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a b s t r a c t

In a seismic PSA, dependency among seismic failures of components has not been explicitly modeled in
the fault tree or event tree. This dependency is separately identified and assigned with numbers that
range from zero to unity that reflect the level of the mutual correlation among seismic failures.

Because of complexity and difficulty in calculating combination probabilities of correlated seismic
failures in complex seismic event tree and fault tree, there has been a great need of development to
explicitly model seismic correlation in terms of seismic common cause failures (CCFs). If seismic cor-
relations are converted into seismic CCFs, it is possible to calculate an accurate value of a top event
probability or frequency of a complex seismic fault tree by using the same procedure as for internal, fire,
and flooding PSA.

This study first proposes a methodology to explicitly model seismic dependency by converting
correlated seismic failures into seismic CCFs. As a result, this methodology will allow systems analysts to
quantify seismic risk as what they have done with the CCF method in internal, fire, and flooding PSA.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

1.1. Background

In probabilistic safety assessment (PSA), one of important basic
assumptions in the fault tree analysis (FTA) is that all the compo-
nent failures are independent. The failure probability of a fault tree
or minimal cut sets (MCSs) is calculated based on this assumption.

For internal, fire, and flooding PSAs, the dependency among
component failures is explicitly modeled by using common cause
failures (CCFs). These CCFs explicitly reflect positive dependency
among component failures.

In contrast to internal PSA, dependency among seismic failures
is not explicitly modeled in a seismic PSA. If two or more compo-
nents simultaneously fail by a single earthquake ground motion
input, failures of these components are considered to be seismically
dependent or seismically correlated. Seismic PSA model for core
damage frequency (CDF) or conditional core damage probability
. Jung), KHwang@sgh.com

by Elsevier Korea LLC. This is an
(CCDP) can be expressed in a general form as shown in Eq. (1),
where %S is a seismic event initiator.

Fault treeð%S;X;Y;…;N; RÞ
X ¼ ½X1;X2; …� Correlated seismic failure group 1
Y ¼ ½Y1;Y2; …� Correlated seismic failure group 2
N ¼ ½N1;N2; …�Non� correlated seismic failures

R ¼ ½R1;R2; …�Random failures

(1)

Complex minimal cut sets (MCSs) are generated by solving this
fault tree in Eq. (1). The probabilities of simple AND/OR Boolean
combination of correlated seismic failures such as X123 and X1þ2þ3
can be calculated by Monte Carlo integrations (see Section 2). If Eq.
(1). is factored into fðXÞgðYÞ…sð%S;N; RÞ þ tð%S;N; RÞ, the prob-
ability of fðXÞ or gðYÞ can be separately calculated by the integration
methods in Section 2. However, since fðXÞ and gðYÞ cannot be
separated in an actual PSA, probability calculation of arbitrary
Boolean combinations among various failures ðX;Y;…;N; RÞ in Eq.
(1). is impossible. It means the accurate seismic CDF cannot be
calculated if a seismic PSA model has complex correlated seismic
failures.

If the correlated seismic failures in X and Y are split into seismic
CCFs, the seismic PSA model can be solved in the same manner as
open access article under the CC BY-NC-ND license (http://creativecommons.org/

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:woosjung@sejong.ac.kr
mailto:KHwang@sgh.com
mailto:sparkpsa@actbest.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.net.2020.03.023&domain=pdf
www.sciencedirect.com/science/journal/17385733
www.elsevier.com/locate/net
https://doi.org/10.1016/j.net.2020.03.023
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.net.2020.03.023
https://doi.org/10.1016/j.net.2020.03.023


W.S. Jung et al. / Nuclear Engineering and Technology 52 (2020) 2238e2249 2239
solved for internal PSA model. It means that an accurate seismic
CDF of a complex seismic fault tree can be calculated if the corre-
lated seismic failures can be converted into seismic CCFs.

In a seismic PSA, a failure probability of a single component is
expressed in terms of a single ground motion parameter such as
peak ground acceleration or spectral acceleration, which is referred
to as a seismic fragility (see Section 1.4). Seismic fragility of a
component is defined as a conditional probability of failure of the
component at a given level of peak ground acceleration [1]. Since
seismically induced failures of more than two components in a
system are often correlated, there have been attempts to consider
such dependency among the failures. There are various methods
available to calculate probabilities of the combination failures
whose failures are seismically correlated, of which most promising
methods would be multivariate normal (MVN) integration method
and Reed-McCann integration method [2e4]. The MVN integration
was adopted for Seismic Safety Margins Research Program (SSMRP)
and is often referred to as SSMRP integration for this reason.
1.2. Objectives

Recently a newmethod to calculate probabilities of combination
failures that are seismically correlated was proposed in 2019 PSA
[5]. A basic idea of this new method is converting seismically
dependent failures to seismic CCFs. This method was developed
based on AND Boolean combination probabilities of correlated
seismic failures, which converts correlated seismic failures into
seismic CCFs that have approximate seismic CCF probabilities.

This study proposes a new improvedmethod to explicitly model
dependency among seismic failures by converting correlated
seismic failures into seismic CCFs. This approach is based on OR
Boolean combination probabilities of correlated seismic failures,
and it generates exact seismic CCF probabilities. A detailed dis-
cussion of the proposed methodology and its application are pre-
sented in Sections 3 and 4, respectively.

This paper summarizes existing methods to calculate combi-
nation probabilities of correlated seismic failures and current
practices of seismic PSA in treatment of dependency among seismic
failures (see Section 2). Then, this paper proposes a new method-
ology for explicitly modeling dependency among seismic failures
by converting correlated seismic failures into seismic CCFs (see
Section 3). Lastly, this paper presents results of an application of
this methodology to existing operating nuclear power plants at
multi-unit site in South Korea (see Section 4).
1.3. Definitions

Notations and definitions of failures and probabilities used in
this study are listed below.

