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Abstract. Magnetorheological Elastomers (MREs) are widely used in the development
of smart isolators and absorbers due to their stiffness and damping adaptability. This
study investigates the performance of MRE isolators and elastomeric isolators in both near-
field and far-field earthquakes in base-isolated benchmark buildings. All earthquakes were
simultaneously investigated in two horizontal directions on the horizontal plane. Vertical
earthquakes were not considered in the dynamic analysis of base-isolated benchmark
buildings. The effect of bilateral interaction was also examined while making an isolator
model. Moreover, the behaviors of MRE isolators and Magnetorheological (MR) dampers
were compared. To this end, three control systems including adaptive isolator, passive
isolator, and semi-active MR damper were taken into account. The results showed that
the MRE isolator outperformed the elastomeric isolator in near-field earthquakes due to its

variable stiffness and damping. In addition, the semi-active MR damper for both far-field
and near-field earthquakes significantly reduced base displacement; however, it increased
floor accelerations, story drifts, and story shear. The results of this study showed that
MRE isolator could be an appropriate substitute for MR damper. The MRE isolator could
reduce base displacement without increasing other responses.

(© 2021 Sharif University of Technology. All rights reserved.

1. Introduction

Seismic isolator is one of the best techniques for
protecting structures against severe earthquakes [1-3].
In this technique, the effects of earthquakes, especially
in frequencies that cause severe damages to structures,
reduce structural damages by separating the structure
from ground vibration. The seismic isolator system
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has been widely implemented in many countries over
the past three decades [4-7].

The design of traditional seismic isolators depends
on the magnitude and frequency of earthquakes. The
results indicate that the traditional seismic isolation
system would not perform well when exposed to
different types of earthquakes. In other words, it
may have successful performance in one earthquake
and disappointing performance in another. Therefore,
the adaptability of a seismic isolator system is a
major concern in seismic applications [8,9]. Recent
researches have revealed that seismic isolators are likely
to be damaged by both near-field [10-13] and far-field
earthquakes [13,14]. In near-field earthquakes, such as
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the 1994 Northridge earthquake, large displacements
and long-period pulses make the seismic isolator over-
stretched and damage the whole system [11-15]. Far-
field earthquakes with contents of low frequency may
cause a resonance phenomenon in the seismic isolator
structure; thus, the seismic isolator aggravates the
responses and causes structural failure instead of re-
ducing the dynamic responses [14]. Yaghmaei-Sabegh
et al. [16] investigated the inelastic displacement ratio
of base-isolated structures. To this end, a two-degree-
of-freedom model was employed. Inelastic behavior was
observed in both isolators and superstructure. More-
over, the effect of the properties of isolators and super-
structure on the inelastic displacement ratio based on
two sets of near-fault and far-fault ground motions was
considered. A straightforward approximate method for
estimating the inelastic displacement ratio for base-
isolated structures exposed to near-fault and far-fault
ground motions was developed by Yaghmaei-Sabegh
et al. [17]. Vertical distribution of the lateral seismic
force on the base-isolated structures was investigated
by Rofooei and Ebrahimi [18]. In another study,
3D base-isolated structural models with Laminated
Rubber Bearing (LRB) isolators were investigated by
considering a variety of effective damping and period
ratios. The results showed that the base shear force
recommended by UBC97 was reasonably accurate.
The most commonly used isolators are LRB
[19,20], Lead Core Rubber Bearing (LCRB) [20], and
High Damping Rubber Bearing (HDRB) [21]. In
designing these isolators, the geological conditions and
performances of the structure are of significance [3].
Due to the passive nature of the traditional rubber,
the rubber properties, i.e., stiffness and damping, do
not change; however, when the structure is exposed to
earthquakes, the aforementioned problems may arise.
In order to increase the adaptability of passive base-
isolated systems, researchers [22-24] have proposed
several techniques including implementing supplemen-
tary energy dissipation devices such as MR dampers,
friction dampers, and hydraulic fluid dampers to reduce
structural responses. These methods are classified
into various hybrid base isolation systems which are
regarded as possible solutions to solve the problems
in such systems. Incorporating supplemental en-
ergy dissipation devices to the base isolation system
can cause several problems [11-15]. Reducing base
displacement significantly increases story drifts and
floor accelerations. In addition, hybrid base isolation
systems complicate the design, implementation, and
reliability of the systems. Moreover, the proposed
hybrid base isolation systems may not be able to
perform well in far-field earthquakes since they are
designed based on a fixed natural frequency; therefore,
the frequency compatibility is not tuned in real con-
ditions. Malekzadeh and Taghikhany [25] investigated

