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a b s t r a c t

Due to the severe impacts of recent earthquakes, the use of seismic isolation is paramount for the safety
of nuclear structures. The diversity observed in seismic events demands ongoing research to analyze the
devastating attributes involved, and hence to enhance the sustainability of base-isolated nuclear power
plants. This study reports the seismic performance of a seismically-isolated nuclear reactor containment
building (NRCB) under strong short-period ground motions (SPGMs) and long-period ground motions
(LPGMs). The United States Nuclear Regulatory Commission-based design response spectrum for the
seismic design of nuclear power plants is stipulated as the reference spectrum for ground motion se-
lection. Within the period range(s) of interest, the spectral matching of selected records with the target
spectrum is ensured using the spectral-compatibility approach. NRC-compliant SPGMs and LPGMs from
the mega-thrust Tohoku earthquake are used to obtain the structural response of the base-isolated NRCB.
To account for the lack of earthquakes in low-to-moderate seismicity zones and the gap in the artificial
synthesis of long-period records, wavelet-decomposition based autoregressive moving average modeling
for artificial generation of real ground motions is performed. Based on analysis results from real and
simulated SPGMs versus LPGMs, the performance of NRCBs is discussed with suggestions for future
research and seismic provisions.
© 2017 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

In light of recent earthquake events of the past decade, it can be
said that earthquake-resistant designs seem to lack robustness
against long-period excitations, raising safety concerns about civil
infrastructure in terms of the development level of a nation as well
as about nuclear-related facilities that empower the energy needs
of this development. Stochastic models are used to quantify the
extent of earthquakes in terms of the magnitude, path, site
response, etc. These models are based on our knowledge of past
experience and scientific predictions; however, the true nature of
the seismic uncertainties is revealed with a future event itself [1].

In this context, the devastating hit of the Tohoku earthquake
[magnitude (M) ¼ 9.0], which occurred off the Pacific coast of
Japan on March 11, 2011, caused extreme disasters due to high
tsunami waves and low-frequency shakes. Such subduction zone

earthquakes produce long-period, long-duration waves at larger
distances from the rupture zone and tend to cause structures to
resonate with lengthened modes of vibration for longer durations,
leading to substantially severe structural damage and the impo-
sition of stability hazards. In this regard, uncertainty in the impact
of such ground motions and their effects on structural behavior
have been taken up as an important issue. Therefore, a stochastic
approach for the attenuation and simulation of acceleration re-
cords for dynamic analysis and site-specific hazard evaluation has
been practiced for years. However, a limited number of studies
have been carried out on the categorization, selection, and gen-
eration of seismic records with considerable long-period char-
acter; also, the dynamic behavior of civil and safety-related
structures is vulnerable to excitations of such nature. Therefore,
despite the collection of nuclear power plant (NPP)-specific
studies, the present study also benefits from literature reported on
the behavior of general long-period structures to determine the
sensitivity of the subject.

Takewaki [2] and Takewaki et al [3] studied the severe aspects of
the devastating Tohoku earthquake and reported the presence of
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fairly significant long-period wave components in the velocity and
earthquake input energy spectra. It was observed that tall buildings
were seismically affected by the low-frequency shakes, while at
short-periods, the vibrations were effectively mitigated by the
hard-rubber dampers. Furumura et al [4] compared the high-
frequency content and long-period character of the Tohoku re-
cords (M ¼ 9.0) with those of past destructive events like the 1995
Kobe earthquake (M ¼ 7.3), the 2004 SE Off-Kii Peninsula earth-
quake (M ¼ 7.4), the 2004 Mid-Niigata (M ¼ 6.8) earthquake, and
the 1994 Tonankai earthquake (M¼ 8), reporting the significance of
the Tohoku earthquake’s anomalous strong ground motions. Ali
et al [5] performed incremental nonlinear dynamic analysis of
Korean NPPs and reported higher probability of failure when those
structures are exposed to long-period ground motions (LPGMs).
Araki et al [6] examined the dynamic instability in high-rise steel
moment resisting frames subjected to a pair of strong LPGMs. The
drifting trend was found to be prominent in the lower stories when
the natural periods of the structures were close to the dominant
periods of the seismic inputs. Moreover, the drifting either led to
residual inter story drift ratio of over 0.01, or to collapse corre-
sponding to smaller design base shear. In an effort to suggest re-
visions in the seismic design standards of China, Xiang and Li [7]
analyzed and acknowledged the attributes of long-period spectral
components in United States-based records by grouping the hori-
zontal motions, considering different sites and statistically deter-
mining the spectral corner periods with respect to the Chinese
design spectrum.

