphere.

Manual dampers are located on the input and output sides of the HEPA filter. These filters are
used to isolate the HEPA filter, if required, during maintenance. There is a manual damper on
the input side of the exhaust fan that is used to isolate the entire HEPA filter subsystem for
maintenance on the HEPA filters or the exhaust fan. One additional manual damper is located
between the backdraft and the tornado damper which can be used to isolate the entire train.
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A backdraft damper is located on the exhaust side of the fan. This damper is normally open for
the operating train and closed on the standby train. This damper prevents a reverse airflow
through the standby system as a result of the negative delta pressure in the containment C2 areas.

A tornado damper is used to control airflow automatically to prevent the transmission of tornado
pressure surges from outside the facility.

B2.2.3 HEPA Filters

The three HEPA filter units are identical consisting of a 3 x 3 array of medium (nine filters) and
two banks of HEPAs (18 filters). A bag-in/bag-out procedure is used to replace the HEPA
filters. Each filter is sized for a maximum flow of 1,500 cfm (Ref. B2.1.6, Section 3.2.2). The
failure analysis includes the HEPA filter bank for plugs and leaks, mister/demister for humidity
control, and the medium roughing filter.

The HEPA subsystem also contains the following components that are not modeled in the
analysis: Inlet test section, combination test section, the outlet test section, and the deluge
system during fire scenarios.

B2.2.4 Direct Drive Exhaust Fan and Motor

The exhaust fan and motor are sized to provide a maximum airflow rate of 40,500 cfm. To meet
delta pressure requirements for the CRCF, the exhaust system must provide an airflow rate of
35,010 cfm (Ref. B2.1.6, Appendix A, Table A-1). At this airflow rate, the exhaust system
provides for a total of 14.2 inches of water column required to maintain delta pressure in the
facility (Ref. B2.1.6, Section 3.1.4).

The exhaust fan motor is rated at 1800 rpm (Ref. B2.1.6, Section 3.1.5) but the actual speed is
controlled by the ASD. The ASD adjusts the speed to maintain delta pressure when facility
doors are opened, HEPA filters lose efficiency, or outside wind speeds.

B2.2.5 Control Circuitry

The ITS HVAC system is controlled by EPROM (although there are programmable logic
controls in various locations throughout the CRCF, none of these are ITS) logic. This control
logic is contained in the ASD control panel which is used to monitor the delta pressure across the
exhaust fan and airflow rate exhausting to the atmosphere. Changes in air pressure cause the
ASD to change the speed of the exhaust fan motor. The ASD also controls the rpm of the non-
ITS supply fans (Ref. B2.1.4), (Ref. B2.1.5), and (Ref. B2.1.3). The supply fans are used to
stabilize the airflow within the CRCF. These fans are non-ITS so they are not accounted for in
this analysis except in a degraded mode of operation.

At any time the ASD can not return the delta pressure to normal operating conditions, the ADS
shuts down the operating train and sends a signal to the standby train to start up. When the
standby ASD receives this signal, it starts the standby system and sends a signal to the
operational train to shutdown. There is an interlock to preclude the operation of both trains at the
same time. Time delays are built-into the ASD processing system to preclude spurious signals
received from the sensors triggering a false transfer.
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B2.2.6 ITS HVAC Normal Operations

In normal operations, train A is operational and train B is in standby. EPROM logic within the
ASD monitor the pressure differential across the exhaust fan and the flow rate of the exhaust to
the atmosphere. There are no programmable logic controllers used in the ITS HVAC control
system and all interlocks are hardwired for ITS operations. Table B2.2-1 shows the ASD
operational response to various delta pressure conditions inside the facility.

Table B2.2-1. ASD Response to Variations in Delta Pressure

DP Pressure Sensor Low Flow Sensor ASD Response
High DP (Plugged HEPA) Low Flow Switch trains
High DP High Flow Decrease RPM of Exhaust Fan
High DP Nominal Flow Increase RPM of Supply Fans
Low DP (HEPA Leak) High Flow Switch trains
Low DP Nominal Flow Decrease RPM of Supply Fans
Low DP Low Flow Increase RPM of Exhaust Fan

NOTE: ASD = adjustable speed drive; DP = delta pressure; HEPA = high-efficiency particulate air (filter);
RPM = revolutions per minute.

Source: Original

If the ASD-A response does not return the delta pressure and/or flow rates to a nominal state,
then ASD-A issues the command to the ASD-B to startup train B. ASD-B commands the startup
of train B and, after a time delay, send a signal back to ASD-A to shut down. An interlock
prevents both trains from operating at the same time.

Under normal operations with non-ITS supply fans working, all three HEPA filter assemblies in
the train must be working to achieve the exhaust flow rate of 35,010 cfm (Ref. B2.1.6, Section
6.1.1 item 1). Each HEPA filter array can filter 13,500 cfm at maximum efficiency (Ref. B2.1.6
Section 6.1.1 item 2). The design has some reserve capacity but not enough to maintain the
required delta pressure if one of the HEPA filters fail. Under normal operations, the only
redundancy in the design is the second train.

Misters/demisters are included as part of the HEPA filters to control the temperature and relative
humidity of the air passing through the filters. The water deluge system is not considered to be
normal operations and is handled in the fire suppression analyses.

During receipt of a transportation cask or aging overpack or during the export of a waste package
or aging overpack, delta pressure is lost for a period of time not to exceed seven minutes per
event (this is a conservative estimate of the time it will take for the HVAC system to return the
vestibule to a negative pressure). This occurs when the vestibule doors are opened to allow the
site transporter, site prime mover or the transport and emplacement vehicle to enter or leave the
CRCF.
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B2.2.7 ITS HVAC Off-Normal Operations

The ITS HVAC system maintains proper delta pressure throughout Class C2 designated
containment areas. Exhausted air from the CRCF is made-up from opening/closing doors to the
outside, leaks in the structure and from one of two supply fans which are controlled by the ASD
on the operating train. One of these fans in conjunction with other air makeup sources can
provide sufficient airflow through the C2 containment areas for the HVAC to maintain delta
pressure. These supply fans are not ITS and therefore, they are not connected to the ITS power
system for the CRCF. Should there be a loss of non-ITS site power, or for a mechanical reason,
these fans shut down, the HVAC system can be operated in a degraded mode. Since there is less
air to exhaust, train A no longer has to exhaust 35,010 cfm. It then becomes possible to maintain
delta pressure with two of three HEPA filters. This special case has been added to the fault trees
for the failure to maintain delta pressure in the CRCF. In this case, there is redundancy within
the train and a common-cause failure mode has been added to the fault tree.

B2.2.8 ITS HVAC Testing and Maintenance

Under normal operations train A continues to operate until a failure is detected or the train is shut
down for maintenance. Normal maintenance renders train B unavailable 40 hours per year (the
majority of operational-level maintenance can be performed on the operational train and
therefore does not affect the overall availability of the standby train). During maintenance, the
train B “start/stop/auto/maintenance” switch is placed in the maintenance position. When
maintenance is completed, the standby system (train B) is started and operational system (train
A) is shut down and is now considered to be the standby train (train A). Maintenance may be
scheduled consecutively for this train or at some future date. Under normal operations,
maintenance does not result in the loss of/or the inability of the operating train to perform its
intended function.

