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Abstract — This study presents the Probabilistic Seismic Demand Model (PSDM) and explores optimal
intensity measures (IMs) for nuclear power plant (NPP) equipment when subjected to ground motions
having high-frequency (HF) and low-frequency (LF) contents. To this end, the PSDM is first constructed in
terms of the IM and the corresponding engineering demand parameter, and its outcomes are utilized to
select the optimum IMs based on the satisfaction of certain essential properties (i.e., efficiency, practicality,
and proficiency). Regarding earthquake excitation, different IMs (i.e., structure-independent and structure-
dependent IMs) are studied. The results show that the most appropriate IMs for the seismic performance of
the cabinet are velocity spectrum intensity and spectral accelerations for the structure-independent IMs and

the structure-dependent IMs, respectively.

Moreover, fragility analysis is performed to assess the vulnerability of NPP equipment. The outcomes indicate that
the cabinet is highly vulnerable to HF earthquakes as a consequence of response amplification. In addition, the selection
of the earthquake IM has an important influence on the collapse capacity of the cabinet, and the fragility curves obtained
from structure-dependent IMs are more reliable in comparison to those of structure-independent IMs.

Keywords — Cabinet facility, cloud analysis, Probabilistic Seismic Demand Model, structural demand

measure, optimal intensity measure.

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

I. INTRODUCTION

Electrical cabinets are one of the pieces of critical
equipment that is widely used in the nuclear industry.' ™
The failure or collapse of one cabinet can lead to the
failure of the entire electrical power system in a nuclear

*E-mail: skchang@gwangju.ac.kr

power plant*”’ (NPP). Therefore, seismic performance
evaluation of electrical cabinets has emerged as a major
concern for safety-related NPP components. To date,
many researchers have studied seismic risk assessment
emphasizing cabinet vulnerability.>**'* For example,
Cao et al.” proposed a simplified approach to evaluate
the capacity of the cabinet in relation to earthquakes. In
this approach the cumulative absolute velocity is used as
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a ground motion intensity measure (IM). Later, Salman
et al.” and Tran et al.' studied collapse risk assessment
of cabinets, and average spectral acceleration S; was
chosen as an earthquake IM for seismic fragility analysis.
However, current studies have not covered all the possi-
ble scenarios of the combination of nonstructural charac-
teristics and earthquake IMs, which are classified into
two categories: structure-independent IMs and structure-
dependent [Ms.

In the context of performance-based earthquake
engineering, the Probabilistic Seismic Demand Model
(PSDM) is the effective model to express the prob-
ability of a structural system under a given hazard
environment.">”!” Shome et al.'® have proposed the
PSDM, which builds the relationship between the
structural demand measure (DM) and the earthquake
IM. The PSDM is usually developed via linear
regression analysis,'”?? the outcomes of which can
be used to select optimum IMs or determine the
probability of collapse of structures. In the seismic
evaluation, the optimal IMs can yield a close
response prediction and reduce the deviation of the
seismic performance of the structure. Selection of
optimal IMs has been figured out in many works
for different structures such as buildings,*'
bridges,22 dams,”® and so on. However, there is
a limitation with NPP equipment.

Cabinet facilities are known as sensitive nonstruc-
tural components due to the resonance effects of the
attacking of inside devices, and they often have higher

(a)

Fig. 1. Configuration of the cabinet (in units of millimeter).

@ANS

dominant natural frequencies.>”'” During earthquakes,
the motion can be amplified if they have dominant high-
frequency®* (HF) pulses. Hence, the safety of these sys-
tems against high earthquake frequency contents is
required. However, to date, understanding the dynamic
behavior of cabinet facilities due to the earthquake fre-
quency contents is very limited.

Based on the above discussion, the main objective of
this study is to bridge the gaps in the seismic evaluation
process for electrical cabinets in NPPs. The main con-
tributions can be summarized as follows:

1. development of PSDMs of a cabinet for different
IMs, i.e., structure-independent and structure-
dependent IMs

2. selection of the optimal IM for the seismic per-
formance of a cabinet based on the satisfaction
of its essential qualities

3. seismic performance evaluation of an electrical
cabinet considering the influence of the earth-
quake frequency contents.

II. PROTOTYPE AND FINITE ELEMENT MODEL OF CABINET

Il.LA. Cabinet Descriptions

In this study, a cabinet prototype provided by the
Innose Tech Company (Korea) is utilized as a case
study (Fig. la). The dimensions of the cabinet are
800-mm width (X), 800-mm depth (Y), and 2100-mm

(b)
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height (Z). The total weight of the cabinet is approximately
287 kg, and the weight of the door is 43.6 kg. The prototype
is assembled by frame and plate members. The major sec-
tions of the main frame and subframe are rectangular and
C-shaped, respectively, as shown in Fig. 1b. The screw
connections are used to fix the frame and plate members
together, and the hinge and the shim connections are used to
join the door to the main frames. SS400 steel material with
an elastic modulus of 200 GPa, density p of 7850 kg/m?,
and Poisson’s ratio v of 0.3 is used. The cabinet is anchored
to the floor via C-shaped frames.

