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ABSTRACT

This study identifies efficient earthquake intensity measures (IMs) for seismic performances and fragility
evaluations of the reactor containment building (RCB) in the advanced power reactor 1400 (APR1400)
nuclear power plant (NPP). The computational model of RCB is constructed using the beam-truss model
(BTM) for nonlinear analyses. A total of 90 ground motion records and 20 different IMs are employed for
numerical analyses. A series of nonlinear time-history analyses are performed to monitor maximum floor
displacements and accelerations of RCB. Then, probabilistic seismic demand models of RCB are developed
for each IM. Statistical parameters including coefficient of determination (R?), dispersion (i.e. standard
deviation), practicality, and proficiency are calculated to recognize strongly correlated IMs with the
seismic performance of the NPP structure. The numerical results show that the optimal IMs are spectral
acceleration, spectral velocity, spectral displacement at the fundamental period, acceleration spectrum
intensity, effective peak acceleration, peak ground acceleration, A95, and sustained maximum acceler-
ation. Moreover, weakly related IMs to the seismic performance of RCB are peak ground displacement,
root-mean-square of displacement, specific energy density, root-mean-square of velocity, peak ground
velocity, Housner intensity, velocity spectrum intensity, and sustained maximum velocity. Finally, a set of
fragility curves of RCB are developed for optimal IMs.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Worldwide seismic design codes and seismic structural analysis
procedures have commonly been using peak ground acceleration
(PGA) or spectral acceleration (S,) as the seismic intensity measure
(IM). Also, these IMs are widely employed for the seismic fragility
assessment of infrastructures. Numerous studies were conducted to
evaluate the interrelation between seismic IMs and seismic re-
sponses of buildings [1—3], bridges [4—6], on-ground liquid storage
tanks [7], tunnels [8,9], and pipelines [10]. The aforesaid studies
demonstrated that PGA and S, are not always the best IMs for the
seismic response evaluation and fragility analysis of civil engi-
neering structures. Identifying optimal earthquake IMs for proba-
bilistic seismic risk analysis of nuclear power plant (NPP) structures
is necessary for the sake of efficiency and reliability of the analysis.

So far, several studies have investigated the correlation between
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IMs and seismic damage of NPP structures using the lumped-mass
stick model (LMSM). Li et al. [11] calculated the correlation between
IMs and seismic damage of a Canada Deuterium Uranium (CANDU)
containment structure. They pointed out that S, and Sq both at the
fundamental period, Ty, are the strongest IMs. Recently, Nguyen
et al. [12] performed time-history analyses to recognize the
strongly correlated IMs for non- and base-isolated NPP structures
considering high-frequency ground motions. They concluded that
the significant IMs for low- and high-frequency earthquakes are
different. However, LMSM is the simplest form of the structural
model and is limited to simulate fundamental vibrational models
and often linear analysis. Therefore, it is required to identify
optimal earthquake IMs for seismic risk assessment of reactor
containment building (RCB) in Advanced Power Reactor 1400 MWe
(APR1400) NPPs using a practical nonlinear and more accurate
numerical model.

For conducting the seismic probabilistic risk assessment (SPRA)
of NPP components, selecting a practical and proper method is
crucial. A classical approach, namely the factor method, is widely
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used in the seismic risk assessment of nuclear components [13].
However, seismic fragility curves and the high-confident-of-low-
probability-of-failure values are derived based on empirical engi-
neering judgment factors, which may not sufficiently reflect the
randomness and uncertainty in SPRA of NPP structures. Conse-
quently, some typical methods, which are incremental dynamic
analysis, maximum likelihood estimation, and regression, have
been commonly applied for nuclear engineering structures. Some
studies compared the fragility curves of NPP structures and
equipment using different methods [14,15]. They claimed that there
is a significant difference between fragility curves developed by
different methods. Moreover, fragility curves were developed
mostly for containment buildings of early reactor generations such
as AP1000, Indian 700 MWe PHWR, and CANDU.

