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Abstract

In the wake of Fukushima accident, throughout the world there is a concern about the safety of the nuclear reactor sites from
external events such as seismic, flood, tsunami etc. Nuclear reactor sites around the world are mostly twin units or multi units.
Hence, these days the concept of Reactor Park is also widely discussed, which brings out the requirement for proper site
safety goals. As per International Atomic Energy Agency (IAEA) safety guide lines, the safety goals for single unit Nuclear
Power Plants (NPPs) are very well established, but when it comes to multiunit sites the concept of site safety goals is not
matured enough, hence, it is very much needed to establish these goals at the site level.Unlike the single unit Probabilistic
Safety Assessment (PSA), the procedure for performing the PSA for multi-unit sites is not yet established. However, efforts
are being made to standardise the procedure considering the various plants and their releases in a given site under considera-
tion. In the multi unit PSA, special attention should be given while modeling the multi-unit initiating events, multi-unit PSA
model, shared resources, inter-unit correlations, Common Cause Failure (CCF), modeling of Human Reliability Analysis
(HRA) in the multi-unit parlance and risk aggregation. Among these issues, in the present paper focus is given for treatment
of dependency and correlation as seismic core damage frequency is highly dependent on the modelling of dependency among
the components. Conservative approach of considering fully dependence will give highly conservative results which may
not be realistic. Hence, the main objective of the present study is treatment of dependency and correlation among various
components considering the internal and external events possible in the site. The site under consideration is Tarapur site
(Maharashtra, India) having two hypothetical advanced reactors. Scope of the analysis includes full power, external event
(Seismic), Level 1 PSA considering reactor core as radioactivity source.
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Abbreviations RB Reactor building
IAEA International atomic energy IE Initiating event
agency MUPSA Multi unit PSA
NPP Nuclear power plant SWS Service water system
PSA Probabilistic safety assessment MSLBOB Main steam line break outside
HRA Human reliability analysis reactor building
CCF Common cause failure LOOP Loss of offsite power
SPSA Seismic probabilistic safety CD Core damage
assessment CDF Core damage frequency
SSMRP Seismic safety margins R1 Reactor 1
research program R2 Reactor 2
MVN Multivariate normal S-IE-MUPSA-P Seismic IE of primary event
NRNFs Non reactor nuclear facilities tree of MUPSA
S-R1-STRUCT Seismic induced structural
failure of reactor 1
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S-R1R2-PUMP-HOUSE Seismic induced structural

S-R1R2-TURB-BLDG

failure of pump house
Seismic induced structural
failure of turbine building of
reactor 1&2

S-LOOP Seismic induced loss of off-site
power

S-R1-IES Seismic induced IEs of reactor
1

S-R2-IES Seismic induced IEs of reactor
2

S-IE- HZ18 Seismic IE hazard category 18

H18 Hazard category 18

S-GRID Seismic induced grid failure

PPIS Passive poisson injection
system

SDS1 Shutdown system 1

SDS2 Shutdown system 2

APWS Active process water system

APWS-P APWS pump failure

PPIS-GBPV-F Gas balancing passive valve
failure of PPIS

PPIS-PIPV-F Passive injection passive valve
failure of PPIS

SDS1-SR-F Shutoff rod guide tube failure
of SDS1

SDS2-I-T-F Poison injection tank failure of
SDS2

SDS2-HE-T-F Helium tank failure of SDS2

SDS2-IN-P-F Poison injection loop piping
failure of SDS2

SDS2-H-PI-F Helium tank loop piping failure
of SDS2

PGA Peak ground acceleration

SSC Structures, systems and
components

CoV Covariance

FORM First order reliability method

SORM Second order reliability
method

MCS Minimal cut set

Introduction

Seismic Probabilistic Safety Assessment (SPSA) is an
external event PSA study that is different from an internal-
event PSA. In seismic PSA, seismic event is the main ini-
tiator and can initiate other internal initiating events in the
plant. In this study, earthquakes of various levels needs to
be considered along with their corresponding frequency of
occurrence which is generally obtained from seismic haz-
ard analysis. Also the seismic events have the capability to

@ Springer

damage simultaneously all the redundant components, which
are located at same elevation or different elevations, either
in the single unit or multi units in a given site. Hence, in the
seismic risk quantification it is very important to consider
dependency and correlations between various components.