two isolated structures with FPS and Double Concave
Friction Pendulum (DCFP) at three different hazard
levels of SLE, DBE, and MCE. The results indicated
that in comparison with the isolated buildings with the
FPS bearing at SLE and DBE levels, DCFP could
significantly reduce the peak floor acceleration and
peak inter-story drift of the superstructure. Since
stiffness and damping varied during ground motion,
DCFP acted as an adaptive isolation system and can
control the peak floor acceleration and inter-story drift
simultaneously.

Development of Magnetorheological Elastomer
(MRE) overcomes the major shortcomings of tradi-
tional base isolation systems and creates a new type
of seismic isolators whose stiffness and damping can be
controlled in real conditions. MRE is the new gener-
ation of MR materials in which stiffness and damping
are changed by a magnetic field in real time [26,27].
MRE shares some similarities with a soft rubber in the
absence of a magnetic field. Due to the effect of the
magnetic field strength, the MRE material modulus
can significantly increase. The maximum variation of
the MRE modulus ranges from approximately 50% (for
stiffer rubber carrier) to over 300% (for soft rubber
carrier like silicone gel) [28,29]. According to a study
conducted by Chen et al., the maximum variation of the
MRE damping ranges from approximately 10% to 32%,
depending on the type of rubber matrix, percentage
of iron particles, and strength of the magnetic field
[30]. MRE materials are applied to various engineering
projects and are referred to as new tools for mitigation
and vibration control.

Although the research on and development of
MRE materials have progressed in recent years, the
scope of studies on the applications of MRE materi-
als, especially the development of MRE devices and
their implementation, is quite limited. Behrooz et
al. [31] proposed a semi-active/-passive isolator called
variable stiffness and damping isolator, which could
reduce structural vibration. The experimental results
indicated that stiffness increased by about 30%. Opie
and Yim [32] proposed a variable stiffness vibration
isolator and the experimental results indicated that
the MRE isolator reduced the payload velocity by
16% to 30%. Li et al. proposed an adaptive seis-
mic isolator to challenge the problem of traditional
isolators against far-field and near-field earthquakes
[33]. MRE materials are employed for new isolators.
Experimental tests were conducted on a shaking table
under harmonic cycling loading to consider the MRE
isolator behavior. Experimental results indicated that
damping force and lateral stiffness could change in real
time up to 45% and 37%, respectively. Li and Li [34]
developed a novel adaptive seismic isolation system.
Experimental results showed that the lateral stiffness
increased up to 1630%. Li et al. [35] developed a new
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highly adjustable MRE base isolator. Shear modulus
could be highly adjustable by means of a medium-
level magnetic field. To consider the characteristics
and performance of this new adaptive MRE isolator,
comprehensive static and dynamic testing were con-
ducted. The experimental results demonstrated that
lateral stiffness of the isolator up to 1630% could vary
by the medium-level magnetic field. Zhao et al. [36]
investigated the characteristics of the MRE isolator in
different loading conditions. The experimental results
showed that effective stiffness increased up to 114.12%
with the current increasing from 0 A to 3 A. Gu et
al. [37] evaluated the performance of the MRE isolator
numerically on a five-story building model. To this
end, three different building systems including a bare
building, a building with passive base isolation, and
a building with the adaptive base isolation system
were evaluated. A Linear Quadratic Regulation (LQR)
control law was applied to the adaptive base isolation
system. Simulation results indicated that the adaptive
base isolation system could be superior to other two
systems in different earthquakes. Although the passive
base isolation system can efficiently reduce floor accel-
erations, it fails to reduce inter-story drifts. While the
performance of the passive base isolated model is highly
dependent on the nature of earthquakes, the adaptive
base isolation system performs well in reducing floor
accelerations, inter-story drifts, and base shear. Gu
et al. [38] proposed a smart base isolation system
and employed MRE isolators and a frequency control
algorithm, which shifted the fundamental frequency
of the structure away from the dominant frequency
of earthquakes. This design keeps the building away
from the resonance state. Simulation of a five-story
building model was conducted and its results indicated
that the proposed control system could reduce floor
accelerations, inter-story drifts, and base shear under
different types of earthquake attacks. Gu et al. [39]
proposed a semi-active-story isolation system in which
MRE isolators were utilized. The MRE isolators were
installed under each story of the structure rather than
beneath the entire structure. Then, the five-story
building model was simulated. The results showed
that the proposed control system could reduce floor
accelerations, inter-story drifts, and base shear under
different types of earthquake. In addition, the struc-
tural stiffness of each floor in this system was easily
controlled by the applied current to each isolator. Gu
et al. [40] investigated the inherent response time of the
MRE isolator and developed two practical approaches
to minimize the response time delay. The proposed
approaches to minimizing the time delay were:

(i) The transient response of shear force from the
MRE isolator;

(ii) Transient response of the current of a large coil

that generated the magnetic field. The results
illustrated that the proposed approaches were
promising and impressive.

Yang et al. [41] investigated the performance of a
stiffness softening MRE isolator in a scaled three-
story building. The current signals to the isolators
based on real-time responses of the building floors
were calculated by a fuzzy controller. Prior to the
experimental test, the feasibility of the closed-loop
control system was evaluated through simulation. The
experimental results and simulation showed that the
stiffness softening MRE isolator could significantly
mitigate the structural vibration.

To describe the behavior of MRE materials,
different models have been proposed by researchers.
The proposed models should be able to show the
force displacement curve and nonlinear relation be-
tween force and velocity and conform to the results
of experimental tests. Jolly et al. [42] proposed a
quasi-static model in which the modulus increased
as a result of an increase in the magnetic field and
interaction among the adjacent particles. Davis [43]
employed finite element methods for analyzing any
increase in the modulus under varying magnetic fields.
The inverse model for the MRE base isolator was
proposed by Gu et al. [44] that was based on an optimal
General Regression Neural Network (GRNN). The
testing results indicated that the desired control force
reproduced by the GRNN inverse model was accurate.
Li et al. [45] proposed a four-parameter viscoelastic
model to examine the behavior of MRE materials. In
this modeling, a spring element was added parallel to
the solid standard three-parameter model, indicating
that the modulus was dependent on the magnetic field.
Yang et al. [46] proposed a new model to show the
behavior of MRE isolators. This model included the
Bouc-Wen component that reproduced hysteresis loops
in parallel with the Viogt element, which described the
behaviors of solid materials.

The present study employed the model proposed
by yang et al. [46]. Due to the reception of the base-
isolated benchmark buildings by the ASCE Control
Committee, they are used to compare the behavior of
MRE isolator and other isolators. Given that the three-
dimensional structure of the base-isolated benchmark
buildings is of significance, the effects of bilateral
interaction are considered in isolation modeling. This
study examines the effects of near-field and far-field
earthquakes on passive isolation systems, hybrid sys-
tems, and adaptive isolator systems.

2. Base-isolated benchmark building

The base-isolated benchmark building is an eight-story
building with a steel-braced frame. The length, width,
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Figure 1. (a) The three-dimensional model of the benchmark building. (b) The elevation view of the control devices. (c)
The plan of the base of the benchmark building which illustrates the location of the isolators and Magnetorheological

(MR) dampers [47].

Table 1. Periods of the benchmark building [47].