Numerous studies also evaluated the seismic performance and
fragility of NPP structures and systems using the LMSM [16—18]. To
overcome the limitations of LMSM, a full three-dimensional finite
element method (3D FEM) is employed to evaluate nonlinear
seismic responses and fragility of NPP components [19—21]. How-
ever, a nonlinear time history analysis of 3D FEM is very time-
consuming [22]. Thus, it is impractical to perform SPRA of large-
scale structures like RCB or auxiliary buildings. It is necessary to
use an appropriate model, which can surmount the drawbacks of
LMSM and 3D FEM, in conducting SPRA of NPP components.

The purpose of this study is to identify optimal IMs to develop
probabilistic seismic demand models (PSDMs) of RCB in APR1400
NPPs. For that, 20 earthquake IMs are considered in developing
PSDMs. The nonlinear numerical modeling of RCB is constructed
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Fig. 1. Response spectra of selected ground motions.

Table 2

Statistical properties of selected ground motions.
Parameters Min Max Mean SD cov
PGA (g) 0.093 1.585 0453 0.272 0.601
PGA/PGV 0250 3294 1.088 0.614 0.565
Magnitude, M, 5.2 7.8 6.63 0.513 0.077
Epicentral distance, R (km) 0.07 89.76 12.23 14.027 1.14
Significant duration, Ds_g5 (S) 2.79 60.77 11934 9.034 0.757
Predominant period, T, (s) 0.04 1.24 0.374 0.202 0.540

using the beam-truss model in OpenSees. A set of 90 ground mo-
tion records, which contain a wide range of amplitudes, magni-
tudes, epicentral distances, significant durations, and predominant

Table 1
Earthquake intensity measures.
No. Earthquake parameter Definition Unit Reference
1 Peak ground acceleration PGA = max |a(t)| g -
2 Peak ground velocity PGV = max |v(t)| m/s -
3 Peak ground displacement PGD = max |d(t)| m —
4 Root-mean-square of acceleration 1 tior g Dobry et al. [28]
Arms = | — /a(t)zdt
teot
0
5 Root-mean-square of velocity 1 tior m/s Kramer [26]
Vims = | — /u(t)zdt
teot .
0
6 Root-mean-square of displacement [ m Kramer [26]
Drms = 1 d(t)%dt
trot
7 Arias intensity [ m/s Arias [29]
o =~ / a()?dt
a zg
0
8 Characteristic intensity Ie = (Arms)¥* /Tt m'?[s%5 Park et al. [30]
9 Specific energy densit; e m?/s -
P &y v SED = [ u(t)’dt I
10 Cumulative absolute velocity [ m/s Benjamin [31]
CAV = [ la(t)|dt
0
11 Acceleration spectrum intensity 0.5 g*s Thun et al. [32]
ASI = [ Sq(€ = 0.05, T)dT
0.1
12 Velocity spectrum intensi 25 m Thun et al. [32
vsp v VSI = [ S,(¢ =0.05, T)dT (321
0.1
13 Housner spectrum intensity 2.5 m Housner [33]
HI = [ PS,(£ = 0.05, T)dT
0.1
14 Sustained maximum acceleration SMA = the 3rd of PGA g Nuttli [34]
15 Sustained maximum velocity SMV = the 3rd of PGV m/s Nuttli [34]
16 Effective peak acceleration EPA mean(52-1*0'5(5 =0.05)) g Benjamin [31]
B 25
17 Spectral acceleration at T; Sa(Ty) g Shome et al. [35]
18 Spectral velocity at T, Su(Tq) m/s -
19 Spectral displacement at Ty Sq(Tq) m -
20 A95 parameter Ags = 0.764 9438 g Sarma & Yang [36]
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Fig. 2. Configuration of RCB.

periods, are utilized to perform nonlinear time-history analyses.
Optimal IMs are recognized based on statistical indicators of
PSDMs, which are the coefficient of determination, dispersion,
practicality, and proficiency. Finally, seismic fragility curves of RCB
with respect to optimal IMs are developed.

