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Abstract — This paper proposes a simplified approach for assessing and predicting the seismic risks for
electrical cabinets in nuclear power plants (NPPs). The method is a combination of fragility analysis and
cumulative absolute velocity (CAV) analysis. First, the high confidence of low probability of failure points
from the fragility curves are defined to determine the CAVlimit capacity of the cabinet. Then, the potential
damage to the electrical cabinet at different locations in Korea is considered via probabilistic seismic maps.
Based on the CAVlimit capacity, a seismic risk assessment is conducted to observe the operant condition or
predict the potential issues of the electrical cabinet under seismic effects.

An electrical cabinet is used as a setting for numerical simulation. The finite element model is validated
against the experimental results and calibrated by using response surface methodology. Numerical results
show that the operant condition of the electrical cabinet can be disturbed by probable earthquakes that
have CAV values greater than the CAVlimit of 0.27 g‧s. This method is one way that NPP operators can
follow to obtain cabinet safety regulations.

Keywords — Seismic risk assessment, cumulative absolute velocity, response surface methodology, fragi-
lity analysis, seismicity maps.

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION

Electric power plays a key role in the socioeconomic
development of any country in the world. There are many
ways to produce electricity. One of the best options is
nuclear power because nuclear energy provides electricity
without producing large amounts of carbon emissions and
has a low environmental impact on land and natural
resources.1 In the nuclear industry, the electrical cabinet
is an indispensable component and contains many elec-
trical devices installed inside it such as distribution panel,
switchboard, lighting panel, and other devices for various

purposes. Although the electrical cabinet is just a small
part of the nuclear power plant (NPP), it directly affects
the operant condition of the NPP when damage occurs.
Therefore, the seismic performance of the cabinet should
be carefully considered.

Prediction and assessment of seismic risk for NPP
components are suggested and even required by many
governments. Since the first reactor began commercial
operation in 1978, Korea has had no significant nuclear
accidents. But, the nuclear disaster in Fukushima, Japan,
in March 2011 has created serious concerns for the safety
of the NPPs operating in Korea. The Fukushima Daiichi
event is the first catastrophe that occurred simultaneously
at numerous NPPs at a site.2*E-mail: kim2kie@kunsan.ac.kr
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A prerequisite of NPP construction is to ensure the
safety of the public and the environment from internal and
external hazards.3,4 Safety investigations of NPP compo-
nents are ordinarily carried out to evaluate the risks to
structures in the event of an earthquake. In the nuclear
power industry, nuclear facilities are designed to resist
ground motion5–7 (GM). At present, the procedures to
assess the performance of components of the cabinet
under seismic loading conditions are identified as follows:

1. Create a prototype of the cabinet, and check it by
experimental tests.

2. Simulate the numerical model using structural
software.

The results from both these steps are compared to accu-
rately predict the behaviors of the structure. The final
model can be used to assess many severe circumstances,
which helps to surmount any weakness of the shaking table
test. Governmental or professional organizations will
obtain these data as a part of the safety assessment of NPPs.

Recently, inspections were conducted considering
aspects of conditions of specific sites. In Korea, the density
of NPPs per site and the population around each plant are
quite high. Thus, the concern and urgency of investigating
the site risks are significantly higher than in other
countries.8 Boutaraa et al.9 indicated that seismic risk
assessment has been conducted to establish strategies to
mitigate the hazard. There is some historical information to
estimate the preliminary seismic effects in Korea, including
seismic source models, which seismicity experts proposed
based on recorded GMs from 2000 (Ref. 10). In the current
study, we consider seismicity maps in the Korean penin-
sula. We developed the KS_MAP software at the Kunsan
National University Structural System Laboratory to define
the peak ground acceleration (PGA) values for estimating
the damage that can occur in structures. The software is
available on the Kunsan National University Structural
System Laboratory website (http://kim2kie.com/).

This study proposes an applicable method that makes
estimating the capacity of the electrical cabinet in the NPP
easy. The method is a combination of cumulative absolute
velocity (CAV) and fragility analysis. Using information from

seismicity maps, investigators define the crucial PGAvalues
and then calculate the corresponding CAV to assess the
operant condition of the cabinet based on the capacity value
of CAVlimit. For the fragility analysis, this research is
a continuous part of our previous study for an electrical
cabinet in an NPP (Ref. 11). High confidence of low prob-
ability of failure (HCLPF) points were used to define the
capacities of components.12–15 The number of earthquake
motions should be adequate to obtain reliable statisticalmean-
ing response results.16 Based on the historical earthquake data
in Korea, 30 sets of GMs provided by the Korea Water
Resources Corporation (K-water) are used for checking the
seismic behavior of the cabinet because they can better reflect
characteristics of frequency and attenuation in this peninsula.

