Engineering, Technology & Applied Science Research

Vol. 12, No. 5, 2022, 9092-9096 9092

The Influence of Near- and Far-field Earthquakes on
the Seismic Performance of Base-Isolated Nuclear
Power Plant Structures

Van-Binh Tran

Faculty of Engineering and Technology
Ha Tinh University
Ha Tinh, Vietnam
binh.tranvan @htu.edu.vn

Van-Hoa Nguyen
Department of Civil Engineering
Vinh University
Vinh, Vietnam
vanhoakxd @vinhuni.edu.vn

Sy-Minh Nguyen
Faculty of Engineering and Technology
Ha Tinh University
Ha Tinh, Vietnam
minh.nguyensy @htu.edu.vn

Thi Thuy-Huong Doan

Department of Civil Engineering
Vinh University
Vinh, Vietnam
doanhuongdhv @ gmail.com

Tien-Hong Nguyen
Department of Civil Engineering
Vinh University
Vinh, Vietnam
tienhongkxd @ vinhuni.edu.vn

Duy-Duan Nguyen
Department of Civil Engineering
Vinh University
Vinh, Vietnam
duyduankxd @vinhuni.edu.vn

Received: 25 June 2022 | Revised: 14 July 2022 | Accepted: 16 July 2022

Abstract-This study aims to investigate the influence of near- and
far-field earthquakes on the seismic performance of base-isolated
Nuclear Power Plant (NPP) structures. Two earthquake motion
groups of near-field and far-field characteristics are selected for
fragility evaluation analysis. A base-isolated advanced reactor
power 1400 (APR-1400) is employed for numerical analysis. A set
of fragility curves are derived for various limit states based on
the maximum likelihood estimation. The limit states are defined
in terms of Lead Rubber Bearing (LRB) deformation capacity.
The numerical results reveal that the median maximum
deformations of LRBs were smaller for far-field ground motions
than for near-field motions. Also, the comparison of fragility
curves demonstrates that the probability of failure of base-
isolated NPP structures is higher for near-field ground motions
than far-field motions. It is crucial to select earthquake ground
motions with both near- and far-field motions for the seismic

evaluation of NPP structures.

Keywords-near-field earthquake; far-field earthquake; LRB;
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I. INTRODUCTION

The near-field strong ground motion consists of complex
characteristics, mainly affected by the fault rupture velocity,
the length of fault rupture, sliding direction, and other factors.
Those characteristics can cause significant damage to structures
during an earthquake. The influence of near-field earthquakes
on the response of civil engineering structures has been
numerously investigated in [1-7]. Some of the Nuclear Power
Plants (NPPs) in Korea are located near fault ruptures. After
the 2016 Gyeongju and 2017 Pohang earthquakes, the seismic
safety of NPP structures is getting more and more attention.
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Seismic analyses and fragility evaluations of NPP structures
were implemented in [8-16]. Among that, remarkably, authors
in [9-10] developed the seismic fragility curves of a non-
isolated CANDU type NPP containment building for near-field
ground motions based on the displacements obtained from the
nonlinear time history analyses. Authors in [17] assessed the
safety implication of near-field earthquakes on NPP structures
designed according to the North American codes. They
concluded that the near-field motion effects were not so
damaging to the containment which is a relatively stiff
structure. However, the effects of near-field forward-
directivity, fling-step, and far-field motions on seismic fragility
curves of base-isolated NPP structure were not evaluated.

The purpose of this study is to develop seismic fragility
curves of a base-isolated APR-1400 NPP structure considering
the influence of near- and far-field ground motions. For near-
field earthquakes, two typical characteristics, forward-
directivity and fling-step are accounted for in fragility analyses.
The limit states are defined based on the shear strain capacity
of Lead Rubber Bearings (LRBs). A set of fragility curves for
limit states are generated using the maximum likelihood
estimation. The influence of earthquake groups on fragility
curves is also examined.