11.B. Nonlinear Modeling of Cahinet

The steel panels were attached to the frame members
via welding or screws. These connectors are the significant
elements for transferring the load from one member to
another.?>% If the screw connectors are utilized, these fas-
teners may not be fully rigid.* During an earthquake, the
failure modes of these connections can occur due to shear,
tension, or a combination of both actions. The failure modes
depend on the stiffness of the connection, which is
a function of the thickness of the plates, the hole size, and
the material strength.”’ In practice, it is difficult to deter-
mine the stiffness (force-deformation relationship) of screw
connections; thus, the link element with the bilinear model
is assumed, as shown in Fig. 2a. For each fastener, the shear
force V4;5; and tensile force 745 are calculated using Egs.
(1) and (2) (Refs. 27,28, and 29):

Vst = min(4.2V/53dF, 2. 71dF, (1)

| Hﬁam . "Qg
scre . _‘A
~ plate”™ .

al) Configuration

o

4
Tensile force  Shear force

a2) Failures of connectors
P

e

3

1
]
)

Ak

——
i 1 /9,
1 4

~-i_p,

a3) Force-deformation

s

curve

and

Tas1 = 0.85tdF, , (2)

where

F, = tensile strength
d = nominal diameter of screws
t = thickness of connected members.

In this study, the force-deformation relationships of
the screw connection are taken from Hur.* The yielding
forces are 12.46 and 4 kN for shear and tension,
respectively, and the yield displacement limits are
0.3 cm.

Based on the above information, the finite element model
(FEM) of the cabinet is developed using SAP2000 (Fig. 2b).
In this model, beam and shell elements are assigned to the
frame and plate members, respectively. Meanwhile, the con-
nections between the frames and plates are simulated by zero-
length elements, which can consider the stiffness properties of
screw fasteners. For support boundary conditions, the fully
fixed connections are assigned at the base of the model. In
addition, the hinges are considered as the links between the
doors and frames with five fixed degrees of freedom except
for the rotation, and the locks are fixed at three translational
degrees of freedom.

11.C. Validation of the Numerical Model

For validation, vibration tests with an impact ham-
mer were performed.*®*! Figure 3 shows the schematic
of the overall test setup using an impact force with
accelerometers attached to critical points. The impact

e
Ny @ Main frame :
i 4:@ Sub-frame 1:
I_ " @ Sub-frame 2|
I ij @ Base frame :
l @ Plates |
& @ Doors :
@ Scfrews i

|

Front-to-back

Side-to-side

E}

=
a) Side-to-side

Fig. 2. Detailed descriptions of the numerical model.
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force was excited at the top of the cabinet as shown in
Fig. 3a. The maximum values of the impact force are
323 and 314 N for the front-to-back (FB) and side-to-
side (SS) directions, respectively. Three accelerometers
were distributed along the height of the cabinet, as
shown in Fig. 3b. Both the input and output signals
were recorded in the time domain, and they were used
for experimental modal analysis.

The observed responses from the numerical analysis
are compared with the experimental outcomes. The

a) INPUT

acceleration response and the corresponding response
spectra at the top of the cabinet in both directions are
presented in Figs. 4 and 5, respectively. As seen in
Figs. 4 and 5, the FEM results make a good agreement
with the experimental tests, although there was a minor
difference in the FB direction. This variation can be attrib-
uted to the effects of hinge and shim connections:

1. In the real configuration, the doors are con-
nected with main frames via hinge connectors. Thus,

Accelerometers

700 mmi 2100 mm

b) OUTPUT

[

Nl

Data analyzer

Fig. 3. Schematic of impact hammer test.

@ANS
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Fig. 4. Acceleration response at the top of the cabinet.
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Fig. 5. Spectral acceleration response at the top of the cabinet.

the response is quite sensitive to their connections.
During the impact tests, translations in three direc-
tions may occur; hence, the dynamic behavior of the
equipment can be different from the numerical model.

2. The same phenomenon for the lock connectors
may happen for the rotational degrees of freedom.
Therefore, evaluation of the dynamic characteristics of
the FEM should consider their modal sensitivity to their
connections.

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2021
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(b) Side-to-Side

The responses from all accelerometers are measured
and analyzed using the frequency domain decomposition
method, which is a technique to identify the dynamic
characteristics of a structure given multiple output
data.** The first singular values of the power density
matrix are reported, where the amplitudes are displayed
against frequencies, as shown in Fig. 6. Based on Fig. 6,
the fundamental natural frequencies of the electric cabi-
net in the FB and SS directions can be determined.
Particularly, each frequency is represented by each

@ANS



6  TRAN et al. - NPP EQUIPMENT SUBJECTED TO HIGH- AND LOW-FREQUENCY EARTHQUAKES

peak from the graph, and their values are tabulated in
Table 1.

