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Extensive work has been carried out by the U.S. Department of Energy (DOE) in the development of a

proposed geologic repository at Yucca Mountain (YM), Nevada, for the disposal of high-level radioactive

waste. As part of this development, a detailed performance assessment (PA) for the YM repository was

completed in 2008 and supported a license application by the DOE to the U.S. Nuclear Regulatory

Commission (NRC) for the construction of the YM repository. The following aspects of the 2008 YM PA are

described in this presentation: (i) conceptual structure and computational organization, (ii) uncertainty

and sensitivity analysis techniques in use, (iii) uncertainty and sensitivity analysis for physical processes,

and (iv) uncertainty and sensitivity analysis for expected dose to the reasonably maximally exposed

individual (RMEI) specified the NRC’s regulations for the YM repository.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Extensive work has been carried out by the U.S. Department of
Energy (DOE) in the development of a proposed geologic repository
at Yucca Mountain (YM), Nevada, for the disposal of high-level
radioactive waste [1–6]. As part of this development, a detailed
performance assessment (PA) for the YM repository was completed
in 2008 [6] and supported a license application by the DOE to the
U.S. Nuclear Regulatory Commission (NRC) for the construction of
the YM repository [7]. This presentation provides an overview of the
conceptual and computational structure of the indicated PA (here-
after referred to as the 2008 YM PA) and the roles that uncertainty
analysis and sensitivity analysis play in this structure.

The following aspects of the 2008 YM PA are described in this
presentation: (i) conceptual structure and computational organi-
zation (Section 2), (ii) uncertainty and sensitivity analysis tech-
niques in use (Section 3), (iii) uncertainty and sensitivity analysis
for physical processes (Section 4), and (iv) uncertainty and
sensitivity analysis for expected dose to a reasonably maximally
exposed individual (RMEI) specified the NRC’s regulations for
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the YM repository (Section 5). The presentation then ends with a
summary discussion (Section 6).

This presentation is based on an invited talk given at the 2010
Sensitivity Analysis of Model Output (SAMO) conference in Milan,
Italy [8], and, in turn, is an adaptation of three earlier presenta-
tions given at the 2008 International High-Level Radioactive
Waste Management Conference (IHLRWMC) in Las Vegas, Nevada
[9–11]. The primary background reference for this presentation is
a large and detailed technical report that describes the 2008 YM
PA and provides references to a large body of additional reports
that provide further information on the details of the 2008 YM PA
and the models incorporated into this PA [6]. Selected aspects of
the 2008 YM PA have also been described by the authors of this
presentation in three additional conference papers [12–14] and
a book chapter [15]. At present, a special issue of Reliability

Engineering & System Safety is under development that will
provide more details on uncertainty and sensitivity analysis in
the 2008 YM PA than can be included in a single journal article.
2. Conceptual structure and computational organization

2.1. Regulatory background

The regulatory requirements that underlie the 2008 YM PA
derive from the Energy Policy Act of 1992 [16] within which
analysis in performance assessment for the proposed high-level
Syst Safety (2011), doi:10.1016/j.ress.2011.07.002
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(i) the U.S. Environmental Protection Agency (EPA) is required to
promulgate public health and safety standards for radioactive
material stored or disposed of in the YM repository, (ii) the NRC is
required to incorporate the EPA standards into licensing stan-
dards for the YM repository, and (iii) the DOE is required to show
compliance with the NRC standards. The resulting regulatory
requirements for the YM repository have two primary sources
from the EPA and the NRC, respectively: (i) Public Health and

Environmental Radiation Protection Standards for Yucca Mountain,

NV; Final Rule (40 CFR Part 197) [17] and (ii) Disposal of High-Level

Radioactive Wastes in a Proposed Geologic Repository at Yucca

Mountain, Nevada; Final Rule (10 CFR Parts 2, 19, 20, etc.) [18].
The NRC also published the Yucca Mountain Review Plan; Final

Report (YMRP) [19] to guide assessing compliance with 10 CFR
Parts 2, 19, 20, etc. In turn, the DOE must carry out a PA for the
YM repository that satisfies the requirements specified in the
preceding documents.

The initial EPA standard [17] specified requirements that the
YM repository was to satisfy for the first 104 yr after its closure. In
a subsequent suit [20], it was ruled that the EPA did not follow
guidance in a National Academy of Science (NAS) study [21] as
mandated in the Energy Policy Act of 1992. In particular, it was
ruled that the EPA had failed to follow guidance that the
regulatory period for the YM repository should extend over the
period of geologic stability at the repository site, which was
suggested to be 106 yr. As a result, the initial standard [17] for
the YM repository was remanded to the EPA for revision.

In response, the EPA published 40 CFR Part 197, Public Health

and Environmental Radiation Protection Standards for Yucca Moun-

tain, Nevada; Proposed Rule, which contained proposed revisions
to the standards for the YM repository [22]. Consistent with the
EPA’s proposed revisions, the NRC published 10 CFR Part 63,
Implementation of a Dose Standard After 10,000 Years [23]. The
EPA’s and NRC’s proposals in response to the remand left most of
the requirements for the first 104 yr after repository closure
unchanged. However, new conditions were proposed for the time
interval from 104 yr through the period of geologic stability.

The overall structure of the 2008 YM PA derives from the
individual protection standard specified by the EPA and the NRC
in the revised standards [22,23]. Specifically, the following stan-
dard is specified by the NRC ([23], p. 53319):

y 63.311 Individual protection standard after permanent clo-
sure. (a) DOE must demonstrate, using performance assess-
ment, that there is a reasonable expectation that the
reasonably maximally exposed individual receives no more
than the following annual dose from releases from the undis-
turbed Yucca Mountain disposal system: (1) 0.15 mSv
(15 mrem) for 10,000 years following disposal; and (2)
3.5 mSv (350 mrem) after 10,000 years, but within the period
of geologic stability. (b) DOE’s performance assessment must
include all potential environmental pathways of radionuclide
transport and exposure. (NRC1).

Except for minor differences in wording, the preceding stan-
dard is the same as the proposed standard specified by the EPA
([22], p. 49063).

In turn, the NRC gives the following guidance on implementing
the preceding individual protection standard ([23], p. 53319):

y 63.303 Implementation of Subpart L. (a) Compliance is based
upon the arithmetic mean of the projected doses from DOE’s
performance assessments for the period within 10,000 years
after disposal for: (1) y 63.311(a)(1); and (2) yy 63.321(b)(1)
and 63.331, if performance assessment is used to demonstrate
compliance with either or both of these sections. (b) Compli-
ance is based upon the median of the projected doses from
Please cite this article as: Helton JC, et al. Uncertainty and sensitivity
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DOE’s performance assessments for the period after 10,000
years of disposal and through the period of geologic stability
for: (1) y 63.311(a)(2); and (2) y 63.321(b)(2), if performance
assessment is used to demonstrate compliance. (NRC2)

Again, the preceding is the same as the corresponding gui-
dance given by the EPA ([22], p. 49063).

As indicated in (NRC1) and (NRC2), the NRC expects the
determination of mean and median dose to the reasonably
maximally exposed individual (RMEI) to be based on a detailed
PA. This expectation is further emphasized by the following
statement in the YMRP ([19], p. 2.2-1):

Risk-Informed Review Process for Performance Assessment—

The performance assessment quantifies repository perfor-
mance, as a means of demonstrating compliance with the
postclosure performance objectives at 10 CFR 63.113. The U.S.
Department of Energy performance assessment is a systematic
analysis that answers the triplet risk questions: what can
happen; how likely is it to happen; and what are the con-
sequences. (NRC3)

For convenience, the preceding questions can be represented
by Q1, ‘‘What can happen?’’, Q2, ‘‘How likely is it to happen?’’, and
Q3, ‘‘What are the consequences if it does happen?’’. The preced-
ing questions provide the intuitive basis for the Kaplan/Garrick
ordered triple representation for risk:

ðSi,pSi,cSiÞ, i¼ 1,2,. . .,nS, ð1Þ

where (i) Si is a set of similar occurrences (i.e., the answer to Q1),
(ii) pSi is the probability of Si (i.e., the answer to Q2), and (iii) cSi

is a vector of consequences associated with Si (i.e., the answer to
Q3) [24]. Further, the Si must be disjoint (i.e., Si \ Sj ¼ | for ia j);
each Si must be sufficiently homogeneous to allow use of a single
representative consequence vector cSi; and [iSi must contain all
risk significant occurrences for the facility under consideration.

In addition, there is a fourth basic question that underlies the
2008 YM PA and, indeed, all complete PAs: Q4, ‘‘What is the
uncertainty in the answers to the initial three questions?’’. The
importance of answering this fourth question is emphasized in a
number of statements by the NRC. For example:

For such long-term performance, what is required is reason-
able expectation, making allowance for the time period,
hazards, and uncertainties involved, that the outcome will
conform with the objectives for postclosure performance for
the geologic repository. Demonstrating compliance will
involve the use of complex predictive models that are sup-
ported by limited data from field and laboratory tests, site-
specific monitoring, and natural analog studies that may be
supplemented with prevalent expert judgment. Compliance
demonstrations should not exclude important parameters
from assessments and analyses simply because they are
difficult to precisely quantify to a high degree of confidence.
The performance assessments and analyses should focus upon
the full range of defensible and reasonable parameter distribu-
tions rather than only upon extreme physical situations and
parameter values ([18], p. 55804). (NRC4)

Once again, although the criteria may be written in unqualified
terms, the demonstration of compliance must take uncertain-
ties and gaps in knowledge into account so that the Commis-
sion can make the specified finding with respect to paragraph
(a)(2) of y 63.31 ([18], p. 55804). (NRC5)

Both the preceding statements clearly indicate that a reason-
able treatment of uncertainty should be a fundamental part of a
PA used to support a licensing application for the YM repository.
analysis in performance assessment for the proposed high-level
Syst Safety (2011), doi:10.1016/j.ress.2011.07.002
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Table 1
Representation of aleatory uncertainty in the 2008 YM PA [9], Table I and [15]

Table 17.1; see [6], Section J4.4 for additional discussion.

Individual futures:

a¼ ½nEW ,nED,nII,nIE,nSG,nSF,aEW ,aED ,aII ,aIE ,aSG ,aSF �

where, for a time interval [a, b] (e.g., [0, 104 yr] or [0, 106 yr]), nEW¼number of

early waste package (WP) failures, nED¼number of early drip shield (DS) failures,

nII¼number of igneous intrusive (II) events, nIE¼number of igneous eruptive (IE)

events, nSG¼number of seismic ground (SG) motion events, nSF¼number of

seismic fault (SF) displacement events, aEW¼vector defining the nEW early WP

failures, aED¼vector defining the nED early DS failures, aII¼vector defining the nII

igneous intrusive events, aIE¼vector defining the nIE igneous eruptive events,

aSG¼vector defining the nSG seismic ground motion events, and aSF¼vector

defining the nSF seismic fault displacement events.

