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a b s t r a c t

In 2011, an earthquake and subsequent tsunami hit the Fukushima Daiichi Nuclear Power Plant, causing
simultaneous accidents in several reactors. This accident shows us that if there are several reactors on
site, the seismic risk to multiple units is important to consider, in addition to that to single units in
isolation. When a seismic event occurs, a seismicefailure correlation exists between the nuclear power
plant’s structures, systems, and components (SSCs) due to their seismic-response and seismic-capacity
correlations. Therefore, it is necessary to evaluate the multi-unit seismic risk by considering the SSCs’
seismic-failure-correlation effect. In this study, a methodology is proposed to obtain the seismic-
response-correlation coefficient between SSCs to calculate the risk to multi-unit facilities. This coeffi-
cient is calculated from a probabilistic multi-unit seismic-response analysis. The seismic-response and
seismic-failure-correlation coefficients of the emergency diesel generators installed within the units are
successfully derived via the proposed method. In addition, the distribution of the seismic-response-
correlation coefficient was observed as a function of the distance between SSCs of various dynamic
characteristics. It is demonstrated that the proposed methodology can reasonably derive the seismic-
response-correlation coefficient between SSCs, which is the input data for multi-unit seismic probabi-
listic safety assessment.
© 2020 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 March 2011, the accident at the Fukushima Daiichi Nuclear
Power Plant highlighted the importance of considering the risks to
multiple-reactor facilities and generated huge interest in probabi-
listic seismic safety assessment of multi-unit risk. Most probabi-
listic safety assessments (PSAs) are based on considering only a
single unit in isolation and are not able to fully account for all
possible accident sequences [1]. A PSA of multi-unit risk should be
able to evaluate more such scenarios. Research has been conducted
on multi-unit risk by many researchers [2e7]. In Korea, several
nuclear power plants contain multiple reactors, and efforts are
being made to perform multi-unit PSA (MUPSA) with inter-unit
aeri.re.kr (I.-K. Choi), byang@

by Elsevier Korea LLC. This is an
common-cause-failure modeling [4]. However, seismic events
differ from internal events because they are influenced by spatial in
variation in where the power plant’s structures, systems, and
components (SSCs) are located.

The seismic safety of nuclear power plants is generally evaluated
through PSA. The probability of structural and component failure
due to earthquakes is represented by a fragility curve, and it is
assumed that each failure occurs independent or fully correlated.
However, the seismic response and capacity are correlated between
SSCs, and thus, failure probability is also correlated between them.
This failure correlation will affect the assessed seismic-risk value,
which is considered the failure correlation as independently. The
seismic correlation can increase or decrease the seismic risk of the
system. In other words, the failure correlation of SSCs should be
considered in seismic PSA [8].

Seismic PSA of nuclear power plants with consideration of
failure correlation has been conducted mainly in studies of single-
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unit risk. The importance of seismic-failure correlation in this
context was addressed in the WASH-1400 study and in the Seismic
Safety Margins Research Program (SSMRP) study conducted by the
Lawrence Livermore National Laboratory in the United States [9]. In
the SSMRP study, a multi-integration method was proposed to
perform a seismic PSA considering failure correlation, but the cor-
relation between SSCs was mainly studied only under completely
independent or completely dependent conditions [10]. Mankamo
suggested a method for calculating the probability of simultaneous
failure by expressing its probability as a function of multipliers
through the Mankamo model. The present author proposed a
method for evaluating seismic risk with consideration of the
seismic-failure-correlation determined by BDD and MCS [11];
however, there is no consensus method for obtaining the seismic-
failure correlation. Hence, industry usually considers only com-
plete independence or complete dependence of the SSCs [10].

The SSMRP study proposed amethod to find the seismic-failure-
correlation coefficient between SSCs based on the seismic-response
and seismic-capacity-correlation coefficients. The latter can be
obtained through tests and the former can be derived through
seismic-response analysis [12]. Bohn proposed rules for assigning
response correlation, for which the seismic-response-correlation
coefficient between SSCs is found via an empirical approach [13].
Ebisawa proposed a method for obtaining the seismic-response-
correlation coefficient via seismic-response analysis [2].