Xi ¼ Failure of component i

Xij ¼XiXj ¼ Joint failures of components i and j

Xijk ¼XiXjXk ¼ Joint failures of components i; j; and k

Xiþj ¼Xi þ Xj ¼ OR combination failures of components i and j

Xiþjþk¼Xi þ Xj þ Xk

¼ OR combination failures of components i; j; and k
Ci ¼Common cause failure ðCCFÞ of component i

Cij ¼CCF of components i and j

Cijk ¼CCF of components i; j; and k

Xi ¼Ci þ Cij þ Cik þ Cijk þ…

Pi ¼PðXiÞ

Pij ¼P
�
Xij
�

Pijk ¼P
�
Xijk

�

Piþj ¼P
�
Xiþj

�

Piþjþk¼P
�
Xiþjþk

�

Qi ¼PðCiÞ

Qij ¼P
�
Cij
�

Qijk ¼P
�
Cijk
�

Equality PðXiXjÞ ¼ PðXiÞPðXjjXiÞ¼ PðXjÞPðXijXjÞ is always satis-
fied for any failures Xi and Xj. Two failures Xi and Xj are indepen-
dent if and only if PðXiXjÞ ¼ PðXiÞPðXjÞ: Failures are dependent if
they do not satisfy this equality.

A commonmeasure of dependence between two failures Xi and
Xj is a correlation rij ¼ corrðXi;XjÞ ¼ covðXi;XjÞ=bibj where bi and
bj are standard deviations of Xi and Xj, respectively. The correlation
rij is zero if two failures Xi and Xj are independent. The inverse is
not true.

If Xi and Xj are positively dependent, the three inequalities

PðXi
��XjÞ>PðXiÞ , PðXj

��XiÞ>PðXjÞ, and PðXiXjÞ>PðXiÞPðXjÞ hold. It
can be said that CCFs reflect positive dependency among failures.

1.4. Seismic fragility model

The seismic fragility of a component is defined as the condi-
tional probability of its failure at a given value of peak ground ac-
celeration [1]. The entire family of fragility curves for a component
corresponding to a particular failure mode can be expressed in
terms of the best estimate of the median ground acceleration ca-
pacity and two random variables. Therefore, the ground accelera-
tion capacity of a component is given by

A¼AmεRεU: (2)

Here, Am is a median ground acceleration capacity, εR and εU are
random variables with median values of unity, representing,
respectively, randomness (aleatory uncertainty) about the median
and the state of knowledge uncertainty (epistemic uncertainty) in
the median value. In this model, these two random variables εR and
εU have lognormal distribution with logarithmic standard de-
viations, bR and bU, respectively.

A component failure probability (seismic fragility) that is a
conditional failure probability of a component at the ground ac-
celeration a can be calculated in two ways according to Eqs. (3) or
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(4).

PðaÞ¼PðA < aÞ¼PðlnðA =AmÞ < lnða =AmÞÞ

¼F
�

lnða=AmÞ þ bUF
�1ðQÞ

bR

�
(3)

PðaÞ ¼ F
�

lnða=AmÞ
b

�
¼

ðln

�
a

Am

�

�∞

1ffiffiffiffiffiffiffi
2p

p
b
exp

�
� 1

2
x2

b2

�
dx

(4)

Here, FðÞ is a standard normal cumulative distribution function,

and F�1ðÞ is a standard normal cumulative distribution inverse
function. Q is subjective probability or confidence with a value
ranging from 0 to 1, and b is a composite standard deviation defined

as b ¼ ðb2R þ b2UÞ
1=2

.
Asmentioned above, there are twoways to calculate component

failure probability. First, PðaÞ in Eq. (3). is calculated many times by
randomly selecting Q value from the uniform distribution, and
then, their mean value is calculated for PðaÞ. Second, PðaÞ can be
calculated one time by Eq. (4). The PðaÞ calculated by Eq. (3). is
known to be identical to PðaÞ in Eq. (4). Since only a point estimate
of seismic CCFs is of interest in this study, Eq .(4). is employed for
the conversion of correlated seismic failures into seismic CCFs.
2. Dependency in PSA

There are explicit and implicit methods for modeling dependent
failures in PSA. Typically, the explicit modeling is employed in PSAs
such as internal, fire, and flooding PSAs (see Section 2.1). The
dependent failures are explicitly modeled as CCFs in internal, fire,
and flooding PSAs. On the other hand, the implicit modeling of
dependent failures is employed in seismic PSA (see Section 2.2).
2.1. Explicit dependency modeling in internal, fire, and flooding
PSAs

In internal, fire, and flooding PSAs, three dependent failures X1,
X2, and X3 are each split into independent CCFs as shown below.

X1 ¼ C1 þ C12 þ C13 þ C123
X2 ¼ C2 þ C12 þ C23 þ C123
X3 ¼ C3 þ C13 þ C23 þ C123

(5)

Using CCF equations in Eq. (5), MCSs for X1þ2þ3 can be calcu-
lated as

X1þ2þ3 ¼C1 þ C2 þ C3 þ C12 þ C13 þ C23 þ C123 (6)

Here, X1þ2þ3 has seven MCSs and each MCS has one CCF (C1, C2, C3,
C12, C13, C23, or C123). In contrast, X123 in Eq. (C.3) has eight MCSs
and some MCSs have multiple CCFs (C1C23, C2C13, C3C12, C12C13,
C13C23, or C12C23). The min cut upper bound (MCUB) probability of
Eq. (6). is given in Eq. (7). as shown in Appendix A.

P1þ2þ3 ¼1� ð1�Q1Þð1�Q2Þð1�Q3Þð1�Q12Þð1�Q13Þ
ð1�Q23Þð1�Q123Þ

(7)

As discussed in Appendix A, MCUB probability in Eq. (7). is an
exact probability of X1þ2þ3 since there are no duplicated CCFs
among seven MCSs in Eq. (6).
2.2. Implicit dependency modeling for seismic PSA

There have been attempts to implicitly calculate AND/OR Bool-
ean combination probabilities of correlated seismic failures by us-
ing some integration methods [2e4]. As discussed in NUREG/CR-
7237[2] a simple combination probability of correlated seismic
failures such as P1þ2…þnðaÞ can be calculated by either MVN or
Reed-McCann integration method (see Appendix B). The MVN
method is explained in details in the following Sections.

2.2.1. MVN integration
The combination probability of a seismic failure

P1þ2þ…þnðaÞ ¼ PðUn
i¼1Ai < aÞ can be calculated by using Monte-

Carlo integration of MVN distribution in Eq (8). Monte Carlo inte-
gration is a numerical integration method using random numbers,
and it is employed only when the integration has no analytic so-
lution [3,4].

