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Abstract: The purpose of this study is to evaluate the optimal earthquake intensity measures (IMs)
for probabilistic seismic demand models (PSDMs) of the base-isolated nuclear power plant (NPP)
structures. The numerical model of NPP structures is developed using a lumped-mass stick model,
in which a bilinear model is employed to simulate the force-displacement relations of base isolators.
In this study, 20 different IMs are considered and 90 ground motion records are used to perform
time-history analyses. The seismic engineering demand parameters (EDPs) are monitored in terms of
maximum floor displacement (MFD), the maximum floor acceleration (MFA) of the structures, and
maximum isolator displacement (MID). As a result, a set of PSDMs of the base-isolated structure is
developed based on three EDPs (i.e., MFD, MFA, and MID) associated with 20 IMs. Four statistical
parameters including the coefficient of determination, efficiency (i.e., standard deviation), practicality,
and proficiency are then calculated to evaluate optimal IMs for seismic performances of the isolated
NPP structures. The results reveal that the optimal IMs for PSDMs with respect to MFD and MID
are velocity spectrum intensity, Housner intensity, peak ground velocity, and spectral velocity at the
fundamental period. Meanwhile, peak ground acceleration, acceleration spectrum intensity, A95,
effective peak acceleration, and sustained maximum acceleration are efficient IMs for PSDMs with
respect to MFA of the base-isolated structures. On the other hand, cumulative absolute velocity is
not recommended for determining the exceedance of the operating basis earthquake of base-isolated
NPP structures.

Keywords: nuclear power plant structure; earthquake intensity measure; lead rubber bearing;
time-history analysis; probabilistic seismic demand model; optimality

1. Introduction

The existing seismic design codes commonly use peak ground acceleration (PGA) or
spectral acceleration (Sa) as the earthquake intensity measure (IM). Additionally, these
IMs are commonly applied for the seismic performance evaluations of infrastructures.
Numerous studies have been carried out to evaluate the correlation between ground motion
IMs and the seismic responses of various civil engineering structures [1–10]. Those studies
pointed out that PGA and Sa are not always the optimal options for seismic performance
evaluations and fragility analyses of civil engineering structures. Moreover, some studies
concluded that velocity-based IMs are efficient for predicting seismic demand models of
base-isolated buildings [11,12].

The seismic performance evaluation of infrastructures is commonly based on prob-
abilistic approaches [13–15]. It is necessary to consider these methods for seismic risk
assessments of nuclear structures [16]. For that, a probabilistic form of the engineering
demand for significant IMs should be determined.

Generally, the nuclear engineering community has used a lumped-mass stick model
(LMSM) or a full three-dimensional finite element model (3D FEM) to perform time-history
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analyses of nuclear power plant (NPP) structures [17]. Since 3D FEM always requires a very
time-consuming computation, the simplified approach (i.e., LMSM) is still used widely.
Many studies used LMSM to perform the seismic responses and fragility assessment of
NPP structures and systems [18–22]. Moreover, the effects of different base isolators on the
seismic performances and fragility analyses of NPP components were investigated using
LMSM [23–31]. The benefits of isolators for improving the seismic responses of structures
and systems were analyzed thoroughly. It is noted that those studies mostly employed
PGA or Sa as earthquake IMs for performing seismic structural analyses and evaluations.

Only a few studies have identified the correlation between the IMs and the seismic
damage of NPP structures. Li et al. [32] analyzed the correlation between the IMs and
the seismic damage of a Canada Deuterium Uranium (CANDU) containment structure.
They pointed out that the spectral acceleration (Sa(T1)) and the spectral displacement
at the fundamental period (Sd(T1)) are the optimum IMs. Nguyen et al. [33] performed
time-history analyses to recognize the strongly correlated IMs for non- and base-isolated
NPP structures considering high-frequency ground motions. They demonstrated that
the effects of high-frequency earthquakes on the calculated correlation coefficients are
significant. Recently, Nguyen et al. [34] identified the optimal IMs for probabilistic seismic
demand models of a non-isolated containment building. However, those IMs may not be
efficient for base-isolated NPP structures. Tran et al. [35] developed probabilistic seismic
demand models of cabinets in NPPs and generated fragility curves for this equipment
considering high- and low-frequency earthquakes. Nevertheless, it is necessary to evaluate
optimal earthquake IMs for seismic risk assessment of base-isolated NPP structures using
probabilistic seismic demand models.

