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a b s t r a c t

Seismic fragility analysis, a part of seismic probabilistic risk assessment (SPRA), is commonly used to
establish the relationship between a representative property of earthquakes and the failure probability of
a structure, component, or system. Current guidelines on the SPRA of nuclear power plants (NPPs) used
worldwide mainly reflect the earthquake characteristics of the western United States. However, different
earthquake characteristics may have a significant impact on the seismic fragility of a structure. Given the
concern, this study aimed to investigate the effects of earthquake characteristics on the seismic fragility
of concrete containments housing the OPR-1000 reactor. Earthquake time histories were created from 30
ground motions (including those of the 2016 Gyeongju earthquake) by spectral matching to the site-
specific response spectrum of Hanbit nuclear power plants in South Korea. Fragility curves of the
containment structure were determined under the linear response history analysis using a lumped-mass
stick model and 30 ground motions, and were compared in terms of earthquake characteristics. The
results showed that the median capacity and high confidence of low probability of failure (HCLPF) tended
to highly depend on the sustained maximum acceleration (SMA), and increase when using the time
histories which have lower SMA compared with the others.
© 2021 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

Nuclear power plants (NPPs) are one of the primary energy-
producing facilities in modern society. NPPs include structures,
systems, and components that pose a potential extreme hazard to
the environment, leading to strict safety requirements for a much
lower probability of failure compared with conventional facilities
[1e3]. Several methodologies have been proposed since the 1970s
to evaluate the safety of NPPs and to prevent possible accident
scenarios [4]. Early plant examination programs conducted in the
U.S. investigated the contribution of seismic events to the core
damage risk of NPPs. During this period, the lognormal fragility
model was developed to define the capacity of a plant, and is still
used in current assessments [5e7]. In the 1990s, seismic probabi-
listic risk assessments (SPRAs) and seismic margin assessments
were widely used to evaluate the safety of NPPs due to seismic
events [8]. Among these, SPRAs focus on the variabilities in the
seismic input, structure response, and material properties [8e10].
by Elsevier Korea LLC. This is an
After 2000, the updates on the TR-103959 guidelines or reports
including new observations have been suggested by Electric Power
Research Institute (EPRI) [11e14]. The EPRI 1019200 [12] include
the several updates to the logarithmic standard deviation of basic
variables due to the peak-to-valley variability in TR-103959 [8]. The
EPRI-3002004396 suggest the guidance for the seismic probabi-
listic risk assessment, considering the potential high frequency
effects on the seismic fragility of components [14]. Furthermore,
several studies have been proposed to conduct the SPRA for the
multi-unit NPP [15e17] and to improve the methodologies for
seismic fragility analysis [18].

The methodology suggested by the U.S. Nuclear Regulatory
Commission (NRC), which has been widely used in seismic per-
formance assessments, is based on the response spectra that were
developed through studies on earthquake records in the western
U.S [7,11,12]. Therefore, when this assessment is used in other
countries, the shape of the response spectra should be modified to
fit well with the characteristics of local ground motion. Further-
more, appropriate time histories of ground motion should be
chosen for a better assessment [18e23]. Several previous studies
have investigated the effects of earthquake characteristics on the
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Fig. 1. Schematic elevation view of the OPR-1000 reactor containment structure.

Table 1
Design details for the OPR-1000 containment structure; adapted from Lee and Song [34].

Elevation (ft) 83 (C in Fig. 1) 101 (B in Fig. 1) 124 (A in Fig. 1)

Reinforcing steel ratio Meridional 1.70 % 1.23 % 0.645 %
Hoop 0.78 % 0.78 % 0.78 %

Prestressing steel ratio Meridional 0.60 % 0.60 % 0.60 %
Hoop 0 0.98 % 0.98 %

Material properties used in the design of structure Concrete elastic modulus 609000 ksf
Concrete compressive strength 5500 psi (at 91 days)
Reinforcement yield strength 60000 psi
Prestressing steel yield strength 229500 psi
Damping ratio 7 % (median)

5 % (design)

Table 2
Information for natural frequency and effective mass ratio of lumped mass model (containment wall).

Mode information Natural frequency (Hz) Effective mass ratio (%)

Translational in X-direction e mode 1 4.6411 60.52
Translational in Y-direction e mode 1 4.6564 61.17
Translational in X-direction e mode 2 13.972 22.82
Translational in Y-direction e mode 2 14.030 22.91
Translational in X-direction e mode 3 20.249 2.38
Translational in Y-direction e mode 3 20.280 1.92
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cumulative damage of structures [24e27]. In general, the peak
ground acceleration (PGA), peak ground velocity (PGV), peak
ground displacement (PGD), and spectral acceleration ðSaÞ are used
as intensity measures for the development of seismic fragility
curves [18e29]. Meanwhile, there is a recent study suggested that
the sustained maximum acceleration (SMA) can be used as an in-
tensity measure for estimating the seismic demand on structures in
limited cases [30]. Therefore, the earthquake characteristics of
ground motions, such as the peak ground acceleration (PGA), peak
ground velocity (PGV), peak ground displacement (PGD), spectral
387
acceleration ðSaÞ, and sustained maximum acceleration (SMA)
should be considered simultaneously [28e30].

In this study, seismic fragility analyses on the reinforced con-
crete containment of an OPR-1000 reactor NPP were performed
using 30 ground motion data recorded around the world. In
particular, ground motion records of the Gyeongju earthquake in
2016 were considered, along with other records obtained from the
database of Pacific Earthquake Engineering Research Center (PEER)
[31,32]. Earthquake time histories were created from the selected
ground motions by spectral matching to the site-specific response



Fig. 2. Design response spectrum (DGRS) and site-specific response spectrum [4,8,34].
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spectrum of Hanbit nuclear power plants in South Korea. Linear
response history analyses were conducted using a lumped-mass
stick model to estimate the response of the considered structure.
The effects of ground motions on the seismic fragility of the
structure were analyzed in terms of significant duration, Arias in-
tensity, root mean square of acceleration (acceleration RMS),
characteristic intensity, and sustained maximum acceleration
(SMA). Finally, considerations when using the earthquake records
for the seismic performance assessment of NPP concrete contain-
ments were discussed.
Table 3
Selected ground motion data [31,32].