P1þ2…þnðaÞ¼1�
ð∞

ln

�
a

A1m

�
ð∞

ln

�
a

A2m

�…

ð∞

ln

�
a

Anm

�
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

jSjð2pÞn
q exp

�
� 1
2

xtS�1x
�

dx

(8)

Here, xt ¼ ½x1x2…xn�. S is a symmetric positive definite
covariance matrix, jSjis a determinant of S, and S�1 is an inverse
matrix of S:

S¼

2
6666664

b21 b212 … b21n

b221 b22 … b22n
… … … …

b2n1 b2n2 … b2n

3
7777775
; b2ij ¼ cov

�
Xi;Xj

�
(9)

Each covariance b2ij in Eq. (9) is a composite variability of un-
certainty and randomness. The composite standard deviations are

calculated as bi ¼ ðb2Ri þ b2UiÞ
1=2

and bij ¼ bji ¼ ðb2Rij þ b2UijÞ
1=2

.

If xi is replaced with bizi as xi ¼ bizi, Eq. (8). can be converted
into

P1þ2…þnðaÞ¼1�
ð∞

lnða=A1mÞ
b1

ð∞
lnða=A2mÞ

b2

…

ð∞
lnða=AnmÞ

bn

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jSrjð2pÞn

q exp

�
� 1

2
ztS�1

r z
�

dz

(10)

Here, zt ¼ ½z1z2…zn�. Sr is a symmetric positive definite corre-
lation matrix.

Sr¼

2
664

1 r12 … r1n
r21 1 … r2n
… … … …

rn1 rn2 … 1

3
775; rij ¼

b2ij
bibj

(11)

2.2.2. Transformation of MVN integration
Reed-McCann integration in Appendix B defines independent

variances such as ðb�1 Þ2 ¼ b21 � ðb212 þb213Þ, and uses multiple
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integrations over the nC2 integration variables for the covarinces

such as b212 and b213. Although MVN and Reed-McCann integrations
are similar methods, MVN and Reed-McCann integrations have
different number of integration variables. As shown in Eq. (8) or
(10), the MVN integration requires small number of n integration
variables. In contrast, Reed-McCann integration in Appendix B re-
quires nC2 integration variables. If n is not small, the number of nC2
is always much bigger than n. It means that the Reed-McCann
integration is much more difficult than the MVN integration. So,
the MVN integration is recommended in order to drastically reduce
the integration difficulty [4].

Difficulty of the MVN integration can be further reduced by
integration variable transformations [6]. A sequence of three
transformations converts the original integral in Eq. (10) into the
integral over a unit hyper-cube. The definite integral in Eq. (10) has
lower bounds as

bt ¼ ½b1; b2; …; bn� ¼


lnða=A1mÞ

b1
;

lnða=A2mÞ
b2

; …;
lnða=AnmÞ

bn

�
(12)

Positive definite covariance matrix Sr can be factored by the

Cholesky decomposition as Sr ¼ CCt and

S�1
r ¼ C�tC�1 ¼ ðC�1ÞtC�1 where C is a lower triangular matrix

with real positive diagonal elements. First, this sequence of three
transformations begins with transformation of z ¼ Cy and zt ¼
ytCt. The integrand and integral variables become

ztS�1
r z¼

�
ytCt

��
C�tC�1

�
ðCyÞ ¼ yty (13)

dz¼ jCjdy¼ jSrj
1
2 dy (14)

First, by using Eqs. (13) and (14), the integral in Eq. (10) is
converted into

P1þ2þ…þnðaÞ¼1� 1ffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2pÞn

q ð∞
b
0
1

e�
y2
1
2

ð∞
b
0
2

e�
y2
2
2

ð∞
b
0
n

e�
y2n
2 dy (15)

b
0
iðy1;…; yi�1Þ ¼

0
@bi �

Xi�1

j¼1

cijyj

1
A,cii (16)

Second, the integration variable yi is further transformed into ti
using yi ¼ F�1ðtiÞ, where FðyÞ ¼ 1ffiffiffiffiffi

2p
p

R y
�∞ e�1

2t
2
dt that is a stan-

dard univariate normal distribution function. After this second
transformation,

P1þ2þ…þnðaÞ¼1�
ð1
b
00
1

ð1
b
00
2

…

ð1
b
00
n

dt (17)

b
00
i ðt1; …; ti�1Þ ¼ F

0
@
0
@bi �

Xi�1

j¼1

cijF
�1�tj�

1
A,cii

1
A (18)

Finally, the integration variable ti in Eq. (17) is transformed into

wi using ti ¼ wið1 � b
00
i Þ þ b

00
i , wi ¼ ðti � b

00
i Þ=ð1 � b

00
i ), and dti ¼ ð1 �

b
00
i Þdwi. The original integral in Eq. (10) is converted into an integral

over a unit hyper-cube. Monte Carlo integration is performed over
w in Eq. (19).
P1þ2þ…þnðaÞ¼1�
�
1�b

00
1

� ð1
0

�
1�b

00
2

� ð1
0

…

�
1�b

00
n

�ð1
0

dw

(19)

b
00
i ðw1;…;wi�1Þ¼F

0
@
0
@bi�

Xi�1

j¼1

cijF
�1
�
wj

�
1�b

00
j

�
þb

00
j

�1A,cii

1
A
(20)

Now, the combination probabilities P1þ2þ…þnðaÞ can be calcu-
lated by one of integrations in Eqs. (8), (10), (15), (17) and (19).

2.2.3. Discrete correlation assumption in current practices
Dependency among seismic failures in a practical PSA tends to

be treated in an approximatemanner due to difficulty in calculating
combination probabilities of correlated seismic failures, which re-
sults from difficulty in determining correlation groups and corre-
lation level. The systems analysts could use a partial correlation
level between 0 and 1 among seismic failures that are partially
correlated, but practically assume zero or full correlation (0 or 1)
depending on the level of correlation. This assumption is for
avoiding the difficulty that is explained right after Eq. (1). For
example, if identical components are located on the same floor in a
building, seismic failure among the components are assumed to be
fully correlated [8].

The current practice for treating seismic correlation in a seismic
PSA is to screen out seismically rugged components and then
develop correlation groups for the screened-in components to
represent the simultaneous failure of similar components during
earthquake. If components are similar in design, with similar
anchorage, and located in the same building and elevation, then
their failures are treated as fully correlated failures. Otherwise, it is
assumed that there is no correlation among component failures,
and failures of similar components in different buildings are not
correlated [7].