Another important factor is to quantify whether a particular
seismic source is capable of producing earthquakes of such higher
magnitude; such a factor might be geologically debatable for
Korean NPP sites as the zone can be realized as of only moderate
seismicity. However, given the unpredictability of natural forces in
the past, it is of interest to investigate the dynamic performance of a
Korean nuclear reactor containment building (NRCB) against such
strong seismic loads. In addition, the absence of a domestic
earthquake database requires the use of a foreign seismic bin,
which provides suites of appropriate records. If the appropriate
recorded time-histories are unavailable, the gap can be filled using
simulated time-histories [8,9].

The conventional properties of earthquakes, such as amplitude,
frequency, duration, etc., are not considered sufficient to affect the
structural seismic response in the recently reported studies.
Therefore, it is proposed that we consider the nonstationarity in
amplitude and the frequency content of a ground motion to
significantly capture the true response. These nonstationary prop-
erties are described and introduced by computing the time varying
spectrum of an earthquake record, using time-varying autore-
gressive moving average (ARMA)models [10,11]. In this framework,
Conte et al [12] presented discrete time-varying ARMA models as a
realization of real time histories and to generate nonstationary
seismic motions. The nonstationarity both in amplitude and fre-
quency were considered in the model along with Kalman filtering
for the estimation of the time varying parameters. Also, Dong et al
[13,14] proposed time varying and vector ARMAmodels to simulate
a set of ground motions in the time and frequency domains. The
proposed method utilized a Kalman filter to estimate the time
varying parameters of the ARMA model; results showed good
agreement between the actual and the synthesized ground mo-
tions. Mobarakeh et al [15] used a simplified time invariant ARMA
(2, 1) model to reproduce the nonstationary amplitude and the
frequency content of the acceleration record. Popescu and Deme-
triu [16] presented parametric ARMA models to analyze and
simulate strong earthquake motions. The results were found to be
promising and it is suggested that they can be utilized in the design
of engineering structures.

Hence, the objective of this study is to investigate the influence
of LPGMs on the seismic response of a base-isolated NRCB. For
dynamic analysis, the selection of NRC-compliant records from the
Tohoku earthquake is presented, ensuring the spectral compati-
bility within the period range(s) of interest. Since there lies a gap in
the simulation of LPGMs, a method is proposed to simulate the
preselected LPGMs and short-period ground motions (SPGMs). The
comparatively substantial level of performance is discussed in
terms of the lateral displacement, shear forces, and energy
dissipation.

2. NRCB

2.1. Structural model

Using the lumped mass approach, the structural model of the
seismically-isolated NRCB is converted into an equivalent stick
model. Along the elevation of 65.4 m, the superstructure of the
NRCB is divided into 13 segments, hereinafter referred to as “ele-
ment(s)”, as shown in Fig. 1. The physical characteristics have been
primarily extracted in terms of translational and rotational mass,
geometric and polar moment of inertia, pertaining to nodes of each
element, respectively. The object-oriented software framework,
Open System for Earthquake Engineering Simulations (OpenSees),
is used to model the isolated NRCB [17]. The finite-element model
contains a total of 15 nodes and 14 elements; the first element
reflects the base isolation and the remaining 13 elements represent
the superstructure, which is modeled using the command “element
elasticBeamColumn”. The elasticBeamColumn element is
dimension-dependent and requires the cross-sectional area, the
Young’s and shear moduli moment of inertia, element mass per
unit length, etc., to simulate the structural behavior. The use of
elemental mass/density is optional (default ¼ 0.0) and does not
affect the structural response because the stiffness and the mass
characteristics of all elements and the relevant nodes are explicitly
input in the analysis model. Hence, the mean geometric area and
the moment of inertia associated with each element are 168.69 m2

and 3.98 � 104 m2, respectively, where the mean translation mass
of each node is 1994.60 kN.s2/m. The nodal mass and element
stiffness details of each node and element are illustrated in Table 1
[18].

2.2. Base isolation

2.2.1. Finite element modeling
Using the uniaxial material constitutive law, the base-isolation

is modeled using a particular element object in OpenSees, espe-
cially dedicated to simulate the bilinear shear and force-
deformation behavior of a typical elastomeric lead rubber bearing
(LRB). Using the command “element elastomericBearingPlasticity”,
the element is defined between two nodes having zero-length or
any appropriate bearing height. The two nodes of the elastomeric
zero-length element, used herein, are rigidly connected, having a
shear hinge at the distance sDRatio.L from the bottom node. The
term L refers to the element length, which is inapplicable in the
case of a “zeroLength” element. Thus, the value of the factor
sDRatio ¼ 0.5 is used to deploy the shear hinge at the element
center and, thus, ensure equal distribution of forces and P-delta
moments between the two nodes. The functional schematics of the
zero-length elastomeric bearing and the bilinear hysteretic shear-
deformation law are shown in Fig. 2.

As can be observed in Fig. 2, the bilinear shear-deformation
model follows the use of the isolator's yield strength Fy, the initial
yield stiffness Ku in the local shear direction and the post-yield
stiffness Kd, which represents the extent of linear hardening. The
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Fig. 1. Lumped mass model of the base-isolated nuclear reactor containment building (NRCB).