This study aims to identify optimal IMs to develop probabilistic seismic demand
models (PSDMs) of based-isolated primary structures in the advanced power reactor
1400 MWe (APR1400) NPP. The numerical model of NPP structures is constructed using
LMSM in SAP2000. A total of 20 earthquake IMs are considered in deriving PSDMs. A set of
90 ground motion records, which cover a wide range of amplitudes, magnitudes, epicentral
distances, significant durations, and predominant periods, are utilized to perform nonlinear
time-history analyses. Seismic engineering demand parameters (EDPs) are monitored in
terms of maximum floor displacement (MFD), the maximum floor acceleration (MFA) of
the structures, and maximum isolator displacement (MID). PSDMs of the base-isolated
structure are then developed based on three EDPs associated with 20 IMs. Finally, optimal
IMs are identified based on the four statistical properties of PSDMs, which are the coefficient
of determination, efficiency (i.e., dispersion), practicality, and proficiency.

2. Ground Motions
2.1. Earthquake Intensity Measures

Earthquake IMs normally contain the fundamental characteristics of ground motions,
such as amplitude, frequency content, and earthquake duration [36]. Over time, many
IMs have been proposed to apply for the seismic designs and performance evaluations of
specific structures. Some IMs represent the cumulative energy over the earthquake duration
or the combination of the seismic motion property and the structural characteristic. This
study considers 20 typical earthquake IMs, which are calculated for every motion record
using the SeismoSignal software [37]. The investigated IMs are presented in Table 1.

2.2. Input Ground Motions

The minimum number of ground motion records is required in performing probabilis-
tic seismic demand analyses [38] for proper consideration of uncertainties in earthquakes.
A big enough number of ground motion records needs to be used where this number can be
varied depending on the investigated structure, normally from 10 to 20 records [38]. In this
study, a set of 90 ground motion records are selected from the PEER center database [39]
and KMA [40] to cover a wide band of earthquake characteristics for establishing prob-
abilistic seismic demand models. A wide range of earthquake amplitudes, magnitudes,
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epicentral distances, significant durations, and predominant periods is considered in the
used ground motions. In particular, the set consists of 67 near-fault and 23 far-fault ground
motions. The response spectra of 90 motion records are shown in Figure 1, in which the
mean spectrum is matched with the US Nuclear Regulatory Commission (NRC) 1.60 design
spectrum [41]. The statistical parameters of the selected ground motions are presented in
Table 2.

Figure 1. Response spectra of 90 ground motion records.

Table 1. Earthquake intensity measures.

ID Intensity Measure Definition Unit Ref.

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 Arms =
√

1
ttot

∫ ttot
0 a(t)2dt g Dobry et al. [42]

5 Root-mean-square of velocity Vrms =
√

1
ttot

∫ ttot
0 v(t)2dt m/s Kramer [36]

6 Root-mean-square of displacement Drms =
√

1
ttot

∫ ttot
0 d(t)2dt m Kramer [36]

7 Arias intensity Ia = π
2g
∫ ttot

0 a(t)2dt m/s Arias [43]
8 Characteristic intensity Ic = (Arms)

3/2√ttot m1.5/s2.5 Park et al. [44]
9 Specific energy density SED =

∫ ttot
0 v(t)2dt m2/s -

10 Cumulative absolute velocity CAV =
∫ ttot

0 |a(t)|dt m/s Benjamin [45]
11 Acceleration spectrum intensity ASI =

∫ 0.5
0.1 Sa(ξ = 0.05, T)dT g*s Thun et al. [46]

12 Velocity spectrum intensity VSI =
∫ 2.5

0.1 Sv(ξ = 0.05, T)dT m Thun et al. [46]
13 Housner spectrum intensity HI =

∫ 2.5
0.1 PSv(ξ = 0.05, T)dT m Housner [47]

14 Sustained maximum acceleration SMA = the 3rd of PGA g Nuttli [48]
15 Sustained maximum velocity SMV = the 3rd of PGV m/s Nuttli [48]
16 Effective peak acceleration EPA =

mean(S0.1−0.5
a (ξ=0.05))

2.5
g Benjamin [45]

17 Spectral acceleration at T1 Sa(T1) g Shome et al. [49]
18 Spectral velocity at T1 Sv(T1) m/s -
19 Spectral displacement at T1 Sd(T1) m -
20 A95 parameter A95 = 0.764 I0.438

a g Sarma & Yang [50]
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Table 2. Statistical properties of selected ground motions.