2. Backgrounds of PSDM and optimal intensity measures
2.1. Probabilistic seismic demand model
PSDM, which contains the relationship between structural de-

mand and an earthquake IM, needs to be appropriately established
in the probabilistic performance-based seismic design [3]. The
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most common expression of the relationship between seismic de-
mand and earthquake IMs is the power form in Eq. (1) [4,5,23].

Sp=a x (IM)” (1)

where Sp is the median value of structural demand; a and b are the
regression coefficients; IM is the earthquake intensity measure
considered. This equation can be rewritten in forms of linear
regression as following

In(Sp) =In(a) + b x In(IM) (2)

The conditional failure probability that the structural demand
(D) exceeds its capacity for a given IM in the fragility analysis can be
expressed as

Pr=PID > d|IM] (3)
where d is the specified value, normally it is based on the structural

capacity. Assuming that the structural demand and capacity follow
lognormal distributions, Eq. (3) can be rewritten as

PD>d|IM] =1 — q{’"(d)a’”(%)} @)
D|IM

where ®[-] is the standard normal function and opyy is the loga-
rithmic standard deviation.

2.2. Indicators for evaluating an optimal IM

In this study, four statistical properties, namely, the coefficient
of determination, efficiency, practicality, and proficiency, are used
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Fig. 3. Beam-truss model scheme of RCB.
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Fig. 4. Constitutive models of material: (a) concrete and (b) reinforcing bars.

for evaluating optimal IMs. These parameters have been utilized in
the seismic risk evaluation of civil engineering structures [4,24,25].
Each indicator is described in this section.

2.2.1. Coefficient of determination (R°)

The coefficient of determination, R?, provides the proportion of
the variance of one variable that can be predicted from the other
variable. For PSDMs, R? denotes the percentage of the data that is
the closest to the regression line (i.e. the best fit line). The closer R
value is to unity, the more significant the regression model is. It can
be evaluated as

R2_ ne_oxiyi) — Qo xi) (3 Yi)
VI = (Sx][n/52 -~ (7]

where n is the number of analysis data, x; and y; are the results of
IMs and structural demand data, respectively.

(5)

2.2.2. Efficiency

The efficiency indicator is evaluated by the dispersion of
regression fit for engineering demand parameters (EDPs) and each
IM. In other words, the efficiency is measured in terms of the
standard deviation of the scatterings of the PSDM, referred as opjm.
The less scattered the data is, the more efficient IM is. The equation
for calculating efficiency (i.e. standard deviation) can be expressed
as

(a) Concrete

(b) Reinforcement

(¢) Meshing

Z(ln(di) - ln(a x IMb)>2
n—2

(6)

OpjiM =

2.2.3. Practicality

The practicality represents the correlation between an IM and
EDPs. This property is quantified by the regression model param-
eter, b (i.e. the slope of the regression line), as described in Eq. (2).
The lower the value of b is, the less practical IM is.

2.2.4. Proficiency

Padgett et al. [4] proposed an indicator, namely proficiency,
which can balance the selections between efficiency and practi-
cality. The proficiency is defined by the ratio of dispersion (opym) to
the practicality (b), as shown in Eq. (7). The smaller the proficiency
is, the more proficient PDSM is.

3. Earthquake intensity measures and input ground motions
3.1. Intensity measures

Earthquake IMs are fundamental for describing the important
characteristics of ground motion quantitatively. Many IMs have

(]
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Fig. 5. 3D FEM and example of comparison of FRS with that of BTM.
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Fig. 6. PSDM for displacement with various IMs.

been proposed to characterize the amplitude, frequency content,
and duration of motions [26]. To obtain the seismic IMs, a direct
evaluation from earthquake accelerograms and a calculation by the
software can be implemented. This study accounts for 20 common
ground motion IMs and these parameters are calculated for every
motion record using SeismoSignal [27]. The used IMs are described
in Table 1. It should be noted that T; in this table is the fundamental
period of the structure.