Through the numerical modal analysis, the natural
frequencies from the FEM are evaluated. The differences
in natural frequency values from the experiment and
FEM results are expressed as follows:

o [fnum _fexp}

where f,,, and f., are the natural frequencies from the
numerical analysis and experimental tests, respectively.
As reported in Table 1, the natural angular frequencies
retrieved from the FEM and experimental outcomes exhi-
bit minor variations (less than 3.1%) in both directions.
Therefore, it can be concluded that the FEM can repre-
sent the prototype, and it can be used for further
investigations.

11.D. Limitation

In the current study, the numerical model of the
cabinet is developed and verified with several

-100

-120

-140

-160

Amplitude (db)

-180

-200

220 ‘ ‘ . . .
0 10 20 30 40 50 60 70 80
Frequency (Hz)
(c) Front-to-Back

assumptions. First, it is assumed to be fixed at the base.
Second, only modal testing via the impact hammer test is
performed; thus, the cabinet would not exhibit nonlinear
behavior under impact forces. Therefore, in order to get
an accuracy model, the following issues should be carried
out for future studies:

1. the effects of the bolt connections between the
cabinet and the shaking table

2. the sensitivity of the shim and hinge connections
between the doors and main frames

3. The cabinet should be calibrated and verified
with the shaking table test.

[1l. CLOUD-BASED FRAGILITY ANALYSIS

I1I.A. Selection of Ground Motions and IMs

In this study, two suites of ground motions that con-
tain a total of 80 records are chosen. The magnitudes
range from 5.2 to 7.6, and the closest distance-to-
ruptured region (denoted as Rgyp) varies up to 250 km.
The data are classified into two groups based on their
dominant frequencies, one having a low-frequency (LF)
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Fig. 6. First singular vectors obtained from the numerical simulation.

TABLE 1
Natural Frequencies of the Electrical Cabinet*
Relative Difference

Direction Mode FEM (%)
Front-to-back 1 15.10 14.08 1.74
2 35.12 31.02 3.10

Side-to-side 1 14.75 14.17 1.00
2 25.76 28.98 2.94

*Natural frequencies are in units of hertz.
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earthquake, i.e., less than 10 Hz, and another one having
a HF earthquake, i.e., greater than 10 Hz (Ref. 33). The
former group consists of data from the worldwide history
ground motion,** whereas the latter group is selected
from the database in Korea and North America (Korea
Meteorological Administration).*® The details of selected
earthquakes are given in the Appendix in Tables A.I and
A.II. The response spectral accelerations of these sets are
displayed in Fig. 7. In Figs. 7a and 7b, the first natural
frequency of the cabinet is representative of the vertical
line. Note that the selected data are used as the input of
horizontal excitations at the base of the numerical model.

To identify the optimal IMs for the cabinet, different
IMs of earthquakes are considered. They are classified
into two categories: structure-independent IMs and struc-
ture-dependent IMs, as shown in Table 2. The former is
the IMs that are independent of structural characteristics.
These considered IMs have pros and cons when applied
to the NPP components. The guideline BNL-NUREG
-52007, entitled “Seismic Fragility of Nuclear Power
Plant Components (PHASE 1II),” states that modal sen-
sitivity is a significant characteristic of the electrical
cabinet, especially when evaluating the seismic behavior
of this structure. Thus, the structure-dependent scalar IMs
are recommended to surmount these drawbacks.

111.B. Performance Criteria

As pointed out in Refs. 4, 6, and 10, the cabinet
facility is evaluated as a frequency-sensitive component
because of the attacking of inside devices. Previous stu-
dies indicate that the acceleration response is a critical
engineering demand parameter (EDP) for these fre-
quency-sensitive components.®*°>® Therefore, in this
study, this indicator is considered to be an EDP for
evaluating the seismic response.

The limit state (LS) is one of the important require-
ments in the fragility analysis. The LS for a sensitive cabinet
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Fig. 7. Response spectra of selected ground motions.
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is defined based on BNL-NUREG-52007 (Ref. 36). This is
conducted by the U.S. Nuclear Regulatory Commission,
which is used to estimate the probabilistic fragility levels
of electrical NPP equipment. In this research, the damage
state is determined when the zero-period acceleration
reaches 1.8 g.

l1I.C. Cloud Analysis

In the cloud analysis, a set of ground motion, which
can be either scaled or unscaled data, is applied.***° The
ground motions are selected based on the objectives of
the analysis. For each ground motion, a structure-specific
engineering DM corresponding to the IM is obtained. The
outcomes can be shown in either arithmetic or logarith-
mic ones.'”” Assuming that the ground motion IM
expresses the lognormal distribution, the corresponding
demand model can be calculated by following the expo-
nential form'?:

DM(IM) =4 -IM? | (4)

where 4 and B are the coefficients of the regression
analysis. The parameters can be estimated by using the
linear regression analysis. Thus, Eq. (4) is rewritten by
the equivalent form of logarithms of the IM and DM as
follows:

In(DM(IM)) = 4 + BIn(IM) . (5)

Based on the cloud analysis results, the PSDM (also
known as a fragility function) is derived.'®*' The demand
model is described as a straight line from a log-log plot of
the IM-DM relationship with the dispersion of By,

and it is expressed as follows:

Individual
Mean

0 —‘_,’/h\
107! 10° 10! W1=14.36Hz
Frequency (Hz)

(b) Low-frequency earthquakes

@ANS



- NPP EQUIPMENT SUBJECTED TO HIGH- AND LOW-FREQUENCY EARTHQUAKES

TRAN et al.

8

(COPTRY
ogUOISSILUIO)) (s/w)g S | 1sa10qur Jo oFues Kouonboy
K101R[N3Y 1BI[ONN ‘SN A%vf\,w% o e asuodsal [enoadg
(w)ors
(s/w) s
($)o1S | zH 01 ye asuodsar [enoadg
(w)(L1)"s
(s/w)(l1)‘s SINI 1uopuadop
o T8 10 dwWoys .@Q 1)’s 17 1e asuodsai Tenoadg -oInonng
(sw).2p(%s 0)"s 03[ =18
(w).LP(%s“L)'S 2] = ISA
§T
- Karperg (s3).2P(%S “1)"S Ku =1Sv sonisuaur wnyoads
(w)(|(2)n])xew = D SINT
(s/w)(|(1)n])xewr = ADJ yuopuadopur
@) (|(1)n])xew = yoq sonfeA yead -2Inonng
Q0UQIoJOY uontuyeq IojoweIed K103018)

SINI P2IopISu0))
¢ HI19dVL

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2021

@ANS



NPP EQUIPMENT SUBJECTED TO HIGH- AND LOW-FREQUENCY EARTHQUAKES - TRAN et al. 9

P[DM > dm|IM] = 1
@ (ln(dm) - ln(DM(IM))>

BDM|IM

(6)

where @(.) refers to the standard normal cumulative
distribution function and Ppyypy 1s the standard deviation

of the DM at the given IM, describing the uncertainty.
Parameter Bpyypy 1 obtained as a logarithmic standard

deviation of errors, which is expressed in Eq. (7):

BDM|IM =

where N denotes the total number of samples and ¢; is the
residual between the actual value and the value predicted
by the linear model. An example of the PSDM in the
logarithmic scale domain is illustrated in Fig. 8, and it
indicates that the selection of an appropriate IM can have
a significant impact, which is expressed by the dispersion
of responses.

l11.D. Selection of an Optimal IM

According to Tothong and Luco'® and Padgett et al.,"”
the optimal IM is selected in terms of efficiency, practicality,
proficiency, and sufficiency conditions, which are described
as follows:

1. Efficiency: This criterion relates to the predic-
tion of a DM based on the IM considered. An efficient
IM reduces the variations of observed response for
a given IM, and it is assessed by the dispersion
Pomimv in Eq. (7). An efficient IM shows low disper-

sion in the seismic response of the structure.

2. Practicality: This criterion reflects whether there
is any correlation between the DM and the IM on the
structure. The practicality aspect is evaluated by the
regression parameter B in Eq. (5). A higher value indi-
cates a high practical IM.

3. Proficiency: This criterion is a composite
measure of efficiency and practicality. This indicator
is proposed by Padgett et al.,'” and it is known as the
primary factor in the selection procedure. A more
proficient IM has a lower modified dispersion (,
thereby indicating the lower uncertainty.'” The profi-
cient indicator is expressed from Egs. (5) and (6) as
follows:

ln(IM) _ In(dm)—4
P[DMzdmIM]:(D< = )
(8)

4. Sufficiency: This criterion is known as
a secondary indicator and is used as a viable measure of
its appropriateness for the developed PSDMs. It relates to
the concept of statistical independence. In probabilistic
terms, it is defined as follows'®:

M)

In(D

In(DM) = A + B.In(IM)
»

AN

BDM/IM

Fig. 8. Probabilistic seismic demand model.
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P[DM > dm|IM] = PIDM > dm|IM,M,R] ,  (9)

where M and R are the magnitude and the distance from
the source to the site, respectively. The sufficiency is
measured via the p-value, which is the probability of
rejecting the null hypothesis. The p-value is calculated
through performing a linear regression on the
residuals,€EPP|IM, from the relationship of the PSDM
and earthquake characteristics (i.e., M,R, and ¢)
(Ref. 23):

GEDPHM =a; + b,(l) , (10)
where @; and b; are the regression coefficients and i
corresponds to the ground motion characteristics. In this
study, because of the lack of ground motion characteris-
tics, this indicator is not considered.