In the present study, a methodology is proposed to calculate the
seismic-response-correlation coefficients of SSCs installed at
different locations through seismic-response analysis. A probabi-
listic seismic-response analysis was performed to calculate the
seismic-response-correlation coefficient for the emergency diesel
generators installed in various units. Based on the analytical results,
the seismic-response and the seismic-failure-correlation co-
efficients of the emergency diesel generators were successfully
obtained. In addition, the seismic-response-correlation-coefficient
distribution was investigated as a function of the distance be-
tween SSCs.
2. Materials and methods

SSCs at a nuclear power plant will exhibit seismic responses
when a seismic event occurs, and because they experience the
same input ground motion, these responses may be relatively
similar. Due to this similarity, the SSCs’ failure probabilities are
correlated, and this correlation should be considered when evalu-
ating the nuclear power plant’s seismic safety. Seismic-failure-
correlation coefficients are needed to consider this effect in PSAs.
In the SSMRP study, it was suggested that this coefficient could be
calculated as

r12 ¼
bR1bR2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

b2R1 þ b2C1

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2R2 þ b2C2

q rR1R2

þ bC1bC2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2R1 þ b2C1

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2R2 þ b2C2

q rC1C2; (1)

where r12 is the failure-correlation coefficient of components 1 and
2, bR1 and bR2 are the standard deviations of the logarithms of the
responses of components 1 and 2, bC1 and bC2 are the standard
deviations of the logarithms of the capacities of components 1 and
2, rR1R2 is the response-correlation coefficient of components 1 and
2, and rC1C2 is the capacity-correlation coefficient of components 1
and 2.

As can be seen from Eq. (1), to calculate the seismic-failure-
correlation coefficient between SSCs, it is necessary to know the
seismic-response and seismic-capacity-correlation coefficients.
The latter can be derived from the SSC’s seismic test data, and the
former can be calculated through seismic-response analysis [14]. In
the SSMRP study, the seismic-failure-correlation coefficient be-
tween SSCs was used to evaluate single-unit risk; however, Eq. (1)
can also be used for multi-unit risk.

Probabilistic seismic-response analysis should be performed to
obtain the seismic-response-correlation coefficient between SSCs.
This coefficient can be calculated from the seismic-response dis-
tribution of SSCs via Eq.(2) [2,14]:

rRi;Rj ¼
Cov

�
XiðaÞ;XjðaÞ

�
sisj

; (2)

where Xi(a) and Xj(a) are randomvariables for SSC responses i and j,
respectively, si and sj are standard deviations of Xi(a) and Xj(a), and
Cov(Xi(a),Xj(a)) is the covariance of Xi(a) and Xj(a).

Fig. 1 presents a schematic diagram of the similarity of seismic-
wave signals for multi-unit risk. The seismic-wave signals from the
two points, A and B, will be similar as they have the same source, a
similar path, and similar soil conditions. Moreover, as the distance
between A and B increases, the similarity of the seismic-wave
signals will decrease. The seismic-response distribution of the
SSCs in a single-unit is due to the uncertainty of the SSCs and the
randomness of the earthquakes; however, the seismic-response
distribution for multi-unit facilities should additionally consider
the spatial variation due to the SSCs’ installation location. The
randomness of the earthquake and the uncertainty of the SSCs can
be considered by probabilistic seismic-response analysis, which is
used for single-unit risk. Additionally, for multi-unit risk, each unit
should have a different seismic ground motion for each seismic
event. In this study, a methodology is proposed to generate the
input earthquake for each unit using a seismic-motion-coherency
function to calculate the seismic-response-correlation coefficient
between SSCs for multi-unit risk.

The ordinary coherence function is defined as the measure of
the causal relationship between two signals with the presence of
other signals. Mathematically, the coherency gij (u) is expressed as
Eq. (3):

gi;j
2 ¼

��SijðuÞ��2
SiiðuÞSjjðuÞ

; (3)

where Sij(u) is the smoothed cross-spectrum for signals i and j. The
coherence varies in the interval 0 � g2ij � 1; if coherence is equal to

1, it means that the signals are perfectly correlated or linearly
related; if coherence is equal 0, they are totally uncorrelated. The
spatial variability of ground-motion waveforms can be quantified
by coherence. There are local wave-scattering and wave-passage
effects for seismic-motion coherence, indicating spatial variation.
In seismic-motion coherence, spatial correlation decreases with
frequency and separation distance [15]. A seismic-motion-
coherence function is commonly used in soil-structure-
interaction analysis. Several seismic-motion-coherence-function
models have been proposed for considering spatial variability
[16e22].