There are several studies made in this domain starting
from Seismic Safety Margins Research Program (SSMRP) at
the Lawrence Livermore National Laboratory (Budnitz et al.
2017; Cummings 1986) which is based on the concept of
multi variable correlation over response and capacity factors
of a structure. Also this technique needs information about
joint probability distributions among various parameters of
components and sometimes it is difficult to obtain all the
required information. Mankamo model (1977) for identi-
cal components based on the principle of geometric mean
was developed, however, it can be applied up to a maximum
of four components. Reed et al. (2017) developed a proce-
dure based on common sources of variability to quantify
dependency between the components. Pellissetti and Klapp
(2011) have proposed a method similar to the traditional
Common Cause Failure (CCF) model which is applied in
internal events PSA employing beta factors. This model
assumes that whenever a common cause event occurs, all
components within that common cause component group
are assumed to fail. Hence, in this model interaction of two
or more components failures cannot be modeled. W.S. Jung
et.al. (2020) have developed a new methodology for mode-
ling dependency between various components using explicit
seismic common cause failures in the context of seismic
multi unit PSA. This method also utilizes the concepts from
SSMRP approach (multi variable correlation) to evaluate
the multi component failure probabilities. Later these prob-
abilities are converted to common cause failure factors by
solving 2"— 1 probability equations for ‘n’ component sys-
tem. As the number of components increases this method
can be computationally intensive as it evaluates multiple
integration using Montecarlo integration of multivariate nor-
mal (MVN) distribution. In order to overcome limitations of
existing methods, Alpha Factor Model along with a novel
approach to estimate the inter unit seismic common cause
failure factors using distance separation factor is proposed
in the present study.

PSA for Multi Unit Site

Unlike the single unit PSA, the procedure for performing
the PSA for multi-unit sites is not yet established. How-
ever, efforts are being made to standardise the procedure
considering the various plants and their releases in a given
site under consideration. A site can consist of not only
Nuclear Power Plants (NPPs) but also other Non Reactor
Nuclear Facilities (NRNFs). Hence, the multi-unit PSA
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procedures should account for the releases from various
plants and the risk from all the facilities in the site. A
general framework developed (Hari Prasad et al. 2022)
for performing the multi-unit PSA is utilised to perform
the analysis.

Plant Information

In this study, the site considered is Tarapur, which is situ-
ated in the west coast of Maharashtra, India. The site lies
in the moderate seismic zone of India. Being a coastal site,
seawater will be used on once through basis for condenser
cooling and process water cooling. In the present study,
source of radioactivity is considered to be from reactor
cores of twin hypothetical advanced reactor.The reactor is
a vertical pressure tube type boiling light water cooled and
heavy water moderated reactor relying on natural circula-
tion for core cooling during normal and shutdown condi-
tions. The reactor incorporates various passive features for
decay heat removal, containment cooling and isolation.
One of the important passive design features of this reac-
tor is that the heat removal is achieved through natural
circulation of primary coolant at all allowed power levels
with no primary coolant pump. The details of layout of the
site are shown in Fig. 1.

Multi Unit PSA Model

Separate Level 1 PSA models have been developed for
both the reactors. Attention is given for coding the com-
ponents/systems which are common to both the units by
adopting same identification code. Apart from this a sepa-
rate multi-unit PSA model has been created.

Switch Yard

Turbine Building

RB 1, RB 2 — Reactor building 1, 2

Fig. 1 Multi-Unit site layout

Multi-Unit Initiating Events

In this step, the initiating events (IEs) that have been selected
from single unit PSA study are analysed to check whether
they affect multiple units or facilities concurrently. In the
present study, the available initiating events analysis from
single unit are considered as the starting point. Engineering
analysis is used for screening of multiunit initiating events
based on shared systems/ resources and the following clas-
sification of initiating events have been considered for this
study:

(1) Category 1: IEs affecting only individual units resulting
in to core damage.

(2) Category 2: IEs which can affect both reactor units
(E.g. Common pipe line from pump house resulting in
Service Water System failure in both units, Main steam
line break outside the reactor building due to the dam-
age of common Turbine building during seismic event).

Multi-Unit Event Trees

The event tree development in MUPSA is similar to that of
single unit PSA. However, care must be taken to include the
various functional events from multiple units when devel-
oping the event tree for multi-unit initiating events. In the
present study the event trees are developed from multi-unit
context in Level 1 PSA. Some of the multi-unit initiating
events considered in the analysis from Level 1 PSA are:

(1) Reactor 1 Structural Failure

(2) Reactor 2 Structural Failure

(3) Pump House Structural Failure leading to Service
Water System (SWS) failure of Reactor 1 and Reactor 2

(4) Turbine Building Structural Failure leading to Main
Steam Line Break Outside reactor Building (MSLBOB)
of Reactor 1 and Reactor 2

(5) Loss of offsite power (LOOP) affecting Reactor 1 and
Reactor 2.

The event trees representing the above mentioned IEs are
developed as primary, secondary and tertiary event trees for
the seismic event. The primary seismic event tree represents
the logical connection between all the above mentioned IEs.
The event tree starts with a seismic initiator that is associated
with the several seismic hazard bins with varying frequen-
cies for each bin. The various consequences that have been
considered in the analysis are shown in Table 1. Figure 2
shows the primary event tree developed for MUPSA study.
In developing the seismic event trees for MUPSA study,
an integrated PSA model has been developed based on the
inputs from single unit PSA model (Hari Prasad, et al. 2022).
It should be noted that in the Fig. 2 two different conventions
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Table 1 Various primary consequences considered in MUPSA are used for consequence and the code. For example under
- consequence column R2IES-S represents secondary event

S.no Consequence Description . )
tree for functional event S-R2IES. That means S-R2IES is
CD1 Core damage from reactor I fyrther expanded in a separate event tree called secondary
CD2 Core damage from reactor 2 event tree. Whereas, under code column, S-R2IES represents
3 CD12 Simultaneous core damage seismically induced IEs of Reactor 2, which is directly taken

from reactor 1 & 2 as Id of the functional event of the corresponding event tree.