Parameters Min. Max. Mean Standard
Deviation

Coefficient of
Variation

PGA (g) 0.093 1.585 0.453 0.272 0.601
PGA/PGV 0.250 3.294 1.088 0.614 0.565

Magnitude, Mw 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,
D5-95 (s) 2.79 60.77 11.934 9.034 0.757

Predominant
period, Tp (s) 0.04 1.24 0.374 0.202 0.540

3. Numerical Modeling of Base-Isolated APR1400 NPP Structures

The primary structures in APR1400 NPPs are employed to develop the numerical
model including a reactor containment building (RCB), a reactor containment internal
structure (IS), and an auxiliary building (AB). Figure 2a shows a cutting view of the
NPP structures. LMSM is utilized to construct the finite element model of the structures
in SAP2000 [51], a commercial finite element analysis program, as shown in Figure 2b.
The containment and auxiliary buildings are modeled in terms of elastic beam elements
with concentrated masses at the nodes. The structural properties of beam elements are
determined based on the dimensions and cross-sectional details of the structures [52]. The
shell elements are applied for modeling the base-mat foundation. The structural properties
of the APR1400 structures in LMSM are provided in Tables 3–5.

Table 3. Structural properties of the rector containment building (RCB) in LMSM.

Node Height from
Base-Mat (m)

Nodal Mass
(ton)

Area
(m2)

Moment of Inertia
(m4)

Shear Area
(m2)

Torsional
Constant (m4)

1 16.76 87.07 202.90 56,299.85, 56,299.85 101.45 112,634.22
2 20.27 166.52 202.90 56,299.85, 56,299.85 101.45 112,634.22
3 23.46 185.42 202.90 56,299.85, 56,299.85 101.45 112,634.22
4 27.73 189.29 202.90 56,299.85, 56,299.85 101.45 112,634.22
5 31.09 170.39 202.90 56,299.85, 56,299.85 101.45 112,634.22
6 34.59 234.68 202.90 56,299.85, 56,299.85 101.45 112,634.22
7 40.53 314.15 202.90 56,299.85, 56,299.85 101.45 112,634.22
8 47.24 333.05 202.90 56,299.85, 56,299.85 101.45 112,634.22
9 53.94 318.02 202.90 56,299.85, 56,299.85 101.45 112,634.22
10 60.65 310.43 202.90 56,299.85, 56,299.85 101.45 112,634.22
11 66.44 376.80 202.90 56,299.85, 56,299.85 101.45 112,634.22
12 70.56 279.92 179.76 47,591.20, 47,591.20 89.89 95,199.65
13 78.63 355.52 179.76 35,861.70, 35,861.70 89.89 71,732.03
14 86.72 352.09 166.11 12,825.63, 12,825.63 83.03 25,651.25
15 94.64 147.80
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Figure 2. Base-isolated APR1400 NPP structures; (a) elevation view and (b) finite element model, (c) lumped-mass stick
model of RCB, (d) lumped-mass stick model of IS, and (e) lumped-mass stick model of AB (Note: triangles are for nodes
and rectangles are for elements).

A total of 486 LRBs are installed under the base mat for enhancing the seismic perfor-
mance of the structures. Figure 3 shows the layout of LRBs and the bilinear response model
of the isolator under shear forces. The mechanical properties of LRBs are described in
Table 6. The results of the natural frequencies and corresponding mode shapes are shown
in Table 7 and Figure 4, respectively. It can be observed that the first three modes are gov-
erned by base isolators. The first and second modes are translation Y and X, respectively,
of the superstructure; meanwhile, the third mode is the rotation of the structure about the
Z-axis. The fourth mode is the translation of the containment building. This observation is
also consistent with the previous studies [53,54].
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Table 4. Structural properties of the rector containment internal structure (IS) in LMSM.