IV. RESULTS AND DISCUSSION

IV.A. Cloud Analysis

Figure 9 displays the results of cloud analysis for the
cabinet using nonlinear time history analysis. The results are
plotted in terms of peak ground acceleration (PGA) with
acceleration response at the cabinet’s top and illustrated
either on the arithmetic or logarithmic scale. In each of
Figs. 9a and 9b, two groups of scatter points are graphed:
(1) the red points represent the HF earthquakes and (2) the
blue points represent the LF earthquakes. To develop the
PSDMs for the cabinet response, the linear regression ana-
lysis is performed on the logarithmic scale for all IMs. More
details are presented in Sec. [V.B.

O HF carthquakes o
10 +| O LF earthquakes

o}

Acceleration (g)
(=)}

4l o
© © Limit State
o
i 2% oo 9
[e) (o]

o a8 | | |

0 0.5 1 1.5 2 2.5 3

PGA (g)

(a) Arithmetic scale

Fig. 9. Cloud analysis results.
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IV.B. Comparison of PSDMs and IMs
IV.B.1. PSDM Comparison

Figure 10 shows the PSDMs of the electrical
cabinet in terms of the DM and the different IMs
(Figs 10a through 100 are all in lognormal scale).
The former is characterized by the acceleration
response at the top of the electrical cabinet, and the
latter is taken from Sec. III.A. Data regressions are
separately done for two bins of ground motions,
which are (1) red data points for HF earthquakes
and (2) blue data points for LF earthquakes. In each
of Figs 10a through 100, the regression prediction
lines of HF and LF ground motions, which are repre-
sented by the solid lines, are compared to each other.
In particular, Figs. 10a through 10f show the compar-
ison of the PSDMs of different structure-independent
IMs. The results indicate that there is a distinct
separation between the HF and the LF groups. The
slopes of the regression lines from the HF earth-
quakes are smaller than those obtained from the LF
earthquakes, with an average difference of 16%.
However, using the structure-dependent IMs, the out-
comes are crisper, especially for S,(7}),S,(7;), and
S4(T1), as shown in Figs. 10j through 10m. Like the
structure-independent IMs, the slopes of the regres-
sion lines observed from the structure-dependent IMs
have the same trend for the HF and the LF groups,
with an average difference of 2.8%. Moreover, the
spectral acceleration responses [S,(10),S,(77), and
§4-16], having a slope in the range of 0.90 to 0.96,
exhibit the most appropriate IMs in comparison with
the others. The efficiency and practicality of these
models are discussed in detail via the estimated para-
meters [Egs. (5), (7), and (8)] in Sec. IV.B.2.

10%
O HF earthquakes
O LF carthquakes o
S 0(8 o Limit State
£ 10 £
E )
5 0 & 0
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(b) Logarithmic scale
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Fig. 10. PSDMs for different IMs.

IV.B.2. Intensity Measure Comparison - . . .
practicality, and proficiency. It is worth mentioning that
The optimality of an IM is evaluated based on the  efficiency is the main parameter for the selection of the

satisfaction of its essential qualities such as efficiency, = IM. The statistics of the estimated parameters of each
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PSDM, i.e., values of intercept 4, slope B, associated
dispersion Py, and correlation coefficient R, are
enumerated in Table 3. Figures 11, 12, and 13 help in
comparing the optimality between IMs. The main find-
ings are as follows:

1. Efficiency: The efficiency of different IMs is
displayed in Fig. 11. For structure-independent IMs
(Fig. 11a), the peak values [PGA, peak ground velocity
(PGV), peak ground displacement (PGD)] are found to
exhibit an identical trend, while the spectrum intensities
are more efficient, implying the lower dispersions [except
for acceleration spectrum intensity (ASI) of HF earth-
quakes]. For instance, the dispersion values of the velo-
city spectrum intensity (VSI) are 0.24 and 0.13, resulting

in 73% and 84% reductions for HF and LF, respectively,
in comparison with PGV. For structure-dependent IMs
(Fig. 11b), the spectral accelerations [S,(10), S.(T;),
andS#~16] tend to be the most efficient IMs. The observed
values of S,(7)) and S27'° for HF earthquakes are the
same, with a value of 0.81; however, they are 0.73 and
0.58 for LF ground motions. These results indicate that
the higher the number of modes is, the higher is the
efficiency in the seismic response.

