JOURNAL OF MATERIALS AND ENGINEERING STRUCTURES 10 (2023) 185-193 185

Journal of Materizls and

== Journal of Materials and
Engineering Structures

NESEAS VI i
e el e

Research Paper

Influence of ground motion duration on seismic fragility of base isolated
NPP structures

Van-Tien Phan 2 Xuan-Hung Vu @, Duc-Xuan Nguyen 2, Duy-Duan Nguyen &*

2 Department of Civil Engineering, Vinh University, Vinh 461010, Vietnam

ARTICLE INFO

Article history :
Received : 16 June 2022
Received : 7 March 2023

Accepted : 17 March 2023

ABSTRACT

Keywords:

Nuclear power plant structure
Lumped mass stick model
Earthquake duration

Lead rubber bearing

Fragility analysis

This study investigates the influence of earthquake duration on seismic fragility of base
isolated nuclear power plant (NPP) structures. Two groups of ground motions are
employed in performing time history analyses, in which short duration (SD) and long
duration (LD) characteristics are considered. The advanced power reactor 1400
(APR1400) NPP structures are used for developing finite element model, which is
constructed using lumped-mass stick elements. A series of 486 lead rubber bearings
(LRBs) are installed under the base mat of the NPP structures to reduce the seismic
damage. Seismic responses of the base isolated NPP are quantified in terms of lateral
displacements and hysteretic energy distributions of LRBs. Seismic fragility curves for
damage states, which are defined based on the deformation of LRB, are developed. The
result shows that the lateral displacements of LRBs under SD and LD motions are very
similar. The average deformation of LRB for LD motions is higher than that for SD
motions if PGA is larger than 0.4g. The probability of damage of base isolated NPP
structures under LD motions is approximately 14% smaller than that subjected to SD
earthquakes. This finding emphasizes that it is crucial to use both SD and LD ground
motions in seismic analysis of base isolated NPP structures.

1 Introduction

Recent strong earthquakes with a long duration such as the 1999 Chi-Chi (Taiwan), 2008 Wenchuan (China), the 2010
Maule (Chile), and the 2011 Tohoku (Japan) have significantly devastated the infrastructures. Currently, the influence of
long duration earthquake is not explicitly specified in seismic design provisions, in which only the intensity and frequency
content of the ground motion are considered in the response spectrum [1]. Many studies have pointed out that the long
duration shaking can enlarge the damage of the light-frame wood houses [1], steel moment resisting frames [2], reinforced
concrete buildings [3], bridges [4, 5].
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The influence of ground motion characteristics on the seismic performance of nuclear power plant (NPP) has been
attractive to researchers. Ahmed et al. [6] investigated the effect of the incoherent earthquake motion on responses of
seismically isolated nuclear power plant structure. Tran et al. [7] performed the seismic incidence on base-isolated nuclear
power plants considering uni-and bi-directional ground motions. Choi et al. [8] developed seismic fragility curves of the
containment building in a CANDU type NPP accounting for near-fault ground motions. A seismic response evaluation of
base-isolated nuclear power plant structure subjected to the 2016 Gyeongju earthquake was carried out by Kim et al. [9].
Park et al. [10] presented a systematic review of the effect of high-frequency ground motions on the responses of NPP
components. Recently, Nguyen et al. [11] conducted seismic fragility analysis of a base-isolated NPP considering two typical
characteristics of near-fault earthquakes, which are forward directivity and fling step. Nevertheless, so far, a study on the
effect of ground motion duration on seismic responses of NPPs has not been studied yet.

The aim of this study is to investigate the effects of the significant duration of ground motions on seismic responses of
base isolated NPP structures. Two groups of ground motions, which are short and long duration shakings, are selected to
perform time-history analyses. Seismic responses of the base isolated NPP are monitored in forms of lateral displacements
and hysteretic energy distributions of the lead rubber bearing (LRB). A set of fragility curves for different limit states, which
are defined based on the deformation of LRB, are developed. The effects of short and long duration of ground motions on
responses and fragility curves of the base isolated NPP are discussed in this paper.

2 Input ground motions

The earthquake ground motion characteristic can be defined in terms of various parameters such as ground motion
amplitude, frequency content, energy, and duration of shaking. The most used definitions of the ground motion duration for
a hazard quantification and a ground motion selection include bracketed duration, uniform duration, significant duration, and
effective duration [12]. A comparison of widely used duration definitions indicates that significant duration, which is defined
based on the energy of the ground motion record, is the most suitable for characterizing ground motion duration for structural
analyses [4, 5]. Therefore, this study used the significant duration to investigate the effects of ground motion duration on
structural responses of NPP structures.