Sample space for aleatory uncertainty:

A¼ fa : a¼ ½nEW ,nED,nII,nIE,nSG,nSF,aEW ,aED ,aII ,aIE ,aSG ,aSF �g

Example scenario classes:

Nominal, AN ¼ fa : aAA and nEW ¼ nED¼ nII¼ nIE¼ nSG¼ nSF ¼ 0g

Early WP failure, AEW ¼ fa : aAA and nEWZ1g

Early DS failure, AED ¼ fa : aAA and nEDZ1g

Igneous intrusive, AII ¼ fa : aAA and nIIZ1g

Igneous eruptive, AIE ¼ fa : aAA and nIEZ1g

Seismic ground motion, ASG ¼ fa : aAA and nSGZ1g

Seismic fault displacement, ASF ¼ fa : aAA and nSFZ1g

Early failure, AE ¼AEW [AED , Igneous, AI ¼AII [AIE , Seismic, AS ¼ASG [ASF

Scenario class probabilities:

pA(AN)¼probability of no disruptions of any kind; pA(AEW )¼probability of one

or more early WP failures; pA(AED)¼probability of one or more early DS

failures; pA(AII)¼probability of one or more II events; pA(AIE)¼probability of

one or more IE events; pA(ASG)¼probability of one or more SG motion events;

pA(ASF )¼probability of one or more SF displacement events;

pA(AE)¼probability of one or more early failures; pA(AI)¼probability of one or

more igneous events; pA(AS)¼probability of one or more seismic events
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When the design and implementation of the analysis that
would become the 2008 YM PA began in the 2005–2006 time
frame, the regulatory requirements in Refs. [22,23] as indicated in
Quotes (NRC1)–(NRC5) provided the primary design guidance.
However, during and subsequent to the 2006–2007 time frame,
the appropriateness of the post 104 yr requirements was under
active consideration. In particular, the appropriateness of the
350 mrem/yr requirement for dose to the RMEI and also the
appropriateness of basing the dose requirement on a median dose
rather than on a mean (i.e., expected) dose were under considera-
tion. As a consequence, a change in the post 104 yr dose require-
ment from a bound on a median dose to a bound on a mean dose
in the final regulations for the YM repository was a real possibility
that had to planned for. Because of this uncertainty, the 2008 YM
PA was designed to calculate both median and mean doses as
indicated in Sections 2.2–2.4 and illustrated in Sections 4 and 5.

As it turned out, changes were indeed made to the post 104 yr
dose requirements for the YM repository: (i) the 350 mrem/yr
requirement for dose to the RMEI was reduced to 100 mrem/yr,
and (ii) the use of a mean (i.e., expected) dose was specified
instead of a median dose. Specifically, the NRC promulgated the
following revised requirements [25, p. 10829]:

y 63.311 Individual protection standard after permanent clo-
sure. (a) DOE must demonstrate, using performance assess-
ment, that there is a reasonable expectation that the
reasonably maximally exposed individual receives no more
than the following annual dose from releases from the
undisturbed Yucca Mountain disposal system: (1) 0.15 mSv
(15 mrem) for 10,000 years following disposal; and (2) 1.0 mSv
(100 mrem) after 10,000 years, but within the period of
geologic stability. (b) DOE’s performance assessment must
include all potential environmental pathways of radionuclide
transport and exposure. (NRC6)

y 63.303 Implementation of Subpart L. (a) Compliance is based
upon the arithmetic mean of the projected doses from
DOE’s performance assessments for the period within 1 million
years after disposal, with: (1) Sections 63.311(a)(1) and
63.311(a)(2); and (2) Sections 63.321(b)(1), 63.321(b)(2) and
63.331, if performance assessment is used to demonstrate
compliance with either or both of these sections. (NRC7)

The preceding is the same as the corresponding guidance given
by the EPA ([26], pp. 6187–882) and constitutes the core dose
requirements that the YM repository must satisfy.

Additional discussion of the regulatory requirements that
underlie the 2008 YM PA is available in Refs. [27,28] and App.
J of Ref. [6].

2.2. Conceptual structure

The 2008 YM PA was developed to satisfy requirements in 10
CFR Part 63 [25] and has a structure that involves three basic
entities: EN1, a characterization of the uncertainty in the occurrence
of future events (e.g., igneous events, seismic events) that could
affect the performance of the repository; EN2, models for predicting
the physical behavior and evolution of the repository (e.g., systems
of ordinary and partial differential equations); and EN3, a character-
ization of the uncertainty associated with analysis inputs that have
fixed but imprecisely known values (e.g., the spatially averaged
value for a distribution coefficient) [29,30]. The designators aleatory
and epistemic are commonly used for the uncertainties character-
ized by EN1 and EN3, respectively [24,31–40].

In the preceding, aleatory uncertainty is used in the designa-
tion of randomness in the possible future conditions that could
affect the YM repository. In concept, each possible future at the
Please cite this article as: Helton JC, et al. Uncertainty and sensitivity
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YM repository can be represented by a vector

a¼ ½a1,a2,. . .,anA�, ð2Þ

where each ai is a specific property of the future a (e.g., time of a
seismic event, size of a seismic event, y). In turn, a subset S of
the set A of all possible values for a constitutes what is referred to
as a scenario class in the 2008 YM PA. As part of the 2008 YM PA
development, a probabilistic structure is imposed on the set A.
Formally, this corresponds to defining a probability space (A, A,
pA) for aleatory uncertainty ([41], Section 4.3). Then, A is the set
of all possible scenario classes, and pA is the function that defines
scenario class probability (i.e., scenario class S is an element of A
and pA(S) is the probability of scenario class S). As discussed in
more detail in Section 2.5, the set A contains both disjoint
and nondisjoint scenario classes. Formally, the probability space
(A, A, pA) provides a characterization of aleatory uncertainty and
constitutes the first of the three basic mathematical entities that
underlie the determination of expected (i.e., mean) dose.

Although useful conceptually and notationally, the probability
space (A, A, pA) is never explicitly defined in the 2008 YM PA.
Rather, the characterization of aleatory uncertainty enters the
analysis through the definition of probability distributions for the
individual elements of a. Conceptually, the distributions for the
elements of a lead to a distribution for a and an associated density
function dA(a). The nature of the probability space (A, A, pA) in
the context of the 2008 YM PA is summarized in Table 1 (see [6],
App. J, for additional information).

The second of the three basic mathematical entities that under-
lie the determination of expected dose is a model that estimates
dose to the RMEI. Formally, this model can be represented by
analysis in performance assessment for the proposed high-level
Syst Safety (2011), doi:10.1016/j.ress.2011.07.002
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the function

Dðt9aÞ ¼ dose to RMEI ðmrem=yrÞ at time

t ðyrÞ conditional on the occurrence of

the future represented by a: ð3Þ

Technically, Dðt9aÞ is the committed 50 yr dose to the RMEI that
results from radiation exposure incurred in a single year. In the
computational implementation of the 2008 YM PA, Dðt9aÞ is only
one of the results calculated for the particular analysis configura-
tion defined for the future a. In practice, many results are
calculated for a in addition to dose to the RMEI (see examples in
Section 4 and a complete listing in Table K3-4 of Ref. [6]). Thus,
Dðt9aÞ is actually part of a vector containing a large number of
elements. The general nature of the models that constitute Dðt9aÞ is
described in several conference presentations [42–44] and in more
detail in Ref. [6]. As an example, an overview of the structure of the
models that correspond to Dðt9aÞ for seismic conditions in the
2008 YM PA is presented in Fig. 1.

The third of the three basic mathematical entities that underlie
the determination of expected dose is a probabilistic character-
ization of epistemic uncertainty. Here, epistemic uncertainty
refers to a lack of knowledge with respect to the appropriate
value to use for a quantity that is assumed to have a constant or
fixed value in the context of a particular analysis. Specifically,
epistemic uncertainty relates to a vector of the form

e¼ ½eA,eM�

¼ ½eA1,eA2,. . .,eA,nAE,eM1,eM2,. . .,eM,nME�

¼ ½e1,e2,. . .,enE�, nE¼ nAEþnME, ð4Þ

where

eA ¼ ½eA1,eA2,. . .,eA,nAE�

is a vector of epistemically uncertain quantities used in the
characterization of aleatory uncertainty (e.g., a rate term that
defines a Poisson process) and

eM ¼ ½eM1,eM2,. . .,eM,nME�

is a vector of epistemically uncertain quantities used in the
determination of dose (e.g., a distribution coefficient).

Epistemic uncertainty results in a set E of possible values for e. In
turn, probability is used to characterize the level of likelihood or
credence that can be assigned to various subsets of E. In concept,
this leads to a probability space (E, E, pE) for epistemic uncertainty.
Like the probability space (A, A, pA) for aleatory uncertainty, the
probability space (E, E, pE) for epistemic uncertainty is useful
conceptually and notationally but is never explicitly defined in the
2008 YM PA. Rather, the characterization of epistemic uncertainty
enters the analysis through the definition of probability distribu-
tions for the individual elements of e. These distributions serve as
mathematical summaries of all available information with respect to
where the appropriate values for individual elements of e are
located for use in the 2008 YM PA. Conceptually, the distributions
for the elements of e lead to a distribution for e and an associated
density function dEðeÞ. The nature of the probability space (E, E, pE)
in the context of the 2008 YM PA is indicated in Table 2 (see [6],
Tables K3-1, K3-2, K3-3, and Refs. [6,45–57] cited in Table 2 for
additional information). The variables listed in Table 2 were selected
on the basis of their identification in the sensitivity analyses
presented in Sections 4 and 5.

2.3. Expected dose, mean dose, median dose

Now that the characterization of epistemic uncertainty has
been introduced, the notations used to represent aleatory uncer-
tainty and dose need to be expanded. Because the representation of
aleatory uncertainty depends on elements of the vector eA, each
Please cite this article as: Helton JC, et al. Uncertainty and sensitivity
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possible value for eA could lead to a different probability space
(A, A, pA) for aleatory uncertainty. For notational convenience, this
dependence will be indicated by representing the density function
associated with aleatory uncertainty by dAða9eAÞ. Similarly, the
determination of dose depends on elements of the vector eM , with
each possible value for eM potentially leading to different dose
results. For notational convenience, this dependence will be
indicated by representing the dose function by Dðt9a,eMÞ.

The probability space (A, A, pA) for aleatory uncertainty
characterized by the density function dAða9eAÞ, the dose function
Dðt9a,eMÞ, and the probability space (E, E, pE) for epistemic
uncertainty characterized by the density function dEðeÞ constitute
the three basic components of the 2008 YM PA that come
together in the determination of expected dose to the RMEI and
the uncertainty in expected dose to the RMEI. Specifically, the
expected value for dose at time t conditional on a specific
element e¼ ½eA,eM � of E is defined by

Dðt9eÞ ¼ EA½Dðt9a,eMÞ9eA� ¼

Z
A

Dðt9a,eMÞdAða9eAÞdA, ð5Þ

where EA½Dðt9a,eMÞ9eA� denotes expectation over aleatory
uncertainty.