2. Practicality: The values of coefficient B in
Fig. 12 indicate that the slope of the linear regression is
nearly identical for all IMs. In the case of structure-
independent IMs, the practicality of the LF group is
slightly higher than that observed from the HF group,

TABLE 3
Statistics of the Estimated Parameters of Demand Models*
A B BDM\IM g R

Intensity

Measure HF LF HF LF HF LF HF LF HF LF
PGA 1.11 0.11 0.98 0.98 1.06 0.92 1.08 0.94 0.92 0.94
PGV 1.37 0.23 0.74 0.93 0.89 0.83 1.20 0.89 0.86 0.84
PGD 2.05 0.66 0.61 0.73 0.96 0.83 1.57 1.14 0.52 0.71
ASI -1.41 —2.64 0.88 0.96 0.21 1.57 0.24 1.64 0.93 0.93
VSI -0.50 -1.83 0.85 1.01 0.24 0.13 0.28 0.13 0.93 0.93
DSI 2.02 0.69 0.54 0.67 0.83 0.79 1.54 1.18 0.15 0.65
S},O 0.12 -0.47 0.90 0.94 0.68 0.61 0.76 0.65 0.93 0.94
Slo 1.90 1.61 0.92 0.93 1.22 1.36 1.33 1.46 0.94 0.92
Sallo 5.90 5.14 0.96 0.94 2.02 2.05 2.10 2.18 0.93 0.94
S.(Ty) 0.26 -0.19 0.94 0.96 0.81 0.73 0.86 0.76 0.97 0.94
S,(Th) 2.61 2.59 0.95 0.95 1.41 1.62 1.48 1.71 0.97 0.98
Sa(Th) 7.45 6.54 1.04 0.98 2.25 2.24 2.16 2.29 0.97 0.94
S;“m 0.33 -0.57 0.92 0.96 0.81 0.58 0.88 0.60 0.96 0.93
S:‘*m 1.84 1.01 0.92 0.95 1.19 1.20 1.29 1.26 0.94 0.91
Sfj‘*m 5.57 4.28 0.97 0.95 1.98 1.93 2.04 2.03 0.93 0.91

*Values in italic type indicate most practical B, efficient Bpy,py, or proficient C.
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(a) Structure-independent IMs
Fig. 11. Comparison of IM efficiency.
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T :
[ HF carthquakes
[ LF earthquakes

PGA PGV PGD ASI VSI DSI

(a) Structure-independent IMs
Fig. 12. Comparison of IM practicality.
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Fig. 13. Comparison of IM proficiency.

the average value being 15%. This indicates that the
practical feature of the LF earthquakes is higher than
HF earthquakes. In the case of structure-dependent IMs,
the results show that all IMs have identical practicality
for two suites of earthquakes; the ratio of two bins of
earthquakes is nearly constant, which is approximately 1.
This means that all structure-independent IMs have the
same impact on the practicality of PSDMs.

3. Proficiency: The proficient indicator { for the
two groups is shown in Fig. 13. In the case of struc-
ture-independent IMs, the values of the HF earthquakes
are slightly greater than the LF earthquakes; the ratios
of two bins of earthquakes range from 1.15 to 1.38.
Notably, for ASI, the proficient value of the LF earth-
quakes is 0.24, which is smaller than about seven times
in comparison with the HF earthquakes, while in struc-
ture-dependent IMs, the lowest modified dispersions
are found for S,(7;) and S*~'® and the largest modified
dispersion is observed for S,(7}) and S37'°, which are
the same trends with the efficient indicator. This can be
explained as follows: The modified dispersion is pro-
portional to the efficient indicator Bpy, and since
Pomim increases, the corresponding value of (
increases.
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(b) Structure-dependent IMs

IV.C. Cloud-Based Fragility Analyses

The probability of exceeding is defined based on the
PSDM given in Sec. IV.B. The fragility curves of the
cabinet are constructed for different IMs of two sets of
ground motions, as given in Fig. 14. As seen, the
fragility curves of Figs. 14a through 140 show an iden-
tical trend to HF and LF earthquakes. Particularly, the
fragility curves under the HF earthquakes are higher
sensitivity than the LF earthquakes. This means that
the seismic vulnerability to the HF earthquakes tends
to be higher than the LF earthquakes. Another finding is
that the fragility functions obtained from the structure-
independent IMs show large gaps between HF and LF
ground motions (Figs. 14a through 14f) whereas the fragi-
lity functions observed from the structure-dependent IMs
exhibit smaller gaps (Figs. 14g through 140), implying more
reliability in the collapse evaluation of the structure. This
observation reveals that the structure-independent IMs are
more sensitive in comparison with the structure-dependent
IMs.

Figures 15 and 16 compare fragility curves for two
groups of IMs, structure-independent IMs and structure-
dependent IMs, respectively. For a better comparison, the
curves are normalized with the median values of the
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Fig. 14. Fragility curves for different IMs.

fragility function. As seen in Fig. 15, the fragility curves
observed based on spectrum intensity are steeper than those
obtained from peak values. This can be explained via their
efficiencies shown in Fig. 11a. With regard to the structure-

@ANS

dependent IMs (Fig. 16), the higher efficiencies of spectral
accelerations [i.e., S,(71),S,(10),andS,(4 — 16)] are
found, leading to the steeper of the fragility curves in
comparison with others.
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V. CONCLUSIONS AND FUTURE WORK