II. METHODOLOGY

In previous research, the correlation of earthquake
energy and structural damage as expressed by an alternative
GM parameter is CAV (Ref. 17). A new approach for
predicting and assessing the seismic risk for a structure is
proposed in this study, where structural damage and earth-
quake energy are expressed by fragility curves and CAV,
respectively. The schematic diagram in Fig. 1 illustrates the
process of this methodology. First, the capacity of the
structure CAVlimit is calculated based on the combination
of the CAV analysis and fragility analysis. Second, the
potential range of CAV for each location corresponding to
the seismicity maps CAVEQ=range is determined. Finally, the
operant condition of the structure is assessed via CAVlimit

and CAVEQ=range values.

II.A. Determining the Capacity of the Structure

II.A.1. Seismic Fragility Curves

II.A.1.a. Determination of Prior Fragility Curve Parameters

Fragility curve is one of the best current practices,
and it expresses the probability failure of the structure
corresponding to the input motion level of the intensity
measure18–20 (IM). There are many methods that can be

Probabilistic hazard map

Develop fragility curves Determine CAVlimit from HCLPF

Determine the potential range of 
CAVEQ/range

Prediction and 
Assessment

CAVEQ/range < CAVlimit

The operant condition of the cabinet 
is not affected

The Cabinet condition should be 
checked

Yes

No

Fig. 1. Risk prediction and assessment processes.
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used to develop the fragility curve; one is the classical
approach, which is a lognormal method that has been
applied in many types of research.11 Cai et al.6,7 indicated
that the correlation coefficient between ln Sað Þ and
ln PGAð Þ is a value of approximately 1 and established
fragility curves based on the median θ and logarithmic
standard deviation β values. In the current study, we
apply lognormal approaches including maximum likeli-
hood estimation (MLE) and linear regression (LR) to
develop the fragility curves.11 Furthermore, we consider
the acceleration response at the top of the electrical
cabinet as the limit state (LS) in the fragility analysis.
The shaking table tests that the U.S. Nuclear Regulatory
Commission carried out to estimate the probabilistic fra-
gility levels for electrical equipment in NPPs, including
switchboard, motor control center, power supply, and
panel board, resulted in our selecting the acceleration
response as the engineering demand parameter, which
we used to conduct the fragility analysis because of
reasonable accuracy. The LS is determined when the
zero period acceleration reaches 1.8 g.

Maximum likelihood estimation—The MLEmethod is
used, and the fragility curves are established by a particular
damage state (DS) given the IM (Ref. 21). The fragility
function can be written as follows:

PðDSjIMÞ ¼ Φ
1

β
ln

IM

θ

� �� �
; ð1Þ

where

P = probability that a GM with IM ¼ x induces
the collapse of a structure

Φ :½ � = standard normal cumulative distribution
function

θ, β = median and standard deviation of the fragility
function, respectively.

Assuming that the IM ¼ xj for each GM is indepen-
dent, the likelihood function can be expressed by Eq. (2):

Likelihood ¼
Ym
i¼1

½PðDSjIMÞ�pi ½1� PðDSjIMÞ�1�pi ;

ð2Þ

where

m = number of IM levels

Π = product over all levels

p = 1 or 0 depending on whether or not the cases
exceed the LS.

The fragility function parameters θ and β are
obtained by maximizing the likelihood function.

Linear regression—This is a seismic demand model
using the power function described in Eq. (3) (Ref. 22):

D IMð Þ ¼ a � IMð Þb � � ; ð3Þ

where

� = lognormal random variable with a median of
1 and a logarithmic standard deviation βDjIM

a, b = model parameters calculated using a LR analy-
sis for the seismic demand model in the trans-
formed logarithmic space in the following form:

ln D IMð Þð Þ ¼ ln að Þ þ b ln IMð Þ þ ε ; ð4Þ

where ln D IMð Þð Þ is the expected value for the natural
logarithm of DS given IM. The demand model is described
as a straight line from a log-log plot of the IM-DM relation-
ship, and dispersion of βDjIM describes the uncertainty in

their relationship. The fragility function with the median
θm ¼ exp ln DSð Þ � ln að Þð Þ=b½ � is rewritten as follows:

PðDSjIMÞ ¼ Φ
ln IM

θm

� �
βDjIM
b

2
4

3
5 : ð5Þ

Parameter βDjIM is obtained as a logarithmic standard

deviation of errors, which is explained in Eq. (6):

βDjIM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
i¼1

eið Þ2= N � 2ð Þ
vuut ; ð6Þ

where ei is the residual between the actual value ln Dið Þ
and the value predicted by the linear model.