Testing is considered part of routine maintenance. When the maintenance has been completed,
maintenance personnel turn on the standby train and check for normal operations including delta
pressure, flow rate, and that all failure indicators are reset/off. Maintenance personnel also
observe the forced shutdown of the operating system as the standby train is turned on.

Flow rates are monitored as part of testing to ensure that the manual dampers for the active train
are in the proper position to achieve a balanced airflow across the three HEPA filters. Once the
dampers have been adjusted, they do not require further adjustment unless a damper or
combination of dampers must be closed to isolate a component in the train or the entire train.

B2.3 DEPENDENCIES AND INTERACTIONS

Dependencies are broken down into five categories with respect to their interactions with
structures, systems, and components. The five areas considered are addressed in Table B2.3-1
with the following dependencies:

1. Functional dependence.
2. Environmental dependence.
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3. Spatial dependence.
4. Human dependence.
5. Failures based on external events.

Table B2.3-1. Dependencies and Interactions Analysis

Structures, Dependencies and Interactions
Systems, and Environ- External
Components Functional mental Spatial Human Events
Flow and pressure - - - -
sensors
ASD
Speed control for - - - -
fan/motor
DP Exhaust Fans - Wind - - -
speed
Stop/Start/Auto - - - Wrong -
Switch Position position
Dampers - - - Wrong -
position
ITS Power HVAC shuts down — — — —
Non-ITS Power . . . — Supply
fans stop
HEPA . . . Failure to .
notice leak
HVAC Maintenance . . . Trains can .
not switch
Vestibule Doors Open only one door at . . — .
a time
Alarm Panel (Non- Failure to
ITS) — — — Respond to —
HVAC Alarm

NOTE: ASD = adjustable speed drive; DP = delta pressure; HEPA = high-efficiency particulate air
(filter); HVAC = heating, ventilation, and air-conditioning; ITS = important to safety.

Source; Original

B2.4 HVAC RELATED FAILURE SCENARIO
B2.4.1 Failure to Maintain Delta Pressure
B2.4.1.1 Description

There is a single failure scenario used in this analysis. The components of the HVAC system
used inside buildings to maintain C2 in areas that are normally clean and where airborne
contamination is not expected during normal facility operations. The ITS HVAC equipment
maintains a positive airflow from outer confinement areas, through the HEPA filters, and into the
atmosphere (Ref. B2.1.3).

This model is also applicable to CRCF 2 and 3, RF and WHF with only minor differences that
are addressed in these facility specific appendices.
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B2.4.1.2 Success Criteria

Success criteria for maintaining delta pressure in the CRCF requires that one of two HVAC
trains is operational. The sizing of the exhaust motor and fan assembly maintains the delta
pressure in sustained winds of 40 mph with less than 3 second gusts up to 90 mph. In addition,
delta pressure is lost for a period of time not to exceed 7 minutes in the CRCF if and only if one
of the four vestibule doors is open. These doors are interlocked to ensure only one door is open
at a time during normal operations.

Switching between the active and standby trains is controlled by ASD-A (“active train”) which
continually monitors the pressure across the exhaust fan and the air flow rate exhausting from the
CRCF. These sensors are in a one-of-two configuration which means that the ASD initiates the
transfer of operations from the “active train” to the “standby train” when either one of these
sensors can not be returned to a normal operating range by the ASD, by controlling, in some
combination, the speed of the supply and exhaust fans.

ASD-A must be able to recognize an uncorrectable airflow rate in train A and transmit a signal to
ASD-B to start. Having received the start command, ASD-B must send a signal back to ASD-A,
commanding a stop.

Maintaining delta pressure during/after the switchover requires the “start/stop/auto or
test/maintenance” switch be in the auto position, the train B exhausts fan and motor start, and the
airflow across the HEPA filters adjusted by ASD-B to maintain delta pressure.

With the exception of the tornado and backdraft dampers, all control dampers in the ITS HVAC
system are manual dampers. These dampers are typically set once for air balancing. These
dampers may be adjusted or closed when maintenance is required on the “standby train.” Should
the damper setting be changed, it would require the maintenance personnel to return the damper
to its proper position to ensure balanced airflow.

B2.4.1.3 Design Requirements and Features
Requirements

There is only one HVAC train in operation at anytime. The second train is always on standby
(exception—when train B is off-line for maintenance).

Alarms are on a panel in the continuously manned central control station and responded to by
operators. Alarm conditions are: ASD trouble, fan failure, motor running/stop, and flow rate
problem. Operators are not required to respond to the alarm (ITS-HVAC trains are switch
automatically); however, operators are expected to notify maintenance that a switch has occurred
and maintenance is required to determine the cause of the failure and correct it.

Features

ITS HVAC system is in normal operation with three, 3 HEPA filter units. Each HEPA filter unit
consists of one 3 x 3 medium filter array and two 3 x 3 high-efficiency arrays.
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The only difference between the ITS HVAC in the various facilities is the number of non-ITS
fans operating in the facility.

Testing and Maintenance
Requirements

HVAC maintenance personnel are notified when an alarm condition exists. Repairs are
performed as soon as possible to return train to standby status.

While a HVAC train is undergoing maintenance, the train is not available for service.
Testing that requires the exhaust fan to run is performed on the active HVAC system.
Features

Normal maintenance is performed in accordance with manufacture’s recommendations;
however, the majority of preventative maintenance do not require shutting down the active
system.

B2.4.1.4 Fault Tree Model

The top event in this fault tree is “Failure to Maintain Delta Pressure” in CRCF . This is defined
as the inability of the ITS HVAC system to maintain proper delta pressure within the facility.
The ITS HVAC system is a two train system. The configuration of the ITS HVAC systems in
these facilities is essentially identical. The only variations are the number of non-ITS supply
fans used to stability the airflow within these buildings.

o The fault tree model for the loss of delta pressure in the facility includes those
components that have been designated as ITS. There is only one exception and that is
the inclusion of two non-ITS supply fans. The fans were added to stabilize air pressure
differentials in the facility during normal operations and provide a capability for
operating in a degraded mode.

e There are two interlocks in the ITS HVAC system. The first addresses the potential for
opening two or more of the entrance/exit vestibule doors. (Note: There is no physical
connection between this door interlock and the HVAC system.) The second interlock
prevents two HVAC trains from operating at the same time.

e The mission time for the ITS HVAC system is currently set to 720 hours (Ref. B2.1.7).
To take into account the differences in failure rates for active and standby systems, all
basic events in the standby train are set to half that of the active system. For ease of
implementation in SAPHIRE, the rate data is maintained constant and the mission time
is set to 1/2 the mission time or 360 hours.
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B2.4.1.5 Basic Event Data

Table B2.4-1 contains a list of basic events used in the loss of delta pressure in the CRCF. The
model contains undeveloped transfers to ITS power systems. These failures are addressed in
Attachment B3. Reliability data for basic events is detailed in Attachment C with the following
exceptions:

A. Three are associated with human error. HFE detailed analysis is in Section 6.4 and
Attachment E:

1. Opening two or more vestibule doors.
2. Failure to properly restore system after maintenance.
3. Failure to notice HEPA filter leak.

B. Unavailability of the standby train due to scheduled maintenance which is based on a
conservative estimate.

C. Loss of delta pressure as a direct result of opening a vestibule door and the time it

takes for the HVAC exhaust fans to re-establish delta pressure.