3.2. Input ground motions

A set of 90 ground motion records are selected from historic
earthquakes, which are available in the PEER center database [37].
A wide range of earthquake amplitudes, magnitudes, epicentral
distances, significant durations, and predominant periods is
considered in used ground motions whose response spectra are
shown in Fig. 1. It should be noted that the mean spectrum of the
input motions is comparable with the US Nuclear Regulatory

Commission (NRC) 1.60 design spectrum [38]. The statistical pa-
rameters of the selected ground motions are presented in Table 2.
Noting that SD and COV in Table 2 are abbreviations of standard
deviation and coefficient of variation, respectively.

4. Numerical modeling of RCB

RCB is one of the most crucial structures in the APR1400 NPP. It
is a reinforced concrete (RC) structure, which consists of a cylinder
and a dome part. The cylinder radius and height are 23.5 m and
54.0 m, respectively, while the thickness of the cylinder wall is
1.22 m, as shown in Fig. 2. The dome radius is 23.2 m, and its
average thickness is 1.07 m.

Generally, RCB is modeled by LMSM or 3D FEM to simulate its
seismic performance. However, LMSM is too simple to simulate the
nonlinear behavior of RCB and 3D-FEM is too expensive in terms of
the CPU time. Therefore, an optimal model, namely the beam-truss
model (BTM) is employed to perform nonlinear time-history
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Fig. 7. PSDM for acceleration with various IMs.

analyses of RCB in this study. The efficiency of this modeling
approach was highlighted in Nguyen et al. [22].

BTM consists of vertical and horizontal beam elements and di-
agonal truss elements, as shown in Fig. 3a. The rationality in
simulating the RC wall of RCB with beam and truss elements can be
expressed by the following points. (1) Shell stress resultants are
computed by combining stresses from concrete and reinforcement
layers. The horizontal and vertical normal stresses are attributed to
the horizontal and vertical beams. Meanwhile, the shear stress of
the wall is considered using diagonal truss elements, which are also
able to represent the compressive and tensile behavior of concrete.
(2) The nodes, where horizontal, vertical, and diagonal elements
are intersected, have six degrees of freedom. It is the same as those
of shell element nodes. Additionally, thorough verifications of this
approach using experimental tests were conducted in previous
studies [39,40].

RC cross-sections are applied for vertical and horizontal beam

4184

elements, whereas a pure concrete section is used for modeling the
diagonal truss elements [39,40]. Fig. 3b—e shows the schematic
modellings of the RCB wall in BTM. The length of beam and truss
elements depends on the mesh size. In this study, the length of the
horizontal and vertical beams is set to 1.0 m after conducting a
mesh convergence test. Meanwhile, the width of the beam cross-
section is exactly equal to the thickness of the RC wall (i.e.,
t = 1.22 m), and the height of the beam is set to the size of the
panels. The width of the diagonal trusses (b) is the product of the
panel length (a) and sin(6,), expressed as
b = a x sin(fy) (8)
where 64 is the angle between the horizontal and diagonal
elements.

The BTM-based FE model of RCB is developed using OpenSees
[41], a commonly used open-source platform for earthquake
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Table 3
Proposed damage states of RCB [22].

Damage state Drift (%) Description

DS1 (Minor) 0.01 Concrete cracking

DS2 (Moderate) 0.03 Rebar yielding

DS3 (Extensive) 0.15 Extensive cracking & yielding at the bottom
DS4 (Collapse) 0.23 Concrete crushing

2 -l

0
In(S,(T)))

Fig. 9. Estimation of mean values for different damage states.

engineering simulation. For modeling nonlinear materials, the
concrete02 [42] and steel02 models [43] are employed for modeling
concrete and reinforcing bars, respectively, as shown in Fig. 4. The
forceBeamColumn element associated with a fiber section model is
used to model nonlinear behaviors of beam elements. Meanwhile,
the corotTruss element is used for constructing the diagonal truss
elements.