North-South East-West Torsional
Mode 1 2 3 1 2 3 1 2 3
Period 0.78 0.27 0.15 0.89 0.28 0.15 0.66 0.21 0.12

and the story height of the building are 84.8 m, 54.3 m,
and 4.04 m, respectively, similar to a hospital building
in Los Angeles, California. The plan from the first
to the sixth floor is L-shaped and rectangular for the
seventh and eighth floors. Braces are located at the
building perimeter. Metal decking and a grid of steel
beams support all concrete floor slabs. The steel
superstructure is supported on a reinforced concrete-
based slab which is integral to the concrete beams
below and drop panels under each of column locations.
The isolators are connected between these drop panels
and the footing below, as shown in Figure 1. The
structure is composed of linear elements of beams,
columns, braces, and rigid slabs. The superstructure
is modeled as a shear structure with linear elastic
behavior in three dimensions. The floor slabs and
base mat are assumed rigid. The superstructure and
base have three degrees of freedom at the center of

the mass per floor. The combined building model has
27 degrees of freedom, 24 degrees of which are for the
superstructure and 3 degrees for the isolation system.
All 24 modes in the fixed base case are employed in
modeling the superstructure. The damping ratio of
the superstructure in all fixed base modes is 5%. The
superstructure is a linear elastic system with lateral
torsional behavior in dynamic analysis. The periods
of the first three modes of the structure are shown in
Table 1. The isolation system consists of 92 seismic
isolators on the structure base. In addition, there are
16 MR dampers on the structure base, eight in the
direction of the X axis and eight in Y axis. Figure 1
presents the three-dimensional model of the benchmark
building, elevation view of the control devices, and
location of the elastomeric isolators and MR dampers
[47-51].

The equation of motion for the elastic superstruc-
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ture is expressed in the following matrix:
MU 4 CU 4+ KU = ~MR(U, + U,), (1)

where M is the superstructure lumped mass matrix
with a size of 24 x 24, C' is the superstructure damping
matrix with a size of 24 x 24 in the fixed base case, K is
the superstructure stiffness matrix with a size of 24 x 24
in the fixed base case, and R is the matrix of earthquake
influence coefficients with a size of 24 x 3. Furthermore,
U", U, and U are the floor acceleration, velocity, and
displacement vectors relative to the base, respectively.
These vectors have 24 entries. {7, and U, with a size of
3x1 show the vector of base accelerations relative to the
ground and vector of ground accelerations, respectively.
The equation related to the base mass motion can be
written as follows:

RTMU+RU,+U)] + My(U,+U) + f5=0, (2)

where M, is a 3 x 3 matrix showing the diagonal mass
matrix of the rigid base slab. Moreover, fp denotes
the 3 x 1 nonlinear force vector corresponding to the
isolators. These forces are applied to the center of the
base slab mass. The above equations can be expressed
as:

M MR U L[ o fu
R™™ RTMRT + My| U, 0 01T,

+ [IS 8} {z%}*{ f?;}:‘ {RTJ\QWR%LMJ {Ug} ®)

Eq. (3) can be solved using Newmark Beta uncondi-
tionally stable constant average acceleration method
(see [47-51] (M, C, and K matrices of the benchmark
building) for more information).

3. Different parts of the MRE seismic isolator

Different parts of the MRE isolator are shown in
Figure 2.

The MRE isolator consists of some multilayered
thin MRE sheets bonded to multilayered thin steel
plates. The layers of the MRE sheets and replacement
of steel plates among the MRE sheets make it possible

Top plate
 I— ____1
B Gap
Laminated |t Coil
MRE and — H
steel layers - Steel
Yoke

L ]

Figure 2. The cross-section of the Magnetorheological
Elastomer (MRE) base isolator [46].

to avoid radial deformation of the isolator to the
outside; thus, the axial pressure capacity increases and
slight lateral stiffness is created in the isolator. MRE
sheets and steel plates are inside the solenoid, which
generates the magnetic field by applying the electric
current. Solenoid is made of an electromagnetic coil
and thin non-magnetic supports. The non-magnetic
thin plates at the top and bottom of the solenoid are
made of epoxy material. The coil is attached to the
support. The spaces among the MRE sheets and the
coil are determined by the maximum allowable shear
strain of the MRE isolator. Due to the low conductivity
of MRE materials, especially when they are used with
thin MRE sheets, it is difficult to obtain MRE sheets
within magnetic saturation. Replacing MRE sheets
and steel plates can increase the conductivity of the
isolator. Steel yoke is used to increase the magnetic
field of the MRE isolator. To create the isolator
movement capability, a small gap is placed between
the top plate and the steel yoke (see [52] for more
information).