D. Two CCFs:

1. CCFs of the HEPA filters in the degraded mode.
2. CCFs of the non-ITS supply fans.

Table B2.4-1. Basic Event Probability for the HVAC Failure to Maintain Delta Pressure in the CRCF

Name Calc. Type® | Calc. Prob. Fail. Prob. Lambda Miss. Time®
060-EXCESSIVE-WIND-SPEED 1 4.700E-003 4.700E-003 | 0.000E+000 | 0.000E+000
060-VCTO-SUPPLY-FAN-CCF 3 1.200E-003 3.760E-006 1.667E-006 | 0.000E+000
060-VCOO-NITS-PWR-FAILS 3 3.536E-002 1.000E+000 | 5.000E-005 | 0.000E+000
060-VCOO-SFANOO1-FAN-FTR 3 5.059E-002 0.000E+000 | 7.210E-005 | 0.000E+000
060-VCOO-SFAN002-FAN-FTR 3 5.059E-002 0.000E+000 | 7.210E-005 | 0.000E+000
060-VCTO--B-FAIL-START 1 2.020E-003 2.020E-003 | 0.000E+000 | 0.000E+000
060-VCTO-CONTDOORS-OPEN T 1.000E+000 1.000E+000 | 0.000E+000 | 0.000E+000
060-VCTO-DMPOOCA-DMP-FRO 3 6.033E-005 0.000E+000 | 8.380E-008 | 0.000E+000
060-VCTO-DMP0O0OB-DMP-FRO 3 3.017E-005 0.000E+000 | 8.380E-008 | 3.600E+002
060-VCTO-DMP001A-DMP-FRO 3 6.033E-005 0.000E+000 | 8.380E-008 | 0.000E+000
060-VCTO-DMP001B-DMP-FRO 3 3.017E-005 0.000E+000 | 8.380E-008 | 3.600E+002
060-VCTO-DMP009I-DMP-FRO 3 6.033E-005 0.000E+000 | 8.380E-008 | 0.000E+000
060-VCTO-DMP0O090O-DMP-FRO 3 6.033E-005 0.000E+000 | 8.380E-008 | 0.000E+000
060-VCTO-DMP010I-DMP-FRO 3 6.033E-005 0.000E+000 | 8.380E-008 | 0.000E+000
060-VCTO-DMP0100-DMP-FRO 3 6.033E-005 0.000E+000 | 8.380E-008 | 0.000E+000
060-VCTO-DMP011I-DMP-FRO 3 6.033E-005 0.000E+000 | 8.380E-008 | 0.000E+000
060-VCTO-DMP0110-DMP-FRO 3 6.033E-005 0.000E+000 | 8.380E-008 | 0.000E+000
060-VCTO-DMP012|-DMP-FRO 3 3.017E-005 0.000E+000 | 8.380E-008 | 3.600E+002
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Table B2.4-1. Basic Event Probability for the HVAC Failure to Maintain Delta Pressure in the
CRCF (Continued)

Name Calc. Type® | Calc. Prob. Fail. Prob. Lambda Miss. Time®
060-VCTO-DMP0120-DMP-FRO 3 3.017E-005 0.000E+000 | 8.380E-008 3.600E+002
060-VCTO-DMP013I-DMP-FRO 3 3.017E-005 0.000E+000 | 8.380E-008 3.600E+002
060-VCTO-DMP0130-DMP-FRO 3 3.017E-005 0.000E+000 | 8.380E-008 3.600E+002
060-VCTO-DMP014I-DMP-FRO 3 3.017E-005 0.000E+000 | 8.380E-008 3.600E+002
060-VCTO-DMP0140-DMP-FRO 3 3.017E-005 0.000E+000 | 8.380E-008 3.600E+002
060-VCTO-DR00001-HFI-NOD 1 1.000E-002 1.000E-002 | 0.000E+000 | 0.000E+000
060-VCTO-DRS0000-DRS-OPN 1 1.600E-004 1.600E-004 | 0.000E+000 | 0.000E+000
060-VCTO-DTCOA-DTC-RUP 3 2.675E-003 0.000E+000 | 3.720E-006 0.000E+000
060-VCTO-DTCOB-DTC-RUP 3 1.338E-003 0.000E+000 | 3.720E-006 3.600E+002
060-VCTO-FANOOA-FAN-FTR 3 5.059E-002 0.000E+000 | 7.210E-005 0.000E+000
060-VCTO-FANOOB-FAN-FTR 3 2.562E-002 0.000E+000 | 7.210E-005 3.600E+002
060-VCTO-FANOOB-FAN-FTS 1 2.020E-003 2.020E-003 | 0.000E+000 | 0.000E+000
060-VCTO-FANA-PRM-FOH 3 3.873E-004 0.000E+000 | 5.380E-007 0.000E+000
060-VCTO-FANB-PRM-FOH 3 1.937E-004 0.000E+000 | 5.380E-007 3.600E+002
060-VCTO-FSLABO-SRF-FOH 3 7.701E-004 0.000E+000 | 1.070E-006 0.000E+000
060-VCTO-HEPA-CCF 3 7.682E-005 0.000E+000 | 1.067E-007 7.2000E+02
060-VCTO-HEPAQ9-DMS-FOH 3 6.545E-003 0.000E+000 | 9.120E-006 0.000E+000
060-VCTO-HEPAOA9-HEP-LEK 3 2.158E-003 0.000E+000 | 3.000E-006 0.000E+000
060-VCTO-HEPA10-DMS-FOH 3 6.545E-003 0.000E+000 | 9.120E-006 0.000E+000
060-VCTO-HEPA11-DMS-FOH 3 6.545E-003 0.000E+000 | 9.120E-006 0.000E+000
060-VCTO-HEPA12-DMS-FOH 3 3.278E-003 0.000E+000 | 9.120E-006 3.600E+002
060-VCTO-HEPA13-DMS-FOH 3 3.278E-003 0.000E+000 | 9.120E-006 3.600E+002
060-VCTO-HEPA14-DMS-FOH 3 3.278E-003 0.000E+000 | 9.120E-006 3.600E+002
060-VCTO-HEPAAO9-HEP-LEK 3 2.158E-003 0.000E+000 | 3.000E-006 0.000E+000
060-VCTO-HEPAAO9-HEP-PLG 3 3.070E-003 0.000E+000 | 4.270E-006 0.000E+000
060-VCTO-HEPAA10-HEP-LEK 3 2.158E-003 0.000E+000 | 3.000E-006 0.000E+000
060-VCTO-HEPAA10-HEP-PLG 3 3.070E-003 0.000E+000 | 4.270E-006 0.000E+000
060-VCTO-HEPAA11-HEP-LEK 3 2.158E-003 0.000E+000 | 3.000E-006 0.000E+000
060-VCTO-HEPAA11-HEP-PLG 3 3.070E-003 0.000E+000 | 4.270E-006 0.000E+000
060-VCTO-HEPAB-CCF 3 3.841E-005 1.000E+000 | 1.067E-007 3.600E+002
060-VCTO-HEPAB12-HEP-LEK 3 1.079E-003 0.000E+000 | 3.000E-006 3.600E+002
060-VCTO-HEPAB12-HEP-PLG 3 1.536E-003 0.000E+000 | 4.270E-006 3.600E+002
060-VCTO-HEPAB13-HEP-LEK 3 1.079E-003 0.000E+000 | 3.000E-006 3.600E+002
060-VCTO-HEPAB13-HEP-PLG 3 1.536E-003 0.000E+000 | 4.270E-006 3.600E+002
060-VCTO-HEPAB14-HEP-LEK 3 1.079E-003 0.000E+000 | 3.000E-006 3.600E+002
060-VCTO-HEPAB14-HEP-PLG 3 1.536E-003 0.000E+000 | 4.270E-006 3.600E+002
060-VCTO-HEPALK-HFI-NOD 1 1.000E+000 1.000E+000 | 0.000E+000 | 0.000E+000
060-VCTO-HFIA000-HFI-NOM 1 1.000E-001 1.000E-001 0.000E+000 | 0.000E+000
060-VCTO-IELO001-IEL-FOD 1 2.750E-005 2.750E-005 | 0.000E+000 | 0.000E+000
060-VCTO-PDSLAOB-SRP-FOD 1 3.990E-003 3.990E-003 | 0.000E+000 | 0.000E+000
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Table B2.4-1. Basic Event Probability for the HVAC Failure to Maintain Delta Pressure in the
CRCF (Continued)