To verify the computational accuracy of BTM, a full 3D FEM is
developed in ANSYS [44]. The nonlinear solid187 and beam188
element models are used for concrete and reinforcing bars,
respectively. Whereas conta174 is applied for modeling the contact
between concrete and reinforcement. The model is meshed into
64,299 prism solid elements and 24,647 beam elements for con-
crete and reinforcing bars, respectively, after conducting a mesh-
sensitivity analysis. Fig. 5a—c shows the concrete part and rein-
forcing bars in full 3D FEM. Nonlinear time-history analyses of the
full 3D FEM are thereafter performed and their floor responses are
compared. Fig. 5d shows an example of floor response spectra (FRS)
at the top of the structure obtained from BTM and 3D FEM. The
comparison emphasizes that the FRS from BTM and 3D FEM are in

4185

good agreement that verifies the accuracy of the BTM-based
computational model.

5. PSDM results of RCB

To develop PSDMs and identify the optimal IMs, time-history
analyses of the RCB model in the horizontal X-direction are per-
formed using 90 ground motions, separately. The maximum floor
displacements and accelerations are selected as engineering de-
mand parameters (EDPs). Then, PSDMs of RCB are developed for all
considered IMs and EDPs. The optimality of IMs is evaluated using
statistical indicators of the PSDM, namely, the coefficient of deter-
mination (R?), dispersion (i.e. standard deviation), practicality, and
proficiency. The higher R? and practicality are, the more correlated
and efficient IM is. Meanwhile, if the standard deviation and pro-
ficiency are lower, the considered IM is more efficient and vice
versa.

Figs. 6 and 7 show the PSDMs of the RCB structure for 20 IMs
using the maximum displacement and acceleration, respectively. It
can be observed that PSDMs with respect to S;(T1), Sv(T1), Sa(T1),
ASI, EPA, PGA, A95, and SMA have a higher R? value than others. In
other words, the scattering of PSDMs using the mentioned IMs is
much smaller than that of others. Therefore, those IMs can be
considered to be strongly correlated to the seismic damage of RCB.
The trend is similar for both displacement and acceleration re-
sponses. Overall, the strongly correlated IMs are directly related to
the acceleration. This observation can be attributed that the seismic
response of a relatively rigid structure like RCB is sensitive to ac-
celeration rather than velocity or displacement [12]. Moreover,
Sa(T1), SW(T1), and S¢(T1) are shown to be the strongest IMs since
these parameters are combinations of ground motion (i.e. response
spectra of earthquakes) and structural properties (i.e. fundamental
period of the structure).

Fig. 8 presents four statistical parameters of PSDMs for 20 IMs.
The efficiency of IMs is evaluated through the specified indicators.
It is found that PSDMs with respect to Sy(T1), Sy(T1), and S4(T1) have
the lowest standard deviation and proficiency, and the largest R?
and practicality, followed by ASI, EPA, PGA, A95, and SMA.
Accordingly, these measures are considered as the optimal or
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Fig. 10. Fragility curves of RCB with respect to optimal IMs.
Table 4 6. Derivation of fragility curves using PSDMs

Fragility function parameters of RCB with various optimal IMs.

IM Fragility function parameter Damage state
Minor Moderate Extensive Collapse
Sa(T1) Mean (g) 0369 1.067 3.320 4.953
SD 0.140 0.140 0.140 0.140
SW(T1) Mean (m/s) 0.117 0371 1.676 2474
SD 0221 0221 0.221 0.221
Sa(T1) Mean (m) 0.191 0.551 2.194 3.136
SD 0.136 0.136 0.136 0.136
ASI Mean (g*s) 0.142  0.408 1.617 2.309
SD 0.241 0.241 0.241 0.241
EPA  Mean (g) 0.157 0.506 2325 3.448
SD 0324 0324 0324 0.324
PGA  Mean (g) 0.260 0.521 1.685 2.354
SD 0.338 0.338 0.338 0.338
A95  Mean (g) 0.155 0515 2457 3.679
SD 0339 0.339 0.339 0.339
SMA  Mean (g) 0.106 0.361 1.794 2714
SD 0381 0.381 0.381 0.381
Table 5

Comparison of HCLPF values of the RCB structure between different studies.

