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Abstract
The main objective of this study was to investigate the dynamic behavior of isolated structures with lead core rubber bearing 
(LCRB) and laminated rubber bearing (LRB) isolators under the influence of different earthquakes. First, a three-dimensional 
finite element model of the seismic isolator was created and analyzed using ABAQUS software based on a developed model. 
The hyper-viscoelastic properties were used for rubber layers in this modeling. Then, a 5-story base-isolated building on 
a laboratory scale was modeled on a well-verified isolator, which was once with core (LCRB) and then without the core 
(LRB). In this study, the isolation system was analyzed by dynamic explicit approach in ABAQUS and the behavior of the 
considered isolated building has been studied when subjected to Kobe, Northridge, and El Centro earthquakes. Finally, it 
was found that LCRB has a significant effect on reducing the amount of displacement and acceleration in the upper floors. 
However, it should be noted that the responses of the base-isolated building may unexpectedly appear reversely in some 
earthquakes and increase the responses.
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Introduction

The topic of seismic isolators has come to the focus of 
attention in the seismic design of buildings in recent 
years. Most of the structures are subjected to many 
ground motions. As the damping of the structure itself 
is not enough to reduce the vibrations in structures that 
are subjected to strong motions, numerous numerical and 
experimental researches and studies have been carried 
out in order to reduce the effects of these type of earth-
quake by increasing damping in the structure (Martinesz-
Romero 1993; Soong and Dargush 1997; Tehranizadeh 
2001). Passive control can dissipate the energy applied to 

the structure in different ways and prevent it from dam-
age (Martinesz-Romero 1993; Soong and Dargush 1997; 
Tehranizadeh 2001). The lead core rubber bearing (LCRB) 
was invented in 1970 and led to an increase in flexibility 
and damping (attenuation) in a single unit (Hwang and 
Chiou 1996). The rubber isolator system is the major sys-
tem used to isolate the base, in which the rubber layers 
are reinforced with steel sheets. This type of isolator is 
capable of large lateral deformation and shows a lot of 
vibrations as a result of earthquake provocations (Naeim 
and Kelly 1999). Over the past three decades, a variety of 
isolator designs have been introduced and tested in real 
conditions, which have shown acceptable results under 
earthquake vibrations and also in preventing damage to the 
structures (Jangid and Datta 1995; Kelly 1986; Ounis et al. 
2019). In this direction, Wu et al. conducted an experimen-
tal investigation on a 5-story steel structure in two types; 
one is isolated and another was fixed base subjected to 
various earthquake records (Wu and Samali 2002). They 
found that the use of seismic isolator reduced the accelera-
tion and relative displacement of the roof by about 62% 
and 71%, respectively, and decreased the shear force by 
about 72%. Moreover, Shahin et al. carried out research 
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on 3-, 6-, and 10-story base-isolated and fixed base struc-
tures, in 3D-BASIS software under dynamic analysis. 
(Alhan and Şahin 2011). They found that the base-iso-
lated structures with higher ductility, significantly sustain 
larger accelerations than the structures with low ductility. 
They stated that ductility has a significant effect on the 
maximum acceleration rate of the floor. Using this method, 
the dynamic behavior of the structure occurs within the 
predicted range as much as possible and the amount of 
seismic damage to the structural and non-structural com-
ponents would reduce.

Ahmadipour et al. performed some research on LCRB 
system under cyclic loadings (Ahmadipour and Alam 
2017), using the numerical simulation, the hysteresis 
behavior of 81 samples were investigated with different 
parameters, they found that the diameter of the lead core 
has a great influence on reducing the amount of displace-
ment and increasing the isolator damping rate.

In order to carry out this investigation, an isolator was 
first modeled in ABAQUS finite element software and was 
nonlinearly analyzed. It was then verified by the results 
found in Ahmadipour study (Ahmadipour and Alam 2017). 
Then, a three-dimensional 5-story steel structure on a 
small scale was modeled and mounted on the verified base 
isolation systems (LCRB and LRB). These structures were 
studied in the ABAQUS software under dynamic analy-
sis with various records of well-known earthquakes. The 
results indicated a high effect of the lead core in reducing 
the displacement when compared with the LRB system. 
However, it should be noted that in some earthquakes, 
the behavior of the base isolation system will be reversed 
(Bagerzadeh Karimi and Genes 2019) and cause the dis-
placements to be highly increased. Figure 1 illustrates the 
flowchart of the modeling steps in ABAQUS, briefly.