4. Modeling of a novel adaptive MRE base
isolator

The models used for MRE isolators should be able to
capture strain stiffening in force displacement loops and
take into account the nonlinear relationship between
force and velocity. As mentioned in the Introduction
section, several non-parametric and parametric models
have been developed to describe the performances of
MREs [42—46]. This study employs the novel model
proposed by yang et al. [46], as shown in Figure 3.
Mathematical equations are given in Egs. (4) and
(5) [46]:

F = aKoU + (1 - a)KoZ + CoU, (4)
Z:AU—B‘U‘|Z|”_1Z—7U|Z|“. (5)

This model includes a Bouc-Wen component in parallel
with a Viogt element. The former is utilized to
reproduce hysteresis loops and the latter describes

[——’ U
Bouc-Wen L
A7
L]
Co —» F

AAIAAAEABAAABARALEAAANNANY

Ko A A\ A

Figure 3. The suggested model for the
Magnetorheological Elastomer (MRE) isolator [46].
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solid-material behaviors. The evolutionary variable
Z, denoting a function of time history displacement,
describes the Bouc-Wen component, illustrating a large
class of hysteretic behavior. In terms of mathematics,
since this component is easy to use, it is extensively
utilized in structural engineering and defining MR
behavior.

In Egs. (4) and (5), the spring stiffness and vis-
cosity coefficient of this model are denoted by Ky and
Cy, respectively. Cy represents the damping capacity of
the system and CoU is a component of the total force.
The rest of the total force indicates the restoring force
which is equal to the summation of a linear component
aKyU and a purely hysteretic component (1 —a)KyZ.
It should be noted that o € (0,1) is the linearity level
of the hysteresis loops [46].

In these relations, A, n, (5, and ~ are non-
dimensional parameters applied to introduce the shape
and size of the hysteresis loops. The parameter
A affects the maximum force and the parameter n
controls the transition from linear to nonlinear range.
The parameter n, in this study, is assumed to be 1,
and § and v form the hysteresis loops. As observed, the
parameters A, a, Koy, and Cy seem to vary linearly with
the current and the parameters 8 and  are constant
values for which the optimum values for parameters are
proposed in [48]. Therefore, the following equations can
be derived [46]:

A=A, + A,
a =y +apl,

Ko = Koo + Kob1,

Cy = Coo + CopI. (6)

In Table 2, the optimum values for the parameters
Aqy Ap, o,y Koo, Ko, Coa, Cop, 3,7 are listed [46].

The maximum relative error corresponding to
the introduced model and experimentally measured
isolator force is less than 8% [46]. Figure 4 shows the re-
lationships among the isolator force time history, force
displacement, and force velocity under sinusoidal load
with a frequency of 4 Hz and an amplitude of 4 mm.

In this study, the MRE isolator is used in mod-
eling the base-isolated benchmark buildings. Since the
base-isolated benchmark building is three-dimensional,
bilateral interaction effects should be considered in the
isolator behavior. The isolator forces produced by the
MRE isolator in x and y directions can be expressed as
follows:

F, = aK,U, + (1 — a)KyZ, + CoU,,
F, =aKyU, + (1 —a)K¢Z, + CoU,. (7)

The evolutionary variable Z can be achieved through
the following equations [53]:

2, =AU, — 2 (B ‘szm

+ U2 + B ‘Uyzy

n—2

+AU,z,) % (22 + 22)" T,

iy =AU, — 2,(3 ’Uz

+ U2 + ‘Uyzy

n—2

+ Uy 2,) x (22 + zj) 2

(8)

Figure 5 shows the three-dimensional resultant force
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Figure 4. The responses of the model under sinusoidal load with the frequency of 4 Hz and amplitude of 4 mm.

Table 2. The optimum values of the parameters of the Magnetorheological Elastomer (MRE) isolator [46].

Parameter Value Parameter Value
Aq 0.80225 Ay 1.5043 171
Ao 0.15371 ap 0.2893 17!
Koa 1.3103/ (N/mm) Ko 3.322/N*I/mm
Coa 0.044604/ (N*sec/mm) Cob 0.087104 (N*sec*I/mm)
B 0.8549 5 -0.91404
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Figure 6. Three-dimensional resultant force velocity behavior.

displacement. Figure 6 presents the three-dimensional
resultant force velocity under sinusoidal load with a
frequency of 4 Hz and an amplitude of 4 mm.