In turn, the uncertainty associated with the estimation of Dðt9eÞ
can be determined from the properties of the probability space
(E, E, pE) for epistemic uncertainty. In particular, the cumulative
distribution function (CDF) for Dðt9eÞ and the expected value for
Dðt9eÞ that derive from epistemic uncertainty are given by

pE½Dðt9eÞrD� ¼

Z
E
d

D
½Dðt9eÞ�dEðeÞdE

¼

Z
E
d

D

Z
A

Dðt9a,eMÞdAða9eAÞdA

� �
dEðeÞdE ð6Þ

and

DðtÞ ¼ EE½Dðt9eÞ� ¼
Z
E

Dðt9eÞdEðeÞdE, ð7Þ

respectively, where

d
D
½Dðt9eÞ� ¼

1 if Dðt9eÞrD

0 if Dðt9eÞ4D

(

and EE½Dðt9eÞ� denotes expectation over epistemic uncertainty.
The individual gray curves in Fig. 2 correspond to expected

doses Dðt9eÞ as defined in Eq. (5). The totality of the gray curves
provides a display of the uncertainty in Dðt9eÞ that derives from
the uncertainty in e. The solid curve in Fig. 2 corresponds to the
mean dose DðtÞ defined in Eq. (7) and used in comparisons with
the 104 yr standard as specified in Quotes (NRC1) and (NRC2).
Specifically, DðtÞ is the expected value for Dðt9eÞ over the
epistemic uncertainty associated with e.

The value of D for which

q¼ pE½Dðt9eÞrD� ¼

Z
E
d

D
½Dðt9eÞ�dEðeÞdE ð8Þ

defines the q quantile (e.g., q¼0.05, 0.5, 0.95) for the distribution
of expected dose over epistemically uncertain analysis inputs at
time t. For notational purposes, the value of D corresponding to
the q quantile of Dðt9eÞ defined in Eq. (8) will be represented by
QE,q[Dðt9eÞ]. The median curve in Fig. 2 corresponds to the median
dose QE,0.5[Dðt9eÞ] defined in Eq. (8) for q¼0.5. Prior to the change
in the post 104 yr requirements from a bound on a median dose as
indicated in (NRC1) and (NRC2) to a bound on a mean dose as
indicated in (NRC6) and (NRC7), QE,0.5[Dðt9eÞ] was the quantity
specified for use in comparisons with the post 104 yr require-
ments. After the change indicated in (NRC6) and (NRC7), the
mean dose DðtÞ defined in Eq. (7) is used in comparisons with
both the pre and post 104 yr requirements.
analysis in performance assessment for the proposed high-level
Syst Safety (2011), doi:10.1016/j.ress.2011.07.002
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Fig. 1. Information transfer between the model components and submodels for the seismic scenario class in the 2008 YM PA ([6], Fig. 6.1.4-6).
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2.4. Computational implementation

Evaluation of expected, mean and median doses as described
in the preceding section presents two numerical challenges. First,
Please cite this article as: Helton JC, et al. Uncertainty and sensitivity
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it is necessary to evaluate integrals over the set A to obtain
expected doses over aleatory uncertainty. Second, it is necessary
to evaluate integrals over the set E to obtain mean and median
doses over aleatory and epistemic uncertainty.
analysis in performance assessment for the proposed high-level
Syst Safety (2011), doi:10.1016/j.ress.2011.07.002
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Table 2
Examples of the nE¼392 epistemically uncertain variables considered in the 2008 YM PA (see [6], Tables K3-1, K3-2, K3-3, for a complete listing of the epistemically

uncertain variables considered in the 2008 YM PA).

DASHAVG. Mass median ash particle diameter (cm). Distribution: Log triangular. Range: 0.001–0.1. Mode: 0.01. Additional information: [6 (Table 6.5-4), 45 (Sections 6.5.2.4,

7.2, 7.7, App. C, Tables 4-1, 6-3, 8-2 and C-3, and Fig. C-2)]

DDIVIDE. Diffusivity of radionuclides in divides of the Fortymile Wash fan (RMEI location) (cm2/yr). Distribution: uniform. Range: 0.001–0.095. Mean 0.048. Additional

information: [6 (Table 6.5-5), 45 (Sections 6.5.8.1, 6.6.2 and 7.1.3, and Tables 6.4-1, 6.5.8-1 and 6.6.2-1)]

DELPPCO2. Selector variable for partial pressure of CO2 (dimensionless). Distribution: uniform. Range: �1 to 1. Additional information: [6 (Sections 6.3.4.2 and 6.3.5.2.3,

and Table 6.3.5-4), 46 (Sections 6.1, 67.2, 6.9.1, 6.12.2.1, 6.12.4.2, 6.13, 6.15.1, 7.1.2.2, 7.1.3.3, 7.1.4.2 and 7.2.3)]

DSNFMASS. Scale factor used to characterize uncertainty in radionuclide content of defense spent nuclear fuel (DSNF) (dimensionless). Distribution: triangular. Range:

0.45–2.9. Mode: 0.62. Additional information: [6 (Sections 6.3.7.1.2 and 6.3.7.1.3 and Table 6.3.7-7), 47 (Sections 6.6.2, 6.7 and 7 and Table 7-2)]

EP1LOWAM. Logarithm of the scale factor used to characterize uncertainty in americium solubility at an ionic strength below 1 molal (dimensionless) Distribution:

Truncated normal. Range: �2 to 2. Mean: 0. Standard deviation: 1. Additional information: [6 (Sections 6.3.7.5.1, 6.3.7.5.2 and 6.3.7.5.3, Table 6.3.7-41, and

Eq. 6.3.7-13a), 48 (Sections 6.9 and 8.1.2, Eqs. 6.9-1 and 8.1, and Table 6.9-4)]

EP1LOWPU. Logarithm of the scale factor used to characterize uncertainty in plutonium solubility at an ionic strength below 1 molal (dimensionless). Distribution:

Truncated normal. Range: �1.4 to 1.4. Mean: 0. Standard deviation: 0.7. Additional information: [6 (Sections 6.3.7.5.1, 6.3.7.5.2 and 6.3.7.5.3, Table 6.3.7-44, and

Eq. 6.3.7-13a), 48 (Sections 6.5 and 8.1.2, Eqs. 6.5-1, 6.5-2 and 8-1, and Table 6.5-5)]

EP1NPO2. Logarithm of the scale factor used to characterize uncertainty in NpO2 solubility at an ionic strength below 1 molal (dimensionless). Distribution: Truncated

normal. Range: �1.2 to 1.2. Mean: 0. Standard deviation: 0.6. Additional information: [6 (Sections 6.3.7.5.1, 6.3.7.5.2 and 6.3.7.5.3, Table 6.3.7-43, and Eq. 6.3.7-13a),

48 (Sections 6.6 and 8.1.2, Eqs. 6.6-2 and 8-1, and Table 6.6v5)]

IGERATE. Frequency of occurrence of volcanic eruptive events (yr�1). Calculated by: IGRATE�0.083. Range: 0–6.44E�08. Additional information: [6 (Section 6.5.2.1.1,

App. J, and Eq. J7.5-3), 49 (Table 6-5 and Fig. 7-2)]

IGRATE. Frequency of intersection of the repository footprint by a volcanic event (yr�1). Distribution: piecewise uniform. Range: 0–7.76E�07. Additional information:

[6 (Table 6.5-2), 50 (Sections 6.1, 6.1.1, 6.3, 6.3.1.5, 6.3.1.8, 6.4.2, 6.5, 6.5.1.1, 6.5.2.1, App. A, Figs. 6–8, 6-23 and 6-24, and Tables 6-5 and 7-1)]

INFIL. Pointer variable for determining infiltration conditions: 10th, 30th, 50th or 90th percentile infiltration scenario (dimensionless). Distribution: discrete. Range:

1–4. Additional information: [6], Section 6.3.1.2, and Tables 6.3.1-2 and 6.3.5-4

INHLTPV. Pointer variable for long-term inhalation dose conversion factor for volcanic ash exposure (dimensionless). Distribution: discrete. Range: 1–300. Additional

information: [6 (Section 6.3.11 and Eq. 6.3.11-4), 51 (Sections 6.12.2 and 6.14.5, Table 6.12-2, and Fig. 6.14-2)]

MICC14. Groundwater biosphere dose conversion factor (BDCF) for 14C in modern interglacial climate ((Sv/yr)/(Bq/m3)). Distribution: discrete. Range: 7.18E�10 to

2.56E�08. Mean: 1.93E�09. Standard Deviation: 1.85E�09. Additional information: [6 (Sections 6.3.11.2 and 6.3.11.3 and Table 6.3.11-3), 51 (Sections 1, 6.1, 6.4, 6.4.10,

6.8.10, 6.11 and 6.13, Eqs. 6.4.10-2, 6.4.10-4, 6.2.10-5 and 6.11-5, and Tables 6.11-8 and 6.11-12)]

MICTC99. Groundwater biosphere dose conversion factor (BDCF) for 99Tc in modern interglacial climate ((Sv/yr)/(Bq/m3)). Distribution: discrete. Range: 5.28E�10 to

2.85E�08. Mean: 1.12E�09. Standard deviation: 1.26E�09. Additional information: Same as MICC14

PHCSS. Pointer variable used to determine pH in commercial spent nuclear fuel (CSNF) Cell 1 under liquid influx conditions (dimensionless). Distribution: Uniform.

Range: 0–1. Additional information: [6], Section 6.3.7.2.2 Part IV.

PROBDSEF. Probability for undetected defects in a drip shield (dimensionless). Distribution: Log-normal. Median: 4.3E�07. Error factor: 14. Additional information:

[6 (Section 6.4.1 and Tables 6.4-1 and 6.4-2), 52 (Sections 6.4, 6.5 and 7.1, Tables 6-10 and 7-1, and Fig. 6-21)]

PROBWPEF. Probability for undetected defects in a waste package (dimensionless). Distribution: Log-normal. Median: 4.14E�05. Error factor: 8.17. Additional

information: [6 (Section 6.4.2 and Tables 6.4-1 and 6.4-2), 52 (Sections 6.3, 6.5 and 7.1, Tables 6-9 and 7-1, and Fig. 6-20)]

SCCTHR. Residual stress threshold for stress corrosion cracking (MPa). Distribution: Uniform. Range: 315.9 to 368.55. Additional Information: [6 (Table 6.3.5-3),

53 (Sections 6.1.1, 6.2.2 and 8.1.1 and Tables 6-3, 8-3 and 8-15)]

SCCTHRP. Residual stress threshold for SCC nucleation of Alloy 22 (as a percentage of yield strength in MPa) (dimensionless); see SCCTHR . Distribution: uniform. Range:

90–105. Additional information: [6 (Section 6.6.1.3.7 and Table 6.6-2), 53 (Sections 6.1.1, 6.2.2 and 8.1.1 and Tables 6-3, 8-3 and 8-15)]

SEEPPRM. Logarithm of the mean fracture permeability in lithophysal rock units (dimensionless). Distribution: Triangular. Range: �0.92 to 0.92. Mode: 0. Additional

information: [6 (Sections 6.3.5.2.3, 6.3.3.1.2 and 6.3.3.1.3 and Tables 6.3.5-4, 6.3.3-2 and 6.3.3-3), 54 (Section 6.6.3)]

SEEPUNC. Uncertainty factor to account for small-scale heterogeneity in fracture permeability (dimensionless). Distribution: Uniform. Range: 0–1. Additional

information: [6 (Section 6.3.3.1.2 and Tables 6.3.3-3 and 6.3.5-4), 54 (Sections 6.5.1.3, 6.5.2.2, 6.8 and 8.1 and Tables 6.8-3 and 6-12[a])]

SZCOLRAL. Logarithm of colloid retardation factor in alluvium (dimensionless). Distribution: Piecewise uniform. Range: 0.903–3.715. Additional information: [6 (Sections 6.3.10.1,

6.3.10.2 and 6.3.10.4.2 and Table 6.3.10-2), 55 (Sections 6.3.1, 6.5.1.1 and 6.5.2.11, Tables 4-3, 6-8, A-1[a] and B-1, Eqs. 6-2 and 6-10, and Fig. 6-22)]

SZFIPOVO. Logarithm of flowing interval porosity in volcanic units (dimensionless). Distribution: piecewise uniform. Range: �5 to �1 mean/median/mode: �3.