Table 1
Mass and stiffness details [base-isolated nuclear reactor containment building (NRCB)].

Node No. Elevation (m) Translational mass (kN.s2/m) Rotational mass
(� 104 kN.m.s2)

Elem. No. Moment of inertia Remarks

Geometric Polar

X¼Y¼Z XX¼YY ZZ (� 104 m4)

1 0.000 d d d d d d

2 0.000 1074.058 27.417 54.832 1 d d Elastomeric bearing
3 5.182 1914.917 48.110 95.494 2 4.398 8.795 Elastic beam-column element
4 8.534 1390.876 35.435 70.870 3 4.398 8.795
5 11.89 1648.591 36.519 75.865 4 4.398 8.795
6 14.94 1264.499 32.208 64.417 5 4.398 8.795
7 17.98 1328.563 41.545 87.118 6 4.398 8.795
8 21.34 2086.095 53.250 10.650 7 4.398 8.795
9 28.04 3603.493 92.379 18.476 8 4.398 8.795
10 38.71 2844.794 72.950 14.590 9 4.398 8.795
11 41.76 2004.081 40.060 82.248 10 4.398 8.795
12 44.81 2009.918 49.893 98.454 11 4.398 8.795
13 52.43 2756.359 62.581 12.249 12 3.753 7.506
14 60.05 2756.359 39.340 75.932 13 2.856 5.713
15 65.84 1241.733 5.8605 11.371 14 1.152 23.04

* Young’s Modulus ¼ 29.16 GPa. Shear Modulus ¼ 12.46 GPa.
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Fig. 2. (A) ElastomericBearing Element in Opensees. (B) Bilinear force-deformation relationship.
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mechanical characteristics of the LRB isolator are obtained from the
experimental studies explained in the section below.

2.2.2. Test program
The factors governing the behavior of elastomeric bearing in the

FE modeling were extracted from the results of a test performed on
the LRB isolators, complimented by the design guidelines provided
by Naeim [8] and Naeim and Kelly [9]. The compression-shear test
setup followed the specifications of ISO 22762:2010, 6.2.2 and the
whole test program was executed by the Korean Testing and
Research Institute in association with UNISON, Korea [19,20]. Fig. 3
and Table 2 show the test equipment and its horizontal and vertical
load capacity, respectively.

The geometrical specifications of the LRB isolator test specimen
are presented in Table 3. A compressive load of 6,600 kN, designed
at the target shear strain of 1.5 and design displacement of
approximately 200 mm, was applied uniformly to the isolator to
maintain the design in-plane pressure. Fig. 4 shows the ultimate
shear displacement graph, marking the breaking load at 705.1 kN.
The summary of the obtained physical strength and breakage pa-
rameters of the isolator are illustrated in Table 4. For simplicity, the
properties of a total number of 16 isolators were integrated and
used as a single bilinear elastomeric zero-length element in the
NRCB’s finite element model.

2.2.3. Model validation
Prior to dynamic analysis, primitive validation of the FEmodel is

performed bymodal analysis to obtain the fundamental period and
mode shapes of the isolated nuclear containment. The acquired first
period of vibration (i.e., 2.02 seconds) verifies the accuracy of the FE

plant model by complying with the design target period, i.e., 2.00
seconds, for which the required stiffness was obtained using Eq. (1),
as follows [8,9]:

KT ¼ 2p
�
M
TH

�2
(1)

KH ¼ KT=n ∴n ¼ number of isolators (2)

where M, KT, KH and TH are the total mass, total horizontal stiffness,
horizontal stiffness of one isolator, and target fundamental period
of the isolated structure, respectively.

3. Selection of earthquake records

3.1. Target spectrum

The selection of ground motions is of crucial importance in
dynamic, linear or nonlinear response analysis of structures, as it
controls the outcomes and performance levels for which the
structure ought to be designed. Since safety-related nuclear facil-
ities in Korea are known to be initially designed in compliance with
the seismic design response spectra reported in Regulatory Guide
1.60 of the United States Nuclear Regulatory Commission [5,18,21],
the 5% damped NRC response spectrum is set as the target spec-
trum for ground motion selection.

The plot of the 5% damped NRC spectrum, a simplified illustra-
tion of the four control points governing the spectrum and its
values, is shown in Fig. 5 and Table 5. For details on spectra other
than the 5% damping spectra, refer to [21].

3.2. Strong ground motion database

Once the target spectrum is identified, the earthquake records
can be selected from any available extensive repository or database

Fig. 3. Compression-shear load equipment.

Table 2
Capacity of the lead rubber bearing (LRB) test equipment.

Max. load
(kN)

Max. displacement
(mm)

Max. velocity

Vertical capacity 30,000 150 1 (mm/sec)
Horizontal capacity ± 5000 ± 1,000 20 (mm/sec)
Moment capacity ± 500 ± 100 ± 1000 (kN.m)

Table 3
Geometrical specifications of lead rubber bearing (LRB) isolator.