Name Calc. Type® | Calc. Prob. Fail. Prob. Lambda Miss. Time®
060-VCTO-TDMPOOA-DTM-FOD 8.710E-004 8.710E-004 | 0.000E+000 | 0.000E+000
060-VCTO-TDMPOOB-DTM-FOD 8.710E-004 8.710E-004 | 0.000E+000 | 3.600E+002
060-VCTO-TDMPOOB-DTM-FOH 8.103E-003 0.000E+000 | 2.260E-005 3.600E+002
060-VCTO-TRAINB-MAINT 4.570E-003 4.570E-003 | 0.000E+000 | 0.000E+000
060-VCTO-UDMP000-UDM-FOH 8.103E-003 0.000E+000 | 2.260E-005 3.600E+002

NOTE: ®For Calc. Type 3 with a mission time of 0, SAPHIRE performs the quantification using the system
mission time

W[ W |a |-

Calc. = calculation; CRCF = Canister Receipt and Closure Facility; DP = delta pressure; Fail. = failure;
Miss. = mission; P = pressure; Prob. = probability.

Source: Original
B2.4.1.5.1 Human Failure Events

There are three basic human failure events (HFE) associated with human error listed in Table
B2.4-2. They are for inadvertently opening two or more vestibule doors at the same time, failure
to notice that there is a HEPA leak and leaving the start/stop/auto switch on the standby train in
the wrong position.

Table B2.4-2. Human Failure Events

Basic Event Name Basic Event Description
060-VCTO-DR0O0001-HFI-NOD Operators open 2 or more vestibule doors in CRCF
060-VCTO-HEPALK-HFI-NOD Operator fails to notice HEPA filter leak in Train A (or Train B)
060-VCTO-HFIAO00-HFI-NOM Human error exhaust fan switch wrong position

NOTE: CRCF = Canister Receipt and Closure Facility; HEPA = high-efficiency particulate air (filter)

Source: Original
B2.4.1.5.2 Common-Cause Failures

There are three common-cause failures (CCFs) identified in the HVAC model. Two of the CCFs
are associated with the potential of a HEPA filter failure in the degraded mode for HEPA filters
in the degraded mode where there is a two-of-three success situation. An alpha factor of 0.025 is
used (Table C3-1, CCCG=3). The third common-cause is applied to the non-ITS supply fans
where success is one-of-two in the degraded mode of operation. An alpha factor of 0.0235 is
used (Table C3-1, CCCG=2).
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B2.4.1.6 Uncertainty and Cut Set Generation

Figure B2.4-1 contains the uncertainty results obtained from running the fault trees for “Failure
to Maintain Delta Pressure” using a cutoff probability of 1E-12. Figure B2.4-2 provides the cut
set generation results for the “Failure to Maintain Delta Pressure” fault tree. These results are for
the HVAC system coupled with loss of electrical power, which is discussed separately in Section
B3. Ifloss of electrical power is not included in the HVAC tree, the mean failure probability and
standard deviation of the HVAC system alone is 3.3E-02 and 9.3E-02.

Uncertainty Resulis

Name 060-DP-LOSS-CRCF
Random Seed 1234 Events 180
Sample Size 10000 Cut Sets 26725
Point estimate 3.116E-002
Mean Value 3.470E-002
Sth Percentile Yalue 4 594E-003
Median “alue 1.445E-002
95tk Percertile Value 9.814E-002
Minimum Sample “alue 1.245E-003
Maximum Sample Yalue 1.000E+D00
Standard Deviation 9.386E-002
Skewness 7 .465E+000
Kurtosis 6.576E+001
Elap=sed Time 00:00:35.660
OK

Source: Original

Figure B2.4-1. Uncertainty Results of the CRCF Failure to Maintain Delta
Pressure Fault Tree
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Cut Set Generation Resulis @

Name: 060-DP-LOSS-CRCF
Elapsed Time: 00:00:00.100

Cut # minCut
Size

3 4 864E-003
782  1.844E-002
9446 7.814E-003
12478  3.042E-004
2.468E-005
1321 7.248E-007
B9  7.944E-009

00D =) O LT = T —
I
up}
e 4
o

8 1.315E-010
e =
10 0 Eene

T i Eome
Total 26725 2.116E-002

Total Elapsed Time : 00:00:00.110

| Ok I YWiew Results

Source: Original

Figure B2.4-2. Cut Set Generation Results for the CRCF Failure to Maintain
Delta Pressure Fault Tree

B2.4.1.7 Cut Sets
Table B2.4-3 contains the top 35 cut sets for the “Failure to Maintain Delta Pressure” fault tree.
B2.4.1.8 HVAC Fault Trees

For purposes of this report, the transfers to the ITS electrical system for the HVAC equipment is
ignored. For specifics on the electrical system, refer to the “AC Power System Fault Tree
Analysis” in Attachment B3.
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Table B2.4-3.

Dominant Cut Sets for the Failure to Maintain Delta Pressure in the CRCF

Fault Tree Cut Set % | Prob./Freq. Basic Event Description Probability
060-DP- 16.23 5.059E-003 | 060-VCTO-FANOOA-FAN-FTR Exhaust Fan in Train A Fails 5.1E-002
LOSS-CRCF

