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a b s t r a c t

Studies on the application of the lead rubber bearing (LRB) isolation system to nuclear power plants are
being carried out as one of the measures to improve seismic performance. Nuclear power plants with
isolation systems require seismic probabilistic safety assessments, for which the seismic fragility of the
structures, systems, and components needs be calculated, including for beyond design basis earthquakes.
To this end, seismic response analyses are required, where it can be seen that the behaviors of the
isolation system components govern the overall seismic response of an isolated plant. The numerical
model of the LRB used in these seismic response analyses plays an important role, but in most cases, the
extreme performance of the LRB has not been well studied. The current work therefore develops an
extreme nonlinear numerical model that can express the seismic response of the LRB for beyond design
basis earthquakes. A full-scale LRB was fabricated and dynamically tested with various input conditions,
and test results confirmed that the developed numerical model better represents the behavior of the LRB
over previous models. Subsequent seismic response analyses of isolated nuclear power plants using the
model developed here are expected to provide more accurate results for seismic probabilistic safety
assessments.
© 2018 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

To improve the seismic performance of nuclear power plants,
ongoing studies are being carried out to apply seismic isolation
systems [1e4]. Such systems work to provide separation between
the structures and the ground to reduce loads from earthquakes
using various isolation devices. As probabilistic safety assessments
are commonly carried out to identify weaknesses in the design and
operation of nuclear power plants [5], it is necessary to evaluate the
effectiveness of any proposed safety enhancement measure, in this
case the seismic isolation system, with a probabilistic safety
assessment. In order to do this, information on the seismic fragil-
ities of the plant's structures, systems, and components (SSCs) is
needed, which in turn requires analyses of the seismic responses of
the SSCs, including for beyond design basis earthquakes. Since the
seismic responses of such superstructures and equipment are
governed by the behavior of the isolation devices, a numerical
model is needed to accurately analyze the response behavior of the
SSCs for each seismic fragility analysis.

Three different isolation devices have been proposed for nuclear
power plant isolation systems: the natural rubber bearing, the lead
rubber bearing (LRB), and the friction bearing [6]. Among them, the
LRB isolator consists of thin layers of alternating rubber and steel
plates with a lead core, which results in a device structure that can
withstand large vertical loading while maintaining an appropriate
lateral stiffness [7]; this structure therefore provides for great en-
ergy absorption capacity during earthquake events [8]. Hence, the
LRB is a promising isolation device to be applied in nuclear power
plants. For design basis earthquakes, the strain of the LRB is ex-
pected to be 100e150% [9], while it is expected that this strain will
increase by a factor of 3 in beyond design basis earthquakes [10].
The LRB shows explicit nonlinear behavior at large strain rates,
which, based on experimental results, cannot be represented by
simplified equivalent linear or bi-linear models.

Current numerical models of the LRB widely employ BouceWen
[11,12] and rate independent plasticity models [13]. Ioannis et al.
[14] developed a model to express the strength degradation phe-
nomenon of the LRB considering the effect of lead temperature, and
Kumar et al. [15] developed one to express the shear behavior of the
LRB considering the influence of vertical loading. Such numerical
models have well established the shear behavior of the LRB in* Corresponding author.
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design basis earthquakes for regular structures. Although lateral
displacement studies have been carried out by Kumar [15], there is
a lack of research on the behavior of the LRB in beyond design basis
earthquakes. In such conditions, the LRB experiences the hardening
phenomenon, which is important in the calculation of the floor
response spectrum of an isolated nuclear power plant [16]. In one
numerical model for seismic isolation systems, Grant et al. [14,17]
demonstrated the shear behavior of high-damping rubber bear-
ings, which well-expresses the hardening phenomenon of the
rubber under large displacement, but lacks adaptability to various
input loads.

In order to evaluate the seismic risk of isolated nuclear power
plants, it is necessary to develop an extreme nonlinear numerical
model to analyze the ultimate behavior of the LRB for accurate
seismic response analyses. In this study, an extreme nonlinear
numerical model is developed that expresses the behavior of the
LRB in a beyond design basis earthquake. First, dynamic testing of a
full-scale LRB device (of about 1.5 m in diameter) subjected to
various input conditions was conducted. To best express the

identified characteristics of the LRBdnamely, bi-linear behavior,
hardening effect, and strength degradationdexisting isolator nu-
merical models were combined and optimized parameters found.
This developed extreme nonlinear numerical LRBmodel, compared
with the previous numerical models, better expresses the dynamic
characteristics of the LRB device.