This practical approach inevitably contributes to the uncertainty
in a seismic CDF that could be either overestimated or under-
estimated depending on AND/OR logic combinations in a seismic
fault tree. In order to avoid this uncertainty, there has been a great
need to develop a new methodology to explicitly model seismic
correlation with seismic CCFs.

3. Explicit dependency modeling for seismic PSA

Combination probabilities of correlated seismic failures cannot
be easily calculated by the MVN integration, if correlated seismic
failures are combined with (1) other correlated seismic failures (2),
non-correlated seismic failures, and (3) random failures in a nested
way in a whole seismic fault tree. The methodology developed in
this study solves this issue by converting seismic failures into
seismic CCFs. A detailed conversion process is presented below.

(Step 1) Collect seismic failures in the same correlation group

and make covariance matrix in Eq. (9). Each covariance b2ij in Eq. (9)
is a composite variability of uncertainty and randomness as

bij ¼ bji ¼ ðb2Rij þ b2UijÞ
1=2

. The covariance matrix in Eq. (9) is con-
verted into correlation matrix in Eq. (11). Then, combination
probabilities can be calculated by one of integrations in Eqs. (8),
(10), (15), (17) and (19). Seismic PSA model has a general form of
a fault tree in Eq. (21) that is a simplified form of Eq. (1). For the
clear explanation, it is assumed that there is only one correlation
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group and this group has three component failures (X1, X2, and X3).

Fault treeð%S;X;N;RÞ
X ¼ ½X1;X2; …�Correlated seismic failures

N ¼ ½N1;N2; …�Non� correlated seismic failures
R ¼ ½R1;R2; …�Random failures

(21)

(Step 2) Calculate combination probabilities of correlated
seismic failures. By using the MVN integration, 23� 1 OR combi-
nation probabilities (P1, P2, P3, P1þ2, P1þ3, P2þ3, P1þ2þ3) are calcu-
lated. As an alternativeway, these OR combination probabilities can
be calculated from AND combination probabilities (P1, P2, P3, P12,
P13, P23, P123) by using inclusion-exclusion principle in Appendix A.

(Step 3) Construct 23 � 1 probability equations in Eq. (22). They
are nonlinear simultaneous equations based on the MCUB proba-
bility equations. These simultaneous equations have 23� 1 knowns
of combination probabilities on the left hand side and 23� 1 un-
knowns of seismic CCF probabilities (Q1, Q2, Q3, Q12, Q13, Q23, Q123)
on the right hand side.
Table 1
Non-symmetric correlated seismic failures (n ¼ 2).

Ground acceleration a 1.0

Median capacity A1m
A2m

0.8
1.0

Covariance1/2a bR1 ¼ bU1
bR2 ¼ bU2
bR12 ¼ bU12

0.4
0.5
0.2

a bi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2Ri þ b2Ui

q
and.bij ¼ bji ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2Rij þ b2Uij

q

P1 ¼ 1� ð1� Q1Þð1� Q12Þð1� Q13Þð1� Q123Þ
P2 ¼ 1� ð1� Q2Þð1� Q12Þð1� Q23Þð1� Q123Þ
P3 ¼ 1� ð1� Q3Þð1� Q13Þð1� Q23Þð1� Q123Þ

P1þ2 ¼ 1� ð1� Q1Þð1� Q2Þð1� Q12Þð1� Q13Þð1� Q23Þð1� Q123Þ
P1þ3 ¼ 1� ð1� Q1Þð1� Q3Þð1� Q12Þð1� Q13Þð1� Q23Þð1� Q123Þ
P2þ3 ¼ 1� ð1� Q2Þð1� Q3Þð1� Q12Þð1� Q13Þð1� Q23Þð1� Q123Þ

P1þ2þ3 ¼ 1� ð1� Q1Þð1� Q2Þð1� Q3Þð1� Q12Þð1� Q13Þð1� Q23Þð1� Q123Þ

(22)
Eq. (22) has MCUB probabilities of the Boolean equations in Eq.
(23).

X1 ¼ C1 þ C12 þ C13 þ C123
X2 ¼ C2 þ C12 þ C23 þ C123
X3 ¼ C3 þ C13 þ C23 þ C123

X1þ2 ¼ C1 þ C2 þ C12 þ C13 þ C23 þ C123
X1þ3 ¼ C1 þ C3 þ C12 þ C13 þ C23 þ C123
X2þ3 ¼ C2 þ C3 þ C12 þ C13 þ C23 þ C123

X1þ2þ3 ¼ C1 þ C2 þ C3 þ C12 þ C13 þ C23 þ C123

(23)

(Step 4) Calculate 23 � 1 CCF probabilities (Q1, Q2, Q3, Q12, Q13,
Q23, Q123) by solving nonlinear simultaneous equations in Eq. (22).

(Step 5) Finally, expand seismic failures (X1, X2, X3) in a seismic
fault tree into seismic CCFs (C1, C2, C3, C12, C13, C23, C123) as in Eq.
(24). If the seismic failures are expanded into seismic CCFs, any
complex Boolean equations in the seismic fault tree can be solved in
the same manner as solved for internal PSA model.

Fault treeð%S;C;N; RÞ
C ¼ ½C1;C2; …�Seismic CCFs

N ¼ ½Y1;Y2; …�Non� correlated seismic failures
R ¼ ½R1;R2; …�Random failures

X1 ¼ C1 þ C12 þ C13 þ C123
X2 ¼ C2 þ C12 þ C23 þ C123
X3 ¼ C3 þ C13 þ C23 þ C123

(24)
4. Applications

Themethods in Section 3 are implemented into a new computer
software COREX (Correlation Explicit). The method that is devel-
oped in this studywere applied to small Benchmark problems and a
real seismic multi-unit PSA (MUPSA) model. This seismic MUPSA
model is for four nuclear power plants. The efficiency and strength
of the method developed in this study is validated through these
applications. COREX can convert two to twelve correlated seismic
failures into seiscmic CCFs. The number of correlated seismic fail-
ures that can be converted into seismic CCFs depends on the dif-
ficulties (1) to calculate combination failures of correlated seismic
failures and (2) to solve simultaneous equations.