Bearing
diameter
(mm)

Lead core
diameter
(mm)

Rubber
thickness
(mm)

No. of
rubber
layers

Insert plate
thickness
(mm)

No. of
insert
plates

End plate
thickness
(mm)

1,003 315 9.5 12 4 11 20
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Fig. 4. Shear load-displacement curve.

Table 4
Mechanical characteristics of lead rubber bearing (LRB) isolator.

Horizontal
stiffness KH

(kN/mm)

Post-yield
stiffness Kd

(kN/mm)

Characteristic
strength Kd

(kN)

Equivalent
damping
ratio

Breaking
strain
(mm)

Shear load
at break
(kN)

16.91 5.22 653.7 41.41% 244.6 705.1
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of ground motions. In this context, the idea of spectrum compati-
bility is often adopted and proposed for earthquake record selec-
tion using several seismic codes, and utilized in the framework of
force-based and performance-based design [22]. Since Korea does
not have any bin of recorded motions, the Japanese strong motion
databases K-NET and Kik-NET (http://www.kyoshin.bosai.go.jp) are
used for downloading and selecting the motions to match the
target spectrum. The infamous event of Tohoku, 2011, has been
reported to have undoubtedly devastated several moderate-to-
long-period structures, including the nuclear facilities in Japan
[2,3], clearly surpassing the seismic standards in place. The ground
motions of this subduction zone earthquake are specifically focused
on for selection, due to this earthquake’s tendency to produce long-
period long-duration waves at larger distances from the rupture
zone, and hence substantially causing resonating in long-period
structures, such as skyscrapers, high-rises, NPPs, etc., and causing
severe damage.

3.3. Spectral matching

For spectral matching, decision-making in fixing the period
range of interest is of high significance. Regardless of the structure
type, the first/fundamental period of vibration (T1) is greatly
important for engineers; however, ideally, this range should
encompass all the periods to which the structural response is
sensitive. ASCE 7-05 [23] suggests from 0.2T1 to 1.5T1 as an effective
period range; however, nonlinear structures with effectively
lengthened T1- base-isolated NRCB, herein, are found to be sensi-
tive to response spectra for periods greater than 1.5T1 [24].

In this study, a dual band of periods is chosen to match the
target spectrum with the selected records. The first band (Band 1)
involves the periods associated with the acceleration sensitive
domain, i.e., the flat region of the spectra, referring to the seismic

effect at vibration modes of high-order. Band 1 entails the period
range of 0.1 seconds to T2, where T2 is pertinent to the control point
C in Fig. 5B and Table 5, i.e., 0.4 seconds. The second band (Band 2)
constitutes the fundamental period of the seismically isolated
NRCB, as it controls the total response of the structure [5,25]. Since
modal analysis has revealed a lengthened first period of the iso-
lated containment, i.e., 2.02 seconds, signifying its sensitivity to
longer periods, a period range of T1± 0.5T1 is decided on for Band 2.

With the period range of interest decided, a large number of
records from Tohoku are assessed to identify the most closely
matching motions with the target spectral shapes within the given
bands of periods. The similarity between the target spectrum and
selected records is determined by checking the sum of the root
mean square error (Erms) of the spectral accelerations at any period
range Sa(Ti), as follows [5,26]:

Erms ¼ 1
Ni

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN

i¼1

 
SaðTiÞ � STaðTiÞ

STaðTiÞ

!2
vuut (3)

Here, Sa(Ti) is the spectral acceleration of the record, STaðTÞ is the
target spectral acceleration at period Ti and Ni is the total number of
periods in a specified band. According to Eq. (3), the records with
the smallest Erms values are selected for SPGMs; however, an extra
margin of about 10~15% is allowed specifically in Band 2 for the
selection of LPGMs. It is thought that perhaps the NRC spectrum
does not reflect the characteristics of the long-period records and,
thus, referring to the natural period of the structure, real spectrum
matching in Band 2 was chosen as a selection criterion. It is
believed that the records complying with Eq. (3) and com-
plemented by this extra allowance shall provide a reasonable rep-
resentation of the long-period character and its effects on the
structure response.

Fig. 6 demonstrates the selection of earthquake records in
accordance with the aforementioned dual band of periods.

3.4. Number of records

The minimum number of records required for the engineering
analysis of the structure differs for various codes. According to ASCE
4-98, the minimum number of records is decided on depending on
the type of response required, e.g., to compute the maximum
response, at least three to six recordings or a minimum of one

Fig. 5. (A) Nuclear reactor containment (NRC) design response spectrum. (B) Four control points e NRC.

Table 5
Relative amplification factors for control points e for horizontal design response
spectra (DRS).