2. Dynamic testing of the lead rubber bearing

The behavior of the LRB is difficult to predict due to the high
nonlinearity of its material characteristics; therefore, to understand
the behavior of the LRB in an earthquake, dynamic tests must be
conducted. First though, the related seismic isolation system has to
be designed before the LRB can be fabricated for testing. The
isolation system considered in this work was designed for the nu-
clear island of the APR-1400, which is a standard Korean nuclear
power plant. The total weight of the APR-1400 nuclear island is
465,400 tons, and the target period of the isolation system is 2.41 s
[18]. The design of the seismic isolation system usually determines
the LRB's primary stiffness (K1), secondary stiffness (K2), and
characteristic strength (Qd), as shown in Fig. 1. These parameters
are 49.71 kN/mm, 3.314 kN/mm, and 669.94 kN, respectively, for
the present case (APR-1400), as defined by design code ASCE 4 for
nuclear power plants. Using these values, the design parameters of
the LRB device are defined and listed in Table 1, with a device
schematic and picture shown in Fig. 2. The LRB isolation device
tested here is a real-size bearing, which is relatively large compared
with other research.

Dynamic testing of the LRB isolation device was performed in
the Caltrans seismic response modification device (SRMD) test fa-
cility located at the University of California, San Diego [19]. The test

Fig. 1. Characteristics of the LRB isolator (bi-linear model): primary stiffness (K1),
second stiffness (K2), and characteristic strength (Qd).

Table 1
Lead rubber bearing isolator specifications.

Value Units

Inner diameter 320 mm
Outer diameter 1520 mm
Area of rubber 1.685 m2

Area of lead 0.08 m2

Total height of rubber 224 mm
Shear modulus of rubber 0.39 N/mm2

Shear strength of lead 8.33 Mpa
Height of lead 441 mm

Fig. 2. (a) Schematics of the lead rubber bearing. (b) Manufactured LRB isolator.

Fig. 3. Set-up for the dynamic testing of the LRB.
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rig allows for a real-time 6-DOF dynamic characterization of
SRMDs. An overview of the set-up for the dynamic testing is
depicted in Fig. 3; the LRB is fixed to the shaking table while the
upper platen moves to apply loading.

In order to determine the dynamic behavior of the LRB device,
eight test cases were conducted, as shown in Table 2. Dynamic
testing was performed in a uniaxial direction by varying the
displacement of the shaking table, with the movement and load of

the shaking table measured. A shear strain of 100% here refers to a
lateral movement of the device equaling the height of the rubber.
Testing was divided into harmonic load s and seismic testings,
designated as SIN and EQ in Table 2, respectively. For seismic testing
(cases 4 and 6), the relative displacement of the LRB device was
extracted and input to the shaking table based on the results of a
seismic analysis of the related isolated nuclear power plant. The
input motion for test case 4 is shown in Fig. 4.

Table 2
Dynamic test cases.

Test case Disp. (mm) Max. vel. (mm/s) Load shape Ver. load (kN) Freq. (Hz) # cycles Shear strain (%)

1 224 14 SIN 22000 0.01 10 100
2 224 281 SIN 22000 0.2 10 100
3 224 704 SIN 22000 0.5 5 100
4 224 286 EQ 22000 e e e

5 448 563 SIN 22000 0.2 5 200
6 448 571 EQ 22000 e e e

7 672 844 SIN 22000 0.2 1 300
8 896 1126 SIN 22000 0.2 1 400

Fig. 4. Earthquake input for maximum shear strain 100% (test case 4).

Figure 5. 100% shear strain test results with different input frequencies for test cases (a) 1, (b) 2, and (c) 3.

Figure 6. (a) 300% and (b) 400% shear strain test results (test cases 7 & 8).
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Table 3
Parameters for the developed numerical model for the LRB.