The significant duration is defined based on the energy of the ground motion by Trifunac and Brady [13]. The total
energy of an accelerogram can be estimated based on the Arias intensity [14], which is the integral of the square of the
acceleration history over time, expressed by

I, = %f(;r“’ta(t)zdt 1)

where T, is the total recorded time of the accelerogram, and g is the acceleration of gravity. The 5-95% significant duration,
denoted as 5-95% D, is calculated as the interval between the times at which 5% and 95% of the Arias intensity of the ground
motion record. In this study, this definition is utilized for obtaining the ground motion duration. Fig. 1 illustrates an example
of the estimated significant duration of a ground motion record.
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Fig. 1 — Definition of significant duration of earthquake
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In this study, two groups of ground motions, which are the long duration (LD) and short duration (SD) earthquakes, are
selected to investigate the effects of the ground motion duration on seismic responses of NPP structures. Each group included
15 ground motion time histories that were recorded in historic earthquakes worldwide, which are provided by PEER centre
database [15]. A threshold separating short and long duration ground motions seems to be clarified. So far, there is no specific
definition of such limit in literature [4, 16, 17]. For this research, we chose 33 sec to be a separation limit to distinguish short
and long duration ground motions, in which a motion with 5-95% Ds shorter than 33 sec was classified into the SD motion,
otherwise falling into the LD motion. Specifically, the significant duration for SD motions in this study was ranged from 11
to 33 sec, while that for LD ones was ranged from 62 to 96 sec. The duration threshold was selected arbitrarily. While a more
theoretical duration threshold based on the knowledge from seismology may provide better insight in future research. All the
long-duration records selected in recent studies on duration effect on civil engineering structures have Ds.gs longer than 33
sec [1, 17-19]. An adoption of this simple duration threshold splits the entire ground motion database into two sets with
comparable numbers of records. In this study, the averages of Ds.gs were 20.4 sec and 76.3 sec in the SD and LD suites,
respectively.

To minimize the influence of other ground motion parameters, all selected ground motions were scaled matching to the
target spectrum US NRC 1.60 [20] with PGA of 0.3g, the current seismic design level for NPPs in some countries such as
Korea. Fig. 2 shows a typical example of the time history acceleration of long and short duration ground motions and the
corresponding response spectra. Fig. 3 shows the response spectra of selected LD and SD ground motions after matching
with the target spectrum, which scaled corresponding to NRC 1.60. It also can be found that the mean SD and LD spectra are
mostly identical and well-fitted with the target spectrum.
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Fig. 2 — LD and SD motions and response spectra
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Fig. 3 — Mean response spectra of LD and SD motions

3 Numerical modeling

In this study, the advanced power reactor 1400 (APR-1400) [21], was employed for numerical analyses. We focused our
modelling on the reactor containment building (RCB), internal structure (1S), and auxiliary building (AB). The lumped-mass
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stick beam model of the base-isolated NPP structure was developed in SAP2000 [22], a commercial structural analysis
program. The masses and equivalent section properties were calculated based on the designed cross sections of the structures
[23, 24]. The structures were modelled in terms of elastic beam elements. Furthermore, elastic shell elements were applied
for the base-mat. The lumped masses were also assigned to associated element nodes. Fig. 4a shows the finite element model
of the base isolated NPP structures and mechanical properties of LRBs.

For the base isolated system, 486 LRBs were installed under the base-mat to improve the seismic performance of the
NPP structures. Fig. 4b also illustrates the bilinear shear force-deformation model of LRBs due to shear forces. The bilinear
model of LRB was assumed to be in the parallelogram. Therefore, the values of Qq, Fy, Ky, and Kg in negative are equal to
those in positive direction. The mechanical properties of LRBs are also described in Fig. 4b. The results of eigenvalue analysis
are presented in Fig. 5. These results are also consistent with the published results elsewhere [25-27].
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Fig. 4 — FEM of base isolated NPP structures and bilinear model of LRBs
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Fig. 5 — Vibration mode shapes of base isolated NPP structures
4 Response of NPP structures and fragility analysis

A series of time-history analyses in the horizontal direction was performed to obtain the seismic responses of the base-
isolated NPP model. The super-structures were assumed to be working in an elastic range during a design earthquake due to
an energy-absorbing behaviour of the base isolator. In this study, the seismic response of the base isolated NPP structure was
captured in terms of lateral displacement and the hysteretic energy of LRB. Fig. 6 shows the behaviour of LRB subjected to
earthquakes.