Critical
damping
value (%)

Amplification factor values for relevant control points

Acceleration Displacement

A (33 cps) B (9 cps) C (2.5 cps) D (0.25 cps)

5.0 1.0 2.61 3.31 2.05
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record is allowable unless the structure is vulnerable to long-period
motions. Moreover, engineers are allowed to conclude that the
behavior is a mean structural response if at least seven ground
motions are used for the structural analysis, as was adopted in the
present study [21,27]. The set of seven records, for short- and long-
period motion categories, are selected using the criterion discussed
earlier and shown in Fig. 7 below.

4. Simulation of earthquake records

For each set of selected records, an equivalent ground motion is
simulated for the time history dynamic analyses using the para-
metric time varying ARMA (TVARMA)modeling. Moreover, wavelet
transform based decomposition is applied to divide the seismic
signal into two parts, i.e., of high and low frequency. This purpose is
achieved by passing the signal through low pass and high pass
filters. The low pass filter eliminates the high frequency bands of
the original signal and returns its approximated version, whereas
the high pass filter removes the low frequency content and yields
an approximation of the original signal. The decomposition can be
performed at multiple levels by repeating the process and using the
low pass filtered data from the preceding step [28e30]. Since the
influence of the long-period component on the structural response

is desired, using ARMA modeling, only the high frequency content
of the LPGMs is synthesized and then adjoined with the original
low-frequency content to obtain artificial LPGMs. However, for
SPGMs, wavelet transform-decomposition is avoided and the re-
cords are processed through the parametric TVARMA (p, q) model
as a realization of a nonstationary random process, expressed as
follows [10e13,31,32]:

yk � f1;kyk�1 � ,,,,� fp;kyk�p ¼ ek � q1;kek�1 � ,,,,

� qq;kek�q (4)

Here yk, ek and s2e;k are the earthquake ground motion, the
Gaussian white noise ½ðek � Nð0; s2e;kÞÞ� and the envelope function
of the noise and represented in nonstationarity in amplitude,
respectively. The variables fi;kði ¼ 1;2;…; pÞ and qi;kði ¼ 1;2; :::; qÞ
denote the time varying AR and MA coefficients, respectively, and
account for the nonstationarity in the frequency content. The
subscript k denotes the instant t¼kDt, where Dt is the sampling
time. The steps involved in the process are as follows:

(1) Order (p, q) selection of the TVARMA model: The process ini-
tiates with the selection of the model order because this
value plays an important role in the estimation of the time
varying spectrum. As mentioned earlier, the term “time
varying” in ARMA modeling is related to nonstationarity in
both frequency and amplitude; therefore, the order of the
model should also be time varying, unlike time invariant
models. However, to determine such a model order is known
to be a tedious errand; thus, an optimized fixed model order
can be selected through the time invariant ARMA model
using the Akaike Information Criterion, given that the
nonstationary spectral properties of the TVARMA model are
well accounted for [11,33,34].

(2) State-space form of TVARMA model: Like many other dynamic
models, the TVARMA model(p, q) can be written in state-
space form as in Eqs. (5) and (6), which represent the
sequential transition of the model (state) from one moment,
i.e., first-order auto regression, to the other:

yk ¼ HT
kXk þ ek (5)

Xk ¼ Xk�1 þ Vk�1; (6)

( )aS T

T0 0.1 s 1 10.5T T±2T

Real spectrum
Target spectrum

Band 1

Band 2

Fig. 6. Selection and spectral matching of earthquake records w.r.t dual band of
periods.

Fig. 7. Nuclear reactor containment (NRC) spectrum compatible spectra. (A) Short-period ground motions (SPGMs). (B) Long-period ground motions (LPGMs).
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The goal behind a state-space representation is to obtain the
dynamics of an observed vector yk in terms of an unobserved vector
Xk, called the state vector of the system. The predictions for y rely
on ðyk; yk�1;…Þ through the present value of yk [35].

Here, Hk ¼ ½yk�1;…; yk�p; ek�1;…; ek�q�T is called an observed/
measurement vector, ek, similar to that in Eq. (4), which refers to
the measurement noise:

Xk ¼ ½f1;k;…;fp;k;�q1;k;…;�qq;k�T and Vk ¼ ½n1;k;…; npþq;k�T is a
Gaussian process using white noise with Vk � Nð0;QkÞ [11,12].