II.A.1.b. Updating the Fragility Curves

In order to update the fragility curves, the Monte
Carlo simulation (MCS) approach is proposed.23 The
main steps of the process are described as follows:

Step 1: The prior fragility parameters including median
θ and logarithmic standard deviation β are
determined.

Step2:MCS is used to generate a “collect data.”

Step 3: The estimated fragility parameters are calculated
based on the data in step 2.
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Step 4: Repeat steps 2 and 3 many times to estimate
the posterior fragility curves.

II.A.2. CAV Analysis

In the NPP field, CAV is a common IM that helps the
operators decide whether or not the plant must be shut
down after an earthquake event. CAV is determined as
the integral of the absolute values of acceleration in the
whole time domain, which is expressed mathematically
by Eq. (7) (Ref. 24):

CAV ¼
ðtmax

0
a tð Þj jdt; ð7Þ

where

t = time

tmax = whole duration

a tð Þj j = absolute acceleration value.

Obviously, CAV increases with time until getting the
maximum value at tmax. The total effects of an earthquake
event will be included and reflected by CAV. Therefore,
the Electric Power Research Institute (EPRI) stated that
CAV is one of the best GM IMs to express the character-
istic of an earthquake. EPRI proposed the CAV value of
0.3 g‧s for checking the whole NPP condition, but in the
current study we focus on evaluating the performance of
just the cabinet. Some versions of CAV were developed
by various researchers. One of them is a standardized
version called CAVSTD; which eliminates the nondama-
ging components and the contribution of the small-
acceleration amplitude of seismic excitation. The formula
is explained by Eqs. (8) and (9):

CAVSTD ¼
XN
i¼1

H PGAi � €uminð Þ
ði
iþ1

a tð Þj jdt
� �

ð8Þ

and

H δð Þ ¼ 0 δ < 0
1 δ � 0

	
; ð9Þ

where

N = number of nonoverlapping acceleration
values for 1-s time intervals

PGAi = PGA value in i’th time step (g)

€umin = threshold value of acceleration (normally
0.025 g is taken) to eliminate small
amplitude

HðδÞ = Heaviside step function.

Figure 2 illustrates the graphical expression of CAV
and CAVSTD.

In addition, another version called CAV5; explained
by Kramer and Mitchell, is CAVafter applying the thresh-
old value of 5 cm/s (Refs. 2 and 25). Nevertheless,
Campbell and Bozorgnia indicated that the elimination of
small-amplitude acceleration from CAV, especially values
near threshold, induces instability in estimating these IMs
(Ref. 17). Therefore, only the original CAVmethod is used
in this paper.

The CAVlimit capacity of the electrical cabinet is defined
using the CAV method based on the PGA values of the
HCLPF point from the fragility curves. The fragility curves
of the electrical cabinet reflect the vulnerability of the struc-
ture. In 1994, Reed and Kennedy stated that the HCLPF
capacity is defined to be the 95% confidence of a 5% prob-
ability of exceedance.26 In addition, in 2018, Sen stated that
the 5% probability of structural failure is a common level in
all civil engineering structures for checking the safety against
earthquakes.27 Therefore, the PGAvalue of the HCLPF point
is used for scaling the earthquake data set to check the
capacity of the electrical cabinet. Obviously, various earth-
quakes have different CAV values although they have the
same PGA. Therefore, to be more conservative, the lowest
value of CAVhas been chosen as the capacity of the electrical
cabinet because of its important role in NPPs.