The seismic-motion-coherence function proposed by Abra-
hamson is an empirical model and the most representative of such
functions [15,16]. It is based on evaluating the groundmotions from
the extensive databases taken by the SMART 1 dense array in
Lotung, Taiwan [23]. This function is presented in Eq. (4):



Fig. 1. A schematic diagram of the similarity of the seismic-wave signals.

Table 2
Coherence-model coefficients for the vertical components [15].

Coefficient Vertical Components

a1 3.15
a2 1.0
a3 0.4
n1 4.95
n2 1:685
fc(x) expð2:43 � 0:025 lnðx þ 1Þ � 0:048½lnðxþ 1Þ�2
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gðf ; xÞ¼
"
1þ

�
f Tanhða3xÞ

a1fcðxÞ
�n1

#�1 =

2"
1þ

�
f Tanhða3xÞ

a2fcðxÞ
�n2ðxÞ#�1 =

2

;

(4)

where f is the frequency [Hz] and x is the separation distance [m].
Tables 1 and 2 give the horizontal and vertical components.

Fig. 2 shows Abrahamson’s seismic-motion-incoherence func-
tion for distances between SSCs of 100 m, 200 m, and 300 m. The
seismic-motion-incoherence function decreases as frequency in-
creases, and has a generally smaller amplitude for higher
separations.

This function expresses the similarity of the earthquake inputs
occurring at any two points. Therefore, to obtainmulti-unit risk, the
similarity of the earthquake inputs at the positions of each unit are
considered. Using these generated earthquakes, the seismic-
response distribution of the SSCs can be calculated from the
probabilistic seismic-response analysis, and the result can be
applied to Eq. (2) to obtain the seismic-response-correlation coef-
ficient between SSCs.

When considering seismic risk for two or more units, the
generated earthquake must satisfy the seismic-motion-coherence
function between each pair of units. In other words, 3 seismic-
motion-coherence functions must be satisfied for 3 units, and 6
seismic-motion-coherence functions must be satisfied for 4 units.

3. Application

In this section, the seismic-motion-coherence function is used
to calculate the seismic-response-correlation coefficient between
Table 1
Coherence-model coefficients for the horizontal components [15].

Coefficient Horizontal Components

a1 1.647
a2 1.01
a3 0.4
n1 7.02
n2 5:1� 0:51 lnðx þ 10Þ
fc(x) � 1:886þ 2:221 ln

�
4000
xþ 1

þ 1:5
�

SSCs in an example. The example is that of finding the seismic-
response-correlation coefficient between emergency diesel gener-
ators located in separate auxiliary buildings; a schematic diagram is
shown in Fig. 3. Twin units are situated 100 m apart on the same
site. The site was assumed to be made of solid rock, and soil-
structure interaction was not considered. Because the units are
close together, they have the same response spectrum, which is
taken from the NRC’s Regulatory Guide 1.60 (pga: 0.3 g). The un-
certainty of the structure properties itself is considered, but the
property’s correlation between the structures is considered as
independent.

First, the input earthquakes to the two units satisfy the
Fig. 2. Abrahamson’s seismic-motion-incoherence function.



Fig. 3. Schematic diagram of the example.
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Regulatory Guide 1.60 design-response spectrum, and the rela-
tionship between the two earthquakes must satisfy Abrahamson’s
seismic-motion-coherence function for a distance of 100 m. It is
assumed that the behavior of a nuclear power plant is governed by
horizontal earthquakes. One set of earthquakes consisted of two
horizontal earthquakes (x-direction, y-direction). One set of
earthquakes applied simultaneously in each direction on a single
unit. Fig. 4 presents the generated input earthquakes in the same
direction for each unit. Figs. 5 and 6 show the response spectra and
seismic-motion-coherence functions of the two input earthquakes.
A total of 30 sets of input earthquakes were generated. It can be
seen that the two input earthquakes follow the target design-
response spectrum of Regulatory Guide 1.60 and the seismic-
motion-coherence function for a 100-m distance.