II.  INPUT GROUND MOTIONS

Near-field earthquakes contain a large portion of fault
energy in the form of pulses [2]. Pulses can normally be
recognized through acceleration, velocity, and displacement
time histories. Two typical effects in near-field ground motions
are forward-directivity and fling-step phenomena. Forward
directivity occurs where the fault rupture propagates with a
velocity close to the shear-wave velocity. This is accompanied
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by generating long-period, short-duration, and large-amplitude
pulses in the velocity time histories. Displacement associated
with such a shear-wave velocity is largest in the fault-normal
direction for strike-slip faults [1, 3]. On the other hand, fling
step effect produces the evolution of residual ground
displacement due to the tectonic deformation associated with
the rupture mechanism. This is generally characterized by a
unidirectional high amplitude velocity pulse and a monotonic
step in the displacement time history [2]. Figure 1 illustrates
the time-history traces of near- and far-field earthquakes. A
high-velocity pulse can be seen in the 1979 Imperial Valley
earthquake. For the 1971 San Fernando earthquake, i.e. a far-
field motion, no high pulses existed in the time histories. It
should be noted that if a motion record has an epicentral
distance less than 12km, it is considered as a near-field
earthquake, otherwise it is considered a far-field motion [18].

In this study, two different groups of ground motions
classified into near-field and ordinary far-field types were
considered. For each group, 20 motion records were involved
for fragility analysis. All used records were adopted from the
PEER center database. Figure 2 shows the response spectra of
ground motions in three groups. The thick curve indicates the
mean spectrum.
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Fig. 1. Example of time-history traces of (a) near- and (b) far-field
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Fig. 2. Spectral accelerations of input ground motions.

III. STRUCTURAL MODELING

In this study, the advanced power reactor 1400 (APR-1400)
developed by Korea Electric Power Corporation, was
employed for numerical analysis. We focused our modeling on
the Reactor Containment Building (RCB), the Internal
Structure (IS), and the Auxiliary Building (AB). The Finite
Element Model (FEM) of the base-isolated NPP structure was
developed using the Lumped-Mass Stick Model (LMSM) in
SAP2000 [19]. The masses and equivalent section properties
were calculated based on the designed cross sections of the
structures. The structures were modeled in terms of elastic
beam elements. Furthermore, elastic shell elements were
applied for the base-mat. The lumped masses were assigned to
the associated element nodes. Figure 3(a) shows the FEM of

the base-isolated NPP structures and the mechanical properties
of LRBs. For the base isolation system, 486 LRBs were
installed under the base-mat to enhance the seismic
performance of the NPP structures. Figure 3(b) illustrates the
bilinear shear force-deformation model of LRBs due to shear
forces. The bilinear model of LRB was assumed to be a
parallelogram. Therefore, the values of Qy, F), K,, and K, in the
negative direction are equal to those in the positive. The
mechanical properties of LRBs are also described in Figure
3(b). The results of eigenvalue analysis are presented in Figure
4. The result is consistent with the findings in [20-21].
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Fig. 3. FEM of base-isolated NPP structures and bilinear model of LRBs:

(a) LMSM of base-isolated NPP structures, (b) arrangement and properties of
LRBs.
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Vibration mode shapes of base-isolated NPP structures.
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Fig. 4.
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IV. RESPONSE OF NPP STRUCTURES AND FRAGILITY
ANANLYSIS

A series of time-history analyses were performed. All
ground motions were imposed on the NPP models in the
horizontal direction. To evaluate the fragility of the base-
isolated NPP structure, the hypothesis that LRB is the critical
element was made. The superstructures are expected to vibrate
within an elastic range during earthquakes. It is common to
quantify the lateral displacement or/and acceleration responses
of structures subjected to earthquakes [22-24]. Therefore, the
seismic response of the base-isolated model is obtained in
terms of the shear deformation behavior of LRBs. Figure 5
shows an example of the behavior of LRB during different
types of earthquakes (i.e. near- and far-field motions) with a
specified level PGA = 04g. It can be found that the
deformation responses of LRBs due to near-field earthquakes
are significantly larger than that under the far-field motion.
Figure 6 shows the maximum lateral deformation of LRBs in
various levels of PGA under different earthquake groups. The
thick lines represent the mean results. Because of the pulse
characteristic, the mean values of deformation of LRBs under
near-field earthquakes are higher than those due to ordinary
far-field earthquakes.
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Fig. 5 Hysteretic behavior of LRB under earthquakes with PGA = 0.4g.
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Fig. 6. Incremental displacements of LRB with PGA under near- and far-

field earthquakes.