No. Earthquake name Station name Year

1 Parkfield Shandon Array #8 1966
2 San Fernando Santa Felita Dam 172 1971
3 San Fernando Santa Felita Dam 262 1971
4 Imperial Valley Cerro Prieto 147 1979
5 Irpinia, Italy Brienza 1980
6 Irpinia, Italy Rionero In Vulture 1980
7 Coalinga-01 Parkfield e Fault Zone 16 1983
8 Morgan Hill Gilroy Array #4270 1984
9 Chalfant Valley Benton 270 1986
10 Loma Prieta Coyote Lake Dam (Downst) 1989
11 Hector Mine Hector 1999
12 El Mayor-Cucapah Bond Corner 2010
13 Joshua Tree Thousand Palms Post office 1992
14 Christchurch Canterbury Aero Club 2011
15 Imperial Valley USGS 5115 1979
16 Kobe KAKOGAWA 1995
17 Northridge Castaic e Old Ridge Route 1994
18 Gyeongju HDB 2016
19 Gyeongju DAG2 2016
20 Gyeongju PHA2 2016
21 Gyeongju GKP1 2016
22 Gyeongju BUS2 2016
23 Gyeongju ADO2 2016
24 Gyeongju ULJ2 2016
25 Gyeongju GSU 2016
26 Gyeongju TOY 2016
27 Gyeongju UJN 2016
28 Gyeongju SND 2016
29 Gyeongju CHR 2016
30 Gyeongju DKJ 2016

a Rrup for PEER records, Repic for Gyeongju earthquake records.
b Only in 2e10 Hz of frequency range.
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2. Target structure and numerical model

The structure considered in this study is OPR-1000 NPP, a two-
loop 1000 MWe PWR Generation II nuclear reactor developed by
Korea Hydro & Nuclear Power Co., Ltd. (KHNP) and Korea Electric
Power Corporation (KEPCO) in South Korea [33]. The concrete
containment structure is composed of two layers of deformed bars
and tendons in the concrete wall and dome, as well as a steel liner,
as shown in Fig. 1 and Table 1. This structure exhibits a continuity
between its cylindrical wall and dome. The wall and dome have
three buttresses with equal angles; therefore, hoop tendons at each
elevation extend to 240�. The reinforcement ratio in the contain-
ment wall near the base is approximately 1.70 % in the meridional
direction and 0.78 % in the hoop direction, while the reinforcement
ratio at the spring line of the wall is approximately 0.65 % in the
meridional direction and 1.39 % in the hoop direction [34]. In
addition, the prestressing steel ratio at the part near the base is
approximately 0.60 % in the meridional direction and absent in the
hoop direction, while the reinforcement ratio at the spring line of
the wall is approximately 0.60 % in the meridional direction and
0.98 % in the hoop direction.

As the containment structure generally behaves as a cantilever
beam when subjected to earthquake ground motion, many past
studies and several recent studies have simplified the containment
structure as a lumped mass model which consists of lumped
masses at nodes and beam elements, as depicted in Fig. 1
[27,30,34e41]. In addition, lumped mass models successfully esti-
mate the seismic base shear of containment structures in elastic
region in recent studies [27,30,39e41]. In this study, the ABAQUS
software was used to construct the lumped mass model. The beam
element was defined by assigning a generalized profile with an
area, moment of inertia, Young's modulus, and shear modulus to
enable the beam to exhibit proper values of bending and shear
Mw Rrup orRepic
a (km) PGA (g) Maximum misfit (%)b

6.19 12.90 0.125 14.67
6.61 24.87 0.155 20.56
6.61 24.87 0.155 11.62
6.53 15.19 0.168 9.62
6.90 22.56 0.220 13.65
6.20 22.69 0.100 11.40
6.36 27.67 0.183 12.49
6.19 11.54 0.224 18.18
6.19 21.92 0.209 8.734
6.93 20.80 0.160 13.39
7.13 11.66 0.265 23.03
7.20 32.85 0.192 28.88
6.10 17.86 0.229 15.99
6.20 14.41 0.184 14.80
6.40 31.00 0.315 26.50
6.90 22.50 0.345 22.19
6.69 20.72 0.568 25.13
5.80 19.33 0.056 8.162
5.80 26.28 0.062 6.93
5.80 50.83 0.028 12.77
5.80 54.42 0.046 16.09
5.80 57.45 0.062 25.03
5.80 75.60 0.044 19.03
5.80 106.6 0.008 23.28
5.80 119.7 0.005 18.09
5.80 122.7 0.022 10.12
5.80 138.5 0.066 12.81
5.80 159.4 0.003 22.68
5.80 67.40 0.069 10.48
5.80 21.87 0.092 11.02



Fig. 3. Response spectra of original ground motions (a) and spectral-matched time histories (b) [34].

Table 4
Characteristics of earthquake time histories spectral-matched to the site-specific response spectrum.

No. of original ground motion PGA (g) ðSaÞn(g)1) Significant duration (s) Arias intensity Acceleration RMS (g) Characteristic intensity SMA (g)

1 0.1584 0.5429 11.2 0.2662 0.02568 0.02106 0.1243
2 0.1597 0.5348 22.04 0.2761 0.02445 0.02093 0.1240
3 0.2009 0.4862 18.84 0.2766 0.02447 0.02096 0.1543
4 0.1595 0.5252 16.765 0.6439 0.03734 0.03950 0.1557
5 0.1646 0.5063 10.498 0.3550 0.03057 0.02654 0.1483
6 0.1769 0.5211 16.6286 0.3296 0.02946 0.02510 0.1389
7 0.2068 0.5430 12.64 0.2933 0.02521 0.02190 0.1207
8 0.1647 0.5348 14.5 0.3531 0.02765 0.02517 0.1517
9 0.1820 0.5064 16.645 0.2860 0.02488 0.02149 0.1288
10 0.1710 0.4990 14.005 0.3300 0.02673 0.02393 0.1354
11 0.1860 0.5325 13.35 0.4786 0.02869 0.02985 0.1605
12 0.1677 0.5254 21.4 0.6918 0.03669 0.04059 0.1545
13 0.2078 0.5141 11.16 0.4427 0.03217 0.03040 0.1641
14 0.1677 0.5032 12.93 0.3011 0.02407 0.02169 0.1589
15 0.1848 0.5176 13.6 0.5421 0.03459 0.03488 0.1638
16 0.1920 0.5277 11.95 0.7225 0.04839 0.04758 0.1715
17 0.2316 0.5010 18.66 0.5901 0.03573 0.03699 0.1799
18 0.2147 0.5121 1.600 0.1573 0.01772 0.01345 0.1564
19 0.1835 0.5139 4.950 0.1482 0.01635 0.01254 0.1429
20 0.1556 0.519 4.150 0.1446 0.01626 0.01236 0.1442
21 0.2261 0.5463 6.920 0.2106 0.01850 0.01590 0.1140
22 0.2153 0.5267 5.860 0.1586 0.01681 0.01316 0.1274
23 0.1632 0.5333 6.910 0.1797 0.01725 0.01418 0.1080
24 0.2324 0.5214 3.120 0.1453 0.01537 0.01204 0.1024
25 0.1362 0.5418 3.740 0.1715 0.01669 0.01363 0.0955
26 0.1828 0.5102 7.170 0.1973 0.01790 0.01514 0.1145
27 0.1738 0.5209 7.030 0.1802 0.01711 0.01415 0.0848
28 0.1702 0.4648 4.390 0.1507 0.01565 0.01237 0.0854
29 0.1810 0.5209 8.230 0.2146 0.01867 0.01613 0.1517
30 0.2245 0.5153 4.710 0.1388 0.01594 0.01199 0.0907
Median 0.1815 0.5209 11.18 0.2763 0.02446 0.0210 0.1409
COV 0.1345 0.0334 0.5200 0.5485 0.3340 0.4365 0.1934

