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a b s t r a c t

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. In support of this development and an associated license application to the U.S. Nuclear
Regulatory Commission (NRC), the DOE completed an extensive performance assessment (PA) for the
proposed YM repository in 2008. This presentation describes the determination of expected dose to the
reasonably maximally exposed individual (RMEI) specified in the NRC regulations for the YM repository
for the seismic ground motion scenario class and the seismic fault displacement scenario class in the
2008 YM PA. The following topics are addressed: (i) definition of the seismic scenario classes and the
determination of dose and expected dose to the RMEI, (ii) properties of the seismic ground motion
scenario class, (iii) expected dose and uncertainty in expected dose to the RMEI for the seismic ground
motion scenario class from 0 to 20,000 yr, (iv) expected dose and uncertainty in expected dose to the
RMEI for the seismic ground motion scenario class from 0 to 106 yr, (v) properties of the seismic fault
displacement scenario class including expected dose and uncertainty in expected dose to the RMEI from
0 to 20,000 yr and 0 to 106 yr, (vi) expected dose and uncertainty in expected dose to the RMEI for the
combined ground motion and seismic fault displacement scenario class, and (vii) probabilities associated
with seismic scenario classes. The present article is part of a special issue of Reliability Engineering and
System Safety devoted to the 2008 YM PA; additional articles in the issue describe other aspects of the
2008 YM PA.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Three primary classes of disruptions are considered in the 2008
performance assessment (PA) conducted by the U.S. Department of
Energy (DOE) for the proposed repository for high-level radio-
active waste at Yucca Mountain (YM), Nevada: early failure events,
igneous events, and seismic events [1,2]. The focus of this
presentation is on seismic events. Specifically, two types of seismic
events are considered in the 2008 YM PA: seismic ground motion
events and seismic fault displacement events. This presentation
describes the determination of expected dose from seismic events
to the reasonably maximally exposed individual (RMEI) specified
by the U.S. Nuclear Regulatory Commission (NRC) in the regulatory

requirements for the YM repository ([3]; [4]; [2], Section 2) and
presents associated uncertainty analysis results.

The following topics are considered: properties of the seismic
scenario classes and the determination of dose and expected dose
the RMEI (Section 2), the seismic ground motion scenario class
(Section 3), expected dose and uncertainty in expected dose to the
RMEI for the seismic ground motion scenario class from 0 to
20,000 yr (Section 4), expected dose and uncertainty in expected
dose to the RMEI for the seismic ground motion scenario class
from 0 to 106 yr (Section 5), the seismic fault displacement
scenario class including expected dose and uncertainty in
expected dose to the RMEI from 0 to 20,000 yr and 0 to 106 yr
(Section 6), expected dose and uncertainty in expected dose to
the RMEI for the seismic scenario class (Section 7), and probabil-
ities associated with seismic scenario classes (Section 8). The
presentation then ends with a concluding summary discussion
(Section 9).

A following presentation presents extensive uncertainty and
sensitivity analyses related to the determination of dose and
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expected dose to the RMEI for the seismic scenario classes [5].
Additional presentations consider the nominal scenario class [6,7],
early failure scenario classes [8,9], igneous scenario classes [10,11],
and all scenario classes together [12].

2. Seismic scenario classes: AS, ASG and ASF

The seismic ground motion scenario class and the seismic fault
displacement scenario class are defined by the sets

ASG ¼ fa : a∈A and nSG ≥ 1g ð2:1Þ
and

ASF ¼ fa : a∈A and nSF ≥ 1g ð2:2Þ
as indicated in Eqs. (6.17) and (6.18) of Ref. [2]. In the preceding, A
is the sample space for aleatory uncertainty defined in Section 6 of
Ref. [2], and nSG and nSF are the number of seismic ground motion
events and seismic fault displacement events, respectively, asso-
ciated with the element a of A. Further, the seismic scenario class
AS is defined by

AS ¼ASG∪ASF ¼ fa : a∈A and nSG ≥ 1 or nSF ≥ 1g ð2:3Þ
as indicated in Eq. (6.12) of Ref. [2]. In turn, pA(ASG) is the
probability of one or more seismic ground motion events;
pA(ASF ) is the probability of one or more seismic fault displace-
ment events; and pA(AS) is the probability of one or more seismic
events.

The scenario classes AS, ASG and ASF are not disjoint. However,
if the question is asked “What is the probability of a seismic
event?,” then most likely pA(AS) is the desired answer. If the
question is asked “What is the probability of a seismic ground
motion event?”, then most likely pA(ASG) is the desired answer.
Similarly, if the question is asked “What is the probability of a
seismic fault displacement event?”, then most likely pA(ASF ) is the
desired answer. If desired, disjoint scenario classes involving
seismic events and their associated probabilities can be defined
in the same manner as indicated in Eqs. (2.4)–(2.7) of Ref. [8] for
early waste package (WP) failure and early drip shield (DS) failure.