Fig. 7 shows the 120 generated response spectra and 60 coher-
ence functions which is used to calculate the seismic response
correlation coefficient. It can be seen that the mean curve of the
generated input earthquake response spectrum exceeds the target
response spectrum in Fig. 7(a). And the mean curve of the
Fig. 4. Seismic-input sign
generated seismic motion coherency functions follows the trend of
the target seismic motion coherency functions in Fig. 7 (b). It is
lower than the target seismic motion coherency functions in the
below 10 Hz and it is higher than the target seismic motion co-
herency functions in the above 10 Hz.

EDGs are assumed to be located within 100.5 ft of the auxiliary
building at a standard Korean nuclear power plant. Therefore, the
auxiliary-turbine/access-control-building complex was modeled
for seismic-response analysis via the OpenSees finite-element-
method program [24]. This building has a reinforced-concrete
shear-wall structure and is connected to the turbine and access-
control building. The lumped-stick model of this complex is
shown in Fig. 8. The material properties used for probabilistic
seismic analysis are given in Table 3.

Probabilistic seismic-response analysis was performed for the
generated seismic motion and the generated structures. The
damping ratio of the structure is kept at 4% by considering response
level 1 of ASCE4-16, and soil-structure interactions were not
considered [25]. Directional uncertainty is considered with a factor
FH, since the target-response spectrum is usually represented as a
geometric mean. FH is a lognormally distributed variable with a
median value of 1.0 and a logarithmic standard deviation of 0.18
[25]. After FH is generated, it is applied in the x-direction and 1/FH is
applied in the y-direction. For structural variability, the structural-
stiffness and damping uncertainties are considered with a median
value of 1.0 and logarithmic standard deviations of 0.30 and 0.35,
respectively [25]. In addition, the correlation between the proper-
ties of the twin units was assumed to be independent.

The failure mode of EDG is anchor-concrete coning. The natural
frequency of EDG is 36.4 Hz and its damping is 3%. The HCLPF of
EDG is 0.38 g, the seismic-fragility curves are shown in Fig. 9, and
the beta values are shown in Table 4. Fig. 10 shows the spectral-
acceleration distribution at each EDG based on probabilistic
seismic-response analysis.

Using Fig. 10 and Eq. (2), the EDG’s seismic-response-correlation
als for the two units.



Fig. 5. Seismic-response spectra of the two seismic-input signals.

Fig. 6. Coherence function of two seismic-input signals for each unit.

Fig. 7. Seismic-response spectra and seismic motion coherency functions of generated
seismic-input signals.

Fig. 8. Lumped-stick model of the auxiliary-turbine/access-control-building complex
of the OPR1000 [24].
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coefficient is 0.3716. The seismic-failure-correlation coefficient
between EDGs is required for seismic probabilistic safety assess-
ment. The seismic-failure-correlation coefficient between EDGs can
be obtained from the correlation coefficients for seismic response
and seismic performance via Eq. (1). The seismic-capacity-
correlation coefficient between EDGs should be obtained based
on test results, and it is assumed to be either independent or fully
dependent. Table 5 shows the standard deviations of the logarithms
of the responses and of the capacities. Based on the above values,
the seismic-failure-correlation coefficients for EDG are is shown in
Table 6. The seismic-response and seismic-failure-correlation co-
efficients are adequately obtained using the proposedmethodology
for multi-unit risk (see Table 6).

4. Results and discussion

A method was proposed to calculate the seismic-response-
correlation coefficient between SSCs using a seismic-motion-
coherency function when the SSCs were located in different units
in this study. The seismic-response and seismic-failure-correlation
coefficients were calculated in this case using the above
methodology.

In this chapter, the distribution of seismic-response-correlation
coefficients is investigated according to the distance between SSCs.
Distance was set to 100 m, 500 m, and 1000 m. The seismic-



Table 3
Material properties of the structural model [24].

Material Strength Modulus of elasticity E Shear modulus of elasticity G Poisson’s ratio n Weight density

Concrete 27.579 MPa 26,435 MPa 11,295 MPa 0.17 2403 kg/m3

Structural Steel 344.738 MPa 199,948 MPa 79,979 MPa 0.27 7849 kg/m3

Fig. 9. Seismic-fragility curve of EDG.