060-VCTO-HFIACO00-HFI-NOM Human Error Exhaust Fan Switch Wrong Position 1.0E-001
15.08 4.700E-003 | 060-EXCESSIVE-WIND-SPEED | Sustained Wind Exceeds 40 MPH & Gust to 90 MPH 4.7E-003
5.69 1.772E-003 | LOSP Loss of offsite power 3.0E-003
26D#EEY-ITSDG-A#DG-FTR ITS Diesel Generator A Fails to Run 7.7E-001
26D#EEY-ITSDGB-#DG-FTR ITS DG B Fails to Run 7.7E-001
4.16 1.296E-003 | 060-VCTO-FANOOA-FAN-FTR Exhaust Fan in Train A Fails 5.1E-002
060-VCTO-FANOOB-FAN-FTR Exhaust Fan in Train B Fails 2.6E-002
2.10 6.545E-004 | 060-VCTO-HEPA09-DMS-FOH Moisture Separator/Demister HEPA 09 Fails 6.5E-003
060-VCTO-HFIACO00-HFI-NOM Human Error Exhaust Fan Switch Wrong Position 1.0E-001
2.10 6.545E-004 | 060-VCTO-HEPA10-DMS-FOH Moisture Separator/Demister HEPA 10 Fails 6.5E-003
060-VCTO-HFIACO00-HFI-NOM Human Error Exhaust Fan Switch Wrong Position 1.0E-001
2.10 6.545E-004 | 060-VCTO-HEPA11-DMS-FOH Moisture Separator/Demister HEPA 11 Fails 6.5E-003
060-VCTO-HFIACO00-HFI-NOM Human Error Exhaust Fan Switch Wrong Position 1.0E-001
1.73 5.378E-004 | 060-#EEE-MCC0001-MCC-FOH | CRCF ITS MCC 00001 Fails 5.4E-003
060-VCTO-HFIACO00-HFI-NOM Human Error Exhaust Fan Switch Wrong Position 1.0E-001
1.32 4.099E-004 | 060-VCTO-FANOOA-FAN-FTR Exhaust Fan in Train A Fails 5.1E-002
060-VCTO-TDMPO0OB-DTM-FOH | Tornado damper Train B Fails 8.1E-003
1.32 4.099E-004 | 060-VCTO-FANOOA-FAN-FTR Exhaust Fan in Train A Fails 5.1E-002
060-VCTO-UDMPO00-UDM-FOH | Backdraft Damper for Train B exhaust Fails 8.1E-003
1.22 3.816E-004 | 060-#EEE-LDCNTRA-C52-SPO Load Center A Feed Circuit Breaker (AC) Spurious 3.8E-003
Operation
060-VCTO-HFIACO00-HFI-NOM Human Error Exhaust Fan Switch Wrong Position 1.0E-001
1.22 3.816E-004 | 060-#EEE-MCC0001-C52-SPO CRCF ITS MCC 0001 Feed Breaker Spurious Operation 3.8E-003
060-VCTO-HFIACO00-HFI-NOM Human Error Exhaust Fan Switch Wrong Position 1.0E-001
0.99 3.070E-004 | 060-VCTO-HEPAAQ9-HEP-PLG HEPA #A09 Train A Plugged 3.1E-003
060-VCTO-HFIACO00-HFI-NOM Human Error Exhaust Fan Switch WWrong Position 1.0E-001
0.99 3.070E-004 | 060-VCTO-HEPAA10-HEP-PLG HEPA #A10 Train A Plugged 3.1E-003
060-VCTO-HFIACO00-HFI-NOM Human Error Exhaust Fan Switch WWrong Position 1.0E-001
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Table B2.4-3. Dominant Cut Sets for the Failure to Maintain Delta Pressure in the CRCF (Continued)

Fault Tree Cut Set % | Prob./Freq. Basic Event Description Probability
0.99 3.070E-004 | 060-VCTO-HEPAA11-HEP-PLG HEPA #A11 Train A Plugged 3.1E-003
060-VCTO-HFIACO00-HFI-NOM Human Error Exhaust Fan Switch WWrong Position 1.0E-001
0.94 2.938E-004 | 060-VCTO-HFIACOO-HFI-NOM Human Error Exhaust Fan Switch WWrong Position 1.0E-001
26D#EEY-ITSDG-A#DG-FTR ITS Diesel Generator A Fails to Run 7.7E-001
26D-#EEY-OB-SWGA-C52-SPO | 13.8 kV ITS SWGR A feed Breaker Spurious Operation 3.8E-003
0.94 2.938E-004 | 060-VCTO-HFIACOO-HFI-NOM Human Error Exhaust Fan Switch Wrong Position 1.0E-001
26D#EEY-ITSDG-A+#DG-FTR ITS Diesel Generator A Fails to Run 7.7E-001
27A+EEE-BUS2DGA-C52-SPO 13.8 kV Open Bus 2 ITS Load Breaker Spurious Operation 3.8E-003
0.87 2.721E-004 | 060-#EEE-MCC0002-MCC-FOH | CRCF ITS MCC00002 Failure 5.4E-003
060-VCTO-FANOOA-FAN-FTR Exhaust Fan in Train A Fails 5.1E-002
0.86 2.675E-004 | 060-VCTO-DTCOA-DTC-RUP Duct Fails between HEPA and Exhaust Fan (10 feet) 2.7E-003
060-VCTO-HFIACO00-HFI-NOM Human Error Exhaust Fan Switch Wrong Position 1.0E-001
0.85 2.646E-004 | 060-VCTO-HFIACO0-HFI-NOM Human Error Exhaust Fan Switch WWrong Position 1.0E-001
26D#EEESWGRDGA-AHU-FTR | 13.8 kV ITS Switchgear room Air Handling Unit Fails 2.6E-003
0.82 2.559E-004 | 060-VCTO0-EXH-005-FAN-FTR CRCF ITS Elec Exhaust Fan 00005 Fails to Run 5.1E-002
060-VCTO-EXH-006-FAN-FTR CRCF ITS Elec Exh. Fan Fails to Run 5.1E-002
060-VCTO-HFIACO00-HFI-NOM Human Error Exhaust Fan Switch Wrong Position 1.0E-001
0.74 2.312E-004 | 060-VCTO-FANOOA-FAN-FTR Exhaust Fan in Train A Fails 5.1E-002
060-VCTO-TRAINB-MAINT Train B HVAC is Off-Line for Maintenance 4.6E-003
0.74 2.302E-004 | LOSP Loss of offsite power 3.0E-003
060-VCTO-HFIACO00-HFI-NOM Human Error Exhaust Fan Switch Wrong Position 1.0E-001
26D#EEY-ITSDG-A#DG-FTR ITS Diesel Generator A Fails to Run 7.7E-001
0.69 2.158E-004 | 060-VCTO-HEPAOA9-HEP-LEK HEPA #09 Train A Leaks 2.2E-003
060-VCTO-HEPALK-HFI-NOD Operator Fails to Notice HEPA Filter Leak in Train A 1.0E+000
060-VCTO-HFIACO00-HFI-NOM Human Error Exhaust Fan Switch Wrong Position 1.0E-001
0.69 2.158E-004 | 060-VCTO-HEPAA10-HEP-LEK HEPA #10 Train A Leaks 2.2E-003
060-VCTO-HEPALK-HFI-NOD Operator Fails to Notice HEPA Filter Leak in Train A 1.0E+000
060-VCTO-HFIACO00-HFI-NOM Human Error Exhaust Fan Switch Wrong Position 1.0E-001
0.69 2.158E-004 | 060-VCTO-HEPAA11-HEP-LEK HEPA #11 Train A Leaks 2.2E-003
060-VCTO-HEPALK-HFI-NOD Operator Fails to Notice HEPA Filter Leak in Train A 1.0E+000
060-VCTO-HFIACO00-HFI-NOM Human Error Exhaust Fan Switch Wrong Position 1.0E-001
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Table B2.4-3. Dominant Cut Sets for the Failure to Maintain Delta Pressure in the CRCF (Continued)

