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Seismic isolation is a method to reduce the destructive
effects of earthquakes on a structure in which the structure is
separated from its foundation by devices called seismic
isolators. As a result, the horizontal movements of the
earthquake transmitted to the structure are reduced. The
seismic isolation is wused for both newly constructed
structures as well as for retrofitting the existing buildings.
Due to the appropriate functioning of the isolators in past
earthquakes, many structures are now equipped with these
earthquake-resistant systems. So far, some review research
works have been conducted on the seismic isolation
techniques but in the limited and regional application form.
In this paper, a historical evolutionary review of the isolation
techniques has been conducted in chronological order. The
methods of seismic isolation have been categorized based on
their mechanism. The advantages and disadvantages of these
methods are discussed. In addition, the latest advances and
new methods developed in this field have been introduced.

1. Introduction

transmitted to the structure. The seismic
isolation is used for both newly constructed

Modern seismic isolation has been started
from more than a century ago as a method to
reduce the effects of earthquakes on
structures. In this method, seismic isolators
with low horizontal stiffness and high
vertical stiffness are placed between the
foundation and the structure. The isolators
reduce the amount of the acceleration
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structures as well as for retrofitting the
existing buildings, especially for historical
buildings and monuments. This method 1is
more beneficial for low-rise and medium-rise
buildings than high-rise ones. In addition to
conventional buildings, seismic isolation is
also applied to other structures such as
bridges and nuclear power plants.
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Seismic isolation systems are commonly
used in earthquake-prone countries such as
the United States, Japan, New Zealand, and
China, (Buckle and Mayes, [1]), and
hundreds of structures equipped with these
systems are built annually in these countries
(Patil and Reddy, [2]).

Studies show that the horizontal component
of earthquakes plays a major role in the
structure destruction, and if it is possible to
reduce the effect of this component on the
structure, a large amount of the earthquake’s
structural damages will be reduced (Kelly,
[3]). This damage reduction can be achieved
by increasing the natural period of structures
which is possible by means of seismic
isolation. Using the isolation, the structure’s
natural period is shifted from the high-risk
zone to the low-risk one (Harvey and Kelly,
[4]). The seismic isolation shifts the
structure’s natural period from less than one
second to 2 up to 4 seconds (Warn and Ryan,
[5], Fasil and Pillai, [6]). Fig. 1 shows the
change in the natural period of the isolated
structure and the effect of damping on it. As
it is seen from this figure, the isolation
increases the structure’s natural period and
decreases the acceleration response. In
addition, damping plays a positive role in this
regard. As it is known, the increase in
damping controls the relative displacement
and acceleration, indicating the importance
of damping in a seismic isolation system.

By using the isolation system in a structure,
the structure acts as a mass with a high
degree of rigidity. Although a significant
relative displacement occurs between the
structure and its foundation, a slight relative
displacement occurs between the structural
floors, which significantly reduces the
amount of internal forces in the structural
members (Jain and Sanghai [7], Clemente

and Martelli, [8], Kunde and Jangid [9]).
Reducing the relative displacement between
floors causes the structure to behave in or
near the elastic phase; therefore, it causes an
increase in the safety of the structure against
earthquakes (Naveena and Nair [10]). In
other words, the isolated structure acts as a
single degree of freedom system, thus the
structure deforms almost in its first mode,
and the effect of higher modes are almost
negligible (Semwal and Dyani [11], Rai and
Mishra [12], Verma et al. [13], Panchal and
Soni [14]). The seismic isolation does not
dissipate the earthquake energy; instead, it
reflects the energy and prevents the structure
from transferring the earthquake energy
using a certain mechanisms, (Girish and
Pranesh [15], Clemente [16]).
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Fig. 1. Effect of the seismic isolation and
damping on the structure’s natural period and
acceleration response,[2].

Depending on the soil type beneath a
building; in some cases, the seismic isolation
may cause resonance phenomena, in which
the isolation is not recommended (Gupta et
al. [17]). Generally, the performance of a
seismic isolation system can be determined
by two indices; first, the ability to move the
natural frequency of the structure from the
hazardous zone to the low-risk zone and
second, the ability to create a proper damping
to control the displacement between the
foundation and structure (Bhaskar and
Khanchandani [18], Jangid and Datta [19]).
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Nowadays, different methods of seismic
isolation techniques have been developed and
numerous studies have been conducted on
different types of seismic isolation systems,
and their results have been published as
research papers and textbooks such as
Skinner et al. [20], Naeim and Kelly [21].

Among the well-known seismic isolation
methods, the followings can be mentioned:
lead rubber bearing (LRB), low damping
rubber bearing (LDRB), high damping
rubber bearing (HDRB), friction pendulum
system (FPS) in the single, double and triple
types, Teflon sliding support, orthogonal rod
bearing, steel ball bearing, mushroom-shaped
bearing and springs type bearing. So far,
some research works have been conducted on
the review of base isolation techniques but in
the limited and regional application form. In
this paper, a historical evolutionary review on
the isolation techniques has been conducted
in chronological order, and the latest
developments in this field have been
surveyed and the corresponding study results
are discussed. In this paper, the methods of
seismic isolation have been categorized into
four groups based on their underlying
mechanisms.

2. Categories of Seismic Isolation
Methods

So far, various methods have been invented
for seismic isolation. Each of these methods
has some advantages and disadvantages.
Some of them have high operating costs,
others require high construction technology,
some have maintenance problems, and some
of them lose their initial functionality over
time. This makes some of these methods
more useful and practical than others. In
general, seismic isolation methods can be
categorized into four groups:

a. Elastomeric-based methods
b. Sliding-based methods

c. Rocking-based methods

d. Innovative methods

In the following sections, each of these
groups has been studied, and the
corresponding theoretical and laboratory
studies are discussed.