1) Spectral acceleration (5% damping ratio) at the 1st natural frequency of the containment structure 4.64 Hz.
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stiffness. Anisotropic masses were assigned in the model to inde-
pendently analyze the behavior of the structure loaded by hori-
zontal and vertical ground motions. The steel beam connection
between containment building and internal structure was simpli-
fied by using beam element since this connection restrained the
vertical displacements. The information for natural frequencies and
effective mass ratios of first, second, and third modes of the
containment structure is summarized in Table 2. It was assumed
that safe shutdown earthquake (SSE)-levels of approximately 0.2 g
PGA, which are used in seismic performance assessments of NPP
structures, cause linear elastic behavior of the containment struc-
ture [7,8,11,12]. Therefore, the entire model was built using linear
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elastic elements, and the effects of nonlinear behavior that could be
induced at a higher ground motion level compared with SSE was
evaluated using the inelastic energy absorption factor. Rayleigh
damping corresponding to 7 % or 5 % of critical damping was
assigned to the structure to take into account the damping uncer-
tainty (Table 1). Fixed time increments of 0.01 s, 0.005 s, or 0.0029 s
to consider input groundmotionwere adopted for implicit dynamic
analysis. For simplification, the lumped mass models excluded
equipment such as the steam generator and heat exchanger. Also,
the effects of soil structure interaction are excluded in this study
due to the fact that the target structure is constructed to a hard rock
site.



Fig. 4. Determination of fragility analysis parameters.

C. Kim, E.J. Cha and M. Shin Nuclear Engineering and Technology 54 (2022) 386e400
3. Ground motions

3.1. Target response spectrum

In the seismic fragility analysis of NPPs, appropriate time his-
tories that satisfy TR-103959 published by Electric Power Research
Institute (EPRI) are required. Spectrummatching with the response
spectra is one of the available methods that can be used to develop
proper time histories [4e8,11,12]. In general, the design response
spectrum suggested in the U.S. NRC Regulatory Guide 1.60 (NUREG
RG 1.60) is assumed to have a non-exceedance ratio of 84 % and is
typically used in seismic margin assessment [4,8,11,12]. In contrast,
the site-specific response spectrum is required to perform a seismic
fragility analysis based on the separation of variables (SOV)
method, and it is assumed that the site-specific response spectrum
is constructed with the median value [34]. In addition, this study
aimed at conducting the seismic performance assessment of Hanbit
nuclear power plants in South Korea and investigating the effects of
groundmotion characteristics on the fragility curves. Therefore, it is
appropriate to conduct spectral matching to site-specific response
spectrum to compare the effects of groundmotion characteristics of
various earthquakes, including the ground motion records from
Gyeongju earthquake. For this reason, earthquake time histories
were generated by spectral matching to the 5 % damped site-
specific response spectrum acquired following the study by Lee
and Song [34]. The spectral matching has been conducted by
following the guideline of NUREG-0800 [42]. The site-specific
response spectrum for Hanbit 5 & 6 unit used in this study is
depicted in Fig. 2 and is compared with the design response
spectrum suggested in NUREG RG 1.60.
3.2. Ground motion selection

The ground motion records were selected from the PEER NGA
West 2 ground motion database and the Korean Meteorological
Administration (KMA) using the following criteria [31,32]. First, the
ground motion records for earthquakes with magnitudes higher
than 6.0 were obtained from the PEER database for comparison
with the Gyeongju earthquake records. Thereafter, spectral
matching processes were conducted to the selected ground motion
with 40 iterations using SeismoMatch software. The misfit of
spectral acceleration in the 2e10 Hz frequency range was limited to
30 %, by referring to the second approach suggested by Chapter 3 of
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NUREG-0800 [42]. Finally, the ground motion data that were well
anchored to the site-specific response spectrum in the frequency
range of 2e10 Hz were chosen. The information summarized in
Table 3 contains the location, magnitude, rupture distance or
epicenter distance, PGA, and misfit value for a total of 30 pairs of
ground motion records. Significant differences in the PGA interval
value and the epicenter distance exist between the selected
Gyeongju earthquake records and the selected PEER records.
Ground motion No. 28 recorded far from the epicenter shows a
relatively lower PGA value among the selected earthquakes. How-
ever, it is consistent with the site-specific response spectrum in
terms of the maximum misfit ratio. The response spectra of the
original time histories and spectral-matched histories for selected
groundmotion are shown in Fig. 3(a) and Fig. 3(b), respectively. It is
clear that the response spectra of the spectral-matched time his-
tories were well matched with the target site-specific response
spectrum.
3.3. Earthquake characteristics

Table 4 summarizes the earthquake characteristics of the pro-
duced ground motion, including PGA, spectral acceleration at the
natural frequency of the containment structure ðSaÞn, significant
duration, Arias intensity, acceleration RMS, characteristic intensity,
and SMA. The first natural frequency of the containment structure
was estimated to be 4.64 Hz (Table 2), which was similar to the
reported value of 4.6 Hz in the literature [34]. The time histories
developed in this study have similarity with each other in the PGA
value and ðSaÞn with the low coefficient of variations (COV). How-
ever, they show larger differences in significant duration, Arias
intensity, acceleration RMS, characteristic intensity in terms of the
COV. The significant durations of the time histories from Gyeongju
earthquakes are comparatively shorter than those of the other time
histories used in this study or the previous studies that dealt with
the effects of ground motion duration on structural response
[25,26,30,43e45]. Also, the difference in significant duration seems
to be related with the differences in other ground motion param-
eters such as the Arias intensity, acceleration RMS and character-
istic intensity as these parameters are defined in the time domain
and the significant duration is the time interval that accounts for
the distribution of seismic energy [46,47].