This code is generated based on the failure events in the

SIE | FE-1 | FE2 | FE3 | FE4 | FE-5 | FE-6 | FE-7 | No. | cONSEQUNCE CODE

1

2 |Remss S-R2-IES

5 [RiEss S-RI-IES

4 |rizmss S-RI-IES-S-R2-IES

¥ |roors 5-LOOP
S-IE: S-IE-MUPSA-P
FE-1: S-R1-STRUCT

6  |rizrureBLDG S|s-R1R2-TURB-BLDG || Fp2: s.R2-sTRUCT

FE-3: S-R1RI-PUMP-HOUSE

FE-4: 5-R1RI-TURB-BLDG

7 R1ISFPHOUSE-S |S-R1RZ-PUMP-HOUSE

FE-5: 5-LOOP

FE-6: 5-R1-IES
8 CD2 5-RI-STRUCT

FE-T: 5-R2I-IES

9 RIST-RI1IES-S S-R2-STRUCT-S-R1-IES

’— 10 CD1 S5-R1-STRUCT

L 11 |RIST-RIIES-S 5-R1-STRUCT-5-RI-IES

12 |CD12 5-R1-STRUCT-5-R2-5TRUCT]

Fig.2 Seismic primary event tree of MUPSA study
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event tree, success events are not considered while generat-
ing this code. This depends on the software tool being used,
in the present case Risk Spectrum software tool is used.

Accident Sequences

Once the event trees are developed for each initiating event,
the dominating accident sequences which lead to core dam-
age consequence can be identified from the event trees. The
dominating accident sequences so obtained from the present
analysis are shown in Tables 2 and 3. From these dominating
accident sequences Core Damage Frequency (CDF) can be
evaluated by summing up CDF contributions from all the
individual sequences.

Table 2 Dominant accident sequences for CD1 at PGA 0.8 g

Fragility Evaluation Considering
Dependency

The seismic fragility of a structure or equipment compo-
nent is defined as the conditional probability of its failure
for a given level of seismic input parameter, typically the
peak ground acceleration (PGA).Dependence arises because
the responses of components may be dependent for a given
earthquake. Similarly, the capacities of components may
also be dependent.Traditionally, while evaluating the fra-
gility of the structures, systems and components (SSC) the
conservative approach, that is, the identical components with
same geometry, same orientation located in same elevation
are considered as fully correlated and if one component fails

Event 4 Event 5

No Event 1 Event 2 Event 3
1 S-IE-HZ18 S-GRID

2 S-IE-HZ18 S-GRID

3 S-IE-HZ18 S-GRID

4 S-IE-HZ18 S-GRID

5 S-IE-HZ18 S-GRID

6 S-IE-HZ18 S-GRID

7 S-IE-HZ18 S-GRID

8 S-IE-HZ18 S-GRID

9 S-IE-HZ18 S-R1-APWS-P-H18
10 S-IE-HZ18 S-R1-APWS-P-H18

S-R1-PPIS-GBPV-F-H18
S-R1-PPIS-PIPV-F-H18
S-R1-PPIS-GBPV-F-H18
S-R1-PPIS-PIPV-F-H18
S-R1-PPIS-GBPV-F-H18
S-R1-PPIS-PIPV-F-H18
S-R1-PPIS-GBPV-F-H18
S-R1-PPIS-PIPV-F-H18
S-R1-PPIS-GBPV-F-H18
S-R1-PPIS-PIPV-F-H18

S-R1-SDS1-SR-F-H18
S-R1-SDS1-SR-F-H18
S-R1-SDS1-SR-F-H18
S-R1-SDS1-SR-F-H18
S-R1-SDS1-SR-F-H18
S-R1-SDS1-SR-F-H18
S-R1-SDS1-SR-F-H18
S-R1-SDS1-SR-F-H18
S-R1-SDS1-SR-F-H18
S-R1-SDS1-SR-F-H18

S-R1-SDS2-1-T-F-H18
S-R1-SDS2-HE-T-F-H18
S-R1-SDS2-HE-T-F-H18
S-R1-SDS2-1-T-F-H18
S-R1-SDS2-IN-P-F-H18
S-R1-SDS2-IN-P-F-H18
S-R1-SDS2-H-PI-F-H18
S-R1-SDS2-H-PI-F-H18
S-R1-SDS2-1-T-F-H18
S-R1-SDS2-1-T-F-H18