(3) Parameter estimation using a Kalman filter: The Kalman filter
helps estimate the time varying parameters, and is referred
to as a “state vector” Xk in the aforementioned state-space
model. The iteration starts by constructing the first mea-
surement vector H0 using an initial p value of yk and q value
of zeros; H0 is drawn based on the stationary time invariant
ARMA model at initial values of yk; covariance P0 is taken as
equal to Qk. The Kalman recursive state-space estimation is
formulated as follows [11,12]:

bPkþ1 ¼ Pk þ Qkþ1; (7)

Kkþ1 ¼ bPkþ1H
T
kþ1

�
HT
kþ1
bPkþ1Hkþ1 þ s2kþ1

��1
; (8)

Xkþ1 ¼ Xk þ Kkþ1

�
ykþ1 �HT

kþ1Xk

�
(9)

Pkþ1 ¼
�
I� Kkþ1H

T
kþ1

�bPkþ1 (10)

Here, bPkþ1 and Pkþ1 are the prediction and the posterior
covariance of the state and Kkþ1 is the Kalman gain. The Kalman
filter monitors the likelihood of the forecast by estimating ekþ1,
which in state-space representation equals ykþ1 � HT

kþ1Xk and thus,
Eq. (9) can be re-written as:

Xkþ1 ¼ Xk þ Kkþ1ekþ1 (9a)

Qk is the process noise covariance and shows the state’s nonline-
arity; referring to [11], its value is considered to be 10�4I, where I is
the unit matrix. Thus, all the state vectors are sequentially esti-
mated and the iteration is successful when
s2k ¼ ½ðk� 1Þ,s2k�1 þ e2k �=k< ðs2kÞlimit, where after each iteration

e2k0bek indicates the residue.

(4) Estimation of the time-varying spectrum: With the time
varying parameters estimated, the time varying spectrum of
the forecasted/simulated earthquake ground motions can be
achieved using the following expression [11,12]:

pðf ; kÞ ¼ 2s2k

���1� q1;ke�i2pfDt �/� qq;ke�i2pqfDt
������1� f1;ke�i2pfDt �/� fp;ke�i2ppfDt
���

2

Dt (11)

where f is frequency (Hz) and f2½0; fs=2� is the sampling frequency
ðfsÞ ¼ 1=Dt.

(5) Estimation of spectral error: The spectral compatibility of the
simulated ground motion with the target spectrum is
checked by comparing the relative error err with the
threshold error et, as follows:

err ¼
Xn

k¼1

�����
SaðykÞ � STaðykÞ

STaðykÞ

����� ∴ err � ðet ¼ 10 � 15%Þ (12)

If the error is more than the preset limit, the process is repeated,
followed by the regeneration of the white noise, ek, until the
desired precision is achieved. Moreover, in order to obtain multiple
ground motions, a counter to generate multiple ek can be set.

As an application of the discussed technique, Fig. 8 shows the
spectral comparison of the real and simulated SP and LPGM. For
brevity, the mean of the real and simulated spectra is shown with
the target spectrum in Fig. 8C; also, the spectral values SA(T1) cor-
responding to the fundamental period of the isolated NRCB are
marked. Furthermore, as a reliable reference to discuss the stability
of the results, the difference in the average spectral ratio of the
SPGMs and LPGMs, within Band 2, is calculated and found to be
approximately 0.70 for both or real and simulated ground motions.

5. Analysis results

In order to assess the dynamic performance of the isolated
NRCB, the real and artificial LPGMs and SPGMs, described in the
earlier sections, are used as seismic inputs for the time history
response analyses. The analysis is load controlled and follows the
Newton-Beta algorithm for numerical integration; the seismic load
is applied with a time increment of 0.01 seconds. The damping
coefficients are calculated using Eq. 3.1-3 in ASCE 4-98, for which
the first Rayleigh frequency is based on the first Eigen frequency of
the system and the second Rayleigh frequency is pertinent to the
zero-period acceleration frequency, i.e., taken as 38 Hz [27,36,37].
The results, recorded in terms of lateral nodal displacements, base
and inter-story shear forces, hysteresis energy dissipation per each
cycle of the acceleration histories, etc., are presented below.

5.1. Nodal displacements

Fig. 9 shows the lateral nodal displacements exhibited by the
base-isolated NRCB, corresponding to each set of NRC compliant
real SPGMs and LPGMs, with the record/station names given in the
legends. It can be seen that the maximum displacement is recor-
ded at the isolator, i.e., Node 2, followed by the gradual drift in the
NRCB superstructure, which peaks at the top (Node 15). As the
inter-story drift is considerably negligible, the discussion will
mostly focus on Node 2. Moreover, it can be observed that the
isolator displacement for SPGMs does not exceed the design
displacement, which is also true for certain LPGMs, except for two
records that show significant margins, which could possibly lead
to skeptic regarding the observation pertaining to the selection of
these records at lower frequencies. However, complying with the
aforementioned ASCE regulations for the considered number of
ground motions, the mean response is targeted to evaluate the
seismic behavior. In addition, since this study aims at evaluating
the relative impact of SPGMs and LPGMs, along with their simu-
lated surrogates, on the seismic performance of the isolated NRCB,
the mean (m) results and probabilistic deviations (s) for all cate-
goric ground motions are graphically presented and tabulated.
Fig. 9C shows the mean displacements mD corresponding to the
real and simulated SPGMs and LPGMs. As expected, the SPGMs did
not exceed the allowable isolator displacement, whereas the
LPGMs nearly crossed the permissible limit and outweighed by
over 35% the SPGMs. However, considering the probabilistic dis-
tribution with the obtained standard deviation sD, shown in
Table 6, the response for the LPGMs seems to approach the iso-
lator’s breaking limit, while the SPGMs still lie within the allow-
able bounds. In cases of simulated ground motions, the mean
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isolator displacement mD is overestimated by 5% and under-
estimated by 2.5% relative to the real SPGMs and LPGMs, respec-
tively, with identical overall response deviating by over 35%.
Hence, so far the results imply an onerous effect of the LPGMs on
the safety of the seismically isolated NRCB; also, the mD and sD-
values prominently signify the suitability of the simulated records
for the performance analysis. The 35% deviation between the
SPGM and the LPGM results can be explained by the aforemen-
tioned average spectral difference in Band 2 of the selected ground
motions.