Node Height from
Base-Mat (m)

Nodal Mass
(ton)

Area
(m2)

Moment of Inertia
(m4)

Shear Area
(m2)

Torsional
Constant (m4)

1201 16.76 184.17 833.15 51,055.67, 79,896.93 662.77 164,989.72
1202 18.28 341.40 883.97 51,262.81, 81,942.48 704.29 168,389.13
1203 20.26 796.48 857.92 51,149.25, 80,710.1 684.03 165,957.82
1204 23.46 523.67 313.78 9908.34, 21,253.36 221.77 37,753.43
1204 25.75 273.10 254.60 9816.63, 19,442.95 171.14 35,811.75
1205 27.73 296.29 221.94 9515.25, 19,384.02 144.33 35,233.94
1206 31.09 296.86 261.38 9848.14, 20,166.32 175.93 36,571.27
1207 32.61 355.47 202.76 9630.81, 18,524.13 130.81 34,566.87
1208 34.59 80.51 202.76 9630.81, 18,524.13 130.81 34,566.87
1209 36.57 264.64 202.76 9630.81, 18,524.13 130.75 34,566.87
1210 40.53 255.68 103.23 1932.60, 4666.70 94.90 7888.57
1211 46.32 271.76 97.93 1918.14, 4642.60 92.25 7840.37

Table 5. Structural properties of the auxiliary building (AB) in LMSM.

Node Height from
Base-Mat (m)

Nodal Mass
(ton)

Area
(m2)

Moment of Inertia
(m4)

Shear Area
(m2)

Torsional
Constant (m4)

1001 16.76 4608.78 1660.45 530,766.3, 405,355.4 770.35, 611.30 239,729.53
1002 23.46 5265.66 1503.17 466,685.8, 332,679.3 658.91, 582.41 198,363.83
1003 36.57 4680.11 1529.65 464,101.2, 340,852.6 659.42, 589.37 205,791.05
1004 41.91 4150.72 1363.35 368,330.8, 292,325.7 565.41, 558.81 187,226.65
1005 40.53 3218.83 842.16 241,060.5, 158,771.4 358.88, 329.06 173,747.81
1006 52.42 2000.28 579.06 142,392.3, 121,479.2 212.0, 261.6 76,553.8
1007 57.92 1659.49 371.98 75,850.4, 86,362.9 160.3, 192.0 52,753.99
1008 63.39 957.38

Figure 3. LRB arrangement (a) and bilinear force-deformation behavior of LRBs (b).
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Table 6. Mechanical properties of base isolators.

Property Value Unit

Elastic stiffness, Ku 544.70 kN/mm
Hardening stiffness, Kd 4.20 kN/mm

Yield strength, Fy 1009.65 kN
Characteristic strength, Qd 1001.03 kN

Vertical stiffness, Kv 12.896 kN/mm
Effective stiffness, Keff 8.97 kN/mm

Equivalent damping ratio, ξ 0.335

Table 7. Eigenvalue analysis results.

Mode Natural Frequency (Hz) Description

Mode 1 0.477 Translational Y of superstructure
Mode 2 0.477 Translational X of superstructure
Mode 3 0.709 Rotational Z of superstructure
Mode 4 3.786 Translational Y of RCB

Figure 4. The first four mode shapes.
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4. Seismic Performance of Isolated NPP Structures

Nonlinear time-history analyses are performed to quantify the seismic responses of
based-isolated NPP structures. The following three engineering demand parameters (EDPs)
are considered in this study:

• Maximum floor displacement (MFD), i.e., the maximum absolute value of the lateral
floor displacement of the structures. MFD is an EDP correlated to the global stability
of the structures.

• Maximum floor acceleration (MFA), i.e., the maximum absolute value of the floor
acceleration of all the stories.

• Maximum isolator displacement (MID), i.e., an EDP to evaluate the damage of the
base isolator.

Figures 5 and 6 show examples of displacement and acceleration time-history re-
sponses at the top of containment buildings under earthquakes, respectively. Since the
earthquake energy is dissipated through the nonlinear behavior of LRBs, the responses
of superstructures are governed by the performance of base isolators, in which the floor
accelerations of structures are significantly reduced [55–58]. Figure 7 shows the hysteretic
responses of the LBRs subjected to different ground motions. Some experimental stud-
ies [59–62] pointed out that the LRB can obtain a maximum deformation capacity of
400% shear strain. The shear strain is determined by the ratio ∆/H, where ∆ and H are the
maximum deformation and the height of LRB, respectively. In this study, the peak shear
deformation of LBRs under 90 motions is 517 mm, i.e., approximately 250% shear strain,
which is obviously within the capacity of the bearing.

Figure 5. Displacement responses at the top of RCB under earthquakes.
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Figure 6. Acceleration responses at the top of RCB under earthquakes.