The MRE base isolator is employed in modeling
the benchmark buildings. To this end, the damping
and stiffness parameters in Table 2 should be adjusted
so that the isolator will be capable to control the
benchmark building. Of note, these two parameters
affect the isolator force. In this study, the values
selected for these parameters make the maximum
isolator force equal to the maximum MR damper force
in the base-isolated benchmark building. In Figure 7,
the force displacement and force velocity relationships
corresponding to the seismic isolator are illustrated
for the current of 1A, sinusoidal signal, and various
values of damping and stiffness. Given that Zoe oo

Koo’ Coy”
the stiffness, and damping ratios are the same for the

proposed model according to the selected values of
stiffness and damping in [46].

In Figure 8, the relationships between the force-
displacement and force velocity corresponding to the
seismic isolator and MR damper, respectively, are pre-
sented for the current of 1A and sinusoidal excitation
with a frequency of 1 HZ and an amplitude of 0.5 m.

The maximum isolator force is equal to the maxi-
mum MR damper force in the base-isolated benchmark
building. Table 3 shows the parameters used for the
MRE isolator in this study.

5. Comparison of the MR damper and MRE
isolator

The main objective of this study is to investigate the
MRE isolator behavior in the base-isolated benchmark

Table 3. The parameters of the Magnetorheological Elastomer (MRE) isolator utilized in this study.

Parameter Value Parameter Value
An 0.80225 Ap 1.5013
o 0.15371 ap 0.28939
Ko 249.1 KN/m Kop 631.543 KN/m
Coe 8.48 KN*sec/m Cop 16.56 KN*sec/m
163 4.916 1/m vy —-5.256 1/m




22 S. Taghizadeh and A. Karamodin/Scientia Iranica, Transactions A: Civil Engineering 28 (2021) 15-37

- =Kqg=2047 Ca=070 =—— K, =249.10 Cu = 8.48
——-K,=56.18 Ca=191 ——K, =359.84 Ca =12.25
—ee= K, =119.40 Ca = 4.06 === MR damper

4000

3000

2000

1000

Force (KN)
o

-1000

-2000

-3000

-4000
0.60 0.40 0.20 0.00 0.20 0.40 0.60

Displacement (m)
(a)
4000

3000

2000

1000

Force (KN)
=)

-1000

-2000

-3000

-4000
-4 -3 -2 -1 0 1 2 3 4
Velocity (m/sec)
(b)
Figure 7. Comparison of force displacement and force
velocity relationships for the Magnetorheological

Elastomer (MRE) isolator.

building. In addition, of interest is to compare the ef-
fects of the MRE isolator and MR damper on structural
responses. This section compares the behaviors of the
MRE isolator and MR damper.

Several parametric mechanical models have been
proposed to describe the non-linear behavior of MR

--= MR damper
2000 —— MRE isolator

Velocity (m/sec)

(a)

_|——>~U

Bouc-Wen

A7
L7

Co —» F

Koy r/'\ AN A\

Figure 9. The simple Bouc-Wen model of the
Magnetorheological (MR) damper [54].

ARV TIAMEA LR AL AL NS

dampers [54,55]. The most famous model that suitably
predicts MR damper behavior is the smooth Bouc-Wen
model used to simulate MR dampers for the semi-
active control system [56,57]. Figure 9 presents the
simple Bouce-Wen model for MR dampers that include
a spring, dash pot, and hysteretic element in parallel.

The force generated by the damper is given by
Spencer et al. [54]:

F=aZf(v)+CoU + KU, 9)

where « is the Bouc-Wen model parameter related to
the yield stress of MR material; Ky and Cy are spring
stiffness and dashpot damping coefficient, respectively;
U and U are displacement and velocity, respectively;
f(v) is a function of voltage v; and Z is the hysteretic
deformation of the model defined in the following
equation:

YZ:U—B’U‘Z|Z|—7UZQ, (10)

where Y is the yield displacement of the hysteretic
element and ~, 3, the Bouc-Wen model parameter.
To obtain the optimal performance of a control system
equipped with MR dampers, the voltage applied to the
current driver must vary according to the measured