For developing fragility curves, a set of limit states should
be pre-defined according to the damage levels of the
components. This study used three defined limit states, namely
slight, moderate, and extensive. These limit states were
determined based on the shear strain of LRB. The shear strain
(p is expressed by the ratio of the maximum lateral
deformation (4) and the height of LRB (H). According to
recent experimental studies [29-34], the LRB can reach an
ultimate capacity of beyond 400% shear strain. We adopted
these results to define three limit states, if the shear strain
exceeds 100% (i.e. A4 = 40cm) the slight limit state (LS1) is
specified. If the shear strain goes beyond 200% (i.e. 4 = 80cm)
and 300% (i.e. 4 > 120cm) the moderate (LS2) and extensive
(LS3) limit states are respectively established.

Among several methods to develop seismic fragility curves,
the Maximum Likelihood Estimation (MLE) approach [25]
was used in this study. In this approach, the fragility function is
assumed as a log-normal Cumulative Distribution Function
(CDF) expressed by:

Fe(@ = @ [*2F2] ()

where a is the earthquake intensity, namely PGA in this study,
¢, and {;, are the median and the log-standard deviations of the
log-normal CDF, and ®(—) is the standard normal CDF. In (1),
the subscript k indicates the k-th limit state when more than
one limit state is considered. In the MLE, ¢, and () are
determined by maximizing the likelihood function. This
function is defined by:

L = [TL4[Fe(a)]*[1 — F(a)]*™™0  (2)

where Fj (a) increases when damage occurs and 1 — Fy(a), the
probability of not experiencing a damage, increases when
damage does not occur for an earthquake intensity a;. N is the
number of ground motions considered and x; is a Bernoulli
random variable that indicates whether the structure is damaged
or not where 0 indicates no damage and 1 indicates damage. ¢;,
and {, are determined so that (2) is maximized with respect to
¢, and {;, as follows:
oL _ aL

e =30 = 0 k=1 Noare (3)

where N, 1S the number of limit states.

Fragility curves of base-isolated NPP structures were
developed for the 3 limit states considering the three groups of
ground motions. Figure 7 shows the fragility curves for the 3
limit states with different earthquake groups. It can be observed
that the base-isolated NPP structure might behave as without
damage if the level of PGA less than 0.6g, which is
significantly higher than the operational basis earthquake
design level of APR-1400 NPP structures. Additionally, the
isolated structure suffered no damage within PGA 0.8g of far-
field earthquakes.
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Fig. 7. Seismic fragility curves of base-isolated NPP structures subjected

to near- and far-field earthquakes

Figure 8 shows the comparison of fragility curves for the
three groups of earthquakes. It can be observed that the
structural model under near-field motions is more vulnerable
than that due to far-field earthquakes. This can be attributed to
the obvious reason that the deformation of LRBs produced by
near-field motions is higher than that under far-field motions.
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different defined limit states.

V. CONCLUSIONS

In this study, seismic fragility curves of the base-isolated
APR1400 NPP structures were derived for different limit states
based on the maximum likelihood estimation. The influence of
near-field and far-field ground motions was considered. Based
on the numerical results, the following conclusions are drawn.

e The maximum deformations of LRBs were shown to be
smaller for far-field earthquakes than for near-field ground
motions. This is due to the high-amplitude pulse effect of
near-field motions.

e The probability of failure of base-isolated NPP structures is
significantly higher for near-field ground motions compared
to that for far-field earthquakes.

e The NPP model has not suffered any damage within PGA
0.6g, which is higher than the safe shutdown earthquake
design level of APR-1400 NPP structures.

e Tt is crucial to select earthquake ground motions with both
near- and far-field motions for the seismic evaluation of
NPP structures.
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