5.2. Base shear

Fig. 10 shows the maximum shear force for SPGMs and LPGMs
along the elevation of the base-isolated NRCB model. The
maximum shear force is achieved at the base, followed by the shear
force at the isolator, which shows an insignificant difference; by
contrast, the inter-story shear gradually decreases with the height
due to the seismic isolation phenomenon. The plots of the mean

shear forces mF for both real and simulated ground motions are
presented in Fig. 10C. The behavior is analogous to the nodal dis-
placements, such that the mean base shear increased by over 35%
for LPGMs as compared to SPGMs and shear forces under simulated
records are 2.3% lower for LPGMs and 4.4% higher for SPGMs. Since
the NRCB appeared to be credibly vulnerable to LPGMs, the impact
shown in the LP-simulated records, considering the probabilistic
distribution of the shear forces mF , illustrated in Table 7, provides an
important consideration.

5.3. Energy dissipation

The energy dissipation is computed using the cumulative trap-
ezoidal numerical integration of the resisting force with respect to
the associated displacement at Node 2 for each type and set of
ground motions. The energy dissipation values, hereinafter also
referred to as “hysteresis energy”, under the real SPGMs and
LPGMs, are shown in Fig. 11A and 11B. A comparison of maximum
hysteresis energy (E) for each ground motion, the maximum mean

Fig. 8. (A) Real and simulated short-period ground motion (SPGM) spectra. (B) Real and simulated long-period ground motion (LPGM) spectra. (C) Mean SPGM and LPGM spectra.
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energy mE of each set of records and the standard deviation sE of the
maximum mean energy, is illustrated in Table 8. However, for
brevity, the influence of the simulated records is shown only as
mean plots, given in Fig. 11C. It can be seen that the maximum
mean energy mE is dissipated at a level approximately 40% higher by
the isolated structure when subjected to LPGMs. The initial rate of
change of the energy is noticeable for SPGMs until around 105
seconds, the point at which nearly the same amount of energy is
dissipated by all types of ground motions. Prior to 105 seconds, the

simulated SPGMs have greater hysteresis energy, but beyond that
point, the cumulative mE curve seems to converge with that of the
real SPGMs at 150 seconds and utilizes almost the same amount of
energy while maintaining the mild gradient until the end, at which
point the simulated records surpass the real ground motions by
2.02%. However, in the case of LPGMs, the energy slope is low and
mild until 85 seconds, from which point the gradient escalates
sharply, crossing that of the SPGMs, until reaching 125 seconds.
Beyond this time, the curve turns smoothly and less steep with
gradual increase in mE. Although the value of mE for the LP-simulated
records is higher at several instances over time, the value dropped
slightly, by 0.1%, at the maximum time, i.e., at 285 seconds, in
contrast to the real LPGMs.

In order to better understand the influence of LPGMs on the
seismic performance of the base isolated NPP structure, the mean
energy dissipation per cycle mEDC is computed using the scenario
presented in Fig. 12 below. The change in energy is seen to be more
pronounced at the steeper part of the curve; therefore, 5~95 % of
Emax is assumed to effectively contribute in obtaining the value of

Fig. 9. (A) Displacement of real short-period ground motions (SPGMs). (B) Displacement of real long-period ground motions (LPGMs). (C) Mean displacement (mD).

Table 6
Mean displacement mD, comparison at Node 2 for short-period ground motions
(SPGMs) and long-period ground motions LPGMs (m).

SPGMs LPGMs

Real Simulated Real Simulated

mD 0.116 0.122 0.200 0.195
sD 0.021 0.039 0.035 0.038
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mEDC for each case of ground motions, using the expression also
described in Eq. (13).

mEDC ¼ E95 � E5

Nz

����
t2 ¼ T95
t1 ¼ T5

� (13)

Here, E5 ¼ 5%ðEmaxÞ, E95 ¼ 95%ðEmaxÞ and NZ are the number of
cycles within T5~T95.

For better illustration, the results are compared in Table 9. The
mean hysteresis energy per cycle mEDC for LPGMs is computed and
found to be around 48% higher than that value for SPGMs. More-
over, the value of mEDC for the simulated SPGMs is 3.64% greater

than that from the real records, whereas for LPGMs the difference is
0.11%. The amounts of deviation are acceptable, because the relative
error err is kept under 10~15% in the simulation of the artificial
ground motions.