This paper aims to identify the optimal IMs for
seismic assessment of NPP equipment in terms of the
satisfaction of certain essential properties. Different
IMs, i.e., structure-independent IMs and structure-
dependent IMs, are considered. Additionally, the uncer-
tainties in seismic characteristics are investigated
against two suites of ground motions, including HF
and LF earthquakes. Based on the obtained results,
the main findings can be drawn as follows:

1. Among the structure-independent IMs, the
spectrum intensities are more efficient in comparison
with peak values (PGA, PGV, and PGD). For instance,
the use of VSI as the IM results in 73% and 84%
reductions in the dispersion for HF and LF, respec-
tively, in comparison with PGV, whereas in the case
of the structure-dependent IMs, the spectral accelera-
tions S,(71),S!°, and S*'° are the most appropri-
ate IMs.
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Fig. 15. Fragility curves based on structure-independent IMs.

o
%

o
N

Probability of collapse
(=]
=

e
(%}

=}

=}

Normalized IM

(a) High-frequency earthquakes

Fig. 16. Fragility curves based on structure-dependent IMs.
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2. Investigating the practicality of IMs, the
results reveal that both structure-independent and
structure-dependent IMs are found to be nearly iden-
tical for HF and LF ground motions. Thus, they have
the same impact on the practicality of PSDMs.

3. Examining the proficiency of IMs, the
results show that in the case of the structure-
independent IMs, the use of VSI as the IM has
the highest proficiency in comparison with other IMs.
In contrast, the spectral acceleration responses become
most proficient for the structure-dependent IMs.

Therefore, =~ when  evaluating the  seismic
vulnerability of the cabinet, the uses of VSI and spectral
acceleration are  recommended for  structure-
independent and structure-dependent IMs, respectively.

Moreover, the collapse capacity of the electric
cabinet is also investigated by using the fragility curves
developed from the PSDMs. The results show that the
cabinet facility is highly vulnerable to HF earthquakes.
Also, the selection of IMs has an important influence
on the collapse capacity of the NPP equipment.
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Particularly, the fragility curves obtained from struc- APPENDIX
ture-dependent IMs show a smaller gap between HF
and LF earthquakes’ indicating more rehablhty in com- Details of selected earthquakes are given in Tables A.I and
parison with structure-independent IMs. AL
TABLE A.l
High-Frequency Earthquakes
PGA
Record Earthquake Name Year Magnitude Rryp (km) Vs 30 (m/s) (2)
1 Helena Montana-02 1935 6 2.92 551.82 0.606
2 Imperial Valley-05 1955 5.4 14.88 213.44 0.477
3 Lytle Creek 1970 5.33 19.35 813.48 0.369
4 San Fernando 1971 6.61 130.98 591 0.135
5 San Fernando 1971 6.61 1.81 2016.13 0.084
6 San Fernando 1971 6.61 28.99 452.86 0.078
7 San Fernando 1971 6.61 24.87 389 0.285
8 Hollister-03 1974 5.14 10.46 1428.14 0.404
9 Hollister-03 1974 5.14 9.11 3355 0.208
10 Friuli_ Italy-01 1976 6.5 49.38 496.46 0.245
11 Gazli_ USSR 1976 6.8 5.46 259.59 2.387
12 Imperial Valley-06 1979 6.53 0.34 259.86 0.2
13 Imperial Valley-06 1979 6.53 15.3 259.86 0.2
14 Imperial Valley-06 1979 6.53 21.68 237.33 0.2
15 Mammoth Lakes-06 1980 5.94 16.03 537.16 0.2
16 Nahanni_ Canada 1985 6.76 9.6 605.04 0.048
17 Nahanni_ Canada 1985 6.76 493 605.04 0.051
18 Nahanni_ Canada 1985 6.76 5.32 605.04 0.042
19 Landers 1992 7.28 2.19 1369 0.004
20 Northridge-01 1994 6.69 20.72 450.28 0.112
21 CA/Baja Border Area 2002 5.31 53.08 276.25 0.155
22 San Simeon_ CA 2003 6.52 212.98 420.48 0.1
23 San Simeon_ CA 2003 6.52 186.24 643.91 0.046
24 El Mayor-Cucapah, Mexico 2010 7.2 91.61 501 0.029
25 El Mayor-Cucapah Mexico 2010 7.2 239.03 388.68 0.702
26 Geonju 2016.9.12 5.4 5.86 SB* 0.307
27 Geonju 2016.9.12 5.4 8.23 sc? 0.187
28 Geonju 2016.9.12 5.4 22.15 SB 0.141
29 Pohang 2017.11.15 55 25.99 N/A® 0.945
30 Pohang 2017.11.15 5.5 22.69 N/A 1.201
31 Pohang 2017.11.15 5.5 9.46 N/A 0.519
32 Pohang 2017.11.15 5.5 28.04 N/A 0.182
33 N/A 2007 N/A N/A N/A 0.725
34 N/A 2007 N/A N/A N/A 0.003
35 N/A 2013 N/A N/A N/A 0.065
36 N/A 2014 N/A N/A N/A 0.018
37 N/A 2014 N/A N/A N/A 0.007
38 N/A N/A N/A N/A N/A 0.001
39 N/A N/A N/A N/A N/A 0.104
40 N/A N/A N/A N/A N/A 0.264

aSB, SC = soil classification according to Korean standard.
PN/A = not available.
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TABLE A.Il

