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Abstract-This study investigates the effects of Lead Rubber
Bearings (LRBs) on Floor Response Spectra (FRS) of Nuclear
Power Plant (NPP) structures. Three main structures in the
Advanced Power Reactor 1400 (APR1400) NPP including the
reactor containment building, an internal structure, and an
auxiliary building were numerically developed in SAP2000. The
structures were modeled using beam stick elements, and lumped
masses were assigned to beam element nodes. All equivalent
section properties of beam elements were calculated based on the
designed cross-sections of the structures. A series of 40 ground
motions with response spectra scaled to match the NRC 1.60
spectrum were utilized in numerical time-history analyses.
Finally, a thorough comparison of FRS was conducted at
different elevations of the structures, considering both with and
without LRB. Numerical results showed that the FRS of base-
isolated structures at higher elevations was significantly reduced
compared to non-isolated structures. However, at lower
elevations, the FRS was higher for the base-isolated structures
compared to the non-isolated ones. Additionally, at a low-
frequency range, roughly smaller than 3 Hz the FRS of base-
isolated structures was always greater than that of the non-
isolated ones.
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1. INTRODUCTION

Recent earthquakes such as the 2011 Tohoku earthquakes
in Japan and the 2011 Mineral Virginia earthquakes in USA
harmed the Nuclear Power Plants (NPPs) in these regions. The
2016 Gyeongju and the 2017 Pohang earthquakes in South
Korea struck close to the nearby NPPs showing that peak
ground acceleration can be larger than the design level of
NPPs. Therefore, more studies on the seismic performance of
NPP structures are needed. Base isolators such as Lead Rubber
Bearing (LRB) or friction pendulum systems can mitigate the
possibility of damage to the civil structures and NPPs during an
earthquake [1-4]. Numerous studies have been conducted on
the effects of base isolators and the seismic performance of
base-isolated NPP structures. The effects of the variability of
properties of LRB were evaluated in [5], including the material
variability in manufacturing, aging, and the operational
temperature effects on the response of a base-isolated NPP
structure. Authors in [6] analyzed the vertical seismic response
of based-isolated NPP structures using LRBs, comparing the
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maximum accelerations at the top of the structures and the
specific positions between fixed and various LRB models. In
[7], the effect of the second hardening of Bouc-Wen model was
investigated for LRB on FRS of a base-isolated NPP. Authors
in [8] compared the seismic response of seismically isolated
NPP containment structures using equivalent linear- and
nonlinear-lead-rubber bearing models. Moreover they
quantified the seismic responses, including displacement and
shear force, between non-isolated and base-isolated systems.
The effect of the mechanical properties of LRB on FRS of NPP
structures was investigated in [9], measuring FRS only at the
top of the structures. The FRS of a seismically base-isolated
NPP and a comparison between FRS at the top of the structure
between non- and base-isolated models was analyzed in [10].
However, the aforementioned works did not sufficiently
compare FRS at various elevations of NPP structures, where
the equipment and devices are possibly located, considering
with and without LRB.

This study investigates the effect of LRB on FRS of NPP
structures. Three main structures in APR1400 NPP including
the reactor containment building, internal structure, and
auxiliary building were modeled. A series of 40 ground
motions with response spectra scaled to match the NRC 1.60
spectrum [12] were utilized in numerical analysis. A thorough
comparison of FRS at various elevations of the structures was
conducted, considering both with and without base isolator.

II.  GROUND MOTIONS

This study selected 40 ground motion records from
worldwide earthquakes provided by the PEER center [11], and
scaled to match the US NRC 1.60 design spectrum [12]. The
compatible matching spectra were generated using the
SeismoMatch tool. Figure 1 shows the response spectra of
input ground motions and the NRC 1.60 spectrum.

III. NUMERICAL MODELING

The ARP1400 NPP was employed as an example, focusing
on the Reactor Containment Building (RCB), the Internal
Structure (IS), and the Auxiliary Building (AB). The NPP
structures were modeled in terms of a lumped-mass stick model
using elastic beam elements in SAP2000 [13], as shown in
Figure 2. All equivalent section properties were calculated
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based on the structures’ design cross sections. The lumped
masses were also assigned to associated element nodes. Elastic
shell elements were applied for the base-mat foundation. Figure
3 shows the based-isolated model and the arrangement of
LRBs. More details of the modeling can be found in [14-19].
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Fig. 1. Response spectra of ground motions.
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(d) Complete finite element model of NPP structure

Fig. 2. Lumped-mass stick model of the NPP structures.

(a) base-isolated NPP model

(b) arrangement of 468 LRBs

Fig. 3. Base-isolated NPP model and arrangement of LRBs.