Additional information: [6 (Table 6.3.10-2), 55 (Sections 6.5.1.1, 6.5.1.2, 6.5.2.5, 6.5.2.15, B-2[a], 7-1[b] and A-1[b] and Tables 6-8, 7-1[a], A-1[a] and B-1)]

SZGWSPDM. Logarithm of the scale factor used to characterize uncertainty in groundwater specific discharge (dimensionless). Distribution: piecewise uniform. Range:

�0.951 to 0.951. Additional information: [6 (Section 6.3.10.2 and Table 6.3.10-2), 55 (Sections 6.5.1.2[a], 6.5.2.1[a], 6.5.3[a] and 8.1[a], Table 6-7[a], 7-1[a] and A-1[a],

and Fig. 6-2[a])]

THERMCON. Selector variable for one of three host-rock thermal conductivity scenarios (low, mean, and high) (dimensionless). Distribution: discrete. Range: 1–3.

Additional information: [6 (Sections 6.3.2.2, 6.3.2.3, 6.3.5.1.3, 6.3.5.2.3 and 6.6.2.2 and Tables 6.3.2-1, 6.3.2-3 and 6.3.5-4), 56 (Sections 6.2.13.3[a], 6.3.4[a] and 6.3.16[a]

and Tables 6.3-47[a] and 6.3-48[a])]

WDGCA22. Temperature dependent slope term of Alloy 22 general corrosion rate (K). Distribution: truncated normal. Range: 666–7731. Mean: 4905. Standard deviation:

1413. Additional information: [6 (Sections 6.3.5.1.2 and 6.3.5.1.3, Tables 6.3.5-3 and 6.3.5-4, and Eq. 6.3.5-4), 57 (Sections 6.4.3 and 6.4.3.4)]

WDGCUA22. Variable for selecting distribution for general corrosion rate (low, medium, or high) (dimensionless). Distribution: discrete. Range: 1–3. Additional

information: [6 (Table 6.3.5-4), 57 (Sections 6.4.3 and 6.4.3.3, Table 6-7, and Fig. 6-23)]

WDNSCC. Stress corrosion cracking growth rate exponent (repassivation slope) (dimensionless). Distribution: truncated normal. Range: 0.935–1.395. Mean: 1.165.

Standard deviation: 0.115. Additional information: [6 (Sections 6.3.5.1.2 and 6.3.5.4, Table 6.3.5-3, and Eqs. 6.3.5-13 and 6.3.5-14), 53 (Sections 6.4.4.4, 8.4.2.3 and 8.4.3,

Tables 6-7, 8-1, 8-5, 8-6 and 8-15, and Eqs. 4, 5, 70 and 71)]

WDZOLID. Deviation from median yield strength range for outer lid (dimensionless). Distribution: truncated normal. Range: �3 to 3. Mean: 0. Standard deviation: 1.

Additional information: [6, Sections 6.3.5.1.2 and 6.3.5.1.3 and Table 6.3.5-3, 53 (Sections 6.5.6.5 and 8.4.2.2, Table 8-15, and Eq. 67)]

J.C. Helton et al. / Reliability Engineering and System Safety ] (]]]]) ]]]–]]]6
Evaluation of integrals over the set A is considered first. These
evaluations are accomplished under the assumption that there
are no synergisms between the effects of the disruptions
associated with the individual scenario classes that have a
significant effect on the expected dose Dðt9eÞ. As a result and
with the assumption that nominal process releases occur for all
scenario classes, Dðt9eÞ can be approximated as indicated
in Table 3. Example derivations are presented in App. J of
Ref. [6] illustrating how the use of disjoint scenario classes to
Please cite this article as: Helton JC, et al. Uncertainty and sensitivity
radioactive waste repository at Yucca Mountain, Nevada. Reliab Eng
calculate expected dose Dðt9eÞ in combination with the no
significant synergisms assumption leads to the relationships
Table 3.

Given the decomposition in Table 3, Dðt9eÞ can be approxi-
mated by (i) approximating DNðt9aN ,eMÞ and individually approx-
imating the integrals defining the expected incremental doses
DCðt9eÞ as indicated in Table 4 (see [6], App. J, for additional
details) and then (ii) adding these approximations to obtain an
approximation to Dðt9eÞ.
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Table 3

Decomposition of expected dose Dðt9eÞ into expected incremental doses DC ðt9eÞ
from individual scenario classes) ([9], Table III and [15], Table 17.3; see [6], Sect.

J4.6, for additional discussion).

Dðt9eÞ ¼
Z
A

Dðt9a,eMÞdAða9eAÞdA

ffi

Z
A

DNðt9aN ,eMÞþ
X

CAMC
DC ðt9a,eMÞ

( )
dAða9eAÞdA

�with
Dðt9a,eÞffiDN ðt9aN ,eMÞþ

P
C AMC

DC ðt9a,eMÞ

MC¼ fEW ,ED,II,IE,SG,SFg

8<
:

¼DNðt9aN ,eMÞþ
X

CAMC

Z
A

DC ðt9a,eMÞdAða9eAÞdA

¼DNðt9aN ,eMÞþ
X

CAMC

Z
AC

DC ðt9a,eMÞdAða9eAÞdA

¼DNðt9aN ,eMÞþ
X

CAMC
DC ðt9eÞ

where aN corresponds to the single future associated with the nominal

scenario class AN in which no disruptions of any kind occur, DNðt9aN ,eMÞ is

the dose to the RMEI that results solely from processes associated with the

nominal scenario class, and DC ðt9a,eMÞ is the incremental dose to the RMEI

that results solely from the effects of the disruptions that result in the future

a being an element of the scenario class (i.e., set) AC .

Table 4

Integration procedures used to obtain expected incremental dose DC ðt9eÞ for

individual scenario classes in the 2008 YM PA ([9], Table IV and [15], Table 17.4;

see [6], Sects. J5–J8, for additional discussion).

Nominal conditions: DNðt9eÞ
� Always zero for [0, 2�104 yr] in 2008 YM PA

� Combined with seismic ground motion for [0, 106 yr]

Early WP and DS Failures: DEW ðt9eÞ, DEDðt9eÞ
� Summation of probabilistically weighted results for individual failures

Igneous intrusive events: DIIðt9eÞ
� Quadrature procedure

Igneous eruptive events: DIEðt9eÞ
� Combined quadrature/Monte Carlo procedure

Seismic ground motion events: DSGðt9eÞ
� Quadrature procedure for [0, 2�104 yr]

� Monte Carlo procedure for [0, 106 yr]

Seismic fault displacement events: DSF ðt9eÞ
� Quadrature procedure

Fig. 2. Expected, mean and median curves for dose to the RMEI for all scenario

classes ([6], Fig. K8.1-1[a]).
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The mean dose DðtÞ and the median dose QE,0.5[Dðt9eÞ] are
defined by integrals over the set E of epistemically uncertain
analysis inputs as indicated in Eqs. (7) and (8). In the 2008 YM PA,
these integrals are approximated with use of a Latin hypercube
sample (LHS)

ei ¼ ½eAi,eMi�, i¼ 1,2,. . .,nLHS, ð9Þ

of size nLHS¼300 generated in consistency with the definition of
the probability space (E, E, pE) (i.e., in consistency with the
distributions defined for the individual elements of e) [58,59].
Then, DðtÞ and pE[Dðt9eÞr D] are approximated by

DðtÞffi
XnLHS

i ¼ 1

Dðt9eiÞ=nLHS ð10Þ

and

pE½Dðt9eÞrD�ffi
XnLHS

i ¼ 1

d
D
½Dðt9eiÞ�=nLHS, ð11Þ

respectively. Further, this sample can be used in a numerical
determination of the quantiles QE,q[Dðt9eÞ] for Dðt9eÞdefined in Eq.
(8). Analogous approximations to mean and median doses over
epistemic uncertainty also exist for the individual scenario
classes.

2.5. Disjoint and nondisjoint scenario classes

As used in this presentation, a scenario class is any element of
the set A appearing in the formal definition of the probability
space (A, A, pA) for aleatory uncertainty. Specifically, a scenario
class is any subset S of the set A of possible futures (see Table 1)
for which a probability pA(S) can be defined. This definition,
which is consistent with the formal development of probability,
allows for both disjoint and nondisjoint scenario classes. Consis-
tent with this, both disjoint and nondisjoint scenario classes have
significant roles in the 2008 YM PA.

As recognized by the NRC in the following statement from the
YMRP ([19], p. 2.2-133), the calculation of expected dose to the
RMEI has a conceptual basis that involves the use of disjoint
scenario classes: ‘‘The occurrence of scenario classes, included in
the calculating the annual dose, sum to one.’’ This statement is
consistent with the approximation of the expected dose Dðt9eÞ
defined in Eq. (5) by

Dðt9eÞffi
XnS

i ¼ 1

Dðt9ai,eMÞpAðSi9eAÞ, ð12Þ

where the Si are elements of A (i.e., subsets of A), Si \ Sj ¼ | if ia
j, [iSi ¼A, aiASi, and pAðSi9eAÞ is the probability of Si. The
preceding approximation to Dðt9eÞ corresponds to an expected
value calculation in the context of the ordered triplet representa-
tion for risk (Si,pSi,cSi), i¼1, 2,y,nS, in Eq. (1). Specifically, the
sets Si are the same, pAðSi9eAÞ corresponds to pSi, and Dðt9ai,eMÞ

corresponds to an element of cSi.
As indicated in Eq. (12), the calculation of expected dose to the

RMEI in the 2008 YM PA can be formally based on the considera-
tion of disjoint scenario classes with probabilities that sum to one.
However, in computational practice, the number of disjoint
scenario classes required for the sum in Eq. (12) to be a reason-
able approximation to Dðt9eÞ is both large and difficult to
determine (e.g., see Ref. [60]). For this reason and with described
justification ([6], App. J), the 2008 YM PA approximates Dðt9eÞ on
the basis of the no significant synergisms decomposition indi-
cated in Table 3. This decomposition involves the nondisjoint
scenario classes AC , C¼EW, ED, II, IE, SG, SF, appearing in
Tables 1 and 3. Specifically, the starting integral that defines
Dðt9eÞ in Eq. (5) is predicated on the concept of disjoint scenario
analysis in performance assessment for the proposed high-level
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classes. In particular, the correct place to check for conservation of
probability in the determination of Dðt9eÞ is in the integral
definition of Dðt9eÞ in Eq. (5) rather than after the no significant
synergisms assumption has been implemented at the end of
Table 3. This decomposition is very beneficial because imple-
menting integrals over the sets AC where the effects of only one
type of event are considered (see Table 4) is much easier that
implementing an integral over the entire set A. This decomposi-
tion also facilitates informative uncertainty and sensitivity ana-
lyses of the form presented in Sections 4 and 5 and in more detail
in Apps. J and K of Ref. [6].