A simple OR combination probability of correlated seismic fail-
ures such as P1þ2þ3ða) can be calculated by the MVN integrations.
However, it is impossible to calculate the seismic CDF from the
complex Boolean equation in Eq. (21) by using MVN integration.
After converting Eq. (21) into Eq. (24), that is, converting correlated
seismic failures into seismic CCFs by constructing and solving the
simultaneous equations in Section 3, it is possible to calculate the
seismic CDF by usual methods and tools for the internal PSA.
The number of random samples, running time, and Monte Carlo

integration error depend on integrations in Eqs. (8), (10), (15), (17)
and (19). The numerical procedure in Ref. [6] with integration in Eq.
(19) is recommended for the fast and accurate integration. The
running time for each application in Sections 4.1 to 4.4 is less than
twenty seconds.
4.1. Non-symmetric correlated seismic failures into seismic CCFs
(n ¼ 2)

COREX input data and calculation results are summarized in
Tables 1 and 2. Combination probabilities (P1, P2, P1þ2) and (P1, P2,
P12) of correlated seismic failures are calculated using the MVN
integrations in Section 3 and Eq. (C.1), and then, the simultaneous
equations in Eqs. (25) and (C.4) are solved to generate seismic CCF
probabilities (Q1, Q2, Q12). Since the seismic CCF probabilities have
no multiple occurrences in any single equation in Eqs. (25) and



Table 2
Non-symmetric seismic CCFs (n ¼ 2).

AND based method in Eq. (C.4) OR based method in Eq. (25)

P1
P2
P12

0.653381
0.500000
0.356307

P1
P2
P1þ2

0.653381
0.500000
0.797074

Q1
Q2
Q12

0.594148
0.414555
0.145948

Q1
Q2
Q12

0.594148
0.414555
0.145948

Table 3
Symmetric correlated seismic failures (n ¼ 3).

Ground acceleration a 1.0

Median capacity A1m
A2m
A3m

1.0
1.0
1.0

Covariance1/2a bR1 ¼ bU1
bR2 ¼ bU2
bR3 ¼ bU3
bR12 ¼ bU12
bR13 ¼ bU13
bR23 ¼ bU23

0.707107
0.707107
0.707107
0.5
0.5
0.5

a bi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2Ri þ b2Ui

q
and.bij ¼ bji ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2Rij þ b2Uij

q

Table 4
Symmetric seismic CCFs (n ¼ 3).

AND based method in Eq. (C.2) OR based method in Eq. (22)

P1
P2
P3
P12
P13
P23
P123

0.500000
0.500000
0.500000
0.333333
0.333333
0.333333
0.249999

P1
P2
P3
P1þ2
P1þ3
P2þ3
P1þ2þ3

0.500000
0.500000
0.500000
0.666667
0.666667
0.666667
0.749999

Q1
Q2
Q3
Q12
Q13
Q23
Q123

0.283142
0.283142
0.283142
0.101554
0.101554
0.101554
0.135922

Q1
Q2
Q3
Q12
Q13
Q23
Q123

0.249998
0.249998
0.249998
0.111114
0.111114
0.111114
0.156247

Table 5
Non-symmetric correlated seismic failures (n ¼ 3).

Ground acceleration a 1.0

Median capacity A1m
A2m
A3m

0.8
1.0
1.2

Covariance1/2a bR1 ¼ bU1
bR2 ¼ bU2
bR3 ¼ bU3
bR12 ¼ bU12
bR13 ¼ bU13
bR23 ¼ bU23

0.4
0.5
0.6
0.2
0.3
0.4

a bi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2Ri þ b2Ui

q
and.bij ¼ bji ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2Rij þ b2Uij

q

Table 6
Non-symmetric seismic CCFs (n ¼ 3).

AND based method in Eq. (C.2) OR based method in Eq. (22)

P1
P2
P3
P12
P13
P23
P123

0.653381
0.500000
0.414935
0.356307
0.325187
0.294712
0.233555

P1
P2
P3
P1þ2
P1þ3
P2þ3
P1þ2þ3

0.653381
0.500000
0.414935
0.797074
0.743130
0.620224
0.825666

Q1
Q2
Q3
Q12
Q13
Q23
Q123

0.624438
0.463358
0.089271
�0.257155
0.133201
0.124950
0.153039

Q1
Q2
Q3
Q12
Q13
Q23
Q123

0.540955
0.321314
0.140896
0.043566
0.115877
0.137386
0.107046
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(C.4), the two sets of simultaneous equations in Eqs. (25) and (C.4)
generate identical seismic CCF probabilities (Q1, Q2, Q12) as shown
in Table 2.

P1 ¼ 1� ð1� Q1Þð1� Q12Þ
P2 ¼ 1� ð1� Q2Þð1� Q12Þ
P1þ2 ¼ 1� ð1� Q1Þð1� Q2Þð1� Q12Þ

(25)

Here, Eq. (25) has MCUB probabilities of the Boolean equations
that have seismic CCFs.

X1 ¼ C1 þ C12
X2 ¼ C2 þ C12
X1þ2 ¼ C1 þ C2 þ C12

(26)
4.2. Symmetric correlated seismic failures into seismic CCFs (n ¼ 3)

COREX input data and results are listed in Tables 3 and 4. From
the symmetric seismic variables in Table 3, symmetric combination
probabilities (P1, P2, P3, P1þ2, P1þ3, P2þ3, P1þ2þ3) and (P1, P2, P3, P12,
P13, P23, P123) of correlated seismic failures are calculated by the
MVN integrations in Section 3 and in Eq. (C.1), and the simulta-
neous equations in Eqs. (22) and (C.2) are solved to generate
seismic CCF probabilities (Q1, Q2, Q3, Q12, Q13, Q23, Q123).

The seismic CCFs have multiple occurrences in a single equation
of Eq. (C.3). It means that MCUB probabilities in Eq. (C.2) are
approximate probabilities (see Appendix A) and approximate CCF
probabilities are generated by solving Eq. (C.2). However, since the
seismic CCF probabilities have no multiple occurrences in any sin-
gle equation of Eq. (23), the exact CCFs probabilities are generated
by Eq. (22). That is, it is recommended to use Eq. (22) instead of Eq.
(C.2).

4.3. Non-symmetric correlated seismic failures into seismic CCFs
(n ¼ 3)

The input data and results are summarized in Tables 5 and 6.
Similarly to the calculation in Section 4.2, seismic CCF probabilities
(Q1, Q2, Q3, Q12, Q13, Q23, Q123) are calculated from the non-
symmetric seismic data in Table 5.