Table 3 Dominant accident sequences and their frequencies for CD12 at PGA 0.8 g

No Event 1 Event2 Event3 Event 4 Event 5 Event 6 Event 7 Event 8

1 S-IE-HZ18 S-GRID S-R1-PPIS- S-R1-SDS1-SR-  S-R1-SDS2-I-T-  S-R2-PPIS- S-R2-SDS1-SR-  S-R2-SDS2-I-T-
GBPV-F-H18 F-H18 F-H18 GBPV-F-H18 F-H18 F-H18

2 S-IE-HZ18 S-GRID S-R1-PPIS-PIPV- S-R1-SDS1-SR- S-R1-SDS2-HE- S-R2-PPIS- S-R2-SDS1-SR-  S-R2-SDS2-HE-T-
F-H18 F-H18 T-F-H18 GBPV-F-H18 F-H18 F-H18

3 S-IE-HZ18 S-GRID S-R1-PPIS-PIPV- S-R1-SDS1-SR- S-R1-SDS2-HE- S-R2-PPIS-PIPV- S-R2-SDS1-SR- S-R2-SDS2-HE-T-
F-H18 F-H18 T-F-H18 F-H18 F-H18 F-H18

4 S-IE-HZ18 S-GRID S-R1-PPIS- S-R1-SDS1-SR-  S-R1-SDS2-I-T-  S-R2-PPIS-PIPV- S-R2-SDS1-SR- S-R2-SDS2-HE-T-
GBPV-F-H18 F-H18 F-H18 F-H18 F-H18 F-H18

5  S-IE-HZ18 S-GRID S-R1-PPIS-PIPV- S-R1-SDS1-SR- S-R1-SDS2-I-T-  S-R2-PPIS-PIPV- S-R2-SDS1-SR-  S-R2-SDS2-1-T-
F-H18 F-H18 F-H18 F-H18 F-H18 F-H18

6 S-IE-HZ18 S-GRID S-R1-PPIS- S-R1-SDS1-SR- S-R1-SDS2-HE- S-R2-PPIS- S-R2-SDS1-SR-  S-R2-SDS2-HE-T-
GBPV-F-H18 F-H18 T-F-H18 GBPV-F-H18 F-H18 F-H18

7  S-IE-HZ18 S-GRID S-R1-PPIS-PIPV- S-R1-SDS1-SR- S-R1-SDS2-HE- S-R2-PPIS-PIPV- S-R2-SDS1-SR- S-R2-SDS2-I-T-
F-H18 F-H18 T-F-H18 F-H18 F-H18 F-H18

8 S-IE-HZ18 S-GRID S-R1-PPIS- S-R1-SDS1-SR-  S-R1-SDS2-I-T-  S-R2-PPIS-PIPV- S-R2-SDS1-SR- S-R2-SDS2-I-T-
GBPV-F-H18 F-H18 F-H18 F-H18 F-H18 F-H18

9 S-IE-HZ18 S-GRID S-R1-PPIS-PIPV- S-RI1-SDSI1-SR- S-R1-SDS2-I-T- S-R2-PPIS- S-R2-SDS1-SR-  S-R2-SDS2-HE-T-
F-H18 F-H18 F-H18 GBPV-F-H18 F-H18 F-H18

10 S-IE-HZ18 S-GRID S-R1-PPIS- S-R1-SDS1-SR- S-R1-SDS2-HE- S-R2-PPIS- S-R2-SDS1-SR-  S-R2-SDS2-I-T-
GBPV-F-H18 F-H18 T-F-H18 GBPV-F-H18 F-H18 F-H18
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all the components are considered to be failed during the
seismic event.However, this procedure leads to very con-
servative results and may not be realistic. Hence, it is very
important to model the dependency among the components
in a realistic manner. In this section various methods avail-
able to model the component dependency is discussed and
a new method based on Alpha factor model is highlighted.

Dependency and Correlation

In the present study, dependency term is used in the context
of component failures. If there exist two components and
their failures are dependent, that means, probability of fail-
ure of one component has an effect on second component
failure probability. In general, in the fragility evaluation of
a structure two variables commonly used viz. response and
capacity of a structure. Failure of a structure can be defined
with these parameters such that failure can takes place, if
the response of the structure exceeds its capacity. In a plant
there can be several components which are identical or uni-
dentical located at same or different elevations. There can
dependency exist between these components from seismic
input ground motion, response of the components and their
capacities. The dependency between these components can
be modeled using the concept of correlation (correlation
coefficient). Figure 3 represents the various correlations
that can be possible among various components in different
units in a site.

Unit 1

Unit 2

Fig.3 Representation of intra and inter unit correlations
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Let X and Y denote the response and capacity vectors
with means py and py. The covariance matrices for the
response and capacity are denoted as CoV (X, X;)and CoV
(Y,Y;). The joint distributions of response and capacity are
completely specified by these mean vectors and covariance
matrices as given below.