Figure 7. Nonlinear response of LRBs under different earthquakes.
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5. Optimal Earthquake IMs for PSDM of Base-Isolated NPP Structures
5.1. Probabilistic Seismic Demand Model

A PSDM represents the relationship between structural demand and an earthquake
IM. This approach is necessary in establishing the probabilistic performance-based seismic
design. The power function is the most common expression to determine the relationship
between seismic demand and earthquake IMs, as shown in Equation (1).

SD = a× (IM)b (1)

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

ln(SD) = ln(a) + b × ln(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 follows:

Pf = P[D ≥ 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, Equation (3) can
be rewritten as follows:

P[D ≥ d|IM] = 1−Φ

[
ln(d)− ln(SD)

σD|IM

]
(4)

where Φ[−] is the standard normal function and σD|IM is the logarithmic standard devia-
tion.

5.2. Parameters for Evaluation of IMs

In this study, four statistical parameters, namely, the coefficient of determination,
efficiency, practicality, and proficiency, are used for evaluating the regression models and
then identifying optimal IMs. These parameters have been widely utilized in the seismic
risk evaluation of civil engineering structures [63]. Each indicator is described in this
section.

5.2.1. Coefficient of Determination (R2)

The coefficient of determination, R2, provides the proportion of the variance of one
variable that can be predicted from the other variable. For the PSDMs, the R2 value denotes
the percentage of the data that is the closest to the regression line (i.e., the best fit line).
The closer the R2 value is to unity, the more significant the regression model is. It can be
calculated by the following:

R2 =

 n(∑ xiyi)− (∑ xi)(∑ yi)√[
n
√

xi
2 − (∑ xi)

2
][

n
√

yi
2 − (∑ yi)

2
]


2

(5)

where n is the number of analysis data, and xi and yi are the results of the IMs and structural
demand data, respectively.

5.2.2. Efficiency (i.e., Standard Deviation)

The efficiency indicator is evaluated by the dispersion of regression fit for engineering
demand parameters and each IM. In other words, the efficiency is measured in terms of the
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standard deviation of the scatterings of the PSDM, referred as σD|IM. The less scattered the
data are, the more efficient the IM is. The equation for calculating the efficiency value can
be expressed as follows:

σD|IM =

√
∑
(
ln(di)− ln

(
a× IMb

))2

n− 2
(6)

5.2.3. Practicality

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

5.2.4. Proficiency

The proficiency, proposed by Padgett et al. [3], is a parameter that balances the
selection between the efficiency and practicality. The proficiency is defined by the ratio
of dispersion (σD|IM) to the practicality (b), as shown in Equation (7). The smaller the
proficiency is, the more proficient the PDSM is.

ξ =
σD|IM

b
(7)

5.3. Results and Discussions

Three EDPs of the isolated structure (i.e., MRD, MFA, and MID) are obtained based
on a series of time-history analyses using the 90 ground motions. Then, PSDMs are
developed for all the considered IMs and EDPs. The optimality of the IMs is evaluated using
four mentioned statistical indicators of PSDMs (coefficient of determination, efficiency,
practicality, and proficiency). The higher the R2 and practicality are, the more optimal the
IM is. Meanwhile, if the efficiency (i.e., standard deviation) and proficiency are lower, the
considered IM is more optimum and vice versa.

Figures 8 and 9 show PSDMs with respect to MFD and the ranking of statistical in-
dicators of the regression models for various IMs, respectively. It can be observed that
PSDMs with respect to VSI, HI, and PGV have the highest R2 value and the lowest stan-
dard deviation and proficiency, followed by Sv(T1), SMV, and VRMS. In other words, the
scattering of PSDMs using these IMs is much smaller than that of others. Even though the
practicality of a PSDM for ARMS is shown to be the largest, velocity-based IMs including
VSI, PGV, SMV, and HI also have a higher practicality value than that of other IMs. Overall,
the strongly correlated IMs are directly related to the velocity of ground motions and
response spectra at the fundamental period of the structure. It can be attributed to the
reason that the isolator displacement is predominantly affected by the velocity of low- or
intermediate-frequency earthquakes [64]. Accordingly, the earthquake velocity is strongly
correlated to the displacement of the isolated NPP structure, which has low natural fre-
quencies at the fundamental modes. This finding is also in line with the conclusions of
the previous studies [11,12]. Moreover, the response spectra at the fundamental period,
which combine the ground motion and structure characteristics, are relatively efficient for
seismic performances of base-isolated NPP structures. It is also important to highlight that
the well-known criterion for determining the exceedance of the operating basis earthquake
of NPPs [65], CAV, has a low correlation with the response of base-isolated NPP structures.
On the other hand, Figure 8 indicates that the inefficient IMs for the PSDMs of the isolated
structure are DRMS, ASI, SMA, and PGD. It should be noted that the observed results
presented in Figures 8 and 9 are for the RCB structure; however, the resulting trend of IS
and AB are very similar to those of RCB, therefore, we show the typical result here for sake
of space.
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Figure 8. PSDMs with respect to MFD of RCB for various IMs.