Furthermore, recent study has suggested that SMA is the in-
tensity measure that can properly estimate the seismic demand in
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limited cases. Nguyen et al. [30] discussed that SMA show strong
correlation with the drift of containment structure when the near-
fault groundmotions were used for assessment. These indicate that
using the time histories with lower SMA probably resulted in less
seismic demand compared to other time histories. In this reason,
comparative analysis was performed between the time histories to
investigate the difference in structural response and seismic
fragility parameters in section 5.
4. Seismic fragility analysis procedure

The seismic fragility analysis performed in this study is based on
the method recommended in EPRI TR-103959 [8]. In this method,
the limit state is defined as the operational failure of the structure,
component, or system, and the seismic capacity is defined as the
ability to resist seismic load in each failure mode. Seismic capacity
can be expressed using the specific damage index such as stress,
displacement, and acceleration. In this study, the occurrence of
maximum tangential shear of the concrete containment structures
is considered as the performance level for the fragility curves, and
the corresponding damage index is the tangential shear stress
[8,11,12]. Therefore, the ground motion level inducing elastic limit
state of the structure, component, and system could be estimated
using the elastic scale factor which considering the elastic behavior
of containment structure. In addition, the effects of inelastic
behavior are considered by using inelastic energy absorption factor.
Moreover, the variabilities in basic variables are considered to es-
timate the probability of failure at varying PGA level from the
median capacity of the structure. As a result, the fragility curve is
constructed as a logarithmic standard distribution with several
factors that consider the elastic limit of the structure, the inelastic
behavior of the structure, and the uncertainties in seismic demand
and seismic capacity. The flowchart for obtaining the main seismic
fragility analysis parameters is shown in Fig. 4.
4.1. Failure mode and strength equation

In general, the tangential shear failure of the cylindrical wall
near the base is considered as the governing failure mode of the
containment structure subjected to ground motion [8,11,12,48].
This consideration is based onprevious experimental studies on the
structural behavior of small-scale reinforced and prestressed cy-
lindrical walls subjected to horizontal loadings [49e53]. The failure
of the containment wall observed in these previous studies pro-
ceeded in the following sequence: initiation of crack at the flange,
propagation of crack to the web, and finally yielding of the vertical
reinforcement at the web typically in the vertical direction. Several
studies successfully estimate the shear stress at failure by using a
Fig. 5. Force-deflection curve and related parameters for calculating Fm [8,47].
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concept known as the averaged reinforcement ratio [51,53]. The
shear strength capacity equation suggested by Ogaki et al. [51]
considered the abovementioned observations.

Therefore, the equation for the shear strength capacity of the
containment structure suggested by Ogaki et al. [51] was applied in
this study and is given by:

VU ¼ vU$p$Dc$tw
a

(1)

where VU is the ultimate shear strength, vU is the ultimate shear
stress, Dc is the centerline diameter of the containment wall, tw is
the depth of the wall, and a is the coefficient of conversion.

In (1), the conversion coefficient a is used to evaluate the effects
of the overturning moment on the shear resistance of structures.
Coefficient a can be described by the following equations:

a ¼ 2:0 for M
VD0

� 0:5

a ¼ 0:667
�

M
VD0

�
þ 1:67 for 0:5<

M
VD0

<1:25

a ¼ 2:5 for 1:25 � M
VD0

(2)

whereM is the overturning moment, V is the shear force, and D0 is
the outer diameter of the containment wall structure.

The ultimate shear stress vU is expressed as:

vU ¼0:8
ffiffiffiffi
fc

p
þ �

rsy
�
avg < 21:1

ffiffiffiffi
fc

p
(3)

where fc is the compressive strength of concrete at 28 days of
curing (psi) and ðrsyÞavg is the averaged reinforcement ratio
expressed by (4):

�
rsy

�
avg ¼

ðrh þ rmÞ
2

fy þ
�
rph þ rpm

�
2

fpy � ðsh þ smÞ
2

(4)

where rh is the reinforcement ratio in the hoop direction, rm is the
reinforcement ratio in the meridional direction, rph is the pre-
stressing tendon ratio in the hoop direction, rpm is the prestressing
tendon ratio in the meridional direction, sh is the hoop-direction
normal stress due to dead load, internal pressure, prestress, and
seismic load, sm is the meridional-direction normal stress due to
dead load, internal pressure, prestress, and seismic load, fy is the
Fig. 6. Idealized force deflection curve considering the envelope of MH 4 of Ogaki et al.
[51].
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yield stress of reinforcement, and fpy is the yield stress of the pre-
stressing tendon.

4.2. Elastic scale factor

The elastic scale factor is a constant that is used to estimate the
level of ground motion that causes the structure to reach its elastic
limit state. The elastic scale factor FSE can be estimated by Ref. [8]:

FSE ¼
Cs � Dns

Ds þ DCs
(5)

where Cs is the capacity of the target structure, Dns is the demand
imposed on the structure by a non-seismic load, Ds is the demand
imposed on the structure by a seismic load, and DCs is the change in
the capacity of the structure due to the seismic load. All the vari-
ables in (5) should be taken as stress-terms in the following
manner: the shear stress (Cs) is calculated as the base shear ca-
pacity divided by effective cross-sectional area of the containment
wall considering equations (1)e(4), the seismic demand (Ds) is
taken as the shear stress at the base induced by seismic loading, the
non-seismic demand (Dns) is the stress induced by other non-
seismic loads such as gravity and pressure, and the effects of ver-
tical ground motion on shear strength are categorized as the
change in capacity (DCs). The elastic scale factor should be taken as
the minimum value calculated in the overall analysis that satisfies
the safety condition during the entire ground motion duration.

4.3. Inelastic energy absorption factor

The inelastic energy absorption factor is used for computing the
effects of the inelastic behavior of a structure. These include
changes in the dynamic frequency and pinching of the hysteresis
curve in the inelastic range. It is possible to estimate the median
capacity of a structure after calculating both the elastic scale factor
and energy absorption factor. In this study, the effective frequency/
effective damping method is adopted to calculate the inelastic
energy absorption factor as follows:

Fm ¼
�
fe=f
fs=f

�2 SAðf ; bÞ
SAðfe; beÞ

(6)

where Fm is the inelastic energy absorption factor, f is the natural
frequency (first-mode) of the structure, fs is the secant frequency, fe
Table 5
Logarithmic standard deviations of considered variables in fragility analysis [8,11,12].

Considered variables in fragility analysis Logarithmic standard deviation

bRi bUi

Spectral shape 0.14 0
Horizontal peak response 0.1 0
Vertical peak response 0.34 0
Structural damping ratioa 0 Median damping ratio: 0.07

Damping ratio with 1s : 0.05
Modeling-frequency 0 0.17
Modeling-mod eshape 0 0.06
Mode combination 0.05 0
Time history simulation 0 0.05
Foundation structure interaction 0 0.05
Concrete strength 0 0.15
Reinforcement yield strength 0 0.11
Inelastic energy absorption factor b b

a The logarithmic standard deviation for damping should be calculated from
several analyses considering its median damping value and the damping value at 1s
of the standard deviation.

b The logarithmic standard deviation for inelastic energy absorption factor is
calculated by using equation (16).
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is the effective frequency, SA is the spectral acceleration obtained
from the ground input to the structure, be is the effective damping
value, and b is the median damping value.