No synergisms are assumed to exist between the doses that
result from the seismic ground motion damage to WPs and the
doses that result from seismic fault displacement damage to WPs.
Further, as indicated in conjunction with Eq. (7.1) of Ref. [2], no
synergisms are assumed to exist between doses that result from
seismic events and doses that result from other disruptions. As a
result,

DSðτja; eMÞ ¼DSGðτja; eMÞ þ DSF ðτja; eMÞ; ð2:4Þ
where

DS(τja, eM)¼dose to RMEI (mrem/yr) at time τ resulting from
seismic events associated with element a of A,

DSG(τja, eM)¼dose to RMEI (mrem/yr) at time τ resulting from
ground motion damage to WPs for seismic events associated
with element a of A,

DSF(τja, eM)¼dose to RMEI (mrem/yr) at time τ resulting from
fault displacement damage to WPs for seismic events asso-
ciated with element a of A,

and all results are conditional on the element e¼[eA, eM] of the
sample space E for epistemic uncertainty. If a involves no seismic
ground motion damage to WPs, then DSG(τja, eM)¼0; similarly, if a
involves no seismic fault displacement damage to WPs, then
DSF(τja, eM)¼0.

The 2008 YM PA incorporates the effects of a vector e¼[eA, eM]
of epistemically uncertain analysis inputs, where the elements of

eA are epistemically uncertain quantities involved in the charac-
terization of aleatory uncertainty and the elements of eM are
epistemically uncertain quantities involved in the modeling of
physical processes ([2], Section 3). The indicated sample space E
for epistemic uncertainty contains the possible values for e. A
complete listing of the elements of e is given in App. B of Ref. [2].

The overall structure of the modeling processes that determine
DSG(τja, eM) and DSF(τja, eM) is shown in Fig. 6.1.4–6 of Ref. [1] and
is similar to the structure shown in Fig. 2 of Ref. [13] for the
nominal scenario class. The primary differences in the models
used for the seismic scenario classes and the nominal scenario
class relate to the effects of seismic events on WPs and the
engineered barrier system (EBS). Summary descriptions of the
models that produce DS(τja, eM), DSG(τja, eM) and DSF(τja, eM) are
given in Ref. [13] and in Section 6 of Ref. [1], and more detailed
descriptions are available in the reports cited in Refs. [1;13] and in
App. B of Ref. [2]. Further, an extensive description of the devel-
opment process that led to the models that produce DS(τja, eM),
DSG(τja, eM) and DSF(τja, eM) is given in Refs. [14–23].

The expected dose DS(τje) to the RMEI (mrem/yr) at time τ is
given by

DSðτjeÞ ¼
Z
AS

DSðτja; eMÞdAðajeAÞ dA

¼
Z
AS

½DSGðτja; eMÞ þ DSF ðτja; eMÞ�dAðajeAÞ dA

¼
Z
AS

DSGðτja; eMÞdAðajeAÞ dAþ
Z
AS

DSF ðτja; eMÞdAðajeAÞ dA

¼DSGðτjeÞ þ DSF ðτjeÞ; ð2:5Þ
where (i)

DSGðτjeÞ ¼
Z
AS

DSGðτja; eMÞdAðajeAÞ dA

¼
Z
ASG

DSGðτja; eMÞdAðajeAÞ dA ð2:6Þ

is the expected dose to the RMEI (mrem/yr) at time τ resulting
from seismic ground motion events, (ii)

DSF ðτjeÞ ¼
Z
AS

DSF ðτja; eMÞ dAðajeAÞ dA

¼
Z
ASF

DSF ðτja; eMÞdAðajeAÞ dA ð2:7Þ

is the expected dose to the RMEI (mrem/yr) at time τ resulting
from seismic fault displacement events, (iii) dA(ajeA) is the density
function associated with the probability space (A, A, pA) for
aleatory uncertainty ([2], Section 3), and (iv) all results are
conditional on the element e¼[eA, eM] of E. The conversion from
an integral over AS to an integral over ASG in Eq. (2.6) is possible
because DSG(τja, eM)¼0 if a∉ASG; similarly, the conversion from an
integral over AS to an integral over ASF in Eq. (2.7) is possible
because DSF(τja, eM)¼0 if a∉ASF .

The general form of the elements a of A is shown in Eqs. (6.1)–
(6.8) of Ref. [2]. However, because no synergisms between disrup-
tions are assumed in the determination of DSG(τje) and DSF (τje),
the representations for the elements of ASG and ASF can be
simplified to

aSG ¼ ½nSG; aSG;1; aSG;2; …; aSG;nSG� ð2:8Þ
and

aSF ¼ ½nSF ; aSF ;1; aSF ;2; …; aSF ;nSF �; ð2:9Þ
respectively. With this notation, the elements aSG of ASG only
contain representations for seismic ground motion events (i.e., the
aSG,j; see Eq. (3.1)), and the elements aSF of ASF only contain
representations for seismic fault displacement events (i.e., the aSF,j;
see Eq. (6.1)).
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