Isolator Model Parameter Note

LeadRubberX Fy Yield strength
a Post-yield stiffness ratio
Gr Shear modulus of elastomeric bearing
kbulk Bulk modulus of rubber

HDR a1 a2 a3 b1 b2 b3 Parameters of the Grant model
IMK K0 Elastic stiffness

as_Plus Strain hardening ratio for positive loading direction
My_plus Effective yield strength for positive loading direction
l S Cyclic deterioration parameter for strength deterioration
l C Cyclic deterioration parameter for post-capping strength deterioration
CS Rate of strength deterioration
CC Rate of post-capping strength deterioration

Fig. 7. Developed numerical model for the LRB isolator at shear strains of (a) 100% and (b) 400%.

Fig. 8. Comparison between models and experiment for test case 2 (100% shear strain).

S. Eem, D. Hahm / Nuclear Engineering and Technology 51 (2019) 600e606 603



Fig. 5 shows the results for the 100% shear strain tests (cases
1e3). The bi-linear phenomenon, which is the basic characteristic
of the LRB device, can be confirmed. Also, even at the same 100%
shear strain, it is shown that the behavior differs according to the
excitation frequency; as the excitation frequency increases,
strength degradation also increases.

Seismic probabilistic safety assessments of isolated nuclear
power plants require numerical models of the LRB isolation system
that can express its behavior even for beyond design basis earth-
quakes. To this end, dynamic tests were carried out for a shear
strain of more than 100%. Results show that the hardening phe-
nomenon occurs between 250% and 300% of the shear strain of the
LRB device (Fig. 6).

Dynamic testing of the isolation device confirmed the bi-linear,
strength degradation, and hardening behaviors. As these three
behaviors affect the floor response spectrum of the nuclear power
plant, a numerical model of the LRB device that can represent the
above phenomena should be developed for more accurate seismic
response analysis results.

3. Extreme nonlinear numerical model of the lead rubber
bearing

Numerical models of seismic isolation to be used for isolated
nuclear power plants should be verified through dynamic testing of
the related devices [20]. In the case of the LRB, the numerical model
should well describe its nonlinear characteristics. Results of this
study's dynamic testing not only confirmed the bi-linear charac-
teristic of the LRB but also its hardening and strength degradation

phenomena, characteristics that should be expressed in the new
numerical model.

To represent the bi-linear, strength degradation, and hardening
of the LRB device, a new model was developed by combining
existing numerical models. The Opensees program was used for
numerical analysis, with specific models LeadRubberX, high-
damping rubber (HDR), and IbarraeMedinaeKrawinkler (IMK)
employed to describe the LRB device. Among them, the Lea-
dRubberX model basically utilizes the BouceWen model and can
express the behavior of an isolation device considering the effects
of vertical load and temperature [21]. This model is based on ma-
terial properties such as yield strength, post-yield stiffness ratio,
shear modulus of elastomeric bearing, and bulk modulus of the
rubber, as well as the geometric characteristics of internal diameter,
outer diameter, steel and rubber layer thickness, and the number of
rubber layers.

The HDR model was developed by Grant in 2004 to express the
stiffness, damping, and degradation response of HDR bearings [17],
and it was used here to represent hardening. The elastic component
is obtained from a generalized MooneyeRivlin strain energy
function, and the hysteretic component is described by an approach
similar to bounding surface plasticity. Degradation is separated into
long- and short-term components [17]. Finally, the modified IMK
deterioration model simulates the bi-linear hysteretic response.
This model is a good representation of strength degradation in steel
beam-to-column connections. These relationships were developed
by Lignos and Krawinkler [21,22].

These three models were combined to cover the dynamic
testing behaviors of the LRB. Particularly, LeadRubberX was used to

Fig. 9. Comparison between models and experiment for test case 8 (400% shear strain).
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represent the bi-linear characteristic; it also describes the effects of
temperature and vertical effects, but does not represent hardening
or strength degradation. The HDR model well describes the
nonlinear characteristics of isolation devices including hardening,
but does not adequately describe the various behaviors of LRB de-
vices under various loading conditions, which will be represented
later. The IMK model well represents the strength degradation of
the LRB. As a result, connecting these models in parallel can better
reflect the dynamic test results of the LRB device. The coefficients of
each model were found through an optimization technique, with
the variables used for optimization in the combined model sum-
marized in Table 3 below.