Figure 10 shows PSDMs with respect to MFA of the NPP structure, in which PGA,
A95, EPA, and ASI have the largest R2 value, followed by SMA, Ic, ARMS, and Ia. These IMs
are related to the acceleration of earthquakes. Figure 11 shows the ranking of four statistical
parameters of the regression models for 20 IMs. It can be found that PSDMs in respect of
PGA, ASI, A95, EPA, and SMA have the highest R2 value and practicality, and the lowest
standard deviation and proficiency compared to those for other IMs. In other words, these
IMs are optimal in performing the PSDMs of base-isolated NPP structures. Moreover,
DRMS, PGD, Sd(T1), and SED are not appropriate for conducting seismic performance
evaluations of isolated NPP structures.
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Figure 9. Ranking of indicators of PSDMs with respect to MFD for various IMs.

Figures 12 and 13 show PSDMs with respect to MID and the ordering of statistical
indicators of the regression models for various IMs, respectively. It can be observed that
PSDMs with respect to VSI, HI, PGV, and Sv(T1) have a higher R2 value and lower standard
deviation and proficiency than those for other IMs. This observation is similar to that of
PSDMs for the MFD of the structure showed in Figure 9. Although the practicality of PSDM
for ARMS is shown to be the largest, velocity-based IMs, including VSI, PGV, and SMV,
also have high practicality values. The reason can be attributed to the fact that the isolator
displacement is dictated by the velocity of low- or intermediate-frequency ground motions.
Furthermore, DRMS, PGD, and SED are not suitable for seismic performance evaluations of
isolated NPP structures.

6. Conclusions

This study developed probabilistic seismic demand models (PSDMs) and evaluated
the optimal earthquake intensity measures (IMs) for seismic performances of base-isolated
nuclear power plant (NPP) structures. LMSM was used to construct the numerical model
of the isolated APR1400 NPP structures. A total of 20 IMs and 90 ground motion records
were employed to perform nonlinear time-history analyses. Seismic engineering demand
parameters (EDPs) were monitored in terms of maximum floor displacement (MFD), the
maximum floor acceleration (MFA) of the structures, and maximum isolator displacement
(MID). As result, a set of PSDMs of the base-isolated structure were developed based on
three EDPs (i.e., MFD, MFA, and MID) associated with 20 IMs. The following conclusions
are drawn.

• The optimal IMs for PSDMs with respect to MFD and MID are VSI, HI, PGV, and
Sv(T1). Meanwhile, DRMS, ASI, SMA, and PGD are inappropriate IMs for the PSDMs
of isolated NPP structures.

• PGA, ASI, A95, EPA, and SMA are efficient IMs for PSDMs with respect to the MFA of
the base-isolated structures, whereas DRMS, PGD, Sd(T1), and SED are not appropriate
for conducting seismic performance evaluations of isolated NPP structures.
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• CAV is not recommended for determining the exceedance of the operating basis
earthquake of base-isolated NPP structures.

• The findings in this study can be applied for the probabilistic seismic risk assessment
of base-isolated NPP structures.

• It should be noted that the analysis will be much more demanding for other types of
reactors such as IV Gen reactors because of different designs of whole NPP due to the
specific features of the reactor (e.g., mass of lead in case of LFR or lower structural
integrity of HTR graphite blocks) [66,67].

Figure 10. PSDMs with respect to MFA of RCB for various IMs.
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Figure 11. Ranking of indicators of PSDMs with respect to MFA for various IMs.

Figure 12. Cont.
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Figure 12. PSDMs with respect to MID of LRB for various IMs.

Figure 13. Ranking of indicators of PSDMs with respect to MID for various IMs.
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