CAV
Standardized CAV

Acceleration threshold for standardized CAV 
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Fig. 2. CAV definition.17
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II.B. Calculating the Potential Range of CAV at NPP
Locations

II.B.1. Probabilistic Hazard Maps of the Korean Peninsula

The site-specific PGA is pertinent for use in seismic risk
assessment because the PGA is a common IM and the
practical value, which represents the size of an earthquake.
In order to find out the potential PGA at a specific NPP

location, seismicity maps are recommended. This study
uses seismicity maps of the Korean peninsula that were
established based on historical earthquake data.28 The
Korean peninsula has been known as a low and average
seismicity area; however, checking and predicting the poten-
tial effects of earthquake excitation on a structure are always
significant, especially in the case of the nation’s infrastructure
and NPPs. In order to conduct the seismic risk analysis, four
seismicity maps corresponding to different return periods are

Fig. 3. Seismicity maps in the Korean peninsula (return period is 100 years).
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used to define the PGA for each site; one of them is shown in
Fig. 3.

II.B.2. Defining the CAV-PGA Relationship

Development of the relationship between CAV and IM
(IJMA) was described by Campbell and Bozorgnia, who
considered the instrumental seismic intensity for expressing
structural damage.17 In the current study, we use the same
idea but use the conventional IM of PGA from fragility
curves. For determining the typical range of CAV at the
NPP site, the main procedures should be done as follows:

1. The potential PGA value corresponding to var-
ious GM levels at a specific site must be defined based on
the seismicity maps.

2. From the design GM levels and earthquake data
sets in Korea, the equation expressing the relationship
between PGA and CAV can be determined.

In order to define the potential PGA value at any
location in Korea, we developed KS_MAP as a part of
this study. We used probabilistic hazard maps of the
Korean peninsula with the return periods of 100, 200,
500, and 1000 years corresponding to the operational per-
formance (OP), immediate occupancy (IO), life safety (LS),
and collapse prevention (CP) levels. Table I expresses the
seismic performance level corresponding to different return
periods. KS_MAP provides a rapid determination of the
PGA at any location with various return periods.29

II.C. Seismic Risk Prediction and Assessment

After estimating the CAVlimit capacity of the electri-
cal cabinet and the potential range of CAVEQ=range at the
NPP sites, these values should be compared to predict the
seismic risk of the structure. In addition, based on

CAVlimit, the operant condition of the structure can be
checked with any earthquake by calculating the CAV of
these events. If the CAV value of the certain earthquake
is greater than CAVlimit, the shutdown decision for the
cabinet must be required.

III. APPLICATION FOR CABINET FACILITY IN NPPS

III.A. NPPs in Korea

Korea is well-known over the world to be
a prominent country regarding nuclear energy and
recently has even turned to exporting its technology to
other countries such as Jordan and the United Arab
Emirates. Having been an energy importer, Korea has
been constructing NPPs as an audacious goal for
Korea’s development. Korea Hydro & Nuclear Power
(KHNP) was established in recognition of the important
role of NPPs and the severe consequences if disaster
occurs. KHNP’s purpose is to continuously improve
safety against seismic hazards for all NPPs in Korea.

At present, there are four main plant sites operating
in Korea, and different locations will have different
potential seismic impacts; therefore, seismic risk should
be adequately evaluated. In this study, one prototype of
the electrical cabinet is used and checked for four loca-
tions. Figure 4 shows all of the NPP sites in Korea, and
the corresponding coordinates are listed in Table II.

III.B. Numerical Modeling of the Electrical Cabinet in
NPP

III.B.1. Description of the Electrical Cabinet

The NPPs use a wide range of electrical cabinets with
various specific combinations of variables such as cabinet

TABLE I

Seismic Performance Targets and Design GM Levels

Return Period Description

Level

Perform Function
Immediate
Recovery

Long-Term
Recovery Life
Protection Collapse

50 II-rating
100 Level OP I-rating II-rating
200 Level IO class I-rating II-rating
500 Level LS class I-rating II-rating
1000 Level CP class I-rating
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dimensions, electrical loads, and vent openings.30 Being
indispensable equipment in the NPP, the electrical cabinet
has many electrical devices installed inside, which are
expressed in Fig. 5a. Thus, the seismic vulnerability of
this equipment should be evaluated.31 Figure 5b shows
the prototype of the electrical cabinet provided by the
Innose Tech company in Korea to carry out the shaking
table test. Figure 5c shows the finite element model of the
electrical cabinet, which is simulated using SAP2000.