3. Elastomeric-Based Methods

Elastomeric-based methods are one of the
most popular groups of seismic isolation
techniques. The general form of an isolator in
these methods consists of rubber layers as
well as thin layers of steel plates or fiber
layers, which are compressed and
interconnected through a special process to
form the isolator. So far, several types of
these isolators have been developed,
including low damping rubber bearing
(LDRB) (or natural laminated elastic rubber
bearing), high damping rubber bearing
(HDRB), lead-rubber bearing (LRB) and
fiber-reinforced rubber bearing (FRB). These
isolators are discussed in the next sections.

3.1. Low Damping Rubber Bearing
(LDRB)

The low damping rubber bearing (LDRB) (or
natural laminated elastic rubber bearing) is
formed of steel and rubber layers, which are
joined together in a layered form. The overall
schematic of this isolator is shown in Fig. 2.
( Constantinou et al. 2007, [22]). As it is seen
from the figure, steel plates are regularly
arranged between the sheets of rubber, which
causes the vertical stiffness of these parts to
be high and the horizontal stiffness to be low.
Two types of rubber are used in this isolator;
with low damping or with high damping. In
Fig. 3, the force-displacement hysteresis
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diagrams for a low damping rubber bearing
in horizontal and vertical directions are
shown.

As shown in Fig. 3, the horizontal stiffness of
the LDRB isolator is much less than its
vertical stiffness, which is necessary for the
isolation. The disadvantage of this isolator is
that it dissipates little energy during the
structural vibration. The damping of this type
of isolator is between 2% and 3% of the
critical damping in 100% of shear strain
capacity. Because of the low energy
dissipation of rubber in these types of
isolators, additional dampers such as viscous
or yielding dampers should be installed.

Sofar Various researchers have studied this
type of isolator. To predict the behavior of
these isolators, Koh and Kelly [23] proposed
a simple linear model to predict the behavior
of elastomeric bearings. In this model, the
effects of both shear and flexural
deformations were considered. In their study,
an approximate mechanical model involving
both shear and flexural deformations was
employed to represent the P-Delta effect of
elastomeric bearings. It was concluded that
the model could properly explain the
bearings height reduction, the effect of axial
load on the stiffness, and the damping ratio.
The schematic of the proposed model for the
elastomeric bearing is shown in Fig. 4.

F L > \_‘
BOTTOM STEEL PLATE
Fig. 2. Schematic of a laminated elastic rubber
bearing isolator, [22].
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Fig. 3. Hysteresis diagrams of a low damping
rubber bearing isolator (LDRB) for (a) horizontal
and (b) vertical deformations, [5].
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Abe et al. [24], experimentally studied three
types of bearing and found out that in the
case of high damping rubber bearings, an
increase in amplitude causes an increase in
the equivalent stiffness and decrease in the
amount of damping ratio. Also, in the lead
rubber bearing, the amount of restoring force
depends greatly on the amount of vertical
force. In addition, the experimental results
showed that three-dimensional loading
influences the behavior of the isolators.

In the other work, Abe et al. [25], based on
the experimental data, proposed a
mathematical model for the laminated rubber
bearing. The elastoplastic model was
obtained by considering a displacement-
dependent isotropic hardening rule and a
parallel nonlinear elastic spring.

Fig. 4. (2) An approximate model proposed for
the elastomeric bearing. (b) Deformation caused
by applied loads, [23].

To determine the proper thickness of the
rubber layers and the total height of the
laminated rubber bearing (LRB), Koo et al.
[26], investigated the effect of the bearing
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shape on its buckling load. In this study,
numerical modeling and shaking table tests
were carried out. The results of the study
show that the horizontal stiffness variation is
significant and should be considered in the
design of the bearings.

In order to study the tensile behavior of the
elastomeric bearings, Kumar et al. [27],
conducted a series of laboratory tests. In
these experiments, low-damping rubber
bearings with different shear modulus and
various loading conditions were tested. The
main objective of this study was to
investigate the factors influencing the
cavitation effect of the elastomeric bearings
under tensile and shear forces. Fig. 5 depicts
a slip through failure surface in a post-
cavitation shear test in a sample of the
elastomeric bearing.

Ishii et al. [28], presented a mechanical
model based on parallel tensile springs to
investigate the behavior of elastomeric
bearings under the influence of the shear
force and the end rotation of bearings. The
results of the experiments showed that the
bearing rotational stiffness increased by
increasing the vertical load but decreased
with increasing the shear deformation.

Fig. S. Slip through failure mode in a post-
cavitation lateral displacement test (axial pressure
=0.5 MPa), [27].

Maureira et al. [29], proposed a nonlinear
model to predict the mechanical behavior of

the elastomeric bearings. This model can
simultaneously predict the horizontal and
vertical ~displacement behavior of the
bearings. The results of the studies showed
that these bearings could withstand the shear
displacement up to 25% of their radius,
without causing the cavitation phenomena in
the rubber. The schematic of the multi-spring
isolator model proposed for the elastomeric
bearing is shown in Fig. 6.
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Fig. 6. Schematic of the multi-spring isolator
model, (a) undeformed shape, (b) deformed
shape in compression and shear and (c) deformed
shape in tension and shear, [29].

In order to reduce the cost of seismic
isolation systems, particularly in the
retrofitting of existing buildings, Crowder
and Becker [30], proposed the use of
elastomeric bearings at the end of the ground
floor columns. For which they proposed a
mathematical model and  conducted
laboratory experiments. The result showed
that this method caused a significant
reduction in the lateral stiffness of the
isolated structure.