With the same reason in Section 4.2, Eq. (C.2) generates
approximate seismic CCF probabilities. To make matters worse, one
negative CCF probability Q12 is calculated from Eq. (C.2) as shown
in Table 6. Thus, it is strongly recommended to use Eq. (22) instead
of Eq. (C.2) since Eq. (22) generates exact seismic CCF probabilities.

4.4. Correlated seismic failure conversion for seismic MUPSA

Seismic failures of identical components usually have a high
level correlation, e.g., 0.7 to 0.9, or full correlation of 1.0. These
seismic failures can exist under AND or OR gate in a fault tree. If
such a high level correlation is ignored and a full correlation is
assumed, the resulting failure probability will increase under AND
gate, but it will decrease under OR gate. Therefore, when a high



Fig. 1. Event tree for K2 NPP

Table 7
Correlated seismic failures (K2/K3/S1/S2 NPPs).

Description Seismic eventsb Am bU bR

125V DC control center (structure failure) K2-SCCSF 0.85 0.38 (a) 0.05 0.05 0.24 0.22 0.22 0.22
K3-SIE_SCCSF 1.18 (a) 0.22 0.05 0.05 0.22 0.28 0.22 0.22
S1-SIE_SDCSF 1.16 0.05 0.05 0.32 0.07 0.22 0.22 0.29 0.22
S2-SIE_SDCSF 1.16 0.05 0.05 0.07 0.32 0.22 0.22 0.22 0.29

480V AC motor control center (structure failure) K2-SMCCS 0.85 0.38 (a) 0.05 0.05 0.24 0.22 0.22 0.22
K3-SIE_SMCCS 1.34 (a) 0.31 0.05 0.05 0.22 0.34 0.22 0.22
S1-EMBSYMC04-ALL 1.48 0.05 0.05 0.34 0.07 0.22 0.22 0.34 0.22
S2-EMBSYMC04-ALL 1.48 0.05 0.05 0.07 0.34 0.22 0.22 0.22 0.34

Emergency diesel generator (structure failure) K2-SDGAF 0.68 0.26 (a) 0.05 0.05 0.24 0.20 0.20 0.20
K3-EGDGZ-ALL 1.50 (a) 0.17 0.05 0.05 0.20 0.26 0.20 0.20
S1-EGDGS01-ALL 1.00 0.05 0.05 0.19 0.07 0.20 0.20 0.34 0.20
S2-EGDGS01-ALL 1.00 0.05 0.05 0.07 0.19 0.20 0.20 0.20 0.34

Offsite power (function failure)c K2-SLOOP 0.30 0.20 0.20 0.20 0.20 0.22 0.22 0.22 0.22
K3-SIE_SLOOP 0.30 0.20 0.20 0.20 0.20 0.22 0.22 0.22 0.22
S1-SIE_SLOOP 0.30 0.20 0.20 0.20 0.20 0.22 0.22 0.22 0.22
S2-SIE_SLOOP 0.30 0.20 0.20 0.20 0.20 0.22 0.22 0.22 0.22

(a) 0.0707107.
b Four NPPs (K2/K3/S1/S2) have four groups of correlated seismic failures.
c For example, offsite power has AT

m ¼ ½0:30 0:30 0:30 0:30�, bUij ¼ 0:20, and bRij ¼ 0:22.
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correlation exists among identical components, the assumption of a
full correlation is acceptable only if the correlated failures are under
the AND gate.

There are many groups of correlated seismic failures of identical
components or functions in a seismic single-unit PSA. The seismic
failures in each group are correlated redundant component failures,
and they exist under AND gate in a fault tree. In a practical seismic
PSA, the high level correlation among the correlated redundant
component failures is assumed to be a full correlation, and they are
replaced with one component failure in a fault tree. These
assumption and replacement guarantee the conservative AND gate
failure probability and also conservative CDF.

Nuclear power plants (NPPs) in a single nuclear site can have
identical components whose seismic failures have a high
correlation. Identical component failures for single-unit PSAs are
located under AND gates, and they are logically connected with OR
gates at the top level of a seismic MUPSA fault treewhen a fault tree
solver generates MCSs. It means that the whole identical compo-
nent failures for a seismic MUPSA are connected in a complex way
through the nested AND or OR gates. Due to these OR gates, the
assumption of a full correlation for the seismic failures that have a
high level correlation does not guarantee the conservative seismic
multi-unit CDF (MUCDF). So, the assumption of a full correlation
cannot be applied to the seismic MUPSA.

Tomakematters worse, in the seismicMUPSA, it is impossible to
isolate highly correlated seismic failures for the MVN integration
since they are combined with various failures through nested AND
and OR gates in a seismic MUPSA fault tree, which results in



Table 8
COREX input for EDG (0.5g, K2/K3/S1/S2 NPPs).

NO_COMP
4

Number of seismic failures n

BU_ACC
0.50 0.50 0.50 0.50

Ground acceleration a

BU_CAP
0.85 1.34 1.48 1.48

Median capacity of components Am

BU_COV
0.26 (a) 0.05 0.05
(a) 0.17 0.05 0.05
0.05 0.05 0.19 0.07
0.05 0.05 0.07 0.19

bUij for bij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2Rij þ b2Uij

q

BR_COV
0.24 0.20 0.20 0.20
0.20 0.26 0.20 0.20
0.20 0.20 0.34 0.20
0.20 0.20 0.20 0.34

bRij for bij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2Rij þ b2Uij

q

EVENTS
S05_K2-SDGAF
S05_K3-SEIS_EGDGR-ALL
S05_S1-SEIS-EGDGS01-ALL
S05_S2-SEIS-EGDGS01-ALL

Correlated seismic events ðX1;X2;X3;X4Þ

CCF_PREFIX
S05_EDG_Q

Prefix of seismic CCFs (ðQi;Qij;Qijk;QijklÞ (b)

(a) 0.0707107.
(b) See Table 9 and Figs. 2 and 3.
(c) Left column has COREX input format, right column has explanations of input.

Table 9
COREX output for EDG (0.5g, K2/K3/S1/S2 NPPs).

