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a b s t r a c t

The safety of nuclear power plants is analyzed by a probabilistic risk assessment, and the

fault tree analysis is the most widely usedmethod for a risk assessment with the event tree

analysis. One of thewell-knowndisadvantages of the fault tree is that drawing a fault tree for

a complex system is a very cumbersome task. Thus, several graphical modeling methods

have been proposed for the convenient and intuitive modeling of complex systems. In this

paper, the reliability graph with general gates (RGGG) method, one of the intuitive graphical

modeling methods based on Bayesian networks, is improved for the reliability analyses of

dynamic systems that have various operation modes with time. A reliability matrix is pro-

posed and it is explained how to utilize the reliabilitymatrix in the RGGG for various cases of

operationmode changes. The proposed RGGGwith a reliabilitymatrix provides a convenient

and intuitive modeling of various operation modes of complex systems, and can also be

utilized with dynamic nodes that analyze the failure sequences of subcomponents. The

combinatorial use of a reliability matrix with dynamic nodes is illustrated through an

application to a shutdown cooling system in a nuclear power plant.

Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Various studies have been conducted for the development of

safety analysis methods suitable for nuclear power plants.

The fault tree analysis is the most widely used method for a

reliability and safety evaluation in the field of safety engi-

neering [1], and the safety of nuclear power plants is esti-

mated using a probabilistic risk assessment method adopting

* Corresponding author.
E-mail address: phseong@kaist.ac.kr (P.H. Seong).

Available online at ScienceDirect

Nuclear Engineering and Technology

journal homepage: www.elsevier .com/locate /net

Nu c l e a r E n g i n e e r i n g a n d T e c h n o l o g y 4 8 ( 2 0 1 6 ) 3 8 6e4 0 3

http://dx.doi.org/10.1016/j.net.2015.12.002
1738-5733/Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:phseong@kaist.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.net.2015.12.002&domain=pdf
www.sciencedirect.com/science/journal/17385733
www.elsevier.com/locate/net
http://dx.doi.org/10.1016/j.net.2015.12.002
http://dx.doi.org/10.1016/j.net.2015.12.002
http://dx.doi.org/10.1016/j.net.2015.12.002
http://creativecommons.org/licenses/by-nc-nd/4.0/


the fault tree analysis [2,3]. However, the construction of fault

trees for large and complex systems is usually difficult, time-

consuming, and susceptible to human errors. A fault tree may

not follow a system diagram, and as a result, it may not be

easy to relate the systemflow to the logic that leads to a failure

in the model [4]. Several methods such as the reliability graph

with general gates (RGGG) [5], GO-FLOW [6], and various uses

of Petri nets [7,8] have been proposed for a convenient and

intuitive graphical modeling of complex systems and can be

used as alternatives or complementary methods to the fault

tree analysis.

The conventional fault tree method also has several diffi-

culties in a reliability analysis of dynamic systems. In this

paper, a dynamic system is defined as a system whose failure

is dependent on the failure sequences of subcomponents and/

or that have various operation modes with time. To analyze

dynamic systems, various failure mechanisms with time re-

quirements such as failure orders of the subcomponents and

changes of the system states need to be modeled and quan-

titatively estimated. To overcome the limitations of the con-

ventional static fault tree analysis and model dynamic

systems, two types of dynamic fault trees have been devel-

oped: a dynamic fault tree with dynamic gates [9] and a dy-

namic fault tree with house events [10]. Dugan et al [9]

proposed four dynamic gates to model dynamic systems

whose failures are dependent on the failure sequence of the

subcomponents. The proposed dynamic gates are a

functional-dependency (FDEP) gate, spare gates [cold spare

(CSP), hot spare (HSP), and warm spare (WSP)], a priority AND

gate (PAND), and a sequence-enforcing (SEQ) gate. Cepin and

Mavko [10] introduced house events and a house events ma-

trix to the conventional fault tree to handle various operation

modes and configuration changes with time.

Dynamic fault trees provide ways to analyze the reli-

ability of dynamic systems, but they also cannot escape

from the complexity of modeling fault trees which is the

aforementioned shortcoming of the conventional static

fault tree. In addition, it is not easy for dynamic fault trees

to concurrently handle both dynamic features: sequen-

tially dependent failures and operation mode changes with

time.

Shin and Seong [11,12] developed a convenient dynamic

modeling method using the RGGG by adding dynamic nodes

(FDEP, Spare, PAND nodes) for the qualitative and quantitative

analysis of dynamic systems whose failures depend on the

failure sequence of the subcomponents. The RGGG is an

improved reliability graph model developed for the intuitive

modeling of a target system from its functional block diagram

and paves the way for a convenient reliability analysis of

complex systems [5].

In this paper, a reliability estimation method using the

RGGG is proposed for an analysis of dynamic systems

that have various operation modes with time by intro-

ducing a reliability matrix for the RGGG. The proposed

method provides convenient and intuitive modeling of

configuration changes of complex systems. In addition,

both the dynamic features of sequentially dependent

failures and operation mode changes can be analyzed at

once using the dynamic nodes developed in works of Shin

and Seong [11,12] in combination with the reliability

matrix.

The remainder of this paper is structured as follows: The

second section introduces briefly the RGGG and the dynamic

fault tree with house events. The third section proposes the

RGGGwith a reliability matrix and explains how to utilize the

reliability matrix in the RGGG for the various cases of

configuration changes. The fourth section shows the appli-

cability of the proposed method through an application to a

simple electrical system that has various operation modes

then, the reliability of a shutdown cooling system in a nu-

clear power plant is estimated using the RGGG with dynamic

nodes and the reliability matrix in the fifth section. The sixth

Fig. 1 e Definition of the nodes of the reliability graphwith general gates. (A) OR node; (B) AND node; (C) k-out-of-n node; and

(D) a general purpose node.
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