Table 4
Beta values of EDG’s fragility curve.

b randomness b uncertainty

Capacity Factor 0 0.17
Response Factor 0.24 0.08
Structure response Factor 0.27 0.24

Table 7
Floor elevations of the auxiliary building.

Slab No. Identification Elevation

1 Upper basement 23.470 m
2 Ground floor 30.632 m
3 Second floor 38.100 m
4 Third floor 43.891 m
5 Fourth floor 50.292 m
6 Roof 55.474 m

Table 6
Seismic-failure-correlation coefficient between EDGs.

Seismic-failure-correlation coefficient

Assuming independent in
seismic-capacity-correlation

0.323

Assuming fully dependent in
seismic-capacity-correlation

0.453

Table 5
Beta values of EDGs for calculating the seismic-failure-correlation coefficient.

Beta

standard deviations of the logarithms of the responses 0.44
standard deviations of the logarithms of the capacities 0.17
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response-correlation coefficients of the SSCs were calculated by
changing the frequency (5, 7.5, 10, 12.5, 15, 20, 50 Hz) and damping
ratio (0.03 and 0.05), and they were assumed to be in the auxiliary
buildings described in Table 7. The seismic-response-correlation-
coefficient distribution is shown in Fig. 11 by a histogram and a
gaussian kernel-density estimate.

The seismic-response-correlation-coefficient distribution of
SSCs has two peaks and is distributed with a negative skewness,
except when the SSCs are independent of each other. It can be seen
Fig. 10. Spectral-acceleration distribution of EDG.
from the distribution that the value is close to the independent
condition is the highest. Moreover, the distribution differs
depending on the distance; the negative-skewness value decreases
as the distance between the two units increases, meaning that the
seismic-response correlation between SSCs decreases.

The control point is not specified in this study. However, it is
assumed that the same control point is used for two units by
assuming the NPP site is on hard rock and the distance between
two-units is close. Therefore, the same target response spectrum is
used for two-units. When performing a seismic PSA for a site, its
control point should not be defined for only a single unit. The
seismic-hazard curve and the SSC’s seismic-fragility curve should
be defined for the control point of the site. The location of the
control point affects the hazard curve of the site, the uniform
hazard response spectrum, and the seismic fragility curve of the
structure, system, and components. The seismic PSA for a multi-
unit facility should be calculated from the same control point.

5. Conclusion

Multi-unit risk should be assessed to more accurately gage the
possible accidents that may take place if several nuclear reactors
are built at the same site. In addition, when evaluating the multi-
unit seismic risk, it is necessary to perform risk evaluation
considering the correlation between seismic failure between SSCs
in each unit to obtain more reasonable results. Seismic-failure
correlation exists between SSCs due to the characteristics of the
earthquake and the seismic-risk value varies depending upon
whether such correlation is considered.

One important factor for calculating seismic-failure correlation



Fig. 11. (a) Histogram and (b) gaussian kernel-density estimate of the seismic-response-correlation-coefficient distribution due to the distance between two units.
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is the seismic-response-correlation coefficient between SSCs. In
this study, a method was proposed for obtaining the latter if there
were multiple units on the site. For a seismic event, the input
seismic signals at each location are similar due to having the same
source, a similar path, and similar ground conditions. Therefore, to
obtain the seismic-response-correlation coefficient between SSCs
through seismic-response analysis, it is necessary to consider the
similarity of the earthquakes applied to each structure.

We propose using the seismic-motion-coherence function to
measure the similarity of this input earthquake. In other words, the
seismic-motion-coherence function is used to determine the
behavior of the earthquakes applied to seismic loads when per-
forming probabilistic seismic-response analysis to calculate the risk
to a nuclear power plant.

The seismic-response-correlation coefficients of EDGs located in
auxiliary buildings at different locations were successfully derived
using the proposed method. Those between EDGs were obtained
assuming independent and fully dependent conditions of the
seismic-capacity correlation. In addition, the distribution of the
seismic-response-correlation coefficient was obtained as a function
of distance for SSCs with various dynamic characteristics. The re-
sults showed that this distribution tended to decrease as the dis-
tance between the SSCs increased.
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