In addition, when scenario class probabilities are requested, it
is likely that the desired probabilities are for the nondisjoint
scenario classes AC , C¼EW, ED, II, IE, SG, SF, or possibly some
other collection of nondisjoint scenario classes. In particular, it is
probabilities for the nondisjoint scenario classes AC that are
presented in App. J of Ref. [6]. For example, if probability of early
WP failure is under consideration, then most likely pAðAEW9eAÞ

rather than pA({a9nEW40, nED¼nII¼nIE¼nSG¼nSF¼0}9eA) is
the probability of interest. Specifically, the pAðAEW 9eAÞ is the
probability that one or more early WP failures occur while
pA({a9nEW40, nED¼nII¼nIE¼nSG¼nSF¼0}9eA) is the probabil-
ity that one or more early WP failures occur and also that no other
failures of any other type occur; this latter probability is sig-
nificantly affected by the indicated nonoccurrence assumptions
and effectively provides no information on the likelihood of early
WP failures.
3. Uncertainty and sensitivity analysis techniques

The importance of an appropriate assessment of the uncer-
tainty present in PAs for the proposed YM repository has been
strongly emphasized by the NRC (e.g., Quotes (NRC4) and
(NRC5)). As a result, uncertainty analysis and sensitivity analysis
are important parts of the 2008 YM PA, where uncertainty
analysis designates the determination of the uncertainty in
analysis results that derives from uncertainty in analysis inputs
and sensitivity analysis designates the determination of the
contributions of individual uncertain analysis inputs to the
uncertainty in analysis results.

As described in Section 2.2 and in more detail in an extensive
analysis report ([6], App. J), the conceptual structure and computa-
tional organization of the 2008 YM PA involves three basic entities:
EN1, a characterization of the uncertainty in the occurrence of future
events that could affect the performance of the repository; EN2,
models for predicting the physical behavior and evolution of the
repository; and EN3, a characterization of the uncertainty associated
with analysis inputs that have fixed but imprecisely known values. In
the context of the preceding entities, uncertainty analysis involves the
determination of the uncertainty in predictions by the model
corresponding to EN2 that derives from the uncertainty in analysis
inputs characterized by the probability space (E, E, pE) corresponding
to EN3. Further, this determination is made for either (i) results
conditional on the occurrence of specific futures contained in the set
A or (ii) expected results based on the probability space (A, A, pA)
and obtained by integrating over the set A. Similarly, sensitivity
analysis involves the determination of the effects of individual
variables contained in elements e of E on results of the form just
indicated.

The primary emphasis of Section 4 of this paper is on
uncertainty and sensitivity analysis for results conditional on
the occurrence of specific futures contained in the set A. Then,
Section 5 considers uncertainty and sensitivity analysis for
expected results based on the probability space (A, A, pA) and
obtained by integrating over the set A.
Please cite this article as: Helton JC, et al. Uncertainty and sensitivity
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Conceptually, the models comprising component EN2 of the
2008 YM PA can be represented by a function

yðt9a,eÞ ¼ fðt9a,eÞ, ð13Þ

where a¼ ½a1,a2,. . .,anA� is an element (i.e., future) contained in A
(see Eq. (2) and Table 1), e¼ ½e1,e2,. . .,enE� is an element of E (see
Eq. (4) and Table 2), and

yðt9a,eÞ ¼ ½y1ðt9a,eÞ,y2ðt9a,eÞ,. . .,ynY ðt9a,eÞ� ð14Þ

is the value of the function fðt9a,eÞ at time t (see Ref. [6], Chap. 6,
and Refs. [42–44]). In general, the dimensions nA and nY of a and
yðt9a,eÞ can be quite large with the elements of yðt9a,eÞ corre-
sponding to results obtained from individual models of the form
indicated in Fig. 1. The dimension nE of e in the 2008 YM PA is
392; however, most elements of yðt9a,eÞare potentially affected
by only a subset of the variables contained in e. The elements of
yðt9a,eÞ include both physical properties of the YM system
(e.g., temperature, pH, radionuclide release rates, y) and quan-
tities involving dose to the RMEI (e.g., the doses DNðt9aN ,e,
DCðt9a,eÞ and Dðt9a,eÞ indicated in Table 3.

The uncertainty associated with e is characterized by a
sequence of distributions

D1,D2,. . .,DnE, ð15Þ

where Dj is the distribution assigned to the element ej of e
(i.e., see the variables and distributions indicated in Table 2 and
given in full in Tables K3-1, K3-2 and K3-3 of Ref. [6]). Correla-
tions and other restrictions are also assumed to exist between
some variables. The distributions indicated in Eq. (15) and any
associated restrictions characterize epistemic uncertainty and, in
effect, define the probability space (E, E, pE).

As described in conjunction with Eq. (9), Latin hypercube
sampling is used to propagate the uncertainty characterized
by the distributions indicated in Eq. (15) in the 2008 YM PA.
Specifically, an LHS

ei ¼ ½ei1,ei2, � � � ,ei,nE�, i¼ 1,2, � � � ,nLHS, ð16Þ

of size nLHS¼300 is generated from the possible values for e (i.e.,
form the set E). Then, the function fðt9a,eÞ is evaluated for each
element ei of the LHS indicated in Eq. (16). This creates a mapping

½ei,yðt9a,eiÞ�, i¼ 1,2, � � � ,nLHS¼ 300, ð17Þ

from uncertain analysis inputs to uncertain analysis results. In
practice, the indicated mapping is generated many times for
different values of a for the calculation of each of the doses
DCðt9a,eÞ indicated in Table 3.

Once generated, the mapping in Eq. (17) provides the basis for
both uncertainty analysis and sensitivity analysis. Specifically,
each sample element has a weight (i.e., a probability in common
but incorrect usage) of 1/nLHS¼1/300 that can be used to
estimate CDFs and complementary cumulative distribution func-
tions (CCDFs) that summarize the uncertainty in analysis results.
In addition, expected values (i.e., means) and various quantiles
can also be obtained and used to summarize the uncertainty in
analysis results. Or, most simply, the spread of the results
obtained for individual elements of yðt9a,eÞ can be presented.

Sensitivity analysis results can be obtained by exploring the
mapping between analysis inputs and analysis results in Eq. (17)
with a variety of procedures. The simplest is to examine scatterplots
that graphically show the relationships between an element of
yðt9a,eÞ and individual elements of e (i.e., plots of points of the
form [eij, ykðt9a,eiÞ], i¼1,2,y,nLHS, for individual elements ej and
ykðt9a,eiÞ of e and yðt9a,eÞ, respectively) ([61], Section 6.6.1).
More complex analyses involve the use of partial correla-
tion coefficients (PCCs) and stepwise regression analyses to assess
the relationships between analysis inputs and analysis results
analysis in performance assessment for the proposed high-level
Syst Safety (2011), doi:10.1016/j.ress.2011.07.002
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Table 5
Examples of 11 of the 32 time-dependent results analyzed for the nominal

scenario class ([10], Table I; see [6], Table K4.1-1, for additional details).

BACSFLAD: Average breached area (m2) on failed commercial spent nuclear

fuel (CSNF) WPs under dripping conditions ([6], Figs. K.4.2-6, K.4.2-7)

DOSTOT: Dose to RMEI (mrem/yr) from all radioactive species ([6], Figs. K4.5-1,

K4.5-2, K4.5-3)

DSFLTM: Drip shield failure time (yr) ([6], Fig. K.4.2-1)

ISCSINAD: Ionic strength (molal) in the invert beneath the WP for CSNF WPs

under dripping conditions ([6], Figs. K.4.3-9, K.4.3-11)

NCDFL: Number of failed codisposed spent nuclear fuel (CDSP) WPs ([6],

Fig. K.4.2-2)

NCSFL: Number of failed CSNF WPs ([6], Figs. K.2-1, K.4.2-3)

NCSFLAD: Number of failed CSNF WPs under dripping conditions ([6],

Figs. K.4.2-4, K.4.2-5)

NCSFLND: Number of failed CSNF WPs under nondripping conditions ([6],

Figs. K.4.2-4, K.4.2-5)

PCO2CSIA: Partial pressure of CO2 (bars) in the invert for CSNF WPs under

dripping conditions ([6], Figs. K.4.3-7, K.4.3-8)

PHCSINAD: pH in the invert beneath the WP for CSNF WPs under dripping

conditions ([6], Figs. K.4.3-12, K.4.3-13)

RHCDINV: Relative humidity for CDSP WPs in the invert beneath the WP

([6], Figs. K.4.3-6)
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([61], Sections 6.6.2–6.6.5). With stepwise regression analysis, vari-
able importance is indicated by the order of selection in the
stepwise process, the incremental increase in R2 values as variables
are added to the regression model, and the standardized regression
coefficients (SRCs) in the final regression model. A SRC provides a
measure of the fraction of the uncertainty in an analysis RESULT
accounted for by a given analysis input; in contrast, a PCC provides a
measure of the strength of the linear relationship between an
analysis result and a given analysis input after the linear effects of
all other analysis inputs have been removed. When nonlinear
relationships are present, analyses are often performed with rank
transformed data ([61], Section 6.6.6, [62]), which results in partial
rank correlation coefficients (PRCCs) and standardized rank regres-
sion coefficients (SRRCs) rather than PCCs and SRCs. Most of the
sensitivity analyses carried out as part of the 2008 YM PA were
performed with rank-transformed data due to the effectiveness of
this transformation in facilitating informative sensitivity analyses in
the presence of (i) monotonic relationships between variables and
(ii) the distorting effects of extreme outliers.

Detailed descriptions of the sensitivity analysis procedures
used in the 2008 YM PA are available in Refs. [59,61,63]. Addi-
tional background information is available in references cited in
Refs. [59,61,63] and also in Refs. [64–70].

The approach to uncertainty analysis and sensitivity analysis
employing Latin hypercube sampling and an exploration of the
resultant mapping between uncertain analysis inputs and resultant
analysis outcomes was adopted for use in the 2008 YM PA on the
basis of the requirements and properties of this particular analysis.
Considerations that led to this adoption include (i) regulatory require-
ments to propagate and display the effects of uncertainty and also to
determine both expected values over aleatory uncertainty conditional
on specific realizations of epistemic uncertainty and expected values
over aleatory uncertainty and epistemic uncertainty, (ii) the need to
propagate epistemic uncertainty through a sequence of computation-
ally demanding models with a limited number of model evaluations,
(iii) the need to decompose and recompose calculations in an
effective manner to enhance computational efficiency and analysis
insights, (iv) the need to determine uncertainty and sensitivity
analysis results for 100’s of time-dependent analysis outcomes with-
out excessive demands on human and computational time, and (v) a
desire for the uncertainty and sensitivity procedures in use to be an
important and effective component of analysis verification.