The cabinet’s components including mainframe, sub-
frame, and plate are assigned SS400 steel, which has 200
GPa of modulus of elastic; density ρ and Poisson’s ratio v are
7850 kg/m3 and 0.3, respectively. Besides that, the dimen-
sions of the cabinet are 800� 800� 2100 mm, and the
whole weight is 287 kg; the weight of each door is 43.6 kg.

For a better understanding of the cabinet’s dynamic charac-
teristics, both prototype and numerical models are estab-
lished. After analysis, the responses from the experimental
test are compared to the numerical model for updating, and
the optimum model can be used to assess various cases to
surmount the weakness of doing experiments. Figure 6
describes the section of the electrical cabinet’s components.

III.B.2. Calibration and Verification

Response surfacemethodology (RSM) is applied in this
study to optimize the numerical model. RSM is a collection
of statistical and mathematical models that are convenient
for modeling, analyzing, and building an empirical model.32

The process of the RSM technique is shown in Fig. 7.
The responses (output) are obtained from several inde-

pendent variables (input variables) by using the experiment
design. Ordinarily, two equations including linear and poly-
nomial equations are used to express the magnitude of the
coefficients, which are explained as follows:

linear equation:

b ¼ β0 þ
Xn
i¼1

βiai þ
Xn
i;j¼1

βijaiaj þ u ð10Þ

and
polynomial equation:

b ¼ β0 þ
Xn
i¼1

βiai þ
Xn
i¼1

βia
2
i þ

Xn
i;j¼1

βijaiaj þ u ; ð11Þ

where

b = estimated response

β0; βi; βij = partial regression coefficients of noise

ai = coded factor i; j ¼ 1; 2; 3 . . . ; nð Þ
u = offset term.

Equations (10) and (11) can be used with higher
order, but in solving engineering issues, second order is
suitable. In this paper, the total number of experiments is
computed using the central composite design (CCD)
method by Eq. (12):

S ¼ 2n þ 2nþ cp ; ð12Þ

where n is the number of factors and cp is the number of
center points. Therefore, the number of experiments in
this research is S ¼ 22 þ 2� 2þ 1 ¼ 9. The natural fre-
quencies of the cabinet following the x-direction and

TABLE II

The Coordinates of NPPs in Korea

Name Latitude (deg) Longitude (deg)

Hanbit 35.409 126.416
Hanul 37.098 129.372
Shin Wolsong 35.713 129.476
Shin Kori 35.324 129.294

Fig. 4. NPPs in Korea (source: World Nuclear
Association).
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y-direction are considered as the target objects corre-
sponding to the first and third modes in the numerical
model. Thus, the natural frequency amplitudes of 1st
front-back NF1;FB mode and 1st side-side NF1;SS mode
have been taken into account as structural responses. The
objective function is expressed by Eq. (13):

Fk ¼ NFkð Þ ; ð13Þ

where NFk; k ¼ 1; 3 is the natural frequency of the cabi-
net at mode k. In order to optimize the natural frequency

of the model, Young’s modulus (E) and density have been
used as design variables of the cabinet, and the set of
experiments has been created by the CCD method with
the regions of interest of these variables. RSM has been
applied to optimize structural performance based on the
target value to find out the enriched results. Table III
shows the data of various cases including the input para-
meters and output responses from the numerical model.

From the previous study, Tran et al. stated that the
optimal Young’s modulus E and density ρ for the material
are 224.391 GPa and 7857.5 kg=m3; respectively.11 To be

(a) Electrical devices (b) The prototype of cabinet (c) Finite element model

Fig. 5. Model of the electrical cabinet.

50
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3.2
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60

(a) Main frame (b) Sub frame 1 (c) Sub frame 2

Fig. 6. Electrical cabinet’s components.
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more understandable, Table IV compares the responses
before and after optimization.

III.C. Results and Discussion

III.C.1. CAV Capacity of the Electrical Cabinet

III.C.1.a. Prior Fragility Parameters

The fragility analysis was conducted in the previous
study, which used two methodologies (MLE and LR) and
two cases of boundary conditions (restrained and
anchored model).11 The acceleration response at the top
of the cabinet is considered as a damaged state for risk
assessment. Table V lists the prior values of the median
and standard deviation after the fragility analysis was
carried out.

III.C.1.b. Posterior Fragility Curves

The posterior distributions are obtained based on the
prior parameters, which are shown in Table V. The MCS
is used to generate 10 000 samples from the prior dis-
tributions. The posterior distributions and fragility curves

are displayed in Figs. 8 and 9 for the restrained model
and anchored model, respectively. Table VI lists the pos-
terior fragility parameters of the cabinet after updating.