Response vector, X and Capacity vector, Y

er ] Yl
xy=1 % Liy=1h
anJ Yfl

Mean and standard deviation vector of X and Y

Hx, Hy, Ox, oy,
{ux} =1 Mfz sy} = M:YZ Hox} = 6):(2 oy} = UZYZ
Hx, Hy, ox, 0y,
ey
Covariance matrix of X
[ CoV(X,,X,) CoV(X,,X,) -+ CoV(X,.X,)
IC] = CoV(X,,X;) CoV(X,,X,) -+ CoV(X,X,)
X = : : : :
| CoV(X,.X,) CoV(X,.X,) - CoV(X,.X,)
[ 0';2(1 Px120x,0x, *** Px1.0x,0X,
[Cx] _ | Px210x,%%, ‘7;2(2 ** Px2q0x,0x, @
| Pxn10x,0x, Pxn20x,0x, 0')2(”

Correlation coefficient matrix of X

Px11 Px12 " Pxin L pxi = pxin
[ PX] — P}f21 P)izz pX:Zn = [ Px] — p}iﬂ 1 pX:Zn
Pxn1 Pxm2 " Pxnn Pxm Pxmz 1

(3)

Similar matrices can be defined for capacity factor Y also.
Based on the failure criteria defined earlier, the limit state
function can be defined as follows:

Z=X-Y )
Probability of failure can be defined as
P(Failure) = P(Z > 0) o)

To estimate the failure probability of the components
(considering the correlations) there are different methods
available such as simulation methods (MonteCarlo, Latin
Hyper Cube Sampling), analytical approximations such as
First Order Reliability Method (FORM), Second Order Reli-
ability Method (SORM) etc. (Budnitz et al. 2017).
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Scale Factor Based Approach

In the fragility evaluation, the conditional probability of com-
ponent failure is determined by considering the capacities of
the components in various failure modes. The fragility curve
for any component can be defined with the help of its median
ground acceleration capacity, A, and the corresponding alea-
tory uncertainty (f) and epistemic uncertainty (f;). Hence,
the probability of failure (p;) at a non exceedence probability
(Q) can be expressed as (Allin Cornell 1968; Kennedy et al.
1980, 1988; Kennedy and Ravindra 1984):

n(£)+h,07@
e

pp=2 (©6)

If both the uncertainties are combined together then the
probability of failure can be given as follows:

(i)

be

Pray =@
@)

where

ﬂc=\/ﬂ,23+ﬂ?]

in which @ (") is the standard Gaussian cumulative function.
The A,, value can be obtained from reference earthquake
ground motion and median scale factor (Kennedy and Ravin-
dra 1984).

Various Dependency Models

In this section various dependency models that were discussed
previously are briefly explained highlighting their limitations.

Multiple Integration Method (SSMRP Method)

In this SSMRP (Budhnitz et al. 2017; Cummings 1986) method,
the response and capacity of various components located at
different elevations were represented by a joint lognormal
distribution.If a cut set contains more than one component,
then cut set failure is defined as all responses exceeding their
associated capacities.

P(Failure) = P(Z, >0NZ,>0N...NZ, > 0)
=P(Z2,>0,2,>0,...,Z,>0)

P(Failure)=//---/fz(zl,zz,...,zn)dzldzz...dzn
0

o o

®)

where f, (zl 3205 e s zn) is the joint probability density func-
tion of Z which is defined in terms of response (X) and
capacity (Y) as in Eq. 4. The SSMRP method can be applied
to various dependent components located at various loca-
tions in the plant. However, it needs the information regard-
ing the joint probability density functions and covariance
matrix between various components which is difficult to
obtain for most of the components. However, depending on
the contribution to the overall risk the fragility of the com-
ponents can be evaluated by this procedure.

Mankamo Model

In Mankamo model (Budnitz et al. 2017; Mankamo 1977),
the dependency between various identical components
located at same elevation can be modeled as follows. Con-
sider two events A and B, the lower and upper bounds on
joint failure probability can be given by:

P[A]. P[B] < P[AB] < min {P[A], P[B]} 9)

The geometric mean of these bounds can be represented
as

P[AB] = (P[A]. P[B). min {P[A], P[B]})"/? (10)

In the case of two identical components, P=P [A]=P
[B], this reduces to

P[AB] = P

This model allows consideration of up to four identical
components having arbitrary failure correlation coefficients.
In the present study, wherever applicable,the above proce-
dure has been used to develop the fragility curves for redun-
dant components.

Beta Factor Model

Pellissetti and Klapp (2011) have proposed an approach that
uses the traditional CCF models that are used in internal
events PSA that uses beta factors. The beta factor model is a
single parameter model,which uses one parameter in addi-
tion to the total component failure probability to calculate
the CCF probabilities.

0;=01-pQ;

0, = O, QY

where Q, is the total failure probability of one component
(O, =0, + 0,). O, is the independent failure probability of
the single component, Q,, is the probability of basic event
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failure involving ‘m’ specific components, and ‘m’ is the
maximum number of components in a common cause group.

This method assumes whenever a common cause event
occurs, all components within that group are assumed to
fail. Hence, in this model either single component failure
or all component failure can be modeled but interaction
(failure) of two or more components cannot be modeled.
In order to overcome this difficulty, in the present study a
new approach based on Alpha Factor Model is proposed.