Low-Frequency Earthquakes

Record Earthquake Name Year Magnitude Rryp (km) V30 (m/s) PGA (g)
1 Imperial Valley-02 1940 6.95 6.09 213.44 0.281
2 Parkfield 1966 6.19 9.58 289.56 0.444
3 Parkfield 1966 6.19 15.96 527.92 0.357
4 San Fernando 1971 6.61 110.18 441.25 0.008
5 San Fernando 1971 6.61 25.47 415.13 0.098
6 San Fernando 1971 6.61 21.5 969.07 0.095
7 San Fernando 1971 6.61 38.97 529.09 0.104
8 San Fernando 1971 6.61 205.77 354.06 0.027
9 San Fernando 1971 6.61 108.01 459.37 0.074
10 San Fernando 1971 6.61 124.79 442.88 0.006
11 San Fernando 1971 6.61 63.79 669.48 0.043
12 San Fernando 1971 6.61 124.41 322.42 0.013
13 San Fernando 1971 6.61 61.73 487.23 0.051
14 San Fernando 1971 6.61 70.23 347.67 0.017
15 San Fernando 1971 6.61 39.45 298.68 0.058
16 San Fernando 1971 6.61 62.23 486 0.026
17 Managua_ Nicaragua-01 1972 6.24 4.06 288.77 0.101
18 Managua_ Nicaragua-02 1972 52 4.98 288.77 0.055
19 Friuli_ Italy-01 1976 6.5 33.4 249.28 0.372
20 Friuli Italy-01 1976 6.5 80.41 352.05 0.263
21 Friuli_ Italy-01 1976 6.5 102.15 356.39 0.062
22 Friuli_ Italy-01 1976 6.5 15.82 505.23 0.05
23 Tabas_ Iran 1978 7.35 120.81 377.56 0.033
24 Tabas_ Iran 1978 7.35 28.79 324.57 0.357
25 Tabas_ Iran 1978 7.35 91.14 302.64 0.091
26 Tabas_ Iran 1978 7.35 194.55 280.26 0.106
27 Tabas_ Iran 1978 7.35 151.16 354.37 0.324
28 Tabas_ Iran 1978 7.35 2.05 766.77 0.093
29 Imperial Valley-06 1979 6.53 0.65 242.05 0.032
30 Imperial Valley-06 1979 6.53 10.42 208.71 0.027
31 Imperial Valley-06 1979 6.53 10.45 231.23 0.854
32 Imperial Valley-06 1979 6.53 24.6 205.78 0.287
33 Imperial Valley-06 1979 6.53 7.29 242.05 0.599
34 Imperial Valley-06 1979 6.53 50.1 336.49 0.163
35 Cape Mendocino 1992 7.01 6.96 567.78 0.277
36 Northridge-01 1994 6.69 7.01 2016.13 0.129
37 Kobe_ Japan 1995 6.9 0.96 312 0.27
38 Kobe_ Japan 1995 6.9 0.27 312 0.116
39 Kocaeli Turkey 1999 7.51 13.49 523 1.494
40 Chi-Chi_ Taiwan 1999 7.62 9.76 438.19 1.585
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Acronyms
ASI: acceleration spectrum intensity
DM: demand measure
DSI: displacement spectrum intensity
EDP: engineering demand parameter
FB: front-to-back
FEM: finite element model
HF: high frequency
IM: intensity measure
LF: low frequency
LS: limit state
NPP: nuclear power plant
PGA: peak ground acceleration
PGD: peak ground displacement
PGV: peak ground velocity
PSDM: Probabilistic Seismic Demand Model
SS: side-to-side

VSI: velocity spectrum intensity

Nomenclature

B = practical factor
e; = residual between the actual value and the pre-

dicted value
Jexp = natural frequencies from the experimental test
Jfuum = natural frequencies from the numerical model
M = magnitude
N = total number of samples
R = distance from the source to the site
S.(T1) = spectral acceleration at T}
S4(T1) = spectral displacement at 7T}
S.(T1) = spectral velocity at T;
S;O = spectral acceleration at T'g
S1? = spectral displacement at T
S10 = spectral velocity at T’
§4-16 = spectral acceleration at the frequency range (4

to 16 Hz)

§4-16 = gpectral velocity at the frequency range (4 to
16 Hz)

§4716 = spectral displacement at the frequency range (4
to 16 Hz)

Greek
Bomm = standard deviation/efficiency factor
€ = proficiency factor
®(.) = standard normal cumulative distribution function
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