Fault Tree Cut Set % | Prob./Freq. Basic Event Description Probability
0.62 1.930E-004 | 060-#EEE-LDCNTRB-C52-SPO CRCF ITS Load Center Circuit Breaker (AC) Spur Op 3.8E-003
060-VCTO-FANOOA-FAN-FTR Exhaust Fan in Train A Fails 5.1E-002
0.62 1.930E-004 | 060-#EEE-MCC0002-C52-SPO CRCR MCC-00002 Feed Breaker Spurious Operation 3.8E-003
060-VCTO-FANOOA-FAN-FTR Exhaust Fan in Train A Fails 5.1E-002
0.54 1.677E-004 | 060-VCTO-FANOOB-FAN-FTR Exhaust Fan in Train B Fails 2.6E-002
060-VCTO-HEPA09-DMS-FOH Moisture Separator/Demister HEPA 09 Fails 6.5E-003
0.54 1.677E-004 | 060-VCTO-FANOOB-FAN-FTR Exhaust Fan in Train B Fails 2.6E-002
060-VCTO-HEPA10-DMS-FOH Moisture Separator/Demister HEPA 10 Fails 6.5E-003
0.54 1.677E-004 | 060-VCTO-FANOOB-FAN-FTR Exhaust Fan in Train B Fails 2.6E-002
060-VCTO-HEPA11-DMS-FOH Moisture Separator/Demister HEPA 11 Fails 6.5E-003
0.53 1.658E-004 | 060-VCTO-FANOOA-FAN-FTR Exhaust Fan in Train A Fails 5.1E-002
060-VCTO-HEPA12-DMS-FOH Moisture Separator/Demister HEPA 12 Fails 3.3E-003
0.53 1.658E-004 | 060-VCTO-FANOOA-FAN-FTR Exhaust Fan in Train A Fails 5.1E-002
060-VCTO-HEPA13-DMS-FOH Moisture Separator/Demister HEPA 13 Fails 3.3E-003
0.53 1.658E-004 | 060-VCTO-FANOOA-FAN-FTR Exhaust Fan in Train A Fails 5.1E-002
060-VCTO-HEPA14-DMS-FOH Moisture Separator/Demister HEPA 14 Fails 3.3E-003
0.51 1.600E-004 | 060-VCTO-DRS0000-DRS-OPN Vestibule Door Open During Receipt/Export 1.6E-004
0.48 1.486E-004 | 060-VCTO-FANOOA-FAN-FTR Exhaust Fan in Train A Fails 5.1E-002
26D-#EEY-ITSDGB-#DG-FTR ITS DG B Fails to Run 7.7E-001
26D-#EEY-OB-SWGB-C52-SPO | 13.8 kV ITS SWGR Feed Breaker (AC) Spurious Op 3.8E-003
0.48 1.486E-004 | 060-VCTO-FANOOA-FAN-FTR Exhaust Fan in Train A Fails 5.1E-002
26D-#EEY-ITSDGB-#DG-FTR ITS DG B Fails to Run 7.7E-001
27A#EEE-BUS3DGB-C52-SPO | 13.8 kV Open Bus 4 to ITS B Load Breaker (AC) Spurious 3.8E-003
Op
0.44 1.378E-004 | 060-#EEE-MCCO0001-MCC-FOH | CRCF ITS MCC 00001 Fails 5.4E-003
060-VCTO-FANOOB-FAN-FTR Exhaust Fan in Train B Fails 2.6E-002
0.43 1.339E-004 | 060-VCTO-FANOOA-FAN-FTR Exhaust Fan in Train A Fails 5.1E-002
26D#EEE-SWGRDGB-AHU-FTR | EDGF Switchgear Room Air Handling Unit Failure to Run 2.6E-003
0.42 1.295E-004 | 060-VCTO-EXH-007-FAN-FTR CRCF ITS Elec Exhaust Fan 00007 Fails to Run 5.1E-002
060-VCTO-EXH-008-FAN-FTR CRCF ITS Elec Exh. Fan 8 Fails to Run 5.1E-002
060-VCTO-FANOOA-FAN-FTR Exhaust Fan in Train A Fails 5.1E-002
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Table B2.4-3. Dominant Cut Sets for the Failure to Maintain Delta Pressure in the CRCF (Continued)

Fault Tree Cut Set % | Prob./Freq. Basic Event Description Probability
0.37 1.164E-004 | LOSP Loss of offsite power 3.0E-003
060-VCTO-FANOOA-FAN-FTR Exhaust Fan in Train A Fails 5.1E-002
26D-#EEY-ITSDGB-#DG-FTR ITS DG B Fails to Run 7.7E-001
0.33 1.022E-004 | 060-VCTO--B-FAIL-START Train B Fails to Start 2.0E-003
060-VCTO-FANOOA-FAN-FTR Exhaust Fan in Train A Fails 5.1E-002
0.33 1.022E-004 | 060-VCTO-FANOOA-FAN-FTR Exhaust Fan in Train A Fails 5.1E-002
060-VCTO-FANOOB-FAN-FTS Exhaust Fan in Train B Fails to Start 2.0E-003
3.116E-002 | = Total
NOTE: AC = alternating current; CRCF = canister receipt and closure facility; DG = diesel generator; Elec = electrical, Exh = exhaust; Freq. = frequency;

HEPA = high efficiency particulate air; ITS = important-to-safety; MCC = motor control center; Prob. = probability; SWGR = switchgear

Source: Original
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Subsurface Operations Reliability
and Event Sequence Categorization Analysis
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Figure B2.4-4. Loss of Normal and Degrade
HVAC Trains
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Source:  Original

Figure B2.4-5. HVAC Trains Fail in Degraded
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Source:  Original

Figure B2.4-6. Train A Failure with Supply Fan
Down Reduced
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Figure B2.4-7. Exhaust Fan in Train A Fails
Reduced
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Figure B2.4-9. HEPA Input/Output Manual
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Source:  Original
Figure B2.4-12. Exhaust Fan in Train B Fails
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Figure B2.4-13. HEPA Filters in Train B Failed

B2-29

Reduced Operation

March 2008



Subsurface Operations Reliability
and Event Sequence Categorization Analysis

000-PSA-MGR0-00500-000-00A

Source:

Original

HEPA Input/Output
Manual Damper
Train B Fail Reduced

060-VCTO-DMP0O01B-DMP00B

HEPA Input
Manual Dampers
Train B Fail

2

3

060-VCTO-DMPOOBI-DMP01BI

Manual Damper
#12 input Train
B Fails

O 3.017E-5

060-VCTO-DMP0121-DMP-FRO

Manual Damper
#13 Input Train
B Fails

O 3.017E-5

060-VCTO-DMP0131-DMP-FRO

Manual Damper
#14 in Train B

Fails

O 3.017E-5

060-VCTO-DMP0141-DMP-FRO

HEPA Output
Manual Dampers
Train B Fail

2 3

060-VCTO-DMPOOBO-DMP01BO

Manual Damper
#12 Output Train
B Fails

060-VCTO-DMP0120-DMP-FRO

O 3.017E-5

Manual Damper
#13 Output Train
B Fails

Q 3.017E-5

060-VCTO-DMP0130-DMP-FRO

Manual Damper
#14 Output Train
B Fails

O 3.017E-5

060-VCTO-DMP0140-DMP-FRO

060-VCTO-DMPO01B-DMP0OOB - HEPA Input/Output Manual Damper Train B Fail Reduced

2008/01/21  Page 106

Figure B2.4-14. HEPA Input/Output Manual

B2-30

Damper Train B Fail Reduced

March 2008



Subsurface Operations Reliability

and Event Sequence Categorization Analysis

000-PSA-MGR0-00500-000-00A

Source:  Original

Separator/Demister
HEPA Train B Fails

Moisture

2 3

060-VCTO-HEPOO1B-DMS-00B

Moisture
Separator/Demister
HEPA 12 Fails

3.278E-3

060-VCTO-HEPA12-DMS-FOH

Moisture
Separator/Demister
HEPA 13 Fails

3.278E-3

060-VCTO-HEPA13-DMS-FOH

Moisture
Separator/Demister
HEPA 14 Fails

3.278E-3

060-VCTO-HEPA14-DMS-FOH

60-VCTO-HEPOO1B-DMS-00B - Moisture Separator/Demister HEPA Train B Fails Reduced

2007/08/31  Page 107
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Source:  Original