3.2. High Damping Rubber Bearing
(HDRB)

The structure of the high damping rubber
bearing is similar to the low damping rubber
bearing type. It is made of rubber and steel
sheets and in this type of isolator, some
materials such as carbon black (HDRB) are
added to rubber which can produce higher
damping namely between 10% up to 20% of



A. Beirami Shahabi et al./ Journal of Rehabilitation in Civil Engineering 8-2 (2020) 37-61 42

the critical damping at 100% of shear strain
capacity. In Fig. 7, a sample of the hysteresis
diagram of a HDRB with its characteristics is
shown. By comparing the shape of the
diagram of this isolator with the one of low
damping rubber bearing in Fig. 3, it can be
seen that the (HDRB) can dissipate more
energy during the oscillating cycles, resulting
in a greater ability on reducing the
earthquake's damages. The shear modulus of
this type of rubber in the low strains is about
4300 KPa and is decreased by increasing the
strain. Its amount in the 100% of strain is
about 430 KPa (Warn and Ryan [5]).

So far, many researchers have studied this
type of isolator. The force-displacement
behavior of this type of rubber is complex
due to the viscosity. One of the main research
topics in this regard is proposing a model to
predict the behavior of this type of isolator.

Hwang and Ku [31], proposed a model to
simulate the seismic behavior of HDRB
bearings based on the test results of the
shaking table. This model is based on the
fractional derivative Kelvin model and a
sinusoidal loading test for a shear strain of
nearly 100%. American Association of State
Highway and Transportation Officials
(AASHTO) and the Japanese Public Work
Research Institute (JPWRI) have utilized two
equivalent linear models for predicting the
behavior of HDRB bearing in their bridge
design codes. Comparison of the results of
the experiments with the results obtained
from these models and the proposed model
indicated better performance for the proposed
model in predicting the seismic behavior of
the HDRB bearings than that of the
mentioned codes models. (Hwang and Ku,

[31])
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Fig. 7. Hysteresis diagram of high damping
rubber bearing isolator (HDRB), [22].

In the other study, Hwang et al. [32],
proposed a model to determine the shear
force-displacement behavior of HDRBs
based on the experimental results. In this
model, ten parameters including the rubber
compound, Mullins effect, scragging effect,
frequency, temperature, and axial load are
considered to predict the bearing behavior. A
comparison of the experimental results and
the proposed model indicates the good
accuracy of the model.

Dall Asta and Ragni [33], proposed a
viscoelastic model to predict the behavior of
HDRB based on the results of experiments.
The focus of the study was on the behavior of
the isolator with a different range of shear
strain rates and amplitudes.

Bhuiyan et al. [34], proposed a new model
consists of a dashpot element. Their model is
based on the Maxwell model, which is
achieved by adding a nonlinear and an
elastoplastic spring. To obtain the model
parameters, a series of experimental tests
were conducted.

Yuan et al. [35], proposed a constitutive
model inspired by Zener's classic model. In
this model, two hyperelastic springs with a
non-linear dashpot element have been used.
The diagram of the model is shown in Fig. 8.
In this model, the Fletcher— Gent effect,
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which indicates high horizontal stiffness at
small strains, is included by imposing a
coefficient. This property is created by
adding carbon powder to the rubber. In the
model, a nonlinear viscosity coefficient is
also utilized to consider the effect of the
strain rate.

Hyperelastic Spring A

A A A A A Equilibrium Stress (S, )

Overstress(S,, )

Toral Stress(5)

Nonlinear Dashpot C Hyperelastic Spring B

Fig. 8. Schematic diagram of the modified
hyperplastic Zener model, [35].

The seismic isolation is widely used in bridge
construction, and many studies have been
conducted in this field. Tubaldi et al. [36,37],
studied the steel-reinforced high damping
natural rubber (HDNR) bearings. In the
study, the seismic response of a three-span
bridge equipped with HDNR  was
investigated by using an advanced HDNR
bearing model. This model is capable of
taking into account both horizontal and
vertical seismic behavior of the bridge. The
results of the research showed that vertical
stiffness was important in the seismic
performance of the isolated bridges.

3.3. Lead Rubber Bearings (LRB)

The third category of the elastomeric-based
bearings is lead-rubber bearings (LRB) (also
known as NZ bearings). Lead-rubber
bearings were first invented and tested in
New Zealand in the 1970s by Robinson and
Tucker [38], and Robinson [39], and since
then many other researchers investigated
them. Fig. 9 shows the photo of lead rubber
bearing and a sample of force-displacement
graph for a lead rubber bearing. The
schematic of the lead rubber bearing is
similar to that of a laminated rubber bearing

but for achieving more energy dissipation, a
lead core is added. The lead core could
provide lateral stiffness under service loads
and dissipate energy under high lateral loads.
The damping ratio produced by this system is
a function of displacement and could be from
15% to 35%. (Semwal and Dyani, [11]). One
of the main research topics in the LRB
isolation system is proposing a proper model
to predict the behavior of this type of isolator.

LATERAL FORCE (kN)

DISPLACEMENT (mm)

b

Fig. 9. (a) A photo of LRB, (b) The force-
displacement curve of LRB, [22].

Ryan et al. [40], conducted a study about the
behavior of LRBs. Previous models for
predicting the behavior of lead rubber
bearing ignored some aspects of their
dynamic behavior. For example, it has been
observed that lateral stiffness of the rubber
bearings decreases with increasing the axial
load, particularly at large deformations. The
yield strength of LRB bearing varies with the
axial load. In the conducted study, they
included these effects and proposed a new
model.

Warn et al. [41], conducted a research in
which two types of isolation bearings, i.e.
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lead rubber bearing (LRB) and low damping
rubber bearing (LDRB) with the combination
of axial and lateral loads were tested. They
found out that the vertical stiftness of both
types of bearings was decreased with
increasing the lateral displacement.