S05_K2-SDGAF þ
S05_EDG_Q1
S05_EDG_Q12
S05_EDG_Q13
S05_EDG_Q123
S05_EDG_Q14
S05_EDG_Q124
S05_EDG_Q134
S05_EDG_Q1234

S05_K3-SEIS_EGDGR-ALL þ
S05_EDG_Q2
S05_EDG_Q12
S05_EDG_Q23
S05_EDG_Q123
S05_EDG_Q24
S05_EDG_Q124
S05_EDG_Q234
S05_EDG_Q1234

S05_S1-SEIS-EGDGS01-ALL þ
S05_EDG_Q3
S05_EDG_Q13
S05_EDG_Q23
S05_EDG_Q123
S05_EDG_Q34
S05_EDG_Q134
S05_EDG_Q234
S05_EDG_Q1234

S05_S2-SEIS-EGDGS01-ALL þ
S05_EDG_Q4
S05_EDG_Q14
S05_EDG_Q24
S05_EDG_Q124
S05_EDG_Q34
S05_EDG_Q134
S05_EDG_Q234
S05_EDG_Q1234

S05_EDG_Q1 1.75985e-001
S05_EDG_Q2 3.74139e-005
S05_EDG_Q3 2.54345e-002
S05_EDG_Q4 2.54345e-002
S05_EDG_Q12 7.04162e-005
S05_EDG_Q13 9.14499e-003
S05_EDG_Q23 8.36778e-006
S05_EDG_Q14 9.14499e-003
S05_EDG_Q24 8.36778e-006
S05_EDG_Q34 1.65034e-003
S05_EDG_Q123 2.78606e-005
S05_EDG_Q124 2.78606e-005
S05_EDG_Q134 1.62879e-003
S05_EDG_Q234 3.34388e-006
S05_EDG_Q1234 1.90743e-005

(a) Four correlated seismic failures (S05_K2-SDGAF, S05_K3-SEIS_EGDGR-ALL,
S05_S1-SEIS-EGDGS01-ALL, and S05_S2-SEIS-EGDGS01-ALL) are converted into
seismic CCFs.
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impossible calculation of the seismicMUCDF. However, if the highly
correlated seismic failures are converted into seismic CCFs by
COREX, it is possible to calculate the seismic MUCDF by usual
methods and tools for the internal PSA. Furthermore, the methods
in this study and the COREX code have a great strength that can
convert correlated seismic failures regardless of identical or similar
components.

The conversion methods from correlated seismic failures into
seismic CCFs were applied to the real seismic MUPSA that has four
seismic PSAs of Kori-2, Kori-3, Sin-Kori-1, and Shin-Kori-2 (K2, K3,
S1, S2) NPPs in one Kori nuclear site. By reviewing individual
seismic event trees such as K2 seismic event tree in Fig. 1, four
groups of correlated seismic failures in Table 7 were selected. Each
group has four seismic failures. Although a single NPP has multiple
components in each group (125V DC motor control centers, 480V
AC motor control centers, or emergency diesel generators), it is
assumed that each NPP has one component in each group in order
to demonstrate the strength of the seismic CCF calculation with a
simple problem.

(1) Group 1 e Four 125V DC control centers (structure failures)
in four NPPs

(2) Group 2 e Four 480V AC motor control centers (structure
failures) in four NPPs

(3) Group 3 e Four emergency diesel generators (structure
failures) in four NPPs

(4) Group 4e Four offsite powers (function failures) in four NPPs

Here, each group is separatedly solved by COREX. That is, four
seismic failures in each group are converted into 24� 1 seicmic
CCFs by using COREX.

As illustrated in Tables 8 and 9, correlated seismic failures of four
emergency diesel generators (EDGs) are converted into 24� 1
seismic CCFs by COREX. Table 8 has input parameters and Table 9
has calculation results. As listed in Table 8, four NPPs (K2/K3/S1/
S2) have four correlated seismic EDG failures (S05_K2-SDGAF,
S05_K3-SEIS_EGDGR-ALL, S05_S1-SEIS-EGDGS01-ALL, and S05_S2-
SEIS-EGDGS01-ALL). As shown in Table 9, they are converted into
24 � 1 seismic CCFs by the COREX code. The COREX output for
S05_K2-SDGAF is depicted in Figs. 2 and 3. As demonstrated in this
example, COREX can convert correlated seismic failures into
seiscmic CCFs. The number of correlated seismic failures that can be
converted into seismic CCFs depends on the difficulties (1) to
calculate combination failures of correlated seismic failures in
Section 2 and (2) to solve simultaneous equations in Section 3.



Fig. 2. Seismic CCFs converted from seismic failure of EDGs (0.5g, K2/K3)
(a) S05_K2-SDGAF is converted into seismic CCFs. (b) S05_K3-SEIS_EGDGR-ALL is converted into seismic CCFs.
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5. Conclusions

The systems analysts assign an extreme correlation value of
0 and 1 for fully independent and fully dependent failures
respectively depending on their judgment on correlation among
seismic failures. This practical approach inevitably increases the
uncertainty in a seismic CDF. In order to avoid this uncertainty,
there has been a great need to develop a new methodology to
explicitly model seismic correlation with seismic CCFs.

This paper first proposes a methodology to explicitly model
dependency among seismic failures by converting correlated
seismic failures into seismic CCFs. In this paper, the approximate
and exact conversion methods from correlated seismic failures into
seismic CCFs are proposed. The recommendedmethod in this paper
is based on OR combination probabilities of correlated seismic
failures, which generates exact CCF probabilities. The efficiency and
strength of themethod developed in this study is validated through
small Benchmark problems and a real seismic MUPSA model.

Existing methodologies such as MVN and Reed-McCann
methods have some limitation in use for seismic PSA application.
If correlated seismic failures are combined with non-correlated
seismic failures and/or random failures in a nested way in a
whole fault tree, their combination probabilities cannot be calcu-
lated by using the existing integration methods. The proposed
method in this study removes this difficulty by converting corre-
lated seismic failures into seismic CCFs, and explicitly modeling
these CCFs in the seismic fault tree.

If the number of seismically correlated groups is one and cor-
relation exists among a few seismic failures, their combination
failure probabilities can be easily calculated and reflected into
seismic CDF. However, if the number of seismically correlated
groups is greater than one, and the correlated seismic failures
spread all over the fault tree or MCSs in a complex way, there is no
way to calculate complex combination probabilities among corre-
lated seismic failures. The method in this paper makes it possible to
explicitly reflect this complex seismic event correlation into the
fault tree or MCSs by converting correlated seismic failures into
seismic CCFs.