Figure B2.4-16. HVAC Train A is Inoperable
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Figure B2.4-18. HEPA Input/Output Manual
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Figure B2.4-19. Moisture Separator/Demister

B2-35

HEPA Train A Fails

March 2008



Subsurface Operations Reliability
and Event Sequence Categorization Analysis

000-PSA-MGR0-00500-000-00A

Source:  Original

HVAC Train B is
Inoperable

A

060-VCTO-TRAIN-B-FAILS
1

HVAC Train B
in CRCF Fails

A

HVAC-TRAIN-B-FAILS
1

Train B HVAC is
Off-Line for
Maintenance

O 4.570E-3

060-VCTO-TRAINB-MAINT

Tornado damper
B fails on demand

O 8.710E-4

060-VCTO-TDMPO0OB-DTM-FOD

Supply to Tornado
Damper for Train
B exhaust fails

Tornado damper
Train B Fails

060-VCTO-SUPPLY-TORBFAIL
1

Supply to BBD
Fails in Train
B

Backdraft Damper
for Train B
exhaust Fails

[

060-VCTO-SUPPLY-BDDBFAIL
L

Q 8.103E-3

Supply to
Manual Damper
Train B Fails

[

060-VCTO-SUPPLY-MDBFAILS
|

Supply Failure to
Train B Exhaust Fan

Exhaust Fan
in Train B Fails

A

060-SUPPLY-TO-EXHB-FAILS
!

060-VCTO-EXHFAN-B-FAILS

Duct Fails between Manual damper
HEPA and Exhaust Input to Exhaust
Fan (10 feet) Fan B Fails

Exhaust HEPA
Equipment in
Train B Fails

O 1.338E-3

060-VCTO-DTCOB-DTC-RUP

O 3.017E-5

060-VCTO-DMP001B-DMP-FRO

/N

060-VCTO-EXHB-FAILS

Manual Damper
for Train B Fails

O 3.017E-5

060-VCTO-DMP000B-DMP-FRO

O 8.103E-3

060-VCTO-TDMPO0OB-DTM-FOH

060-VCTO-UDMP000-UDM-FOH

060-VCTO-TRAIN-B-FAILS - HVAC Train B is Inoperable

2008/02/07

Page 112

B2-36

Figure B2.4-20. HVAC Train B is Inoperable

March 2008



Subsurface Operations Reliability 000-PSA-MGRO0-00500-000-00A
and Event Sequence Categorization Analysis

1
Exhaust HEPA
Equipment in
Train B Fails
060-VCTO-EXHB-FAILS
[ ]
HEPA Input/Output HEPA
Manual Damper Componets in
Train B Fail Train B Fail
060-VCTO-DMP000B-DMP0O0OB HEPA-COMP-TRAIN-B-FAIL
I ]
Moisture HEPA Filters in
Separator/Demister Train B Fail
HEPA Train B Fails
060-VCTO-HEPOOOB-DMS-00B 060-VCTO-FIL-TRAINB-FAIL
[ ! 1
HEPA Filter Plugs HEPA Filters
Train B Fails Leak in Train B
f | 3
060-VCTO-HEPABI12-FAILS 060-HEPA-LEAKS-TRAIN-B
[ I ] [ ]
HEPA #B12 HEPA #B13 HEPA #Bl14 HEPA Filter Operator Fails to
Train B Plugged Train B Plugged Train B Plugged Leaks "l_"raln B Notice HEPA Filter
Fails Leak in Train B
O 1.536E-3 O 1.536E-3 O 1.536E-3 @ O 1.000E+0
060-VCTO-HEPABI2-HEP-PLG 060-VCTO-HEPABI13-HEP-PLG 060-VCTO-HEPABI14-HEP-PLG 060-VCTO-HEPABI14-FAILS 060-VCTO-HEPALK-HFI-NOD
[ I ]
HEPA #BI12 HEPA #BI13 HEPA #Bl14
Train B Leaks Train B Leaks Train B Leaks
O 1.079E-3 O 1.079E-3 O 1.079E-3
060-VCTO-HEPABI2-HEP-LEK 060-VCTO-HEPABI13-HEP-LEK 060-VCTO-HEPABI14-HEP-LEK
060-VCTO-EXHB-FAILS - Exhaust HEPA Equipment in Train B Fails 2007/12/10  Page 113

Source:  Original

Figure B2.4-21. Exhaust HEPA Equipment in
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Figure B2.4-22. HEPA Input/Output Manual
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B3 IMPORTANT TO SAFETY AC POWER FAULT TREE ANALYSIS
B3.1 REFERENCES
Design Inputs

The PCSA is a safety analysis based on a snapshot of the design. The reference design
documents are appropriately documented as design input in this section. Since the safety
analysis is based on a snapshot of the design, referencing subsequent revisions to the design
documents (as described in EG-PRO-3DP-G04B-00037, Calculations and Analyses (Ref. 2.1.1),
paragraph 3.2.2.F) that implement PCSA requirements flowing from the safety analysis would
not be appropriate for the purpose of the PCSA.

The inputs in this Section noted with an asterisk (*) indicate that they fall into one of the
designated categories described in Section 4.1, relative to suitability for intended use.

B3.1.1 BSC (Bechtel SAIC Company) 2007. CRCF 1 480V ITS LC — Train A 060-ELEO-
LC-00001 Single Line Diagram. 060-E10-EEE0-00301-000 REV 00B. Las Vegas,
Nevada: Bechtel SAIC Company. ACC: ENG.20071129.0004.

B3.12 BSC 2007. CRCF 1480V ITS LC — Train B 060-EEE0-LC-00002 Single Line
Diagram. 060-E10-EEE0-00401-000 REV 00B. Las Vegas, Nevada: Bechtel
SAIC Company. ACC: ENG.20071129.0005.

B3.13 BSC 2007. CRCF 1480V ITS MCC — Train A 060-EEE0-MCC-0001 Single Line
Diagram. 060-E10-EEE0-00101-000 REV 00B. Las Vegas, Nevada: Bechtel
SAIC Company. ACC: ENG.20071129.0002.

B3.14 BSC 2007. CRCF 1480V ITS MCC — Train B 060-EEEO-MCO-00002 Single Line
Diagram. 060-E10-EEE0-00201-000 REV 00B. Las Vegas, Nevada: Bechtel
SAIC Company. ACC: ENG.20071129.0003.