Kumar et al. [42], proposed a new
mathematical model for simulating the
behavior of the LRB bearing. In the study,
the effects of both lateral displacements and
cyclic shear and axial loadings were
investigated. This model simultaneously uses
axial, shear, flexural and torsional springs. In
order to include the variation of the critical
buckling load capacity of the bearing with
the lateral displacements, the bilinear area
reduction method is used.

Han et al. [43], developed a model for
elastomeric bearings. In the model, they used
a series of vertical springs in the bottom and
a shear one at the top of the bearing. The
schematic  picture of the proposed
mechanistic model for the -elastomeric
bearing is shown in Fig. 10.

shear
spring

vertical 33333333
springs

neutral axis

bearing cross section

dr x
D,

Fig. 10. Mechanistic model for the elastomeric
bearing, [43].

Zhou et al. [44], proposed a model in which
some influencing parameters including the
reduction of the vertical stiffness at large

lateral displacement, cavitation, permanent
damage effects, and the variation of the
horizontal stiffness due to the vertical load
was considered. To validate the result of the
numerical model, dynamic loading tests were
conducted and the results were compared
with numerical ones, which showed a good
agreement.

Elastomeric bearings may also be under
tensile stress in some critical conditions. This
situation may occur in tall and narrow
buildings. Hu et al. [45], developed a device,
which was installed in conjunction with
LRBs and prevented the tensile force to be
created in the bearing. This device creates a
low resistance to the horizontal movement of
the isolator. The results of an experimental
study indicated the proper functioning of this
device in controlling the tensile force of the
bearing.

Islam et al. [46], surveyed the performance of
the lead rubber bearing and high damping
rubber bearing in areas with moderate
earthquake risk. In the study, a nonlinear
model is presented to simulate the behavior
of these types of isolators. Two groups of
isolated and non-isolated structures were
subjected to a variety of linear and nonlinear
analyses. The results showed that seismic
isolation in medium-rise buildings had
significantly reduced the structural response
in soft and moderate hard soils.

Attanasi et al. [47], studied the use of shape
memory alloys (SMA) in a seismic isolation
system. This alloy has high strength and
ductility and is resistant to corrosion and
fatigue. This material exhibits no permanent
deformation despite it shows elastoplastic
behavior. In the study, the SMA equipped
isolators were analyzed by time history
analysis. The results of the study showed that
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using this method creates a re-centering force
in the system and helped to dissipate more
energy in the isolator.

Attanasi and Auricchio [48], conducted a
study in which they used a combination of
SMA alloy by spiral springs with sliding
isolators. The sliding isolator is flat and lacks
re-centering force. By adding these springs,
both horizontal stiffness and returning force
were created in the system. The proposed
system controls the horizontal forces applied
to the structure while simultaneously
provides the returning force for the structure.

Ozbulut and Hurlebaus [49], investigated the
impact of using SMA with laminated rubber
bearing and sliding isolators on the seismic
behavior of bridges for near-fault ground
motion. In the study, ambient temperature
and lateral stiffness of the isolator were
considered as the variables of the study. The
results showed that the added SMA wires to
the isolator increased the energy dissipation
and returning forces. The results also showed
that the use of SMA with smart sliding
isolators was more effective than the
laminated rubber bearing.

Dezfuli and Alam [50-53], conducted a
survey 1n which they improved the
performance of lead rubber bearing using
shape memory alloys. As shown in Fig. 11,
they provided a lead rubber bearing equipped
with a shape memory alloy (SMA-LRB).
They found out that shape memory alloys
(SMA) could improve the re-centering and
the damping capability of lead-rubber
bearings. They studied this system in the
multi-span continuous steel girder bridge.
The results of the studies show that the shear
strain of the SMA-LRB bearing is reduced by
46% and the energy dissipation is increased
by 31%.

3.4. Fiber Reinforced Elastomeric
Bearings (FREB)

The ordinary lead rubber bearing is usually
large, expensive, and heavy. An alternative
solution to mitigating these problems was to
use fibers instead of steel sheets, which
created a new type of isolator called fiber-
reinforced elastomeric bearings (FREB).
Fiber-reinforced elastomeric isolators have
several advantages over traditional isolation
devices, including lower manufacturing cost
and lightweight. So far, some researchers
have studied this type of bearing. In the
following, some of them are referred.

Fig. 11. SMA wire-equipped the LRB bearing:
(a) separated configuration; (b) integrated
configuration; and (¢) details of steel hook, [50].

Kelly [54], and Tsai and Kelly [55],
evaluated the mechanical characteristics of
the multilayer elastomeric bearings. They
investigated the influence of fiber flexibility
on the vertical and horizontal stiffness of the
fiber-reinforced bearings. The results of the
studies showed that fiber-reinforced bearings
with a behavior similar to steel-reinforced
bearings could be produced.

Toopchi-Nezhad et al. [56], experimentally
studied the behavior of a fiber-reinforced
bearing without the top and bottom plates. In
the conducted experiments, they observed the
stable rollover deformation of bearings. This
deformation reduces the horizontal stiffness
of the bearing and causes an increase in the
isolation efficiency of the bearing. They
found out that this application could be
suitable for seismic isolation of low-rise
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buildings. Fig. 12 shows a picture of the
testing of fiber-reinforced elastomeric
bearing and its force-displacement behavior.

Kang and Kang [57], analyzed a seismically
isolated structure using fiber-reinforced
elastomeric bearing subjected to earthquake
excitations. The result of the study showed
that isolating structures using a fiber-
reinforced elastomeric bearing sufficiently
reduced the story drift of the building,
controlling the building’s motions within
allowed limits.