Fig. 3. Seismic CCFs converted from seismic failure of EDGs (0.5g, S1/S2).
(a) S05_S1-SEIS-EGDGS01-ALL is converted into seismic CCFs. (b) S05_S2-SEIS-EGDGS01-ALL is converted into seismic CCFs"
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By the application of this methodology, it becomes possible to
calculate accurate seismic CDF in a complex seismic PSA model
with the same tools and methods that are typically used for in-
ternal, fire, and flooding PSAs. As a result, this method will allow
systems analysts to quantify seismic risk as what they have done
with the CCF method in internal, fire, and flooding PSA.
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Appendix A. Probability calculation from MCS

If a fault tree S has MCSs ci 0s in Eq. (A.1), the exact inclusion
exclusion (IE) probability PIE is calculated as in Eq. (A.2) and an
approximate min cut upper bound (MCUB) probability PMCUB is
calculated as in Eq. (A.3). If there are duplicated component failures
in MCSs (s1; s2; s3; …Þ, PMCUB is an approximate probability. In
contrast, if all MCSs do not share any component failures, PIE and
PMCUB are identical since PðsisjÞ is equal to PðsiÞPðsjÞ. Thus, PMCUB is
an exact probability when there are no duplicated component
failures in MCSs. It means that MCUB probability can be either an
exact or approximate probability depending on MSC structure.

S¼U
i
si ¼ s1 þ s2 þ s3 (A.1)

PðSÞ¼ PIE ¼
X
i

Pðsi Þ�
X

1�i< j�n

P
�
sisj
�þ X

1�i< j< k�n

P
�
sisjsk

�
(A.2)

pðSÞzPMCUB ¼1�
Y
i

ð1�PðsiÞÞ¼
X
i

Pðsi Þ�
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�
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�
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X

1�i< j< k�n

PðsiÞP
�
sj
�
PðskÞ (A.3)
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Appendix B. Reed-McCann integration

As an alternate method of MVN integration in Section 2,
P1þ2þ…þnðaÞ ¼ PðUn

i¼1Ai < aÞ can be calculated by Reed-McCann
integration [4]. Both integrations produce essentially identical
results.

P1þ2þ…þnðaÞ¼
ð∞
0

…

ð∞
0

forðxÞgðxÞ dx12…dxðn�1Þn (B.1)

forðxÞ¼1�
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Here xij ¼ xji, b
�
i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2i �

Pn
j¼1; jsi

b2ij

s
, and bij ¼ bji. FðÞ is a stan-

dard normal cumulative distribution function, and 4ðÞ is a standard
normal probability density function.

If three failures are correlated, P1þ2þ3ðaÞ is calculated by using
the following equations.

P1þ2þ3ðaÞ¼
ð∞
0

ð∞
0

ð∞
0

forðxÞgðxÞ dx12dx13dx23 (B.4)
P1 ¼ 1� ð1� Q1Þð1� Q12Þð1� Q13Þð1� Q123Þ
P2 ¼ 1� ð1� Q2Þð1� Q12Þð1� Q23Þð1� Q123Þ
P3 ¼ 1� ð1� Q3Þð1� Q13Þð1� Q23Þð1� Q123Þ

P12 ¼ 1� ð1� Q1Q2Þð1� Q12Þð1� Q123Þð1� Q1Q23Þð1� Q2Q13Þð1� Q13Q23Þ
P13 ¼ 1� ð1� Q1Q3Þð1� Q13Þð1� Q123Þð1� Q1Q23Þð1� Q3Q12Þð1� Q12Q23Þ
P23 ¼ 1� ð1� Q2Q3Þð1� Q23Þð1� Q123Þð1� Q2Q13Þð1� Q3Q12Þð1� Q12Q13Þ

P123 ¼ 1� ð1� Q1Q2Q3Þð1� Q123Þð1� Q1Q23Þð1� Q2Q13Þð1� Q3Q12Þð1� Q12Q13Þ
ð1� Q13Q23Þð1� Q12Q23Þ
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b�1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b21 �

�
b212 þ b213

�r

b�2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b22 �

�
b212 þ b223

�r

b�3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b23 �

�
b213 þ b223

�r (B.7)
Appendix C. Simultaneous equations using AND combination
probabilities

The combination probability of seismic failures such as
P12…nðaÞ ¼ Pð∩n

i¼1Ai < aÞ is calculated by using Monte-Carlo inte-
gration of multivariate normal (MVN) distribution [3,4].

P12…nðaÞ ¼
ðln

�
a

A1m

�

�∞

ðln

�
a

A2m

�

�∞

:::

ðln

�
a

Anm

�

�∞

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jSjð2pÞn

q exp

�
�
� 1
2

xtS�1x
�

dx

(C.1)

If three correlated seismic failures are correlated, 23 � 1 prob-
ability equations are constructed as in Eq. (C.2). They are nonlinear
simultaneous equations based on MCUB probability equations. This
system of equations has 23 � 1 knowns of combination probabili-
ties and 23 � 1 unknowns of seismic CCF probabilities (Q1, Q2, Q3,
Q12, Q13, Q23, Q123).
Eq. (C.2) has MCUB probabilities of the Boolean equations that
have seismic CCFs.

X1 ¼ C1 þ C12 þ C13 þ C123
X2 ¼ C2 þ C12 þ C23 þ C123
X3 ¼ C3 þ C13 þ C23 þ C123

X12 ¼ C1C2 þ C12 þ C123 þ C1C23 þ C2C13 þ C13C23
X13 ¼ C1C3 þ C13 þ C123 þ C1C23 þ C3C12 þ C12C23
X23 ¼ C2C3 þ C23 þ C123 þ C2C13 þ C3C12 þ C12C13

X123 ¼ C1C2C3 þ C123 þ C1C23 þ C2C13 þ C3C12 þ C12C13
þC13C23 þ C12C23

(C.3)

Similarly, if two correlated seismic failures are correlated, 22 � 1
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probability equations are constructed as in Eq. (C.4).

P1 ¼ 1� ð1� Q1Þð1� Q12Þ
P2 ¼ 1� ð1� Q2Þð1� Q12Þ
P12 ¼ 1� ð1� Q1Q2Þð1� Q12Þ

(C.4)

Eq. (C.4) has MCUB probabilities of the Boolean equations that
have seismic CCFs.

X1 ¼ C1 þ C12
X2 ¼ C2 þ C12
X12 ¼ C1C2 þ C12

(C.5)
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