6. Conclusions

The influence of the strong ground motions of the Tohoku
earthquake on the seismic response of a Korean nuclear facility is
investigated. The focus is primarily put on the structural effects of
long-period low-frequency records of the mega event, and a
spectral compatibility based selection criterion is presented to
allow a choice of long- and short-period time histories for transient
dynamic analysis of a seismically isolated NRCB. The selection is
performed pertaining to the acceleration sensitive region and the
fundamental period of the structure, both of which are in vulner-
able period ranges for the structural response. Spectral precision
within these periods of interest is attained by estimating the sum of
the squared roots using Eq. (3). Seismic analysis is also provided for
the artificial nonstationary records, simulated by wavelet decom-
position based ARMA modeling of the selected time histories. The
performance level of the NRCB is presented according to the

Fig. 10. (A) Maximum shear force for real short-period ground motions (SPGMs). (B) Maximum shear force for real long-period ground motions (LPGMs). (C) Mean shear force (mF).

Table 7
Base Shear (� 103 kN) comparison for short-period ground motions (SPGMs) and
long-period ground motions (LPGMs).

SPGMs LPGMs

Real Simulated Real Simulated

mF 10.991 11.500 18.062 17.646
sF 1.711 3.245 2.951 3.155
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isolator displacement, base shear, hysteresis energy and energy
dissipation per cycle. The overall response is analyzed using mean
m-values for each ground motion category, complying with the
ASCE regulations for the selected number of records. Hence, it can
be concluded that: (1) the selected set of LPGMs increased the
mean isolator displacement, base shear, and hysteresis energy by
35~40% as compared to SPGMs; this result is noticeably compatible

with the average spectral difference (i.e., 0.7 approx.) in Band 2 of
the selected SPGMs and LPGMs; (2) the mean isolator displace-
ments mD for SPGMs are less than the allowable design displace-
ment. In the case of LPGMs, calculated mean displacements are
nearly equal to the allowable design displacements; (3) in the case
of hysteresis energy mE, a similar amount of mean energy is dissi-
pated at 105 seconds for both categories of records. Afterwards, the

Fig. 11. (A) Hysteresis energy for real short-period ground motions (SPGMs). (B) Hysteresis energy for real long-period ground motions (LPGMs). (C) Mean hysteresis energy (mE).

Table 8
Comparison of maximum hysteresis energy at Node 2 (KN.m).

SPGMs LPGMs

Real Simulated Real Simulated

Record name Max. energy Record name Max. energy

MYGH06NS2 3,700.132 3,089.784 CHB009NS 16,108.252 22,666.193
AKT012EW 8,324.327 6,190.416 TKY005NS 12,696.891 13,665.865
TKY007NS 9,644.169 16,367.640 TKY006NS 31,028.313 29,894.889
YMTH01NS2 11,170.43 7,130.955 AOMH06EW2 21,898.200 17,098.649
TKY015NS 15,477.87 17,317.34 TKY014NS 21,828.629 21,391.842
YMT010EW 11,867.61 11,153.96 YMN002EW 6,146.0622 8,799.8121
YMT010NS 13,464.75 13,911.26 TKY020NS 17,057.079 13,130.887
mE 10,521.330 10,737.340 mE 18,109.061 18,092.591
±sE 3,820.770 5,437.670 ±sE 7,880.510 7,102.291
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response is more dominated by LPGMs, thus pushing us to
acknowledge the influence of the low-frequency part of the ground
motions on the total response. In addition, the mean energy
dissipation per cycle mEDC of LPGMs is 48% greater than that of
SPGMs; and (3) regarding simulated ground motions, the overall
response is similar to the real records; however, the isolator
displacement increased by 5% and decreased by 2.5% relative to the
real SPGMs and LPGMs. The base shear values are relatively esti-
mated as being 4.4% more and 2.3% less for SPGMs and LPGMs,
respectively. The maximum simulated mean hysteresis energy mE of
SPGMs is 2.02% higher, whereas for LPGMs it is 0.1% lower. More-
over, the simulated mEDC values are 3.64% greater and 0.1% lower for
SP and LPGMs, respectively. The controlled precision et is within
10~15%; therefore, the given results justify the efficiency of the
ground motion generation technique.

In closing, the amount of difference in the structural response is
influenced by the spectral precision achieved when the selection of
SPGMs and LPGMs is in Band 2 (i.e., corresponding to the first
natural period of vibration). Thus, for other cases it can be inferred
that differences in response may be significant, but cannot be
controlled. Also, the current seismic code provisions are suitable for
the already anticipated SPGMs; however, for LPGMs, improvement
is paramount for the safe design of base-isolated NRCBs and other
nuclear-related structures.
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