Angeli et al. [58], investigated the behavior
of a multilayer elastomeric bearing. They
employed carbon fibers as reinforcement
material instead of steel sheets. This change
causes the bearing to be lighter and cheaper
since the carbon fibers (or Kevlar) are much
more resistant than steel. In the study, to
model the compression and bending behavior
of the bearing, an analytical model was
proposed. For the first time, the extensibility
and the compressibility of the elastomer were
considered in the model.

Lateral Load (kN)

Lateral Displacement (mm)

Fig. 12. Photo of testing of a fiber-reinforced
elastomeric bearing and its force-displacement
graph, [56].

4. Sliding-Based Methods

Nowadays, one of the popular methods used
for seismic isolation is sliding-based
techniques. These methods work based on
the simple principle of friction. In a sliding
isolator, during an earthquake excitation, two
flat or spherical surfaces slide over each
other. If the intensity of the exciting force is
more than the frictional force, sliding
initiates. The main advantage of these
systems is that they are effective for a wide
range of frequencies and the maximum
acceleration transmitted to the structure can
be controlled by the coefficient of friction
between the sliding surfaces. Sliding-based
methods are divided into several categories
that are referred to below.

4.1. Pure Friction System (P-F System)

The pure friction (P-F) system is the first
category of the sliding isolation systems.
During the ground excitation, two flat
stainless steel plates slide over each other and
the isolation and energy dissipation is
achieved. If the excitation force exceeds the
frictional force (u x m x g), sliding will
occur. (Girish and Pranesh [15]). Hence, the
response of the isolated structure is
independent of the frequency and amplitude
of the excitation. There are many research
works on the performance of the P-F system
and some of them are discussed below.

Mostaghel et al. [59], studied the
effectiveness of sliding bearing for isolation
of a single degree of freedom structure
supported by a sliding isolator. They found
out that the acceleration response level
strongly depends on the coefficient of friction
of the bearing so that the smaller coefficient
caused lower responses. Also, they found out
that in the lower coefficients of friction, the
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acceleration response did not vary with the
frequency content of the ground excitation.

Jangid [60], investigated the seismic
behavior of a SDOF structure with sliding
support subjected to bidirectional ground
excitations. In the study, the Coulomb
friction characteristics were considered at the
sliding support. It was observed that the
structural response was significantly affected
by the bi-directional excitations and in the
case of the single-component excitation; the
sliding displacement might be
underestimated.

Nanda et al. [61], studied research work in
which they used natural stones as sliding
support. Through experimental and analytical
investigations, they employed four different
types of sliding interfaces, namely, green
marble, high-density polyethylene (HDPE),
geosynthetics, and rubber layers. The
experimental result showed that the
coefficient of friction valued between these
interfaces lied in 0.05 to 0.15, which was
appropriate for seismic protection and caused
a reduction in accelerations up to 50%. Green
marble and geosynthetic were found to have
better performance in reducing acceleration
in the friction isolation system.

4.2. Teflon Bearings

Teflon bearings have been used in seismic
isolation, especially in bridges. Some
researchers studied this system. Constantinou
et al. [62], conducted an experimental study
to assess the frictional characteristics of
Teflon-steel interfaces under harmonic
dynamic excitations. The results showed that
the decrease in the ground acceleration and
the increase in the bearing pressure both
caused a decrease in the friction coefficient
of the bearing.

Another type of isolator was also invented by
Mostaghel and Khodaverdian [63] and was
called resilient-friction base isolation (R-
FBI). In this system, several Teflon ring
plates are put together in the form of friction
contact, and a rubber core is created in the
middle of them. During an earthquake, the
sliding of the sheets together provides
seismic isolation and energy dissipation, and
the deformation of the rubber core provides a
restoring force in the bearing. By adjusting
the friction coefficient of Teflon sheets, the
desired bearing with suitable specifications
for seismic design can be achieved.

4.3. Friction Pendulum System (FPS)

Remaining of permanent displacement in the
P-F system is a problem for the isolated
structures. In order to overcome this
problem, the friction pendulum system was
invented, in which, instead of a flat sliding
surface, the curved sliding surface was used
which caused the structure to move back to
its original position. In fact, this system
operates based on the principle of the
pendulum motion. There is a variety of
friction pendulum systems developed by
various researchers. All of these systems are
made by making some changes in the
geometry of the initial model; some of them
are referred to as below.

4.3.1. Single Friction Pendulum System
(SFPS)

Single friction pendulum system invented by
Zayas et al. [64]. Fig. 13 shows the schematic
of the single friction pendulum isolator, (Petti
et al. [65]). As seen from the figure, this
isolator is made of a concave surface in the
below and a convex steel piece at the middle
and a pin joint above the bearing. During an
earthquake, the upper part of the isolator
moves left and right and creates isolation and
energy dissipation. The natural period of the
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structure can be controlled by changing the
radius of the concave surface (r). The natural
period (7) of the structure supported on SFPS

bearing, can be calculated by T = 2m./r/g .
The study showed that increasing the period
and decreasing the friction coefficient of the
sliding surface could reduce the base shear
and increased the displacement of the
bearing. Because of the invariant radius of
curvature, this bearing has a constant natural
period, which is the main drawback of the
system. If the isolation period and the
excitation period coincides then the structure
may experience the resonance phenomena.

4.3.2. Double Concave Friction Pendulum
(DCFP)

Fenz and Constantinou [66], developed the
modified model of the SFPS system and
called double concave friction pendulum
bearing (DCFP). Schematic of a double
concave friction pendulum and a sample of
its force-displacement graph are shown in
Fig. 14. As shown in the figure, instead of
one piece, two pieces are located between the
top and bottom surfaces of this system and in
total; four pieces are used. This modification
increases the relative displacement capacity
of the isolator and makes it possible to use
the wvarious radiuses of curvature and
different friction coefficients in the sliding
surfaces.
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Fig. 13. Schematic of the single friction
pendulum system (SFPS) and a sample of its
force-displacement graph, [65].