First, the design value was set to the initial value for optimiza-
tion. Then, the coefficients of the LeadRubberX and IMK models for
the main behavioral cycles of the LRB for strains where no hard-
ening occurs (shear strain 100% harmonic load) were found. Co-
efficients of HDR were then found for the high shear-strain range
where the hardening phenomenon occurs. While finding the co-
efficients for HDR, the coefficients of the LeadRubberX and IMK
models were fixed. Fig. 7 shows the behavior of the developed
numerical model for the LRB device, where it can be confirmed that
the bi-linear characteristic is well represented. Strength degrada-
tion as the cycle increases can be seen in Fig. 7a, and hardening as
the shear strain increases can be seen in Fig. 7b.

To verify its performance, results of the newly developed model
were compared with those of previous LRB models as well as with
the results of dynamic testing (Figs. 8e10). Optimal parameters
were selected through the same dynamic test results and optimi-
zation method used for the LeadRubberX and HDR models. A

NeldereMead optimization algorithm was used to determine the
values for the coefficients (parameters) of the developed model
[24]. The inputs for the optimization routine are the displacement
and force of the shear deformation of the LRB isolator. The objective
function is to minimize the difference between the measured force
from the experiments and the predicted force from the developed
model. The HDR model was mainly fitted to 400% shear strain,
where the hardening effect is significant.

As can be seen in the figures, hardening is very well represented
in HDR, but there is a difference from the test results for various
loads. Likewise, LeadRubberX shows satisfactory results for 100%
shear strain and seismic input, but it cannot express the hardening
phenomenon well. On the other hand, the newly developed nu-
merical model shows that bi-linear, hardening, and strength
degradation characteristics are all well represented. In order to
quantitatively compare the numerical model results with the dy-
namic testing results, fitness values are calculated in Eq. (1) [23]:

fitness ð%Þ ¼
"
1� norm

�
Fnumerical model � Fexperiment

�
norm

�
Fexperiment �mean

�
Fexperiment

��
#

� 100: (1)

Fitness values closer to 100% represent numerical model per-
formance that better matches dynamic test results. Table 4 shows a
comparison of the fitness values of each numerical LRB model. The
average fitness value for the developed model is about 9% higher
than the LeadRubberX model and about 25% higher than the HDR
model. It can also be seen that the developed numerical model of

Fig. 10. Comparison between models and experiment for test case 6 (200% shear strain earthquake).
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the LRB isolator shows better results for a larger variety of input
loads.

4. Conclusion

Seismic probabilistic safety assessments are needed to evaluate
the seismic performance of isolated nuclear power plants, which
require seismic response analyses, which in turn should include
beyond design basis earthquakes. The isolation system dominates
the seismic behavior of an isolated nuclear power plant; as the lead
rubber bearing isolator is being considered for installation, nu-
merical models of the LRB play an important role in seismic
response analyses. Therefore, this study developed an accurate
numerical model of the LRB to express its dynamic characteristics.
A full-scale LRB device was fabricated, and dynamic testing was
performed to understand the various characteristics of the isolation
device, including shear strain of up to 400% to account for beyond
design basis earthquakes. Testing confirmed the bi-linear, hard-
ening, and strength degradation characteristics of the LRB. A nu-
merical model of the LRB was then developed by combining
existing numerical models of seismic isolation devices, with the
new model reflecting the results of the dynamic tests and
expressing the three characteristics well. The developed numerical
model of the LRBwas compared with previous numerical models of
seismic isolation devices with various inputs, and it was confirmed
that the dynamic behavior of the developed model outperforms
previous numerical models.

This study was limited though considering that there are many
parameters to be selected for comparisonwith other LRB numerical
models. In order to express the hardening and strength degradation
phenomena, parameters expressing the related behaviors should
be selected through dynamic testing. While the model developed
here can represent the 6-DOF behavior of the LRB, only its uniaxial
behavior was verified in this paper. Therefore, future studies will
use the developed model to study further 6-DOF LRB behaviors.
Ultimately, seismic response analyses of isolated nuclear power
plants using the developed model are expected to provide more
accurate results for seismic fragility analyses, which will lead to
more accurate estimates of seismic risk from seismic probabilistic
safety assessment.
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