Explicit Modeling of Seismic Dependency

Jung et.al. (2020) have proposed a new methodology for
modeling dependency between various components using
explicit seismic common cause failures by converting cor-
related seismic failures into seismic CCFs with which the
seismic risk can be quantified similar to internal event
PSA. Similar to SSMRP approach this method evalu-
ates multiple integration using Montecarlo integration
of multivariate normal distribution to evaluate the multi
component failure probabilities. Equation (12) shows the
combination probability of seismic failures such as P, ,
(A)=P (N_,A; <a)

m(sm) () ()
Py, (@) = / / /
1

1 (12)
—exp(——x’2_1x>dx
VIZICr)" 2
Where
BBy - B,
— ﬂ221 % 22)1 2 r_
Z = . B =CoV(X,X;), ¥ =[x x, . x]
Y B e B

These combination probabilities of correlated seismic
failures are calculated by using MVN integration. Later
these probabilities are converted to common cause failure
factors by solving 2"-1 probability equations which are
usually in the form as shown in Eq. (13).

S=JS;=5+5+..

p®)=1-[](1-P(s,)) (13)

L

where S can be summation of seismic CCFs, P(S) can be
combination probabilities (P1, P2, P12, etc.) and P (S;) can
be CCF probabilities (Q1, 02, Q12 etc.).). In this approach
one has to solve the MVN integration which needs covari-
ance matrix between various components (difficult to obtain)

@ Springer

as well as probability equations, as number of components
increases the process may be computationally intensive.

Alpha Factor Model

In this model, the basic event probabilities can be expressed
in terms of total component failure probability (Q,) and the
alpha factors as follows (NUREG 1988):

(m)
(m) — k Q
k m—1 !
k-1
where o, (™ is ratio of the probability of failure events
involving any k components over the total failure probabil-
ity of all failure events in a group of m components, and Y,
(xk(m) = 1.With this approach it is possible to model interac-
tion between 2 or more components apart from failure of all

the components. for the case of 3 component system, the
afactors can be defined as follows:

(14)

0, =00:0, = %azQ,;Q3 = a0,

0, 20, 0O
Ll = g, = 22
0, o - 0O

a =

3
Qz=Q1+2Q2+Q3§Z“i=1

i=1

where Q) is single component failure probability, Q, is
probability of failure of two components simultaneously
and Q5 is probability of failure of three components simul-
taneously. These probabilities can be obtained based on the
MVN integration technique as discussed in the previous
sections.However, in this study main emphasis is given for
reducing the efforts to derive these common cause factors
among the components located in different plants which is
termed as inter unit seismic CCF factors which is explained
as below. In some literature (Jang 2020) these factors have
been derived based on Swain dependency model (Swain and
Guttmann 1990). However, they are derived from internal
event MUPSA point of view. Hence, usage of these factors
in the external event context needs to be verified.

An attempt is made to derive simple model based on the
distance separation factor between various plants. It is assumed
that when the seismic vibratory motion stuck the site the seis-
mic energy attenuates from the site boundary till it reaches
various plants in the site. Due to this attenuation, similar com-
ponents located at same elevation in various plants may experi-
ence different loading conditions and because of which some
components may fail simultaneously and some may not fail.



Transactions of the Indian National Academy of Engineering (2023) 8:435-447

NPP3 NPP2 NPP1 Site Boundary
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Fig.4 Schematic of Site Boundary and Earthquake Source

Based on this principle inter seismic CCF factors have been

derived. Consider the site boundary as shown in the Fig. 4

which consists of 3 NPPs such as NPP1, NPP2 and NPP3.
The following information can be deduced from the Fig. 4.

R, = Vh*+d?

R2=

Ry =1\/R?+ (4, +d2)2

where R;, R,, R; are hypocentral distance from source to
NPP1, NPP2 and NPP3 respectively. ‘h’ is the depth of
source, ‘d’ is the epicentral distance from source to NPP1.
‘d;” and ‘d,’ are distance between NPP1 & NPP2 and NPP2
& NPP3 respectively. Now consider the attenuation rela-
tionship to estimate the peak ground acceleration (PGA) at
the various plants in the site. As an example, McGuire’s
(1978) (Verma et al. 2015) attenuation relationship has been
considered.

2, P2
R +d]

s5)

P gha(g) = 0.0306 exp (0.89M) (R)~""7 (16)

R =Hypocentral distance (in km). M =Magnitude.
Considering same magnitude and varying distances, vari-
ous PGA values can be generated at various plants.

a; = 0.0306exp(0.89M)(R,) """
a, = 0.0306exp(0.89M)(R,) """

a; = 0.0306exp(0.89M)(R;) "7 (17)

—117 —1.17 -1.17
a4 _ (R “s_ (& 4 _ (R (18)
a; R, ’al R, "12 R,

a, = fiaay, a3 = fi3a1, a3 = fr3a,

where

Jio=

- <R22 >—0.585 B <R12 + d12 >—0.585
12 R] Rl 2
—-0.585 2\ —0.585
s Ry’ R+ (d, +d,)
13 Rl R12
—-0.585

RA\ N (R4 (dy +dy)

I R,? R +d?

f12 f13 f>3 are the PGA reduction factors between unit 1&2,
1&3 and 2&3 respectively. These factors can be related with
common cause failure factors between various units with
respect to input ground motion. Table 4 shows the various
factors generated for various distances between the plants
for a given R, value (in the present study it is considered
as 10 km).