Fig. 7 show the lateral displacements the base isolated RCB structure due to short and long duration ground motions.
The solid lines represent the mean results. It can be found that the mean seismic responses of the RCB under SD and LD
ground motions are mostly identical. This can be attributed to the reason that the response spectra of input ground motions
were scaled matching to the target spectrum, consequently the demands on the elastic structures were also highly comparable.
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Fig. 6 — Hysteretic behavior of LRB under earthquakes

Fig. 8 shows the hysteretic energy distributions of LRBs during SD and LD earthquakes. It can be observed that the
cyclic loading significantly affects the nonlinear behaviour of LRBs. For two ground motions with similar spectra, the longer
significant duration motion produces the larger hysteretic energy in inelastic components.
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Fig. 7 — Peak displacements of base isolator under SD and LD motions

Since LRB is the crucial element in the base isolated NPP, a set of fragility curves were developed for different limit
states, which were defined based on the shear strain of LRB. The two spectrally equivalent ground motion suites (LD and
SD motions) were used to perform the incremental dynamic analysis (IDA) [28]. In IDA, the selected ground motion was
scaled to multiple levels of intensity, here, we selected PGA as an intensity measure. For each analysis, the maximum
deformation of LRB was monitored as the engineering demand parameter. In total, 600 dynamic analyses were implemented
(i.e., 2 sets x 15 records x 20 intensity levels).

Fig. 9 shows the IDA curves in terms of deformation of LRB versus PGA for SD and LD motions. For PGA less than
0.49, the average deformations of LRB are mostly identical, however, it is more increased for LD motions than that of SD
motions for PGA larger than 0.4g. Due to a higher input energy of the LD motions, the base isolator was deformed in a larger
range during a stronger seismic intensity. A comparison of incremental cumulative energy versus PGA between SD and LD
ground motions is also shown in Fig. 10.

For developing fragility curves, a set of damage states (DSs) should be pre-defined according to damage levels of
components. This study used three defined DSs, namely slight, moderate, and extensive. These DSs were determined based
on the shear strain of LRB. The shear strain is expressed by the ratio of the maximum lateral deformation (4) and the height
of LRB. According to recent experimental studies [29-34], the LRB can reach to an ultimate capacity of beyond 400% shear
strain. Therefore, we adopted these results to define three DSs, if the shear strain exceeds 100% (i.e., 4 > 40 cm), the slight
limit state (DS1) is specified. Similarly, if the shear strain goes beyond 300% (i.e., 4> 120 cm) and 400% (i.e., 4> 160 cm),
the moderate (DS2) and extensive (DS3) limit states are established. This approach was more appropriately updated based
on previous studies [35-38].

A fragility function expresses the conditional probability that a structural system reaches or exceeds a DS when subjected
to a specific ground motion intensity. In this paper, the fragility function is assumed as a log-normal cumulative distribution
function expressed by
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where P[DS|IM] is the probability of exceeding a DS at a given ground motion intensity measure (IM), here the IM is peak

ground acceleration (PGA). @[—] is standard normal cumulative distribution function. i and g are the median and standard

deviation of In(IM), respectively. These two parameters were calculated using the maximum likelihood estimation, which

was proposed by Shinozuka et al. [39].
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Fig. 11 shows a comparison of fragility curves for various limit states considering SD and LD seismic excitations.
Overall, the SD suite poses a lower probability of damage than the LD one. The base isolated NPP experienced no damage
within PGA of 0.6g for both ground motion suites. The results indicate that the NPP was safe with the safe shutdown
earthquake design level. It can be clearly seen that the median value for DS1 using LD records is 13% lower than applying
SD. Similar observations are found for DS2 and DS3 with the median values are reduced by approximately 14%, respectively,
under LD shakings.

5 Conclusions

Seismic performances of base-isolated NPP structures were evaluated based on a series of time-history analyses
considering short and long duration earthquakes. A set of fragility curves were developed for different limit states, which
were defined in terms of the shear strain of LRB, using the maximum likelihood estimation. The influence of short and long
duration earthquake ground motions on the fragility curves of NPP structures was examined. The following conclusions are
drawn.

e Theaverage lateral displacement of base isolated NPP structures under SD and LD ground motion suites were shown
to be mostly identical.

e The hysteretic energy of LRB for LD earthquakes was notably larger than that of SD excitations. For PGA larger
than 0.4g, the mean deformation of LRB for LD motions was higher than that for SD ones.

e The probability of damage for three damage states considering LD ground motions were approximately 13%-14%
smaller compared to that due to SD motions.

e ltis critical to choose both short and long earthquakes for the seismic evaluation of NPP structures.
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