Referring to Kennedy et al. [54], the effective frequency/effective
damping method replaces the nonlinear response curve with an
equivalent linear response function with lower stiffness and
increased damping as shown in Fig. 5. Therefore, the secant fre-
quency and the effective frequency can be calculated using the
following equation:

fs
f
¼

ffiffiffiffiffi
Ks

K

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ sðm� 1Þ

m

s
; m¼

P
wi

�dT iP
wi

�dei
(7)

where K is the initial stiffness of the structure, Ks is the secant
stiffness of the structure, s is the ratio between the initial stiffness
and the post-elastic stiffness, and m is the ductility of the structure,

wi is the weight of each story, �dT i is the median maximum deflec-

tion of each story, and �dei is the median elastic deflection of each
story scaled to the level at which the critical story yields. The secant
stiffness represents the minimum effective stiffness Ks during the
nonlinear response. A previous study also suggested that the
method should take into account the nonlinear response averaged
for overall displacement [54]:

fe
f
¼ð1�AÞþA

�
fs
f

�
; A¼CF

�
1� fs

f

�
� 0:85 (8)

be ¼
�
fe=f
fs=f

�2

ðbþ bhÞ; bh ¼0:11
�
1� fs

f

�
(9)

where A and CF are empirically determined coefficients and bh is
the pinched hysteretic damping value.

The stiffness ratio, s, and ductility, m, are required to estimate the
inelastic absorption factor and therefore the experimental results of
a previous structural study were used to develop the idealized
forceedeflection curve of the containment structure (Fig. 6) [51].
The ductility estimated from Fig. 6 is about 3.343, which is similar
with the value suggested by Lee and Song [34]. As described earlier,
themedian seismic capacity of the structure can be calculated using
the elastic scale factor and the inelastic energy absorption factor as
follows:

Am¼AREF
�FSE�Fm ¼ AREF

�FS (10)

where Am is the median seismic capacity of the structure, which is
expressed as the corresponding ground motion parameter (e.g.,
PGA, spectral acceleration), AREF is the ground motion parameter of
reference earthquakes used for seismic fragility analysis, �FSE is the
median elastic scale factor, �Fm is the median inelastic energy ab-

sorption factor, and �FS is the median scale factor expressed as the
product of �FSE and �Fm.

The median capacity can be calculated when all the basic vari-
ables are set to median value. Thus, it is possible to investigate the
effects of uncertainty in variables calculated based on median ca-
pacity, by setting certain basic variables to values that are far from
the median value, considering the uncertainty and randomness
involved in the basic variables. This is the main idea for the
calculation procedure for effects of uncertainty in the fragility curve
and will be discussed in later sections.
4.4. Effects of uncertainty and randomness

The methodology of the EPRI guideline suggested that the



Table 6
Calculation results for the median elastic scale factor, FSE .

Ground motion No. Shear force (kips) Bending moment (kips-ft) Axial force (kips) FSE

1 2.334 � 104 3.762 � 106 2.136 � 102 8.177
2 2.304 � 104 3.398 � 106 10.05 � 103 8.197
3 2.317 � 104 3.237 � 106 14.13 � 103 8.148
4 2.612 � 104 3.366 � 106 15.63 � 103 7.381
5 2.389 � 104 3.602 � 106 9.921 � 103 7.871
6 2.336 � 104 3.528 � 106 14.19 � 103 7.919
7 2.479 � 104 3.792 � 106 4.898 � 103 7.694
8 2.487 � 104 3.875 � 106 9.240 � 103 7.518
9 2.410 � 104 3.646 � 106 4.174 � 103 7.955
10 2.298 � 104 3.654 � 106 4.246 � 103 8.216
11 2.456 � 104 3.897 � 106 8.636 � 103 7.586
12 2.698 � 104 3.542 � 106 9.516 � 103 7.264
13 2.015 � 104 3.362 � 106 1.092 � 103 9.340
14 2.361 � 104 3.540 � 106 2.566 � 103 8.184
15 2.343 � 104 3.000 � 106 8.224 � 103 8.419
16 2.528 � 104 4.017 � 106 2.504 � 103 7.523
17 2.274 � 104 3.495 � 106 6.063 � 103 8.326
18 3.178 � 104 3.818 � 106 7.625 � 103 6.364
19 2.745 � 104 3.320 � 106 7.509 � 103 7.333
20 2.419 � 104 3.658 � 106 4.887 � 103 7.909
21 2.250 � 104 3.774 � 106 0.360 � 102 8.388
22 2.287 � 104 3.469 � 106 2.295 � 103 8.428
23 2.300 � 104 3.642 � 106 3.750 � 103 8.232
24 2.206 � 104 3.683 � 106 1.734 � 103 8.509
25 2.509 � 104 3.948 � 106 4.239 � 103 7.558
26 2.031 � 104 3.501 � 106 0.413 � 102 9.212
27 2.243 � 104 3.428 � 106 4.953 � 103 8.489
28 1.727 � 104 2.605 � 106 13.42 � 103 10.57
29 2.332 � 104 2.663 � 106 14.16 � 103 8.492
30 2.509 � 104 3.177 � 106 10.84 � 103 7.827
Median 2.340 � 104 3.541 � 106 5.508 � 103 8.163
COV 0.1049 0.0951 0.6968 0.0922

Table 7
Calculation results for the median inelastic energy absorption factor, Fm .