Failure mode KEPCO & KHNP [45] Nguyen et al. [22]

Shear failure near the base 0.94g 0.81g

efficient IMs for PSDMs of the RCB structure. On the other hand,
Fig. 8 indicates that the inefficient IMs for PSDMs of RCB are PGD,
DRrwus, SED, VRMS, PGV, HI, VSI, and SMV.
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For generating seismic fragility curves, a set of damage states
and corresponding damage indices should be defined. This study
adopts the damage states of the RCB structure proposed by Nguyen
et al. [22] to develop fragility curves. Four damage states including
minor (DS1), moderate (DS2), extensive (DS3), and collapse (DS4),
were defined based on the nonlinear pushover analysis, as pre-
sented in Table 3.

To generate a fragility curve assumed to have a lognormal dis-
tribution, the mean and the standard deviation need to be defined.
The standard deviations are already calculated in the previous
section, while the mean of each damage state can be readily esti-
mated based on the linear regression in the previous section, as
illustrated in Fig. 9. Seismic fragility curves of RCB with respect to
each of the optimal IMs, S;(Ty), Sy(T1), Sa(T1), ASI, EPA, PGA, A95,
and SMA, are shown in Fig. 10. The authors suggest that a seismic
fragility curve with respect to an optimal IM is more reliable than
that of a less relevant IM. The means and standard deviations of the
proposed fragility curves are shown in Table 4. This family of
fragility curves can be readily applied for the probabilistic seismic
risk assessment of the APR1400 reactor containment buildings.

The conservative deterministic failure margin (CDFM) method is
commonly employed to estimate the seismic capacity of NPP
structures. KEPCO & KHNP [45] used CDFM to calculate the high
confidence of low probability of failure (HCLPF) of the containment
structure. They pointed out that the failure mode of RCB is shear
failure near the base, which is corresponding to damage state 4
(DS4) defined in the study of Nguyen et al. [22]. Table 5 shows a
comparison of HCLPF values, which were calculated by KEPCO &
KHNP [45] and Nguyen et al. [22]. It is found that the seismic
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capacity based on the estimation of Nguyen et al. [22] is slightly
lower than that of KEPCO & KHNP [45]. This observation can be
attributed to the reason that the effects of pre-stressed tendons on
the structural capacity were not considered in the numerical model

of

Nguyen et al.[22]. Therefore, the adopted damage states in

Table 3 and corresponding median seismic intensity values esti-
mated in Fig. 9 and Table 4 might be slightly conservative.

7. Conclusions

This study developed PSDMs for various IMs and identified

optimal IMs for the seismic performance of the RCB structure in
APR1400 NPPs. A group of 90 ground motion records and 20
different IMs were used in nonlinear time-history analyses. A set of
fragility curves were generated with respect to optimal IMs based

on

developed PSDMs. The following conclusions are drawn.

The optimal IMs for PSDMs of the RCB structure are S;(Ty),
Sv(T1), and Sy(T;) followed by ASI, EPA, PGA, A95, and SMA. The
PSDMs with respect to these IMs contain higher values of R?,
lower standard deviations and proficiency values, and larger
practicalities than those of others. Mostly, the optimal IMs are
directly related to the acceleration.

The less efficient IMs for PSDMs of RCB are PGD, Dgys, SED, Vrms,
PGV, HI, VSI, and SMV. These IMs are displacement- and
velocity-based parameters.

A set of fragility curves of RCB are developed for the optimal IMs.
These curves can be useful in the probabilistic seismic risk
assessment of the RCB structure in APR1400 NPPs. Since the
influences of pre-stressed tendons are not considered in the
numerical model, the obtained result might be slightly
conservative.
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