B3.1.5 BSC 2007. CRCF I Confinement ITS Battery Room Exhaust System — Train A
Ventilation & Instrumentation Diagram. 060-M80-VCT0-00402-000 REV 00C.
Las Vegas, Nevada: Bechtel SAIC Company. ACC. ENG. 20071227.0011.

B3.1.6 BSC 2007. CRCF I Confinement ITS Battery Room Exhaust System — Train B
Ventilation & Instrumentation Diagram. 060-M80-VCT0-00404-000 REV 00C.
Las Vegas, Nevada: Bechtel SAIC Company. ACC: ENG. 20071227.0012.

B3.1.7 BSC 2007. CRCF I Confinement ITS Electrical Room HVAC System — Train A
Ventilation & Instrumentation Diagram. 060-M80-VCT0-00401-000 REV 00B.
Las Vegas, Nevada: Bechtel SAIC Company. ACC: ENG.20071119.0023.

B3.1.8 BSC 2007. CRCF I Confinement ITS Electrical Room HVAC System — Train B
Ventilation & Instrumentation Diagram. 060-M80-VCT0-00403-000 REV 00B.
Las Vegas, Nevada: Bechtel SAIC Company. ACC: ENG.20071119.0025.
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B3.1.9

B3.1.10

B3.1.11

B3.1.12

B3.1.13

B3.1.14

B3.1.15

B3.1.16

B3.1.17

B3.1.18

B3.1.19

BSC 2007. Emergency Diesel Generator Facility — 480V ITS MCC 26D-EEEO-
MCC-00001 Single Line Diagram (Train A). 26D-E10-EEE0-00301-000 REV 00B.
Las Vegas, Nevada: Bechtel SAIC Company. ACC: ENG.20071130.0026.

BSC 2007. Emergency Diesel Generator Facility — 480V ITS MCC 26D-EEEO-
MCC-00002 Single Line Diagram (Train B). 26D-E10-EEE0-00401-000 REV 00B.
Las Vegas, Nevada: Bechtel SAIC Company. ACC: ENG.20071130.0027.

BSC 2007. Emergency Diesel Generator Facility — Fuel Oil System Calculation.
26D-M6C-EG00-00200-000-00A. Las Vegas, Nevada: Bechtel SAIC Company.
ACC: ENG.20071025.0001.

BSC 2007. Emergency Diesel Generator Facility — Generator Room Ventilation
System Calculation. 26D-MS5C-VNI0-00100-000-00B. Las Vegas, Nevada:
Bechtel SAIC Company. ACC: ENG.20071015.0018.

BSC 2007. Emergency Diesel Generator Facility — ITS 125V DC System Single
Line Diagram (Train A). 26D-E10-EED0-00101-000 REV 00A. Las Vegas,
Nevada: Bechtel SAIC Company. ACC: ENG.20071026.0015.

BSC 2007. Emergency Diesel Generator Facility — ITS 125V DC System Single
Line Diagram (Train B). 26D-E10-EED0-00201-000 REV 00A. Las Vegas,
Nevada: Bechtel SAIC Company. ACC: ENG.20071026.0016.

BSC 2007. Emergency Diesel Generator Facility — Switchgear and Battery Rooms
Ventilation System Calculation. 26D-M5C-VNI0-00200-000-00C. Las Vegas,
Nevada: Bechtel SAIC Company. ACC: ENG.20071022.0001.

BSC 2008. Normal Power System 13.8kV Site Distribution Overall Single Line
Diagram. 000-E10-EEN0-00202-000 REV 00C. Las Vegas, Nevada: Bechtel
SAIC Company. ACC: ENG. 20080206.0078.

BSC 2008. Emergency Diesel Generator Facility — 13.8kV ITS Switchgear 26D-
EEEO-SWGR-00001 Single Line Diagram (Train A). 26D-E10-EEE0-00101-000
REV 00C. Las Vegas, Nevada: Bechtel SAIC Company. ACC:
ENG.20080204.0001.

BSC 2008. Emergency Diesel Generator Facility — 13.8kV ITS Switchgear 26D-
EEEO-SWGR-00002 Single Line Diagram (Train B). 26D-E10-EEE0-00201-000
REV 00C. Las Vegas, Nevada: Bechtel SAIC Company. ACC:
ENG.20080204.0002.

*Eide, S.A.; Gentillon, C.D.; Wierman, T.E.; and Rasmuson, D.M. 2005. Analysis
of Loss of Offsite Power Events: 1986-2004. Volume 1 of Reevaluation of Station
Blackout Risk at Nuclear Power Plants NUREG/CR-6890. Washington, D.C.:
U.S. Nuclear Regulatory Commission. ACC: MOL.20071114.0164.
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B3.2 ITS AC POWER DESCRIPTION

The ITS AC power system supplies power to the ITS HVAC systems in the CRCF, WHF and
RF. The ITS power system makes use of two elements: (1) the onsite ITS power supply and (2)
the ITS equipment needed to supply power from the onsite ITS power supply to the ITS loads in
each of the site facilities. During normal operations AC power is supplied from two offsite 138
kV power lines through the 138 kV — 13.8 kV switchyard and then through the plant AC power
distribution system to the various facilities throughout the site. Off-normal conditions for the
distribution of AC power occur during a loss of offsite power (LOSP). A LOSP may be the
result of problems on the power grid, or the result of failures within the plant AC power systems
(most likely within the 138 kV — 13.8 kV switchyard). Under these conditions, the AC power
source for the CRCF ITS equipment is two onsite ITS diesel generators. There are several diesel
generators located onsite. However there are only two generators designated as ITS; the two that
support each division of ITS equipment (A or B) in the three CRCFs, the WHF and the RF.
Power is supplied to ITS loads via the same onsite AC power distribution system that is used
during normal operation. Each ITS diesel generator supplies power to one division (A or B) of
ITS systems. Each ITS diesel generator, its associate support systems and the power distribution
system is independent, and electrically isolated, of the other diesel generator, its support systems
and power distribution system.

There are three CRCFs on site. The same ITS diesel generators, 13.8 kV ITS switchgear, and
associated equipment and support systems are used to support all three facilities. The AC power
distribution equipment from the 13.8 kV ITS switchgear to each CRCF’s set of ITS equipment
are separate but identical for all three facilities. Only one set of CRCF ITS AC power fault trees
have been developed, and are applicable for all three CRCFs.

B3.2.1 Normal AC Power Distribution

Normal AC power to the CRCF ITS equipment is provided via two 13.8 kV ITS Switchgears
(A and B), one supplying CRCF train A ITS loads and the second supplying power to CRCF
train B ITS loads. These two 13.8 kV ITS switchgears (Figures B3.2-1 through B3.2-3) are
normally aligned to receive power from the site 138 kV - 13.8 kV switchyard through open buses
2 and 4.

In addition to supplying power to the ITS loads in the CRCF, the 13.8 kV ITS switchgear
supplies power to equipment in the EDGF required to support ITS diesel generator operation.
These loads include the diesel generator room fans, 13.8 kV ITS switchgear room and battery
room air handling unit, the ITS diesel generator fuel oil pumps, and DC power (via a battery
charger) to operate the ITS switchgear circuit breakers. (Figures B3.2-4 and B3.2-5 for ITS
diesel generator train A and Figures B3.2-6 and B3.2-7 for ITS diesel generator train B).
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Figure B3.2-3. AC Power - 13.8 kV ITS Switchgear Train B
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