Structural model

The specifications of the 5‑story building

After the accuracy of the finite element modeling of 
isolator in ABAQUS, a small scale of 5-story structure 
mounted on the isolators (one on LCRB and then on LRB). 
Then, the structure subjected to various seismic excita-
tions. The dimension of the structure is selected to be 1 m 
by 2 m, with the height of each floor, 0.6 m, and overall, 
the total height of the structure calculated to be 3 meters. 
The beam and column sections were 40 by 40 mm with 
4 mm thickness. The steel used had an elastic modulus of 
210 GPa and a Poisson ratio of 0.3. The total weight of the 
structure was evaluated to be 1289.61 kg.

Mechanical properties of the isolator system

The LCRB isolator device consists of a cylindrical lead 
core and several layers of rubber and steel plates. The rub-
ber layers are sandwiched between steel layers. At the top 
and bottom of the isolator, the steel plate (end plates) has 
been used to control the isolator. The lead core rubber 
bearings are mostly made in hot method, so that when the 
rubber is semi-liquid, it is integrated between steel sheets 
and lead core, which results in the quality, longevity and 
performance improvement (Guideline for Design and Prac-
tice of Base Isolation System in Buildings. No.523), as 
well as steel layers cause vertical stability. Figure 2 shows 
a schematic view of the isolator components. The steel 
layers can move on to each other under the influence of 
external forces, but the lead core resists this displacement 
of steel layers and undergoes plastic deformation. As a 
result, the energy applied to the system is dissipated.

The cylindrical core is contained within the layers of 
rubber and steel plates, between the steel sheets covered 
with the rubber layers. The eight rubber layers with a 
thickness of 5 mm are placed between the steel sheets. 
Two fixed steel plates have restrained the core on the 
top and bottom. Finally, the two base plates, which are 
the same as endplates, are in the same size as the isola-
tor placed at the top and bottom of the isolation system. 
The steel used for the isolator has an elastic modulus of 
210 GPa and the Poisson ratio of 0.3. In this study, the 
total height of the isolator, including the upper and lower 
plates, is measured to be about 156.10 mm. The LCRB has 
a force–displacement (hysteresis) loop as the hysteresis 
behavior of these isolators can be bilinear considering with 
an initial stiffness of about 9 to 16 times of the stiffness 
after yielding. As shown in Fig. 3, K1, K2, and Q are the 
hysteresis loop parameters, where the K1 is pre-yielding 

Fig. 1   Process of modeling
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stiffness (initial stiffness), K2 is the post-yielding stiff-
ness and Q is the characteristic strength where the loop 
intersects the y-axis. But since determining and measuring 
the pre-yielding stiffness (K1) is difficult. Thus, the post-
yielding stiffness (K2) is used in the modeling. Q is the 
force that is generated after removing the load and reload-
ing and returning to the zero displacements. According to 
the K2, Q, and D, the effective stiffness of the device can 
be obtained according to Eq. (1).

In Eq. (1), D is the maximum displacement leading to the 
yielding of lead. And the effective damping of �eff  is deter-
mined according to Eq. (2).

(1)keff = k2 +
Q

D

(2)�eff =
area of hystersis loop

2�keffD
2

The properties of rubber and lead

Rubber has a high elastic deformation capability, which allows 
it to return to its original state after alternate and sequential 
loading and unloading. Rubber is mainly used for seismic pro-
tection of structures in the viscoelastic isolators and isolated 
bases (Naeim and Kelly 1999; Derham et al. 1985). In the 
isolation system investigated in this study, the rubber is placed 
between the steel layers, and the steel sheets can move together 
and provide the necessary resistance against lateral forces. The 
rubber used in this study has a shear coefficient of 0.78 MPa, a 
volume factor of 1.5 MPa, an elastic modulus of 2 MPa, and a 
Poisson ratio of υ = 0.278. The hysteresis diagram of the rub-
ber used in the examined isolator is shown in Fig. 4. Figure 5 
shows the shear stress–strain diagram of the rubber used in 

Fig. 2   Schematic view of the 
isolator (LCRB)

Fig. 3   Hysteresis loop for LCRB

Fig. 4   Rubber hysteresis diagram (Ahmadipour and Alam 2017)
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Ahmadipour investigation (Ahmadipour and Alam 2017) at 
the strain rate of 50%, which is equal to 20 mm. According 
to Eq. (3), the displacement of rubber ΔL is the product of 
shear–strain percentage, ε, and the total height of the rubbers, 
hr (Ahmadipour and Alam 2017).