The factors derived in the Table 4 shows not much deviation
from one unit to another unit when there is not much distance
between the two units. As the distance increases between 2nd
and 3rd unit one can observe the decrease in the factors. It
is true in the case of twin unit concept where the distance
between two units will be minimal and hence, both the units

Table 4 Inter unit seismic common cause factors for various dis-
tances

S. no Distance Factors
d; (km) d, (km) Ji2 fi3 Jas

1 0.1 0.1 0.9999 0.9998 0.9998
2 0.1 0.25 0.9999 0.9993 0.9993
3 0.1 0.5 0.9999 0.9979 0.9980
4 0.1 1 0.9999 0.9930 0.9930
5 0.1 2 0.9999 0.9751 0.9751
6 0.1 3 0.9999 0.9477 0.9478
7 0.1 4 0.9999 0.9131 0.9132
8 0.1 5 0.9999 0.8735 0.8736
9 0.25 0.25 0.9996 0.9985 0.9989
10 0.25 5 0.9996 0.8673 0.8676
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can be considered as fully correlated. Howeyver, in the case of
reactor park where apart from twin unit concept other reactors
can exist but with a considerable distance separation factor. In
the present study only two reactors (twin unit concept) have
been considered and hence, both the reactors can be consid-
ered as fully correlated. However, for checking the bounds
both uncorrelated and fully correlated cases have been con-
sidered. The procedure presented above is a novel approach to
represent the inter unit seismic CCFs as a function of distance
between the various plants in the site, however there is pos-
sibility of improving this technique.

Case Study

Consider the minimal cut set (MCS) of dominant accident
sequences that were obtained for single unit core damage and
two unit core damage as shown in Table 5. In the case of single
unit, the first event is seismic initiator followed by grid failure,
component A failure in PPIS, component B failure in SDS1
and component C failure in SDS2. In the present case when the
seismic event occur the grid failure probability is considered
as 1. Hence, to evaluate the accident sequence frequency it is
required to evaluate fragilities of the component A, B and C.

Single Unit

In the present study, component fragilities have been obtained
based on the traditional scale factor approach as explained in
“Scale Factor Based Approach” and the data for the same is
shown in Table 6. As SSMRP procedure depends on joint
probability distributions of response of the components which
is based on the time history analysis, due to unavailability of
the data in the present study Mankamo model, Beta factor
model and Alpha factor models have been utilised to obtain
fragility curves of the minimal cut sets.

In PPIS system there are 2 components which are similar
to R1-PPIS-A and are located in same elevation and hence
the fragility of R1-PPIS-A gets modified based on the rela-
tion provided in Eq. 10 of Mankamo model. The original
and modified fragility curves of the component R1-PPIS-A
is shown in Fig. 5. At the system level all the components
are considered independent to each other and the modified
fragility curves have been utilised for obtaining the system
level fragility curves which are shown in Fig. 6. Now con-
sider the case of Beta Factor model, the fragility of R1-PPIS-A
gets modified based on the relation provided in Eq. 11 and in

Table 5 Dominating accident sequences

Table 6 Fragility parameters of various components

S.no Component Component A, (2 Be
R1-PPIS-A R2-PPIS-A 0.84 0.39
R1-SDS1-B R2-SDS1-B 1.39 0.36

3 R1-SDS2-C R2-SDS2-C 1.73 0.41

the present case beta factor is considered as 0.1. Later these
modified curves have been utilised for obtaining the system
level fragility curves which are shown in Fig. 6. In the case of
Alpha Factor model, individual component fragility curves get
modified based on the number of similar components in that
group based on the relation provided in Eq. 14. In the present
study for the case of two component system, alpha factors are
considered as a; =0.95, a,=0.05. The system level fragility
curves so obtained are shown in Fig. 6.

Two Unit Case

In the two unit case, for the accident sequence to occur (or
for the system failure) six components should be failed
simultaneously. However some of the components are simi-
lar but existing in two different units as shown in Table 8.
As there is an ambiguity in application of Mankamo and
Beta factor model to multi unit case, in the present study
only Alpha factor model has been applied and the results are
shown in Fig. 7.For the case of single unit following Alpha
factors have been applied (for two component, a; =0.95,
a,=0.05 and for four component a; =0.95, @, =0.0213,
a;=0.0101, @,=0.0186). These factors are assumed from
the internal events CCF analysis, however, these factors can
be obtained based on the MVN integration method. Apart
from this two cases one considering fully correlated and
other one considering uncorrelated between two units also
carried out to find the bounds on the calculations. In the case
of fully correlated the results are same as single unit CDF.