4.3.3. Triple Friction Pendulum System
(TFPS)

Fenz and Constantinou [67-69], developed
the triple concave friction pendulum (TCFP)
by modifying the DCFP system. The
schematic of this system and a sample of its
force-displacement graph is shown in Fig.
15. As shown in the figure, three pieces
located between the upper and lower parts of
the isolator, and in total five pieces are used.
This modification increases the relative
displacement and energy dissipation capacity
of the TCFP isolator compared to DCFP. The
surfaces of each mating part are convex and
concave so that they can easily slide on each
other, providing seismic isolation and energy
dissipation. There are four sliding surfaces in
the system in which the desired seismic
capabilities can be achieved for the isolator
by adjusting the radius of curvature and
friction coefficient of each surface. The result
of the studies shows that this isolator could
be quite useful in protecting the structure
from the destructive hazards of an
earthquake.

4.4. Variable Frequency Pendulum Isolator
(VFPI)

Pranesh and Sinha [70,71], proposed another
sliding isolation system called variable
frequency pendulum isolator (VFPI). In this
system, they used a concave sliding surface
with a variable curvature radius so that the
geometry of the sliding surface was not an
exact flat nor an exact spherical. This
geometry causes the variable frequency of
the isolator at different displacements. For
small displacements, the VFPI acts similar to
FPS and, in larger displacement, the behavior
of VFPI can be compared to the PF system.
Lu et al. [72], conducted a study to prevent
the resonance phenomena and proposed a
similar method so-called polynomial friction
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pendulum isolator (PFPI) system. In this
model, the curvature of the sliding surface is
determined as a polynomial function, and by
proper  adjustment  of  polynomial’s
coefficient, the appropriate seismic behavior
of the isolator with variable frequency can be
obtained. Panchal and Jangid [73], proposed
a model to prevent resonance phenomena and
named it the wvariable friction pendulum
system (VFPS). The geometry of this model
is similar to that of the friction pendulum
system (FPS), except that in this system, the
friction coefficient of the sliding surface is
not constant and changes exponentially.

4.5 Convex Friction System (CFS)

Xiong et al. [74], introduced a new isolation
system so-called convex friction system
(CFS). The geometry of this system is similar
to that of the FPS system, except that it does
not have a spherical sliding surface, but
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Fig. 14. Schematic of a double concave friction
pendulum (DCFP) and a sample of its force-
displacement graph, [66].
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pendulum (TCFP) and a sample of its force-
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It has a circular cone-type fixed-slope
surface. This feature increases the isolator’s
re-centering ability. The results of the study
showed that this system performed well in
the seismic isolation of a structure compared
to the FSP system and it could reduce the
seismic response of the structure subjected to
a near-fault earthquake up to 30%. A
comparison of the geometric feature of PF,
FPS, CFS, and VFPI is presented in Fig. 16.
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Fig. 16. Comparison of geometric shapes of PF,
FPS, CFS, and VFPIL, [15].

Xiong et al. [75], proposed the multi-angular
pyramid concave friction system (MPCEFES).
This system is similar to the CFS system,
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except that its sliding surface is the multi-
angular pyramid. The results of the studies
showed that this system had some advantages
compared to the FPS system producing more
re-centering force and prevention of
resonance during near-fault earthquakes.

Hoseini et al. [76], studied the combination
of elastomeric and FPS isolators and found
the optimal combination of the isolation
systems under near-fault ground motions.
They also studied the effect of period
elongation on the behavior of the FPS
isolation system and found out that the
isolation system with a higher period is more
effective in the studied earthquakes occurred
in Iran [77].

5. Rocking-Based Method

Rocking type base isolation as a means of
earthquake protection is over a century old
technic but has been advanced rapidly in
recent years due to an increase in research
interest. The main problem of this system is
that the device needed maintenance for
keeping in good operation throughout its
working life period. The following is a
summary of the studies conducted in this
regard.

Lin et al. [78], in a study, used a rolling rod
as an isolator under a structure. To evaluate
the seismic behavior of this system,
experimental tests were conducted and the
results compared to a fixed-base structure.
They observed that in this system, the
acceleration transmitted to the structure
reduce by 56% to 60%. It was also observed
that the peak relative displacement of the
isolator was nearly equal to the peak ground
motion. After an earthquake, some
permanent displacements remain in the
system.

Jangid and Londhe [79], investigated the
effect of using elliptical rolling rods as
isolator on a multi-story structure. The result
of the study indicates that this isolator shows
nonlinear lateral stiffness during an
earthquake.

The defect of the rod in the isolator is that the
rod can only isolate the structure in one
direction. To fix this problem, Zhou et al.
[80], studied a ball bearing isolator with
restoring capability. They found that the
stress concentration was the main problem of
this method.

Jangid [81], studied the use of the rolling rod
as an isolator for a multi-story structure. In
this system, a cantilever beam was used to
provide the re-centering force. The results
indicate that the use of this system has a
significant effect on reducing the impact of
an earthquake on the structure.

Butterworth [82], evaluated the seismic
response of the structures isolated by rollers
with non-concentric spherical surfaces in the
top and bottom. The results showed that the
peak acceleration of the isolated structure
was reduced significantly, especially in
severe earthquakes, but a small reduction in
peak displacement was observed.