The recrystallization feature is one of the important charac-
teristics of lead, which creates a restoring force and returns the 
isolator to the first state (Parulekar et al. 2004). The lead core, 
yielding during vibration, increases the damping ratio of the 
critical damping in the isolator of about more than 10%. The 
lead core embedded in the device leads to the creation of the 
elastoplastic hysteresis loop (Naeim and Kelly 1999). In this 
way, the successive yields under lateral dynamic loads, such 
as ground motions, do not result in a fatigue phenomenon in 
the lead. Given that the lead core is heated constantly under 
the influence of cyclic forces and its property changes to a 
semi-solid state, thus, an alloy is needed that can maintain 
its position as soon as the applied forces are interrupted and 
quickly cool down and return to the solid-state (Ioannis et al. 
2009). Under the shear force relatively at low tensions of about 
8–10 N/mm2, the lead reaches the yield level and, thus, shows 
a stable hysteresis behavior and dissipates a significant amount 
of energy at the time of relatively large earthquakes (Ioannis 
et al. 2009). Moreover, by providing sufficient initial stiffness, 
the lead core makes the isolated structure resistant against 
weak lateral loads such as winds or mild earthquakes (2010).

The lead used in this study has a bilinear elastoplas-
tic behavior. The examined lead also has a yield stress of 
10.5 Mpa, an elasticity modulus of 18000 MPa, Poisson’s ratio 
of 0.43, and post-stiffness coefficient of α = 0.005.

(3)ΔL = � ⋅ hr.

Considered ground motions

In this study, the behavior of the considered base-isolated 
building has been studied under the three different ground 
motions, as illustrated in Table 1.

Finite element method

Finite element method is not a new technique, and this 
method was first introduced in the 1950s and has been 
developed continuously since then. Currently, this method 
is advanced using related software for solving many engi-
neering problems and is widely used in the various branches 
of the industry (Fagan 1996). This method is used to analyze 
parts with different shapes, for example, for analysis of diag-
onal composite plates (Anish et al. 2019; Kumar et al. 2014, 
2015; Kumar and Kumar 2018) simulation of the dynamic 
response of steel storage tanks under earthquake(Anumod 
et al. 2014) stability study of composite bridges (Alenius 
2003), dampers (Hejazi et al. 2014), and etc. In recent years, 
ABAQUS software has been used as finite element (FE) 
problem-solving software, which is widely used in nowadays 
science engineering and technology.

Modeling in ABAQUS

Create model geometry

This section deals with the process of modeling lead core 
isolators and superstructure, it should be noted that all mod-
eling steps for non-core isolators have been performed in 
the same way (ABAQUS CAE User’s Manual, V6.14). To 
model the isolator in ABAQUS software, first, the geometry 
of the model is created in the Part module. Then, for the 
modeling of the columns and beams of the steel superstruc-
ture, according to Fig. 6, the Wire element is selected. One 
of the benefits of assigning Wire mode to long sections is 
that it speeds up the analysis.

Fig. 5   Stress–strain diagram of the lead (Ahmadipour & Alam, 2017)

Table 1   Properties of the selected ground motions

Earthquake Station and direction MAG PGA (g)

Kobe, Japan, 1995 KJMA090 6.9 0.625
Northridge, 1994 CDMG 6.69 0.344
El Centro, 1940 Array#9 6.95 0.318



875Asian Journal of Civil Engineering (2020) 21:871–884	

1 3

Define material properties

At this stage, the properties of the model components, such 
as density, modulus of elasticity, Poisson’s coefficient, as 
well as the plastic properties of the model, including stress 
and strain, are defined and then assigned to them. The result 
of uniaxial and biaxial tension–compression tests which is 
performed by Yoshida for rubber modeling (Yoshida et al. 
2004) has been used in this investigation. The rubber strain 
is defined as hyper-viscoelastic. Mooney–Rivlin model is 
being introduced as hyper-elastic characteristics of rubber 
and the Prony model is being known as the viscoelastic pro-
file of the rubber in ABAQUS (Dezfuli and Alam 2013, 
2014). The diagrams of uniaxial and biaxial tests of rubber 
are illustrated in Fig. 7.