There are a number of approaches to uncertainty and sensitivity
analysis in addition to the sampling-based approach used in the 2008
YM PA, including differential analysis [71–80], response surface
methodology [81–87], moment independent methods [88–91], and
variance decomposition procedures [92–99]. Overviews of these
approaches are available in several reviews [68,100–110]. However,
given the scale of the 2008 YM PA and the need for analysis flexibility
and computational efficiency, it was felt that the sampling-based
approach to uncertainty and sensitivity analysis selected for use is the
most appropriate choice from the extensive universe of established
techniques for uncertainty and sensitivity analysis. This choice is
reinforced by the successful use of similar sampling-based procedures
in the NRC’s reassessment of the risk from commercial nuclear power
plants (i.e., the NUREG-1150 analyses) [111–117] and the DOE’s PA in
support of a successful compliance certification application for the
Waste Isolation Pilot Plant [118–121].
4. Uncertainty and sensitivity analysis for physical processes

4.1. Nominal scenario class AN

A large number of analysis results are considered in the
uncertainty and sensitivity analyses for the nominal scenario
Please cite this article as: Helton JC, et al. Uncertainty and sensitivity
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class AN (Table 5). The variables indicated in Table 5 correspond
to a subset of the variables ykðt9a,eÞ that comprise the elements of
yðt9a,eÞ in Eq. (14). Of these variables, the number of failed
commercial spent nuclear fuel WPs in percolation bin 3 (NCSFL)
is used as an initial example for illustration (Fig. 3). The element
aN of A under consideration corresponds to the future in which no
disruptions of any kind take place.

The uncertainty in the time-dependent values for NCSFL is
shown by the 300 curves in Fig. 3a, with a single curve resulting
for each of the LHS elements ei in Eq. (16). Sensitivity analysis
results based on PRCCs and stepwise rank regression are presented
in Fig. 3b and c. Specifically, Fig. 3b and other similar figures in this
presentation display PRCCs for the six variables with the largest
maximum PRCCs in absolute value over the time interval under
consideration and correspondingly order the associated variables
in the internal figure label subject to the constraint that the
indicated maximum value must be at least 0.3 for a variable and
its PRCC to be included in a figure (see Ref. [61], Sections 6.6.4
and 6.6.6, for additional information on PRCCs), and the stepwise
rank regression in Fig. 3c used a significance level of a¼0.01 to
terminate the stepwise selection process (see Ref. [61], Sections
6.6.2–6.6.6, for additional information on stepwise rank regres-
sion). In the analyses in Fig. 3b and c, the dominant variable with
respect to the uncertainty in NCSFL is WDGCA22 (see Table 2 for
variable definitions), with NCSFL tending to decrease as WDGCA22

increases. This effect results because of the role that increasing
WDGCA22 plays in decreasing the rate of general corrosion. The
strong effect of WDGCA22 on NCSFL can be seen in the scatterplot in
Fig. 3d. After WDGCA22, a number of additional variables are
identified as having small effects on NCSFL.

As another example, analyses for dose from all radionuclides
for the nominal scenario class AN (i.e., DNðt9eMÞ, or equivalently,
DOSTOT) are presented in Fig. 4. The uncertainty in the time-
dependent values for DOSTOT is shown by the 300 curves in
Fig. 4a, with a single curve resulting for each of the LHS elements
ei in Eq. (16). Sensitivity analysis results based on PRCCs are
presented in Fig. 4b. The dominant variables with respect to the
uncertainty in DOSTOT are WDGCA22 and WDZOLID (see Table 2
for variable definitions), with DOSTOT tending to decrease as
WDGCA22 increases and to increase as WDZOLID as increases.
These effects result because increasing WDGCA22 decreases WP
failures due to general corrosion (see Fig. 3) and increasing
WDZOLID increases corrosion-induced failures of welds at the
WP lids.
analysis in performance assessment for the proposed high-level
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Fig. 3. Uncertainty and sensitivity analysis results for total number of CSNF WPs failed for the nominal scenario class (NCSFL): (a) NCSFL for all (i.e., 300) sample elements,

(b) PRCCs for NCSFL, (c) stepwise rank regression analysis for NCSFL at 106 yr, and (d) scatterplot for (WDGCA22, NCSFL) at 106 yr ([10]. Fig. 1, and [15], Fig. 17.6; see [6], Fig.

K2-1, for additional discussion).

Fig. 4. Uncertainty and sensitivity analysis results for dose to the RMEI (mrem/yr) for the nominal scenario class (i.e., for DN ðt9aN ,eMÞ as defined in Table 3 and represented

by DOSTOT): (a) DOSTOT for all (i.e., 300) sample elements, and (b) PRCCs for DOSTOT ([10], Fig. 2 and [6], Fig. K4.5-1[a]).
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Analyses similar to those presented in Figs. 3 and 4 were
carried out for the nominal scenario class for 32 analysis results,
of which 11 are indicated in Table 5 ([6], Section K4).
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Stepwise rank regression results of the form shown in Fig. 3c
contain more detailed information than is provided by PRCCs at a
specific point in time. However, the display of stepwise regression
analysis in performance assessment for the proposed high-level
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results obtained at a sequence of times results in a much bulkier
presentation than the display of time-dependent PRCCs as done in
Fig. 3b. Given this difference, this presentation uses a display
format with PRCCs of the form shown in Fig. 4 so that paired
uncertainty and sensitivity analysis results can be shown for a
variety of important analysis outcomes from the 2008 YM PA in a
reasonable amount of space. However, stepwise rank regression
results for the variables analyzed with PRCCs in this presentation
can be found in App. K of Ref. [6]. An alternative to the display of
time-dependent PRCCs is to display time-dependent plots of
SRRCs. As indicated in Section 3, PCCs and SRCs display related,
but different, aspects of the relationships between variables.
However, when the sampled variables are independent, a ranking
of variable importance on the basis of the absolute values of PCCs
is the same as a ranking of variable importance on the basis of the
absolute values of SRCs (see Ref. [61], Section 6.6.4). Thus,
displays of PCCs and displays of SRCs give the same general
impressions of variable importance. For the 2008 YM PA, the
choice was made to display PRCCs rather than SRRCs because
PRCCs tend to be more spread out than SRRCs and thus result in
plots that are easier to read. So that the information contained in
SRRCs and associated stepwise regression analyses was not lost,
the 2008 YM PA also presented extensive results of the form
shown in Fig. 3c in App. K of Ref. [6].
4.2. Igneous intrusive scenario class AII

As for the nominal scenario class, a large number of analysis
results are considered in the uncertainty and sensitivity analyses
for the igneous intrusive scenario class AII (Table 6). The variables
indicated in Table 6 correspond to a subset of the variables
ykðt9a,eÞ that comprise the elements of yðt9a,eÞ in Eq. (14). As
examples, this section considers the movement of 237Np through
the repository system and the dose to the RMEI that results from
this movement. The specific element a of A under consideration
corresponds to a single igneous intrusive event that occurs at
10 yr after repository closure and damages all WPs in the
repository, and the results selected for presentation are ESNP237,
UZNP237, SZNP237 and DONP237 as defined in Table 6.

The uncertainty in the time-dependent values for ESNP237 and
UZNP237 is shown by the 300 curves in Fig. 5a and c, with a single
curve resulting for each of the LHS elements ei in Eq. (16).
Sensitivity analysis results for ESNP237 based on PRCCs are
presented in Fig. 5b and indicate (i) positive effects for EP1NPO2,

INFIL, DELPPCO2 and EP1LOWAM, (ii) a negative effect for PHCSS,
and (iii) a very early positive effect for THERMCON (see Table 2 for
Table 6
Examples of 7 of the 49 time-dependent results analyzed for the igneous intrusive

scenario class ([10], Table III; see [6], Table K6.1-1, for additional information).

DONP237: Dose to RMEI (mrem/yr) from dissolved 237Np ([6], Figs. K.6.6.1-5,

K.6.6.1-6, K.6.6.2-3)

ESNP237: Release rate (g/yr) for the movement of dissolved 237Np from the

engineered barrier system (EBS) to the unsaturated zone (UZ) ([6],

Figs. K.6.3.1-5, K.6.3.1-6, K.6.3.2-3)

ESNP237C: Cumulative release (g) for the movement of dissolved 237Np from

the EBS to the UZ ([6], Figs. K.6.3.1-5, K.6.3.1-6, K.6.3.2-3, K.6.4.1-9)

SZNP237: Release rate (g/yr) for the movement of dissolved 237Np across a

subsurface plane at the location of the RMEI ([6], Figs. K.6.5.1-7, K.6.5.1-8,

K.6.5.2-3)

SZNP237C: Cumulative release (g) for the movement of dissolved 237Np across

a subsurface plane at the location of the RMEI ([6], Figs. K.6.5.1-7, K.6.5.1-8,

K.6.5.1-9, K.6.5.2-3)

UZNP237: Release rate (g/yr) for the movement of dissolved 237Np from the UZ

to the saturated zone (SZ) ([6], Figs. K.6.4.1-7, K.6.4.1-8)

UZNP237C: Cumulative release (g) for the movement of dissolved 237Np from

the UZ to the SZ ([6], Figs. K.6.4.1-7, K.6.4.1-8, K.6.4.1-9, K.6.5.1-9)
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variable definitions). The indicated effects result because
(i) increasing EP1NPO2 and DELPPCO2 increases the solubility of
neptunium, (ii) increasing INFIL increases water flow through the
engineered barrier system (EBS), (iii) increasing EP1LOWAM

increases the solubility of 241Am, which is a parent of 237Np,
(iv) increasing PHCSS decreases the solubility of neptunium, and
(v) increasing THERMCON decreases the time required for the
repository to reach below-boiling temperatures for water and
thereby facilitates early radionuclide releases. The general
increase in UZNP237 at 104 yr results from a climate change
imposed at that time for all sample elements ([6], Section 6.3.1).
The small amplitude variability present in curves for UZNP237 for
individual sample elements results from the use of a particle
tracking method for determining transport through the unsatu-
rated zone (UZ) ([6], Section 6.3.9).

The similarity of the releases ESNP237 and UZNP237 for 237Np
is apparent in Fig. 5a and c and indicates that processes in the UZ
have limited effect on the uncertainty in the movement of 237Np.
In general, the cumulative mass of 237Np exiting the UZ (i.e.,
UZNP237C) is approximately half of the mass entering the UZ (i.e.,
ESNP237C) as indicated in the scatterplot in Fig. 5d. As a result, the
PRCCs for UZNP237 are essentially the same as the PRCCs for
ESNP237, and thus show same relationships as shown in Fig. 5b
for the PRCCs for ESPN237. The retention of 237Np in the UZ is
generally due to diffusion of radionuclides into the rock matrix.

The uncertainty in the time-dependent values for SZNP237 and
DONP237 is shown by the 300 curves in Fig. 6a and c. Unlike the
UZ, the saturated zone (SZ) can have a significant effect on the
movement of 237Np to the location of the RMEI (Fig. 7). In
particular, travel time through the SZ may be significantly longer
than 2�104 yr.