Ground motion No. fe=fs SAðf ; bÞ (g) SAðfe; beÞ (g) Fm

1 1.232 0.4806 0.3448 1.732
2 1.232 0.4783 0.3625 1.640
3 1.232 0.4278 0.3030 1.755
4 1.232 0.4181 0.3317 1.567
5 1.232 0.4476 0.3584 1.552
6 1.232 0.4347 0.3146 1.717
7 1.232 0.4508 0.3161 1.772
8 1.232 0.4856 0.2987 2.020
9 1.232 0.4332 0.2997 1.797
10 1.232 0.4610 0.3165 1.810
11 1.232 0.4698 0.3051 1.913
12 1.232 0.4552 0.2879 1.965
13 1.232 0.4268 0.3277 1.619
14 1.232 0.4563 0.3381 1.677
15 1.232 0.4482 0.3286 1.695
16 1.232 0.4866 0.3566 1.696
17 1.232 0.4472 0.3795 1.464
18 1.232 0.4738 0.3266 1.803
19 1.232 0.4347 0.3458 1.562
20 1.232 0.4639 0.3347 1.722
21 1.232 0.4622 0.3141 1.828
22 1.232 0.4672 0.3275 1.773
23 1.232 0.4510 0.2973 1.886
24 1.232 0.4850 0.3367 1.790
25 1.232 0.4805 0.2931 2.037
26 1.232 0.4284 0.3286 1.620
27 1.232 0.4794 0.3346 1.781
28 1.232 0.4149 0.2919 1.766
29 1.232 0.4541 0.3408 1.656
30 1.232 0.4684 0.3158 1.843
Median 1.232 0.4558 0.3276 1.761
COV 0 0.0465 0.0701 0.0775
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failure probabilities of structure at varying PGA levels could be
estimated by using logarithmic standard deviation, which evalu-
ating the effects of uncertainty of basic variables on the seismic
demand and seismic capacity of the structures [8]. The seismic
fragility curves developed in this study are based on the approxi-
mate second moment procedure suggested by the EPRI guideline;
therefore, it is necessary to calculate the logarithmic standard de-
viations that takes into account the randomness and uncertainty in
basic variables such as the spectral shape of the ground motion,
material properties of concrete, damping of the structure, modeling
of the target structures, and so on [8]. In the approximate second
moment procedure, the effects of randomness and uncertainty in
certain variables are reflected as a logarithmic standard deviation
which can be calculated by:

bi ¼
1
jfj ln

0
B@FSfsi

�FS

1
CA (11)

where bi is the logarithmic standard deviation which accounts for
the uncertainty or randomness in the i-th basic variable, �FS is the
median scale factor, FSfsi

is the scale factor that is calculated when
the i-th basic variable is set at the standard deviation level of fsi,
and f is the z value of the i-th basic variable at this setting.

The f value is typically 1 when the basic variable set at the
standard deviation level of fsi decreases the resulting scale factor.
In this study, the FSfsi

values were calculated by referring to the
EPRI guideline or the material property data reported in previous
studies (Table 1) [8,9]. The guideline suggests that the bi value for
393
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each basic variable is based on their effects on the seismic capacity
of the structure and can be expressed in the following manner
[8,9]:

Afsi ¼Amefbi;g (12)

where Afsi is the capacity when the i-th basic variable is set at the
standard deviation level of fsi, �D is the median demand value, and
bi;g is the logarithmic standard deviation value suggested in EPRI
TR-103959.

Equation (12) described the direct relation between the Am and
Afsi . Therefore, the user could use the bi;g values described in
Table 5 directly as bi values using (11). Moreover, it is possible to
calculate the bi values from big by following the method suggested
in the appendix of the EPRI guideline:

Ds; fsi ¼ �Dsebi;g (13)

Cs; fsi ¼ �Cse�bi;g (14)

DCs; fsi ¼ �DCse�bi;g (15)

where Ds; fsi is the seismic demand with the standard deviation
fsi, �Ds is the median seismic demand, Cs; fsi is the seismic capacity

with the standard deviation fsi, �Cs is the median seismic capacity,
DCs; fsi is the change in seismic capacity with the standard devia-

tion fsi, and D�Cs is the median change in seismic capacity.
Unlike the other basic variables, the bi values of the structural

damping ratio can be estimated after calculating the scale factor
FSfsi

separately. For this reason, the analysis is done twice to gather
the response of the structure with different damping ratios. In
Table 8
Fragility analysis parameters based on spectral-matched time histories.

Ground motion No. FSE Fm Am (g) bR bU HCLPF (g)

1 8.177 1.732 2.833 0.1888 0.3039 1.257
2 8.197 1.640 2.688 0.1875 0.2907 1.221
3 8.148 1.755 2.859 0.1876 0.2944 1.291
4 7.381 1.567 2.313 0.1871 0.2931 1.047
5 7.871 1.552 2.443 0.1873 0.2803 1.130
6 7.919 1.717 2.720 0.1874 0.2848 1.248
7 7.694 1.772 2.727 0.1883 0.3017 1.215
8 7.518 2.020 3.038 0.1884 0.3189 1.315
9 7.955 1.797 2.858 0.1884 0.2940 1.290
10 8.216 1.810 2.974 0.1884 0.3038 1.320
11 7.586 1.913 2.903 0.1882 0.3050 1.286
12 7.264 1.965 2.854 0.1883 0.3167 1.241
13 9.340 1.619 3.023 0.1884 0.2843 1.386
14 8.184 1.677 2.745 0.1883 0.2932 1.240
15 8.419 1.695 2.854 0.1877 0.2940 1.289
16 7.523 1.696 2.551 0.1884 0.3250 1.094
17 8.326 1.464 2.438 0.1874 0.2926 1.105
18 6.364 1.803 2.295 0.1882 0.3014 1.023
19 7.333 1.562 2.291 0.1876 0.2794 1.060
20 7.909 1.722 2.725 0.1881 0.2910 1.236
21 8.388 1.828 3.067 0.1891 0.3060 1.355
22 8.428 1.773 2.988 0.1886 0.3011 1.332
23 8.232 1.886 3.105 0.1886 0.3043 1.377
24 8.509 1.790 3.046 0.1887 0.3079 1.342
25 7.558 2.037 3.080 0.1889 0.3050 1.363
26 9.212 1.620 2.985 0.1886 0.2909 1.353
27 8.489 1.781 3.023 0.1882 0.3108 1.327
28 10.57 1.766 3.734 0.1875 0.3190 1.619
29 8.492 1.656 2.812 0.1873 0.2877 1.284
30 7.827 1.843 2.885 0.1879 0.2992 1.291
Median 8.163 1.761 2.856 0.1883 0.3002 1.288
COV 0.0922 0.0775 0.1047 0.0029 0.0386 0.0962
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addition, the bi values due to the variability in inelastic energy
absorption factor should be evaluated by equation (16) referring the
suggestions of EPRI TR-103959 guideline [8].

b
R F

�

m

¼ 0:4
h
0:06þ 0:03

�
F
�

m � 1
� i

b
U F

�

m

¼ CU
�
F
�

m � 1
� (16)

where bR �Fm
is the logarithmic standard deviation that takes ac-

count of the randomness in inelastic energy absorption factor, bR �Fm

is the logarithmic standard deviation that takes account of the
uncertainty in inelastic energy absorption factor, �Fm is the median
inelastic energy absorption factor, and CU is the empirical constant.