As shown in Fig. 8, the uniaxial and biaxial characteris-
tics of the rubber are considered in accordance with the data 
from Yoshida and Fujino (Yoshida et al. 2004). Figure 9 

shows the settings for the rubber properties in the Edit Mate-
rial window.

Figure 10 also shows the introduced characteristics of the 
lead core. As shown in Fig. 10, the modulus of elasticity and 
the Poisson coefficient of the lead core are listed in the Data 
section. In addition, Fig. 11 depicts the characteristics of the 
steel used, such as the modulus of elasticity and the Poisson 
coefficient in the same window.

Assembly of parts

In this stage, the model components are assembled and 
mounted together. Retain mode was used to merge accord-
ing to Fig. 12. It should be noted that merging parts creates 
a connection between all components and the integrated per-
formance of the model. As shown in Fig. 13, after the isola-
tor mount, a five-story structure was placed on the isolators.

Fig. 6   Definition of lead core 
specifications in the part module

Fig. 7   Diagrams of uniaxial and biaxial rubber tests (Yoshida et al. 2004; Amin et al. 2002)

Fig. 8   Introducing uniaxial and biaxial rubber tests
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Define the solution steps

In this study, the General method, which includes a variety 
of analyzes, was selected (Fig. 14). And Dynamic, Explicit 
Analysis, is considered.

Contact definition

The Interaction module is used to define contact behav-
iors such as friction or heat between components, binding 
degrees of freedom and connections. In this study, because 
the parts in the Assembly section are interconnected in a 
Merge mode, the Tie constraint is used only to attach the 
upper structure to the isolators. Figure 15 shows the defini-
tion of the type of constraint.

Fig. 9   Introducing the properties of rubber in ABAQUS

Fig. 10   Introducing the properties of lead core in ABAQUS

Fig. 11   Introducing the properties of steel in ABAQUS

Fig. 12   Settings for merge parts in ABAQUS
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Applying boundary conditions

At this stage, the boundary conditions and loading of the 
components are defined. The following boundary conditions 
are considered in this study, and Figs. 16 and 17 illustrate 
how boundary conditions are applied.

1.	 The bottom of the isolators is shown in Fig. 18. They 
are fixed along with the X and Z directions, and the 
displacement is only possible along the Y direction.

2.	 The top of the isolators is free in all directions.

3.	 Eccentricity has not been applied to the structure.
4.	 A linear load of 30 kg/m is applied to the superstruc-

ture’s beams—the direction of the load as shown in 
Fig. 19, which is vertical to the Z-direction.

Meshing

In this section, the type and number of elements are speci-
fied and the model has meshed. In this study, the type of 
Tet, which in fact, consists of four-sided pyramid-shaped 
elements, is applied and the free configuration pattern is 
used, as shown in Fig. 20, is considered. C3D4 was used as 
3D members, which is a member of four nodes. Finally, the 
model is shown in Fig. 21. Moreover, the mesh convergence 
curve has also been illustrated in Fig. 22 for each number 
of elements.

Validation result

In this section, the results of ABAQUS analysis were com-
pared with the experimental results (Ahmadipour and Alam 
2017). Figure 23 illustrates the cyclic shear force for a sin-
gle isolator presented in the model (Ahmadipour and Alam 
2017) and Fig. 24 shows the Misses stress distribution of 
the mists in accordance with the loading cycle presented 
in Fig. 23, at maximum displacement. As can be seen in 
Fig. 25, the software results cover the results in Ahmadipour 
study (Ahmadipour and Alam 2017).