Sensitivity analysis results for SZNP237 based on PRCCs are
presented in Fig. 6b and indicate (i) positive effects for SZGWSDM,
EP1NPO2 and INFIL, (ii) a negative effect for PHCSS, and (iii) an
early positive effect THERMCON and an early negative effect for
SZFIPOVO (see Table 2 for variable definitions). The indicated
effects for EP1NPO2, INFIL, and PHCSS derive from their previously
discussed effects on release from the EBS. The positive effect
associated with SZGWSDM results from increasing water flow in
the SZ, and the early negative effect associated with SZFIPOVO

results from slowing the initial movement of released radio-
nuclides in the SZ.

The comparison of SZNP237 and DONP237 at 104 yr in the
scatterplot in Fig. 6d shows that the uncertainty in SZNP237

dominates the uncertainty in DONP237. This means that the
PRCCs for DONP237 are essentially the same as the PRCCs for
SZNP237, and indicate the same relationships as shown in Fig. 6b
for the PRCCs for SZPN237.

Analyses similar to those presented in Figs. 5–7 were carried
out for 49 results for the igneous scenario class, of which 7 are
indicated in Table 6 ([6], Section K6).
4.3. Additional scenario classes

Example uncertainty and sensitivity analysis results have been
presented for the nominal scenario class AN and the igneous
intrusive scenario class AII. In addition, extensive uncertainty and
sensitivity analyses were also carried out as part of the 2008 YM
PA for the early WP failure scenario class AEW , the early DS failure
scenario class AED, the igneous eruptive scenario class AIE, the
seismic ground motion scenario class ASG, and the seismic fault
displacement scenario class ASF . In consistency with the regulatory
requirements discussed in Section 2.1, two different time periods
were considered for the definition of the sample space A for
aleatory uncertainty in performing these analyses: ½0,2� 104 yr�
analysis in performance assessment for the proposed high-level
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Fig. 5. Uncertainty and sensitivity analysis results for ESNP237 and UZNP237 for an igneous intrusive event at 10 yr that damages all WPs in the repository: (a) ESNP237 for

all (i.e., 300) sample elements, (b) PRCCs for ESNP237, (c) UZNP237 for all (i.e., 300) sample elements, and (d) scatterplot for (ESNP237C, UZNP237C) at 104 yr ([10], Fig. 3 and

[6], Figs. K6.3.1-5, K6.4.1-7, and K6.4.1-9).
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and [0, 106 yr]. The results of these analyses are presented in Apps.
J and K of Ref. [6].
5. Uncertainty and sensitivity analysis for expected dose

5.1. Early failure scenario classes

As indicated in Table 1, two early failure scenario classes are
considered in the 2008 YM PA: the early DS failure scenario class
AED and the early WP failure scenario class AEW . The possible
occurrences of early DS failures and early WP failures are modeled
with binomial probability distributions with defining parameters
PROBDSEF and PROBWPEF (see Table 2). The individual DS failure
probability PROBDSEF applies to all DSs in the repository. Simi-
larly, the individual WP failure probability PROBWPEF applies to
all WPs in the repository. As modeled, early failures of DSs and
WPs occur at repository closure. Further, WPs under early failed
DSs are assumed to quickly and completely fail under dripping
conditions and to experience no failure under nondripping con-
ditions, and DSs above early failed WPs are assumed to remain
intact. However, transport of radionuclides from the affected
WPs depends on environmental conditions such as the relative
Please cite this article as: Helton JC, et al. Uncertainty and sensitivity
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humidity in the affected WPs and the presence of drift seepage
([6], Section 6.3.8, [42]).

The time-dependent expected doses to the RMEI from early DS
failure, DEDðt9eiÞ, and early WP failure, DEW ðt9eiÞ, for the indivi-
dual LHS elements ei, i¼1,2,y,300, are shown in Fig. 8a and c.
Nonzero values for DEDðt9eiÞ begin within 2000 years after
repository closure (Fig. 8a), with expected dose to the RMEI rising
to a sharp initial peak due primarily to advective transport of
radionuclides such as 99Tc that are modeled as highly soluble and
non-sorbing and then gradually declining to sustained values that
are determined by the rates of waste form degradation, radio-
nuclide decay, and radionuclide transport through the engineered
and natural barriers. Similarly, nonzero values for DEW ðt9eiÞ begin
within 2000 years after repository closure (Fig. 8c), followed by
sudden increases in DEW ðt9eiÞ starting at approximately 104 yr.
These increases correspond to the arrival of radionuclides from
early-failed commercial spent nuclear fuel (CSNF) WPs. Because
CSNF WPs are in general hotter than co-disposed (CDSP)
WPs, formation of continuous liquid pathways occurs later
([6], Section 6.3.8, [42]), delaying release of radionuclides from
CSNF WPs. This behavior does not occur for early DS failure due to
the associated assumption of completely failed WPs experiencing
dripping conditions.
analysis in performance assessment for the proposed high-level
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Fig. 6. Uncertainty and sensitivity analysis results for SZNP237 and DONP237 for an igneous intrusive event at 10 yr that damages all WPs in the repository: (a) SZNP237 for

all (i.e., 300) sample elements, (b) PRCCs for SZNP237, (c) DONP237 for all (i.e., 300) sample elements, and (d) scatterplot for (SZNP237, DONP237) at 104 yr ([10], Fig. 4 and

[6], Figs. K6.5.1-7, K6.6.1-5 and K6.6.1-6).

Fig. 7. Scatterplot for (UZNP237C, SZNP237C) at 104 yr for an igneous intrusive

event at 10 yr that damages all WPs in the repository ([10], Fig. 5 and [6],

Fig.K6.5.1-9).
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As shown by the spread of the individual curves, considerable
uncertainty exists with respect to the values for DEDðt9eiÞ and
DEW ðt9eiÞ. Sensitivity analyses for DEDðt9eiÞ and DEW ðt9eiÞ based on
Please cite this article as: Helton JC, et al. Uncertainty and sensitivity
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PRCCs are presented in Fig. 8b and d (see Table 2 for definitions of
individual variables). The dominant variables with respect to
the uncertainty in DEDðt9eÞ and DEW ðt9eÞ are PROBDSEF and
PROBWPEF, respectively, with DEDðt9eÞ and DEW ðt9eÞ increasing
as PROBDSEF and PROBWPEF increase as a consequence of increas-
ing numbers of early failures. After PROBDSEF and PROBWPEF, the
PRCCs indicate smaller effects for a number of additional variables
that influence the movement of water through the engineered
and natural barriers of the repository system.

5.2. Igneous scenario classes

Two igneous scenario classes are considered in the 2008
YM PA: the igneous intrusive scenario class AII and the igneous
eruptive scenario class AIE (Table 1). The occurrence of igneous
intrusive events and igneous eruptive events are modeled by
Poisson processes with rates defined by IGRATE and IGERATE (see
Table 2). Further, an igneous intrusion event is assumed to
destroy all WPs in the repository ([6], Section 6.5, [44]), and an
igneous eruptive event ejects the contents of a small number of
WPs into the atmosphere ([6], Section 6.5 [44]). The time-
dependent expected doses to the RMEI from igneous intrusions,
DIIðt9eiÞ, and from igneous eruptions, DIEðt9eiÞ, for the individual
LHS elements ei, i¼1, 2,y,300, are shown in Fig. 9a and c. The
analysis in performance assessment for the proposed high-level
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Fig. 8. Expected dose (EXPDOSE) to RMEI (mrem/yr) over [0, 2�104 yr] for all radioactive species resulting from early failures: (a, b) DEDðt9eÞ and associated PRCCs for

early DS failure ([11], Fig. 1a,b and [6], Fig. K5.7.1-1[a]), and (c, d) DEW ðt9eÞ and associated PRCCs for early WP failure ([11], Fig. 1c,d and [6], Fig. K5.7.2-1[a]).
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smoothness evident in these curves results from the use of
quadrature procedures in the evaluation of expected dose
(Table 4; [6], App. J). As shown by the spread of the individual
curves, considerable uncertainty exists with respect to the values
for DIIðt9eiÞ and DIEðt9eiÞ. Sensitivity analyses for DIIðt9eiÞ and
DIEðt9eiÞ based on PRRCs are presented in Fig. 9b and d (see
Table 2 for definitions of individual variables). The dominant
variables with respect to the uncertainty in DIIðt9eiÞ and DIEðt9eiÞ

are the occurrence rates IGRATE and IGERATE, respectively, with
DIIðt9eiÞ and DIEðt9eiÞ increasing as IGRATE and IGERATE increase.

The physical processes associated with igneous intrusive
events and igneous eruptive events that result in dose to the
RMEI are very different ([6], Section 6.5, [44]). After an igneous
intrusion, radionuclide transport and exposure to the RMEI
involve contaminated groundwater; in contrast, radionuclide
transport and exposure after an igneous eruption primarily
involve atmospheric and surficial processes. As a result, the
variables selected after IGRATE and IGERATE in Fig. 9b and d are
very different. Specifically, analysis for DIIðt9eÞ in Fig. 9b indicates
effects for variables that influence the movement of water
through the natural system (SZGWSPDM, INFIL, SZFIPOVO and
SZCOLRAL) and the contribution of 99Tc to dose to the RMEI
Please cite this article as: Helton JC, et al. Uncertainty and sensitivity
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(MICTC99). The analysis for DIEðt9eÞ in Fig. 9d indicates effects
for variables related to the uncertainty in dose to the RMEI by
inhalation of contaminated particles (INHLTPV), the diffusion of
radionuclides downward out of surface soils (DDIVIDE), the mass
of radionuclides in WPs (CSNFMASS), and the attachment of waste
particles to ash particles (DASHAVG).

5.3. Seismic scenario classes

Two seismic scenario classes are considered in the 2008 YM
PA: the seismic ground motion scenario class ASG and the seismic
fault displacement scenario class ASF (Table 1). The occurrence of
seismic ground motion events and seismic fault displacement
events are modeled as Poisson processes defined by underlying
hazard curves that define the annual exceedance frequencies for
seismic ground motion events and seismic fault displacement
events of different sizes ([6], Section 6.6, [44]). A seismic ground
motion event that damages WPs is assumed to cause the same
damage to all WPs in the repository; in contrast, a seismic fault
displacement event damages a relatively small number of WPs.