As discussed above, the value of f is typically 1 when fsi de-
creases the resulting scale factor. In this case, (14) and (15) should
be modified to decrease Cs; fsi and DCs; fsi using � bi;g . Thereafter,
the bi values can be calculated by updating the FSfsi

values with the
parameters resulting from equations (13)e(15). The logarithmic
standard deviation bi values are then calculated for both uncer-
tainty ðbUiÞ and randomness ðbRiÞ using (11). Consequently, the bi
value of each basic variable is used to calculate the b values for total
randomness and uncertainty:

bR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

bRi
2

s
; bU ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

bUi
2

s
(17)

where bR is the logarithmic standard deviation that takes account
of the randomness of the overall basic variables, bRi is the bi value
for the randomness in the i-th basic variable, bU is the logarithmic
standard deviation that takes accounts of the uncertainty of the
overall basic variables, and bUi is the bi value for the uncertainty in
the i-th basic variable.

Finally, the equation for the fragility curve can be expressed
using the double log normal model as follows [8,11,12]:

Pf ðaÞ¼F
�
lnða=AmÞ þ bUF

�1ðQÞ
bR

�
(18)

where Pf ðaÞ is the probability of failure of the structure, F is the
logarithmic distribution function, a is the PGA (g), and Q is the non-
exceedance probability of each fragility curve, typically suggested
as 5 %, 50 %, and 95 % to present the change in the fragility curve
when considering the effects of uncertainty (bU) in fragility curve.
5. Results and discussions

5.1. Time history response

The structural analysis was performed 60 times considering the
uncertainty in structural damping discussed in Section 4. The
earthquake time histories produced by the spectral matching were
integrated in terms of the displacement histories and assigned to
the basemat of the lumped mass model as boundary conditions.
The ground motions in two horizontal directions and one vertical
direction are imposed simultaneously. A time history with the same
shape but a reduced magnitude equal to 0.65 times that of the
horizontal ground motion is imposed referring NUREG CR-0098
[55].

To assess FSE properly, the structural analysis results in Table 6
were collected considering the following. The guideline suggests
combining 100% of the response in one governing direction with
40 % of the responses from the other two directions to calculate the



Table 9
Ground motion parameters used in correlation analysis.

Ground motion parameter Definition Reference

Peak ground acceleration (g)
PGA ¼ max

				€ugðtÞ
				

Peak ground velocity (m/s)
PGV ¼ max

				 _ugðtÞ
				

Peak ground displacement (m) PGD ¼ max
		ugðtÞ		

PGV/PGA (s) PGV=PGA Kramer [56]
ðSaÞn(g) Spectral acceleration (5% damping) at the 1st natural frequency of the structure
Significant duration Ds5�95% (s)

Dsxy ¼ ty � tx; x ¼
R tx
0 ð€ugðtÞÞ2dtR ttotal

0 ð€ugðtÞÞ2dt
Bommer et al. [57]

Arias intensity
Ia ¼ p

2g

Zttotal
0

ð€ugðtÞÞ2dt
Arias [58]

Acceleration RMS (g)

Arms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

ttotal

Zttotal
0

ð€ugðtÞÞ2dt

vuuut
Housner [59]

Velocity RMS (m/s)

Vrms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

ttotal

Zttotal
0

ð _ugðtÞÞ2dt

vuuut
Kramer [56]

Displacement RMS (m)

Drms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

ttotal

Zttotal
0

ðugðtÞÞ2dt

vuuut
Kramer [56]

Characteristic intensity
Ic ¼ ðArmsÞ

2
3 ffiffiffiffiffiffiffiffiffiffi

ttotal
p Park et al. [60]

Specific energy density (m2/s)
SED ¼ Rttotal

0
ð _ugðtÞÞ2dt

Cumulative absolute velocity (m/s)
CAV ¼ Rttotal

0
ð€ugðtÞÞ2dt

Reed and Kassawara [61]

Acc. spectrum intensity (g$ s)
ASI ¼ R0:5

0:1
Sa; 5%ðTÞdT

Housner [62]

Vel. spectrum intensity (m)
VSI ¼ R2:5

0:1
Sv; 5%ðTÞdT

Housner [62]

Housner intensity (m)
HI ¼ R2:5

0:1
PSVðT; 5%ÞdT

Housner [62]

Sustained maximum acceleration (g) SMA ¼ the 3rd highest PGA Nuttli [63]
Sustained maximum velocity (cm/s) SMV ¼ the 3rd highest PGV Nuttli [63]
Effective design acceleration (g) AD ¼ 1:25A3F

A3F : 3rd highest PGA from the filtered time history
Reed and Kassawara [61]

A 95 parameter (g) A95 ¼ 0:764Ia0:438 Sarma and Yang [64]

Predominant period (s) Tp Kramer [56]

Fig. 7. Comparison between fragility curves resulting from different time histories.
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median response [8,11,12]. The maximum tangential shear stress
from one horizontal response is not affected by the other horizontal
response, while the axial force fromvertical response contributes to
the maximum tangential shear stress from both horizontal di-
rections [48]. Therefore, the five demands, i.e., horizontal shear
forces in two directions, bending moments from two horizontal
395
directions, and the axial force in the vertical direction were
collected for the entire earthquake duration. Then, the elastic scale
factor corresponding to each horizontal response was calculated
using (5). Finally, a set of three demands that results in the smallest
elastic scale factor was taken to calculate FSE .

The COVs of the shear force and bending moment are below
0.15. The trend of the vertical responses shows that the median
value was highly affected by the time histories used in the analysis
and have a high COV value of 0.6968. Nonetheless, the vertical
response is a non-dominant component and has no significant ef-
fect on FSE . Consequently, the median value and COV of FSE are 8.163
and 0.0922 when considering all the data, respectively.
5.2. Seismic fragility analysis

The information required to calculate the median value of Fm as
well as the resulting Fm is summarized in Table 7. As specified by
equations (6)e(9), the calculation of the inelastic energy absorption
factor requires the spectral acceleration value corresponding to the
initial damping and the frequency, as well the acceleration value
corresponding to the effective damping and effective frequency.
The ratio between the effective frequency and the secant frequency
(fe=fs) was assumed to be identical in all cases, and the spectral
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accelerations required for the analysis were computed using Seis-
moMatch software. The resulting median value of the inelastic
energy absorption factor is 1.761, and COV is just about 0.077. The
inelastic energy absorption factors based on earthquake no. 8 and
no. 25 have higher value compared to the other data. However, it is
shown that both time histories have differences in their earthquake
characteristic such as significant duration, Arias intensity, Acceler-
ation RMS, characteristic intensity, and SMA.

The fragility curves developed using the method described in
Section 4 are shown in Fig. 7. The values of the several fragility
parameters are summarized in Table 8. Sets of median capacity Am,
beta values for randomness, bR, and beta values for uncertainty bU
were calculated using equations (10)e(16). In previous studies
Fig. 8. Relationship between median capa
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[34,35,37], the high confidence of low probability of failure (HCLPF)
and the median capacity of the containment structure in OPR-1000
were calculated to be 1.20 ge1.41 g and 2.681 ge3.81 g, respec-
tively, based on the shear failure criteria. The fragility curves
developed in previous studies are depicted using the red-shaded
area in Fig. 7.