Results and Discussion

As described in “PSA for Multi Unit Site” in the present
MUPSA study Site Core Damage Frequency (SCDF) has
been considered as site risk metrics. The risk metrics has
been evaluated based on the dominating accident sequences

Case Event 1 Event 2 Event 3 Event 4 Event 5 Event 6 Event 7 Event 7
Single unit Seismic initiator Grid R1-PPIS-A R1-SDS1-B R1-SDS2-C
Two unit Seismic Grid R1-PPIS-A R1-SDS1-B R1-SDS2-C R2-PPIS-A R2-SDS1-B R2-SDS2-C
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Fig. 5 Fragility curves for PPIS components using Mankamo Method
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Fig.6 System fragility curve for Sequence 1 using Various Methods

Table 8 Component and Location data

S.No  Component 1 Location Component 2~ Location
R1-PPIS-A Reactor 1 R2-PPIS-A Reactor 2
R1-SDS1-B R1-SDS1-B

3 R1-SDS2-C R2-SDS2-C

0.8 1.0 1.2 14
PGA (g)

that arise from various initiating events. Following are the
input required for the analysis:

a. Frequency of occurrence of an earthquake of a particu-
lar PGA level which can be obtained from the seismic
hazard curves.

S

B
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Fig. 7 Fragility curves for Single unit and Two unit case using Alpha Factor Model

b. Conditional probability of occurrence of seismically
induced structural failure as well as internal initiating
event for a particular PGA level that can be obtained
from the corresponding system fragility curves.

c. Conditional failure probability of safety system for a
particular PGA level, which can also be obtained from
the corresponding system fragility curves.

The results obtained for the above mentioned risk metrics
are discussed in detail in the following sub sections.

Results for Site CDF

In estimating the site core damage frequency (site CDF),
initially single reactor CDF values have been estimated from
the initiating events that are specific to the single reactor.
Later, the Site CDF values have been estimated by consider-
ing the initiating events as outlined in “PSA for Multi Unit
Site” from multi-unit perspective. In the present study, the
consequence CD1, CD2 and CD12 have been considered as
Site CDF. The results of single reactor as well as multi reac-
tor CDF values are provided in Table 9.From this analysis
the single unit CDF has been estimated as 4.324E— 07/yr,
twin unit CDF has been estimated as 8.642E— 08/yr and Site
CDF for Advanced Reactor due to seismic event has been
estimated as 9.512E— 7/yr.

Discussion on Site CDF

Based on the analysis the following observations have been
made:

@ Springer *

Table 9 Results for site CDF

S. No

Consequence Frequency (/yr)

1
2
3

CD1
CD2
CD12

4.324E—- 07
4.324E—- 07
8.642E— 08

Site CDF=9.512E— 07/yr

2.

99.4% of contribution towards Site CDF is coming from
earthquake PGA level more than 0.5 g (as shown in the
Fig. 8). This is due to the fact that at higher PGA levels
the failure probability of most of the SSC are very high
(nearly reaching 1) that means SSCs cannot withstand
these levels of PGA and they are highly likely to fail.
The remaining 0.6% of contribution towards Site CDF
is coming from earthquake PGA levels less than 0.5 g.
It does not mean that SSCs would not fail at lower PGA
levels, but the chance of failure is reduced. This is due
to the fact that even though the SSCs are designed for
SSE level (0.2 g in the present case) they can withstand
higher levels of PGA due to the usage of higher factor
of safety in the design.

The main contribution towards Site CDF is due to seis-
mically induced failure of Class IV power supply. In this
one, Grid failure is assumed during the seismic event
that is failure probability is considered as 1 and Simul-
taneous failures of SDS 1, SDS 2 and PPIS.
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Site Core Damage Frequency (SCDF)
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Fig.8 Contribution of various PGA bins towards Site CDF

Conclusion

In this study, treatment of dependency and correlations in
the context of seismic PSA of multi units has been discussed.
Several dependency models proposed in the literature have
been studied and depending on the applicability of the
models they have been utilised in the analysis. An approach
based on Alpha factor model, which is being used in internal
event PSA CCF analysis, has been proposed in this study
along with a novel methodology to estimate the inter unit
seismic CCF factors using distance separation factor among
various units in the site.Unlike Beta factor model, this model
has the capability of modelling simultaneous failure of two
or more components. A case study on advanced reactor has
been carried out to demonstrate the methodology. Seismi-
cally induced internal initiating events have been identified
and seismic event trees have been developed for various ini-
tiating events. In finding out the system failure probabilities,
seismic fragilities at component level and system level have
been developed based on the corresponding seismic fault
trees. Seismic CDF has been estimated from the dominat-
ing accident sequences. The Site CDF for the site (including
simultaneous occurrence of core damage from Reactor 1 and
Reactor 2) has been estimated as 9.512 x 10~"/yr. This study
has highlighted the importance of incorporating dependency
modelling from inter-unit perspective in estimating risk from
multi units in a reactor site.
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