There are many ways to estimate the capacity of
a particular structure. In this study, the HCLPF points
are defined from fragility curves, and the lowest value of
HCLPF has been selected to calculate the conservative
and reliable CAV limitation. In the seismic probabilistic
risk assessment, the HCLPF capacity is determined to be
95% confidence of 5% probability of exceedance.33

A 5% probability of failure is an ordinary level in the
civil engineering structure field to check the safety
against earthquakes.27 From Figs. 8 and 9, the lowest
PGA value of the HCLPF point is 0.158 g corresponding
to the anchored model using the MLE method.

In order to calculate the limitation of CAV, all the
earthquakes in the data set are scaled into the smallest
value of the HCLPF point, which is shown in Fig. 9d
with PGAHCLPF ¼ 0:158g. Hardy et al.34 concluded that
the CAV values are defined for each free-field component
and selected conservatively. The lowest CAV value from
the data set of earthquakes is selected as the limitation.

The CAV value of earthquake 1AD in the east-west
(EW) direction is displayed in Fig. 10. The CAV calculations

TABLE III

The Analysis Cases Using the CCD Method

Input Variables Responses (Hz)

Run Cases Point Type E ρ NF1;FB NF1;SS

1 1 200 000 7850 13.94 14.62
2 1 245 000 7860 15.42 16.18
3 1 245 000 7850 15.43 16.19
4 0 222 500 7855 14.69 15.42
5 −1 222 500 7847.93 14.70 15.43
6 −1 222 500 7862.073 14.69 15.41
7 −1 190 680.19 7855 13.60 14.28
8 −1 254 319.81 7855 15.71 16.49
9 1 200 000 7860 13.93 14.62

TABLE IV

The Comparison of Structural Responses

Responses (Hz) Error (%)

NF1;FB NF1;SS NF1;FB NF1;SS

Before optimization 14.36 14.64 0.03 0.12
After optimization 14.75 15.5 0.00 0.07
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for the rest of the earthquakes are carried out the same way,
and their values corresponding to two horizontal components
of each earthquake are listed in Table VII.

From Table VII, the minimum CAV values obtained
are 0.32 and 0.27 g‧s for the north-south (NS) direction
and EW direction, respectively. Thus, it can be said that
the capacity value of CAVlimit for the cabinet is 0.27 g‧s.

The CAV check for a potential earthquake is surpassed if
any value of the two horizontal components from the
free-field excitation is greater than 0.27 g‧s. This is men-
tioned in the research by Campbell and Bozorgnia; if GM
CAV exceeds the CAVlimit value, the operating basis
earthquake is surpassed, and the operant condition of
the structure should be checked.17

TABLE V

Prior Fragility Parameters of Cabinet

Restrained Model Anchored Model

Approach θprior βprior θprior βprior

MLE 1.860 0.550 1.180 0.610
LR 1.540 0.670 1.290 0.580

(a) MCS sampling of (b) Posterior fragility curves
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Fig. 8. Fragility curves of the restrained model.
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III.C.2. Relationship of CAV and PGA for NPP Sites

The main purpose of this research is to check the
operant condition of the electrical cabinet under potential
seismic circumstances, which is based on the potential
PGA at the specific location of the NPP site. As noted
earlier, as part of this study, we developed the KS_MAP
software to define the PGA value at any location in

Korea. Probabilistic hazard maps in the Korean peninsula
and the Google Map function are used to define the
coordinates of the construction site and the correspond-
ing PGA value. KS_MAP provides a rapid determination
of the crucial PGA value at any location with various
return periods. In order to estimate the potential risk at
the NPP site, historical earthquakes in Korea are scaled,
and CAV analysis for both horizontal components is

TABLE VI

Posterior Fragility Parameters of Cabinet

Approach

Restrained Model Anchored Model

θposterior βposterior θposterior βposterior

MLE 1.867 0.543 1.180 0.602
LR 1.541 0.664 1.290 0.574

(a) MCS sampling of (b) Posterior fragility curves
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Fig. 9. Fragility curves of the anchored model.
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conducted. The average CAV value in each component is
calculated based on the scaled data, and the greater one is
chosen as the typical CAV value. Table VIII summarizes
CAV corresponding to PGA values of different levels.