Fig. 13   Schematic figure of 3D 
model in ABAQUS

Fig. 14   Introducing solution 
steps in step module
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Results and discussion

The isolated building modeled in ABAQUS subjected to 
Kobe, Northridge, and El Centro earthquakes (Fig. 26). 
The considered building was analyzed once with LCRB 
and then with LRB. Dynamic Explicit analysis has been 
implemented to analyze the 5-story base-isolated building. 
The 5-story base-isolated steel structure has different reac-
tions under different records. According to Fig. 27, when the 
structure is subjected to Kobe earthquake, the amounts of 

displacement of the roof are initially close at the beginning 
period of the ground motion when the building isolated by 
LCRB and LRB are compared (up to initial 5 s). But after 
the fifth second, the reduction in the movement of the roof 
floor is observed. The lead core reduced the maximum roof 
displacement by about 33% under Kobe’s record. The previ-
ous case cannot be seen for the building subjected to North-
ridge earthquake. Displacement for the building isolated by 

Fig. 15   Introducing the type 
of connection in interaction 
module

Fig. 16   Select the boundary condition type in the boundary condition 
module

Fig. 17   Define the type of boundary condition and select amplitude
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LCRB is less than the building isolated by LRB at the initial 
time of the ground shaking. The displacement reduction sub-
jected to Northridge record is about 64% (the results com-
pared between the both LCRB isolated building and LRB 
isolated building). The same behavior can be seen for the 

base-isolated building subjected to El Centro earthquake 
and the amount of displacement reduction is about 51%. It 
should be noted that the difference in the displacement of 
two types of isolators in Northridge earthquake is more than 
the other records. Also, according to the diagrams shown 

Fig. 18   Schematic view of 
boundary conditions under the 
isolators in the load module

Fig. 19   Apply linear load on 
beams in the load module
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in Fig. 27, the roof displacement for the Northridge and El 
Centro records in the non-core state has more vibrated than 
in the core state. Therefore, it can be concluded that the 
lead core has a significant effect to reduce structural vibra-
tions. By examining the software outputs, it was found that 
the column stress in the core state was 53% higher than the 
non-core state. Also, the lead core reduces the vertical dis-
placement of the upper plate by 10 times and reduces the 
isolator displacement by about more than 60%. The maxi-
mum amounts of displacement of the isolator, the maximum 

acceleration of the isolator, and the maximum displacement 
of the roof are also shown in Table 2.  

Moreover, based on Fig. 28, it can be clearly seen that the 
amplitude of the bearing displacement is increased at the 
frequency of about 0.2 rad/s. And the amplitude of bearing 
is at the highest level for the case when LRB is used for El 
Centro ground motion which implies that the considered 
base-isolated building can be cached quasi-resonance eas-
ily when LRB system is used. In addition, by using LCRB 
system, it can be observed that the amplitude of bearing for 
the same ground motion (Elcntro) is highly reduced.

Conclusion

In this study, the LCRB and LRB isolators were subjected 
to various earthquake records. Isolators are made up of 
several layers of steel and rubber and lead core. In this 
paper, the finite element model of isolators was analyzed 
for both static and dynamic states. Hyper-elastic properties 
modeling of viscoelastic materials and nonlinear behavior 
of lead core was proposed. This isolator was analyzed in 
ABAQUS software and then matched with the results in 
(Ahmadipour and Alam 2017). After ensuring the accu-
racy of the modeling, an experimental-scale five-floor steel 
structure was placed on the isolators. The system was then 
subjected by various seismic records. The most obvious 
findings to emerge from this study are as follows:

Fig. 20   Select the type of meshing

Fig. 21   Meshed shape of the 
model in mesh module
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1.	 According to the results of the analysis, the lead core can 
significantly improve the response of the structure.

2.	 Lead core has a great influence on the reduction of roof 
displacement. This rate for the structure under Kobe, 
Northridge, and El Centro records was 33%, 64%, and 
51%, respectively.

3.	 In the design of seismic isolations, they may reduce dis-
placement under one record but may have the opposite 
effect under another record. According to the results, 

Fig. 22   Mesh convergence curve

Fig. 23   Cycle loading of the model (Ahmadipour and Alam 2017)

Fig. 24   Distribution of Mises 
stress in the isolator at maxi-
mum displacement

Fig. 25   ABAQUS analysis results with the results in  (Ahmadipour 
and Alam 2017)
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Fig. 26   Acceleration chart of the maps used in the software

Fig. 27   The maximum roof displacement diagram under Kobe, Northridge, and El Centro earthquakes



883Asian Journal of Civil Engineering (2020) 21:871–884	

1 3

the displacement value of the isolation system under the 
Kobe 90°, is lower for the non-core state than for the 
core state.

4.	 Maximum acceleration of the LCRB isolation system is 
more than the LRB system.

5.	 The considered base-isolated building can be caught 
quasi-resonance easily when LRB system is used.
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