In overall, the median capacity and HCLPF values in this study
are slightly lower than those reported in the previous studies. The
median values of the Am, HCLPF, bR, and bU calculated from all 30
analysis results are 2.856, 1.288, 0.1883, and 0.3002, respectively.
The COVs of the Am, HCLPF, bR, and bU are 0.1047, 0.0962, 0.0029,
and 0.0386, respectively. The fragility curves result from earth-
quake No. 18, No. 19, and No. 28 tend to have higher variance
city and ground motion parameters.



Fig. 9. Relationship between HCLPF and ground motion parameters.
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compared to the others, as it shown in Fig. 7. These time histories
have similarity in their level of acceleration RMS, level of charac-
teristic intensity, and significant duration shorter than others,
while have large difference in their sustained maximum accelera-
tion. Consequently, it is observed that the HCLPF estimated in this
study are similar with the values reported in previous studies
[34,35,37]. Furthermore, the differences in the fragility parameters
exist between several analysis cases, and the sustained maximum
acceleration seems to correlated with these differences.
5.3. Correlation between fragility parameters and earthquake
characteristics

In this section, possible correlations between the fragility
397
parameters and earthquake characteristics are investigated. In
totally, 21 ground motion parameters suggested by previous
studies [56e64] are selected for the correlation analysis. The in-
formation for selected ground motion parameters is described in
Table 9.
5.3.1. Median capacity vs. ground motion parameters
The correlation analyses for median capacity are described in

Fig. 8. The earthquake characteristic showing the strongest corre-
lation with the median capacity is SMA with the R2 of 0.3666. The
other parameters showing high R2 value are acceleration spectrum
intensity (ASI), followed by acceleration RMS, characteristic in-
tensity, Arias intensity, and cumulative absolute velocity (CAV). The
higher values of SMA, ASI, acceleration RMS, characteristic



Fig. 10. Relationship between bU and ground motion parameters.
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intensity, Arias intensity, and CAV tend to result in lower median
capacity. In contrast with expectations, the relationship between
significant duration and the fragility parameters is considered to be
weak, since the R2 value between median capacity and significant
duration is only about 0.055. The differences in range of parameters
such as acceleration RMS, characteristic intensity, Arias intensity
and CAV seems not to have significant correlation with the median
capacity. The SMA and ASI parameters show high R2 values for
median capacity, and all the time histories share a similar range. For
this reason, SMA and ASI are regarded as the ground motion pa-
rameters most strongly related with the median capacity estimated
from the methodology in this study.
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5.3.2. HCLPF vs. ground motion parameters
The correlation analyses for HCLPF are shown in Fig. 9. The

correlation analyses for HCLPF shows a trend similar to that
observed in median capacity. The parameters showing high R2

value with HCLPF are SMA, followed by ASI, acceleration RMS,
characteristic intensity, Arias intensity, and CAV. The R2 value be-
tween HCLPF and SMA is about 0.3545. The differences in range of
parameters such as acceleration RMS, characteristic intensity, Arias
intensity and CAV are also similar to the observation in median
capacity. In the same manner, SMA and ASI are deemed to be the
ground motion parameters most strongly related with the HCLPF.
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5.3.3. bU vs. ground motion parameters
The correlation analyses for bU are described in Fig. 10. The

correlation analyses for bU shows a different trend to median ca-
pacity and HCLPF. First of all, the R2 value between ground motion
parameters and bU are lower than the R2 values for median capacity
and HCLPF. The sustained maximum acceleration demonstrates the
highest R2 value with bU at only 0.0683. PGV is the ground motion
parameter showing the second highest R2 at 0.0514, followed by
the PGV/PGA, ASI, Housner intensity and predominant period. In
addition to these low R2 values, the trend between bU and the
ground motion parameters is difficult to observe. For example, in
Fig. 10 (d), data resulting from earthquake No. 16 seems to be a
statistical outlier, since it is distinct from the region occupied by
other data. Nonetheless, this value of bU has a slight difference of
9.5 % to the median value. As aforementioned above, the COVs of bR
and bU are much lower than COVs of median capacity and HCLPF. In
other words, randomness and uncertainty of the fragility curves do
not appear to significantly vary with ground motion parameters,
compared to the median capacity and HCLPF (see Fig. 10).

Consequently, it can be noted that using the groundmotion data
of the Gyeongju earthquake for seismic fragility analysis provides
similar results to the other data. Based on the analysis results
including all the data, the COVs of the fragility parameters are
within 0.11. The time histories from the Gyeongju earthquake
shows significant differences with the other time histories in terms
of significant duration, Arias intensity, and characteristic intensity.
However, the correlation analysis suggested that the differences in
these characteristics are barely affected by the fragility parameter.
Instead, sustained maximum acceleration seems to more signifi-
cantly relatedwith the calculatedmedian capacity and HCLPF of the
containment structure.
6. Conclusions

In this study, the effects of ground motion parameters on the
seismic fragility of the OPR-1000 reactor containment were inves-
tigated. Seismic fragility analyses were undertaken based on 30
recorded ground motions around the world, including those of the
Gyeongju earthquake. The fragility parameters resulting from each
earthquake time history were compared with those resulting from
others. Furthermore, correlation analyses between the fragility
parameters and ground motion characteristics were performed to
investigate ground motion parameters that strongly affect the
seismic capacity of the structure. The findings and conclusions of
this study are summarized in the following.

� The earthquake characteristics such as significant duration,
Arias intensity, characteristic intensity generally showed larger
COVs, and these characteristics shown relatively smaller values
in Gyeongju ground motions. In contrast, the sustained
maximum acceleration showed smaller COV in the time his-
tories, compared to the other earthquake characteristics that are
previously noted.

� The median capacity and HCLPF in terms of PGAwere estimated
to be 2.856 g and 1.288 g, respectively, when considering all the
ground motions. The COVs of median capacity and HCLPF were
0.1047 and 0.0962, respectively. In overall, the differences be-
tween bR and bU resulting from each time history are unclear.

� Correlation analyses revealed that, except for sustained
maximum acceleration, most of the earthquake characteristics
are weakly correlated with the fragility parameters. The sus-
tained maximum acceleration showed a relatively high corre-
lation with the median capacity and HCLPF than other ground
motion parameters.
399
� Future study is on the way to demonstrate the correlation be-
tween the sustained maximum acceleration and the capacity of
the containment structure. Careful consideration of the sus-
tained maximum acceleration could be helpful in developing
highly reliable seismic fragility curves with a lower uncertainty
using a reasonable number of ground motions.
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