The relationship between PGA and CAV was
obtained performing a LR analysis.35 Hence, the for-
mula generated from the results of this research is
linear, and it can be written by the following mathe-
matical term:

CAVEG=range ¼ 4:6099PGAþ 0:001 : ð14Þ

From Eq. (14), the potential CAV value can be calculated
using the corresponding PGA of any structural perfor-
mance level. Seismic risk at the NPP site in Korea can be
predicted and is expressed in Fig. 11.

Based on the capacity of the electrical cabinet, the
operant condition can be evaluated by comparing it with
certain or potential earthquakes, as shown in Fig. 11. The
main observations are as follows:

1. In general, the electrical cabinet will not be
affected at the OP level.

2. For the IO level, the cabinet is still stable at the
Hanul and Hanbit sites, but it will be affected at the rest
of the sites.

3. Potential damage to the electrical cabinet can
happen at the locations of all NPPs in Korea. For the
LS and CP levels, the operant condition of the electrical
cabinet can be disturbed by probable earthquakes, which
can have CAV values greater than CAVlimit = 0.27 g‧s.

Although the electrical cabinet is a small part of the
NPP, it relates directly to the activities of the plant.

TABLE VII

CAV Values Corresponding to Historical Earthquakes in Korea

Earthquake CAV-EW (g‧s) CAV-NS (g‧s)

1AD 0.57 0.75
2BA 0.85 0.84
4BJ 1.12 0.70
5BR 1.04 0.96
6BS 0.80 0.66
7CG 0.39 0.54
9CJ 0.56 0.59
10DA 0.82 0.72
11DB 0.43 0.40
12DG 0.87 0.82
13DS 0.27 0.33
14EP 0.70 0.75
15GC 1.04 1.07
16GD 0.38 0.58
17GM 0.87 0.63
18GN 1.72 1.54
19GP 0.31 0.37
20GW 0.60 0.88
21HC 0.74 0.32
22HN 0.71 0.73
23HS 0.51 0.74
24IH 0.60 0.72
26MR 0.83 0.70
27ND 1.08 1.02
28NG 0.69 0.61
29PH 0.70 1.04
30PN 0.75 0.95
31RD 0.58 0.69
35YD 0.74 0.56
36YO 0.93 0.69
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TABLE VIII

Definition of CAV Values of NPPs with Different Levels

Return
Period Level

Hanbit Hanul Shin Wolsong Shin Kori

PGA
(% g)

CAV
(g‧s)

PGA
(% g)

CAV
(g‧s)

PGA
(% g)

CAV
(g‧s)

PGA
(% g)

CAV
(g‧s)

100 OP 3.76 0.174 4.24 0.196 4.56 0.211 4.58 0.212
200 IO 4.9 0.227 5.61 0.260 7.0 0.324 6.28 0.291
500 LS 7.3 0.338 8.6 0.397 10.27 0.474 9.13 0.422
1000 CP 10.39 0.480 11.6 0.536 13.26 0.612 11.89 0.549
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Fig. 10. CAV calculation for earthquake 1AD.
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Fig. 11. CAV comparison between the cabinet’s capacity and potential earthquakes.
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Therefore, seismic risk assessment and prediction are
very important to prevent severe consequences.

IV. CONCLUSIONS

This study presents a simplified approach for seismic
risk assessment and prediction of the electrical cabinets in
NPPs. The method is a combination of CAV and fragility
analysis. The proposed approach is adapted for NPP cabi-
nets and corresponds to GM data in Korea. The results
indicate that NPP operational inspection can be evaluated
with available information such as location (latitude and
longitude), data of an earthquake event, etc. In addition,
the specific locations in seismicity maps are also taken into
account for various NPPs.Within a short time, themethod is
feasible to estimate the regional distribution of poten-
tial CAV.

To make the method practical, the KS_MAP software
was developed. Nevertheless, all of the input information
needs to be sufficient and reliable including cabinet speci-
fications, responses recorded from the shaking table test,
etc. After an earthquake event, free-field motion data would
have to be quickly available to determine the operation
condition of the structure and if the inspection is required.
In reality, the assessment and prediction methods presented
in this research are effective because of their time-saving
and cost-effectiveness aspects. The developed approach
gives early warning action or prevents further failures of
the structural components. Using the same process, NPP
operators or governmental organizations can flexibly apply
different techniques in each step to advance reliability and
accuracy.
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