Barghian and Shahabi [83], conducted a
study in which a new pendulum base
isolation system was introduced. Fig. 17
shows the schematic of the proposed system.
In this method, mushroom-shaped bearings
are placed under the structures as isolators.
These bearings have spherical surfaces and
arms that are pin connected to the columns of
structure in the base story. If the length of the
arm is less than the radius of the spherical
surface, they act like nonlinear springs. When
displacement occurs in the structure, a
returning force is applied, and the stability of
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the structure is guaranteed. The stiffness of
the spring is related to the length of the arm
so that the stiffness of the spring is adjusted
by changing the length of the bearing arms.
The results of the study showed that the
proposed method was very efficient in
reducing the earthquake effects on the
isolated structure.

Il A
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Fig. 17. Model of a base-isolated structure with a
mushroom-shaped pendulum system, [83].

Chung et al. [84], studied the dynamic
behavior of a nonlinear rolling isolation
system. In this method, the columns of the
structure eccentrically attached to the rolling.
When the structure moves left or right, a
resting force is created in the system and the
structure is returned to its initial position.
Because of the variability of the natural
frequency of this system, there is no probable
resonance.

Ou et al. [85], conducted a study on the
seismic behavior of a roller seismic isolation
bearing for highway bridges. In this system,
orthogonal rolling rods are used to create
bidirectional isolation. The intermediate plate
of the roller is inclined, and when the roller is
moved, the returning force is created in the
system, and the structure returns to its
original position.

Rawat et al. [86], conducted a study
evaluating the dynamic behavior of a multi-
story building equipped with an orthogonally
elliptical rolling rod isolator. In the study,
they proposed the use of elliptical rods
instead of circular ones in rolling isolators.

The curved surface of these elliptical rods
creates the re-centering force. The seismic
performance of this system was investigated
and was compared to the cylindrical rolling
rod and pure-friction isolators. It was
concluded that the elliptical rolling rods
isolation system reduced the seismic
response of the structure considerably.

In a study, Shahabi et al. [87], proposed an
isolation system called suspended columns
for seismic isolation (SCSI). In this method,
instead of being directly connected to the
foundation, the structure is connected to the
foundation via pendant cables. During an
earthquake, the isolated structure can move
to the sides resulting in a considerable
decrease in the acceleration transmitted to the
structures.

In a study, Becker et al. [88], compared the
rules of Japanese building code and several
authorities, including the US, for the design
of high-rise isolated structures. The Japanese
code defines comprehensive and specific
criteria for the design and construction of
structures with seismic isolators. However,
the codes of other countries, especially the
United States, have imposed a more stringent
design on these structures. As a case study, it
was determined that the structure designed
by the Japanese code would require further
modifications and reinforcement to be
acceptable to the US code of practice.

6. Innovative Methods

In addition to the conventional methods of
seismic isolation, some researchers proposed
numerous innovative methods which some of
them are mentioned as follows.

Nakamura et al. [89], proposed a system
called the core-suspended isolation system.
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This system is consisting of a reinforced
concrete core and a seismic isolation system,
which installed at the top of the concrete
core. The isolation system is composed of a
double layer of inclined rubber bearings. In
total, different parts of the system form a
seismic isolation system similar to a
pendulum. A multi-story structure is then
suspended from the top of the concrete core.
During a ground excitation, the suspended
structure rocks freely and the effect of the
earthquake decreases. For the first time, a
building equipped with a core-suspended
isolation (CSI) system was constructed in
Tokyo, Japan.

Hosseini and Farsangi [90], proposed a new
seismic isolation system called telescopic
columns as a new base isolation system. In
this system, the main support of the structure
is created on the foundation, and the structure
is pin connected to the support at the
structure’s mass center. The connection of the
structural columns to the foundation is made
using a telescopic arm. The geometry of the
telescopic arms is such that it can move up
and down and allow the structure to go left
and right, like a pendulum system and so the
seismic isolation is achieved. The yielding of
the steel plate of the telescopic arms
dissipates the energy of the structure during
ground motion.

Ismail et al. [91-93], proposed a new seismic
isolation system called roll-n-cage isolation
bearing (RNC) system. The system consists
of a rolling body located between the upper
and lower stiff bearings. Two less stiff plates
are installed over the stiff bearings so that the
rolling body is placed between them. To
create the integrity of the system, several
steel bars connect the upper and lower parts.
During the ground excitation, the upper and
lower supports move to the left and right and

create isolation. The bars also yield during
the movement and cause energy dissipation.
Of course, during weak earthquakes, these
rods resist and the stability of the system is
provided.

Karayel et al. [94], proposed a new seismic
isolation system called spring tube braces for
the seismic isolation. In the proposed
method, the columns of the base story are pin
connected to the upper story and multiple
telescopic spring braces are installed at
different parts of the base story. These spring
braces behave symmetrically in tension and
compression for axial loading and allow the
structure to move freely to the left and right,
during the ground motion and thus the
seismic 1isolation can be achieved. To
evaluate the performance of this system a %-
scaled 3D steel frame was tested on a
shaking table. The results indicated that
employing this method in the structure
increased the natural period and reduced the
seismic  response of the  structure
considerably.

Due to the nature of the seismic isolation, a
significant displacement occurs at the
isolated floor as the seismic separation
system. To reduce the amount of relative
displacement created, one of the invented
methods is using of inerter mass device, a 2-
terminal flywheel device that can produce
inertia proportional to the acceleration
between the two endpoints of the device. In
fact, this technique was developed by adding
an inerter to the tuned mass damper (TMD)
and was called tuned mass damper inerter
(TMDI). This technic has been studied in
recent years by some researchers. The results
of studies conducted by Saitoh [95] in this
regard showed that although this system was
useful in reducing relative displacement, it
could even increase displacement in
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vibrations with high periods. Therefore,
further studies need to be conducted on their
use. Hu et al. [96], studied on analysis and
optimization of TMDI in SDOF structures. In
the study, the effect of TMDI components
arrangement in two series and the parallel
mode was investigated. De Domenico and
Ricciardi [97-99], conducted a series of
studies in this regard. The result showed that
the TMDI could generate inertia up to 200
times of its mass in the isolated structure.
Also, comparing the performance of the
TMD with TMDI showed better performance
of the TMDI system in terms of controlling
the maximum displacement of the structure
and reducing base shear and floor drift. In
another study, De Domenico et al. [100],
investigated the performance of TMDI on
different soils with different frequency
contents and confirmed the usefulness of this
system for different soils. De Domenico and
Ricciardi [99], also studied on TMDI layout.
They placed the TMDI below the isolated
floor and evaluated the performance of the
structure isolated by lead rubber and sliding
bearings. In another study, Domenico and
Ricciardi [98], examined the different modes
of inerter placement and compared their
proposed layout with the other five layout
modes introduced by different researchers.