The time-dependent expected doses to the RMEI from
seismic ground motion events, DSGðt9eiÞ, and from seismic fault
analysis in performance assessment for the proposed high-level
Syst Safety (2011), doi:10.1016/j.ress.2011.07.002

dx.doi.org/10.1016/j.ress.2011.07.002


Fig. 9. Expected dose (EXPDOSE) to RMEI (mrem/yr) over [0, 2�104 yr] for all radioactive species resulting from igneous events: (a, b) DIIðt9eÞ and associated PRCCs for

igneous intrusive events ([11], Fig. 2a,b and [6], Fig. K6.7.1-1[a]), and (c, d) DIEðt9eÞ and associated PRCCs for igneous eruptive events ([11], Fig. 2c,d and [6], Fig. K6.8.1-1).
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displacement events, DSF ðt9eiÞ, for the individual LHS elements ei,
i¼1,2,y,300, are shown in Fig. 10a and c. The spread of the
individual curves shows that considerable uncertainty exists with
respect to the values for DSGðt9eiÞ and DSF ðt9eiÞ. Sensitivity
analyses for DSGðt9eÞ and DSF ðt9eÞ based on PRCCs are presented
in Fig. 10b and d (see Table 2 for definitions of individual
variables). The dominant variable with respect to the uncertainty
in DSGðt9eÞ is SCCTHRP, with DSGðt9eÞ decreasing as SCCTHRP

increases. The strong effect associated with SCCTHRP results
because SCCTHRP defines the residual stress level at which WPs
are considered to be damaged by seismically induced impacts.
The 2008 YM PA uses a mean hazard curve to define the annual
exceedance frequencies for seismic ground motion events of
different magnitudes; as a result, no variable related to the
occurrence of seismic events is present in the sensitivity analysis.
After SCCTHRP, the analyses for DSGðt9eÞ indicate effects for
variables that influence movement of water through the natural
system (SZFIPOVO, SZGWSPDM and INFIL), the mass of radio-
nuclides in the disposed waste (DSNFMASS), and the contribution
of 99Tc to dose to the RMEI (MICTC99). An analysis of the effects of
hazard curve uncertainty is presented in Ref. [122].

For DSF ðt9eÞ, effects are indicated for variables related to the
movement of water through the engineered and natural barriers
(SZGWSPDM, INFIL, SEEPUNC, SZFIPOVO and SEEPPRM) and the
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contribution of 99Tc to dose to the RMEI (MICTC99). However,
unlike the analysis for DSGðt9eÞ, no single variable dominates the
uncertainty in DSF ðt9eÞ.

5.4. All failure scenario classes

Expected dose results for individual scenario classes are pre-
sented in Sections 5.1–5.3. As discussed in Sections 2.3 and 2.4, the
expected dose Dðt9eÞ for all scenario classes results from adding
the incremental expected doses for the individual scenario classes.
Specifically, the expected doses Dðt9eiÞ in Fig. 11a for the time
period [0, 2�104 yr] result from adding the expected doses in Figs.
8–10 for corresponding LHS elements ei, i¼1,2,y,300. Similarly,
the total expected doses Dðt9eiÞ in Fig. 11c for the time period
[0,106 yr] result from adding the expected doses for the individual
scenario classes for this time period. Additional detail is provided
in an extensive analysis report ([6], App. J).

In turn, the total expected doses Dðt9eiÞ in Fig. 11a and c can be
used to estimate mean doses DðtÞ over aleatory and epistemic
uncertainty and quantiles QEq[Dðt9eÞ] (e.g., q¼0.05, 0.5, 0.95) for
Dðt9eÞ that derive from epistemic uncertainty. Values for DðtÞ and
QEq[Dðt9eÞ], q¼0.05, 0.5, 0.95, are shown in Fig. 11a and c. The
2008 YM PA uses the mean dose DðtÞ in comparisons with the 15
and 100 mrem/yr dose standards specified by the NRC for the
analysis in performance assessment for the proposed high-level
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Fig. 10. Expected dose (EXPDOSE) to RMEI (mrem/yr) over [0,2�104 yr]for all radioactive species resulting from seismic events: (a, b) DSGðt9eÞ and associated PRCCs

for seismic ground motion events ([11], Fig. 3a,b and [6], Fig. K7.7.1.-1[a]), and (c, d) DSF ðt9eÞ and associated PRCCs for seismic fault displacement events ([11], Fig. 3c,d and

[6], Fig. K7.8.1.-1[a]).
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time periods [0, 104 yr] and [104, 106 yr], respectively. If the
proposed standard in (NRC1) and (NRC2) had become final, then
the median expected dose QE,0.5[Dðt9eÞ] would have been used
in comparisons with the 350 mrem/yr dose standard for the [104,
106 yr] time period.

The expected dose Dðt9eÞ for the time period [0, 2�104 yr] is
primarily determined by the expected dose from seismic ground
motion with a secondary contribution from the expected dose
from igneous intrusion ([6], Fig. 8.1-3[a]). All other scenario
classes have a marginal contribution to Dðt9eÞ. For the time
period [0,106 yr], Dðt9eÞ is also primarily determined by the
seismic ground motion and igneous intrusive scenario classes.

The smoothness evident in the expected dose results for the
time period [0, 2�104 yr] results from the quadrature procedure
used to evaluate the expected dose from seismic ground motion
for this time period (Table 4; [6], App. J). In contrast, the Monte
Carlo procedure used to evaluate expected dose from the combi-
nation of seismic ground motion and nominal corrosion processes
for the time period [0, 106 yr] results in the spikes in the curves
for total expected dose evident in Fig. 11c for individual sample
elements. The small jumps in total expected (mean) dose and
quantiles for total expected dose appearing at 300K yr, 500K yr
and 700K yr result from time steps in the thermal process model
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([6], Section 8.2.4[a]). Although these spikes could be smoothed
by use of a larger sample size and more refined time steps in the
estimation of Dðt9eÞ, the sample sizes employed are sufficient to
yield a stable estimate of the mean dose and median expected
dose [123].

As shown by the spread of the results in Fig. 11a and c, a
substantial amount of uncertainty is present in the estimation of
Dðt9eÞ. The sensitivity analyses in Fig. 11b and d indicate the
variables that are giving rise to the uncertainty in Dðt9eÞ. The
PRCCs in Fig. 11b indicate that the uncertainty in Dðt9eÞ for the
time interval [0, 2�104 yr] is dominated by SCCTHRP (see Table 2
for definitions of individual variables), reflecting the dominant
contribution to total expected dose from the expected dose from
seismic ground motion, and the importance of this variable to
the expected dose from seismic ground motion. Smaller effects
are evident from the frequency of igneous events (IGRATE),
from variables that influence movement of water (SZGWSPDM,
SZFIPOVO and INFIL), and from the contribution of 14C to dose to
the RMEI (MICC14) (the contribution of 99Tc to the uncertainty in
expected dose is slightly less than the contributions from the
variables identified in Fig. 11b). For the time period [0,106 yr], the
PRCCs in Fig. 11d indicate that the three most important variables
with respect to the uncertainty in Dðt9eÞ for this time interval are
analysis in performance assessment for the proposed high-level
Syst Safety (2011), doi:10.1016/j.ress.2011.07.002
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Fig. 11. Expected dose (EXPDOSE) to RMEI (mrem/yr) for all radioactive species and all scenario classes: (a, b) Dðt9eÞ and associated PRCCs for [0, 2�104 yr] ([11], Fig. 4a,b

and [6], Fig. K8.1.-1[a]), and (c, d) Dðt9eÞ and associated PRCCs for [0,106 yr] ([11], Fig. 4c,d and [6], Fig. K8.2.-1[a]).
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SCCTHRP, IGRATE and WDGCA22. In turn, SCCTHRP is the dominant
variable affecting the uncertainty in expected dose DSGðt9eÞ from
seismic ground motion events; IGRATE is the dominant variable
affecting the uncertainty in expected dose DIIðt9eÞ from igneous
intrusive events; and WDGCA22 is the dominant variable affecting
the uncertainty in the dose DNðt9eÞ from nominal processes. In
addition, smaller effects are indicated for SZGWSPDM, SZFIPOVO,
and uncertainty in plutonium solubility (EP1LOWPU).
6. Summary

The importance of an appropriate assessment of the uncer-
tainty present in PAs for the proposed YM repository for high-
level radioactive waste has been strongly emphasized by the NRC
(e.g., see Quotes (NRC4) and (NRC5)). In response, the 2008 YM PA
was designed to maintain a separation of aleatory and epistemic
uncertainty and to facilitate extensive sampling-based uncer-
tainty and sensitivity analyses.

As described, the conceptual and computational structure of
the 2008 YM PA is predicated on three basic entities: EN1, a
characterization of the uncertainty in the occurrence of future
events that could affect the performance of the repository (i.e., a
probability space (A, A, pA) characterizing aleatory uncertainty);
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EN2, models for predicting the physical behavior and evolution of
the repository system (i.e., a very complex function Dðt9a,eMÞ that
predicts dose to the RMEI and a large number of additional
analysis results); and EN3, a characterization of the uncertainty
associated with analysis inputs that have fixed but imprecisely
known values (i.e., a probability space (E, E, pE) characterizing
epistemic uncertainty). With this design structure, it is possible to
perform uncertainty and sensitivity analyses to determine the
effects of epistemic uncertainty on both results conditional on
specific realizations a of aleatory uncertainty and results that are
expected values over aleatory uncertainty. In particular, expected
doses over aleatory uncertainty and over both aleatory uncer-
tainty and epistemic uncertainty are fundamental components of
the NRC’s regulations for the YM repository.

The 2008 YM PA used Latin hypercube sampling in the
propagation of epistemic uncertainty and employed a variety of
sensitivity procedures to explore the resultant mappings between
uncertain analysis inputs and analysis results. Specifically, an LHS
of size 300 from 392 epistemically uncertain analysis inputs was
used. The primary procedures used in sensitivity analysis were
examination of scatterplots, stepwise rank regression, and partial
rank correlation. Further, replicated sampling was used to estab-
lish that a sample size of 300 was adequate for the propagation of
epistemic uncertainty [123–125]. Although not extensively used,
analysis in performance assessment for the proposed high-level
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other procedures to examine the mapping between uncertain
analysis inputs and analysis results also exist, including statistical
tests for patterns based on gridding ([63], Section 6.6, [69]),
entropy tests for patterns based on gridding ([63], Section 6.7),
nonparametric regression ([63], Section 6.8, [126–128]), squared
rank differences/rank correlation test ([63], Section 6.9), two-
dimensional Kolmogorov–Smirnov test ([63], Section 6.10), tests
for patterns based on distance measures ([63], Section 6.11), and
top down coefficient of concordance with replicated sampling
([63], Section 6.12). Complete variance decomposition procedures
are also very appealing techniques for sensitivity analysis ([63],
Section 6.13, [92,97,98]) but require a different sampling strategy
from the one used in the 2008 YM PA and also considerably larger
sample sizes.

The performance of uncertainty and sensitivity analysis in the
2008 YM PA produced a number of benefits, including: (i) permit-
ting analysts to objectively assess the uncertainty present in the
models that they developed and/or used, (ii) providing a rigorously
derived assessment of the uncertainty present in analysis results,
(iii) providing insights into the relationships between uncertainty
in individual analysis inputs and the uncertainty in analysis results,
(iv) extensively exercising the models in use and thereby con-
tributing to analysis verification, (v) aiding decision makers by
explicitly representing the uncertainty in the results that underlie
their decisions, and (vi) enhancing the overall credibility of the
analysis.

The appropriate disposal of radioactive waste from military
and commercial activities is a challenge of national and interna-
tional importance [129–144]. Uncertainty and sensitivity analysis
plays an important role in the development of potential solutions
for radioactive waste disposal by (i) providing guidance on how to
appropriately invest analysis resources, (ii) contributing to ana-
lysis verification, and (iii) establishing that regulatory require-
ments can be met with a high degree of confidence. Uncertainty
and sensitivity analysis played a similar role in the successful
development and licensing of the Waste Isolation Pilot Plant for
the geologic disposal of transuranic radioactive waste [118,121].
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