The 1st and 2nd modes of the non-isolated NPP model are
the horizontal translation modes of the containment building,
while the 3rd and 4th modes represent the translational modes
of the auxiliary building, as shown in Figure 5(a). For the base-
isolated NPP model, the 1st and 2nd modes are translational
modes of the superstructure, the 3rd mode represents the
rotational mode, and the 4th mode is the translational model of
the containment building, as shown in Figure 5(b).

(a) Mode 1, T1 =3.858s (b) Mode 2, T2 = 3.859s

(c) Mode 3, T3 =5.077s
Fig. 4.

(d) Mode 4, T4=5.351s

Modal analysis results of non-isolated NPP.

A

| WU 34

(b) Mode 2, T2 = 0.477s

(a) Mode 1, T1 =0.476s
|
[
l
|
|
|

(d) Mode 4, T4 = 3.786s
Modal analysis results of base-isolated NPP.

(c) Mode 3, T3 =0.709s
Fig. 5.

IV. FLOOR RESPONSE SPECTRA

A series of linear time-history analyses were performed
since NPP structures are expected to vibrate within an elastic
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range during an earthquake. All ground motions were imposed
on the NPP models in horizontal direction. Normally, the
lateral acceleration or displacement responses of structures are
monitored during earthquakes [20-22]. The seismic response of
both non- and base-isolated NPP structures was obtained in
terms of the FRS. FRS was monitored at different elevations of
RCB, IS, and AB, as floor accelerations of the primary
structures are input loadings to the attached secondary
components, such as mechanical devices, electrical equipment
or relays, piping systems, and other machines in NPPs [23].

Figure 6 shows the FRS of RCB at various elevations
considering the cases with and without base isolators. The thin
gray curves represent all ground motion results, while the red
curve is the mean spectrum. The non-isolated model’s FRS at
lower elevations not only amplified at the fundamental
frequency (i.e. 3.9Hz), but also at a higher frequency,
approximately 10.2Hz. However, at higher elevations, FRS of
the RCB purely magnified at the fundamental frequency. The
base-isolated model’s FRS of RCB was amplified at a wide
range of frequency approximately from 2.5 to 9.0Hz at lower
elevation. As the elevation increased, FRS was only amplified
at the fundamental frequency of RCB (i.e. 3.8Hz).
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Fig. 6. FRS of RCB with and without LRB.
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Figure 7 shows the comparison of mean FRS of RCB at
different elevations for both non- and base-isolated models. It
is obvious that FRS was increased from lower to higher
elevations of RCB. FRS of non-isolated RCB was double
amplified at the top node compared to the base-isolated model,
as LRB dissipates the input energy and therefore the inertial
forces are reduced in the base-isolated structure. Figure 8
shows the FRS comparisons for each elevation with and
without LRB. At lower elevations, the FRS of the base-isolated
RCB is higher than the non-isolated model. This is attributed to
the fact that the induced acceleration is always zero at the base

of the fix-based model, while the accelerations along the height
are distributed in a triangular shape. Meanwhile, the base-
isolated model has non-zero acceleration at the base, and it is
gradually increasing along the height of the structure. These
observed behaviors are consistent with the findings of [10]. It
should be noted that the FRS of base-isolated RCB showed to
be larger than those of the non-isolated structure in a low-
frequency range, smaller than 3.0Hz, due to the smaller
fundamental frequency of the isolated model, and therefore the
FRS of the base-isolated structure is amplified at the lower
frequency region. These trends were also observed for IS and
AB.
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Fig. 8. Comparison of FRS of RCB with and without LRB.

V. CONCLUSION

This study conducted a series of time-history analyses to
obtain the FRS at different elevations of RCB, IS, and AB in
the APR1400 NPP. The effect of LRB on FRS was considered
by comparing the FRSs between a non-isolated and a base-
isolated model. A set of 40 ground motions with response
spectra matching the US NRC 1.60 spectrum was used. The
following conclusions were drawn based on numerical analysis
results.

e As clevation increases, the FRS of non-isolated structures is
dramatically amplified. The FRS at the top of the non-
isolated structures is about 2-3 times larger than in base-
isolated structures.

e In NPP structures with LRB, the FRS at higher elevation is
significantly reduced compared to the non-isolated
structures. However, at lower elevation, the FRS is higher
for base-isolated structures compared to non-isolated.
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At low frequency range, roughly smaller than 3Hz, the FRS
of base-isolated structures is always larger than in non-
isolated.

At the frequency of 12.1Hz, the spectral acceleration of the
base-isolated AB at various elevations is smaller than in
non-isolated AB.
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