In a study, Anajafi and Medina [101],
proposed a local isolation technique in
structures. In this way, some parts and tools
inside the building are isolated from the
structure. In the study, the optimization of the
isolated components was performed to
achieve the minimum structural response.
The modeled structures were subjected to the
earthquake acceleration with different
frequency contents and the structural
response was compared with the response of
the conventional isolation systems and TMD
dampers. The results show that the proposed

method is not only suitable and comparable
with conventional isolation methods and
TMD damper but also it solves some
limitations and problems of these methods
such as weight limitation in TMD method
and high displacement problem and
overturning moment in  conventional
isolation systems.

7. Discussion

The self-centering capability of isolators after
the ground motion is essential for all types of
isolators. Some isolation methods such as
elastomeric-based bearing (including high
and low damping rubber bearing and lead
rubber bearing) are more capable in this
regard and some other methods including
sliding based methods (such as friction
pendulum system) are less capable. In the
case of rolling isolators, if they laid on a
special sloping surface, they will be able to
return to their original position; otherwise,
this type of isolator will not exhibit this
ability. There always is some permanent
displacement in sliding-based isolators due to
friction. In these isolators, there is a high
friction force while there would not be
enough force to return the system to its
original position. The higher the coefficient
of friction of these isolators; the more
permanent displacement will be created and
the lower the radius of curvature of the slip
surface, the lower the  permanent
displacement will be created. However, other
factors such as maximum acceleration and
displacement of isolator must also be
considered. To determine the ability of the
isolators for re-centering, a parameter is
defined as the re-centering coefticient, which
is obtained by dividing the isolator’s
permanent displacement by its maximum
displacement (Gandelli et al. [102]). Another
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parameter that affects the amount of
permanent displacement is the type of
damper. Friction and yielding-based dampers
increase permanent displacement while
viscous dampers have no effect on it.

One of the important feasibility features of
the seismic isolators is the degradation of the
mechanical properties of the isolators during
earthquakes. The effects of severe
earthquakes may disrupt the 1isolator
functionality and as a result, the isolator
cannot meet the desired expectations.
Different isolation systems may each have a
particular weak point. In a lead rubber
isolator, the excessive lateral displacement
may cause shear failure between rubber and
steel sheets. In addition, the energy
absorption in the lead core causes an increase
in the lead core temperature and leads to a
decrease in the lateral stiffness and energy
dissipation. Moreover, at high relative
displacements, the probability of
compressive buckling is also increased
(Kumar et al. [103]). In severe earthquakes,
tensile forces may occur in the isolator and
the cavitation mode of failure may happen.
Various researchers have studied the
degradation of the properties of isolators.
Gent [104] has studied the phenomena of
cavitation in rubber and Constantinou et al.
[22], studied the post-cavitation behavior of
lead rubber isolators. The cyclic movements
of isolators during an earthquake, especially
in high lateral displacements, cause micro-
cracks to propagate in rubber and results in a
lower resistance (Kumar et al. [103]).

In sliding-based isolators, the friction
between the sliding surfaces increases the
ambient temperature and changes the surface
friction coefficient. De Domenico et al.
[105], investigate the effect of temperature
rise in the friction pendulum isolator. In their

study, the thermo-mechanical response of the
FPS isolator subjected to the bidirectional
excitations was investigated analytically and
numerically. The results showed that an
increase in the temperature of the contact
surface caused by sliding has a considerable
effect on the seismic behavior of the isolator
and significantly reduces the coefficient of
friction.

8. Conclusion

The history of modern seismic isolation
techniques dates back to more than a century
ago. However, comprehensive studies and
major application of these methods have
been started in recent decades. Thus,
researchers have carried out many studies
and so various methods have been developed.
So far, in some research works, the review of
the seismic isolation techniques has been
conducted but in a limited form. In this
paper, a historical evolutionary review on the
isolation techniques has been conducted and
a summary of important studies on the
seismic  isolation methods has been
presented. In addition, various methods of
seismic isolation have been categorized
based on their mechanisms. Moreover, their
advantages and disadvantages were discussed
and compared. The key results of this study
are summarised as follows:

1. The more commonly used isolation
techniques are the more effective ones in
controlling earthquake effects, mitigating the
transmitted energy and controlling the
relative displacement in acceptable ranges.

2. Up to now, the best methods exhibiting
appropriate properties are the elastomeric
base methods especially LRB systems and
the sliding-based methods.
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3. The application of ball or rolling based
methods is not developed due to the stress
concentration and less energy dissipation
capacity.

4. Due to some weak points of the existing
analytical models of isolators, one of the
main research topics in the seismic isolation
field is to provide appropriate analytical
models in order to predict the force-
displacement behavior of the isolators
accurately, so that the actual behavior of the
isolators during an earthquake can be
grasped.

5. Due to the high cost of using isolation
systems as well as the high technology
needed, the application of them is limited to
the developed countries. To make them more
popular, it is necessary to make modifications
to current methods and propose new cost-
effective and simple techniques.
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