-1000

-2000

-3000
-0.60 -0.40 -0.20 0.00 0.20 0.40 0.60

Displacement (m)

(b)

Figure 8. Comparison of force displacement and force velocity relationships for the Magnetorheological Elastomer (MRE)

isolator and Magnetorheological (MR) damper.
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feedback at any moment to change the damping force.
Thus, for accounting this accordance, the coefficient «
and damping coefficient Cy in Eq. (9) are defined as a
linear function of the efficient voltage, as given by the
following equations [56,57].

a =0y +opl, Co=Coa+ Cosl. (11)
Since the linear viscoelastic region of the MR damper
is too small, the yield displacement of the MR damper
is consequently quite small. In other words, the MR
damper operates in the post-yield region. Table 4
shows the parameters utilized in the MR damper in
the base-isolated benchmark building.

According to Figures 10 and 11, the relationships
between the force displacement and force velocity of
the MRE isolator and MR damper are presented for the

current of 1A and sinusoidal excitation with different
frequencies and amplitudes of 0.5 m. It can be
observed that the loading frequency has no effect on
the maximum force of the MRE isolator and is more
effective in the maximum force of the MR damper.

In Figures 12 and 13, the relationships between
force displacement and force velocity of the MRE
isolator and MR damper are respectively shown for
various currents and sinusoidal excitation with a fre-
quency of 1 HZ and an amplitude of 0.5 m. Obviously,
intensifying the current increases the slope of the force
displacement curve and the surrounding area of the
force displacement curve of the MRE isolator. Note
that the slope and area of the curve are directly
related to the stiffness and damping, respectively.
Therefore, the MRE isolator exhibits variable stiffness
and damping properties. Moreover, intensifying the

Table 4. The parameters of the Magnetorheological (MR) damper utilized in the benchmark base isolation building [47].

Parameter Value Parameter Value
Yield displacement 0.001637 m K 205.774 KN/m
Coe 90.5 KN/sec/m Cop 73 KN*sec/m
Cly 66.72 ap 258
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Figure 10. Force displacement and force velocity relationships for the Magnetorheological Elastomer (MRE) isolator with

different frequencies.
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Figure 12. The force displacement and force velocity relationships for the Magnetorheological Elastomer (MRE) isolator

with different currents.
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Figure 13. The force displacement and force velocity relationships for the Magnetorheological (MR) damper with

different currents.
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different amplitudes.

current increases the surrounding area of the force
displacement curve of the MR damper, but does not
change the slope of the curve. In other words, as the
current intensifies, the damping of the MR damper
increases, but its stiffness does not change.

In Figures 14 and 15, the relationships between
the force displacement and force velocity of the seismic
isolator and MR damper are respectively presented
for the current of 1A, sinusoidal excitation with a
frequency of 1 HZ, and different amplitudes. Although
the behavior of the MRE isolator is linear in small
displacements and nonlinear in large displacements,

the behavior of the MR damper is nonlinear in all
displacements. It should be added that more energy
can be absorbed when the system shows a nonlinear
behavior. Therefore, it can be concluded that:

1. The stiffness of the MRE isolator and yield stress
of the MR damper depend on the field. In other
words, the strengths of the MRE isolator and MR
damper are determined by the dependence of both
stiffness and yield stress in the field, respectively;

2. The MRE isolator acts with linear viscoelastic
properties when the displacement is negligible. In-
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amplitudes.

creasing the range of displacement stimulates the
nonlinear behavior of the MRE isolator. The linear
viscoelastic region of the MR damper lies within a
negligible range of displacements. Therefore, the
MR damper always behaves nonlinearly. In other
words, the MRE isolator generally operates in the
pre-yield region, and an increase in displacement
occurs in the post-yield region, while the MR
damper operates in the post-yield region;

3. The MRE isolator has controllable mechanical
properties. In other words, the MRE damper
exhibits variable stiffness and damping properties,
while the MR damper exhibits damping control-
lable properties.

6. Numerical result

In this study, the base-isolated benchmark building is
used to study the MRE isolator behavior. A three-
dimensional model of the base-isolated benchmark
building was developed by Narasimhan and Nagaraja-
jah in 2004. In order to examine the effect of far-field
and near-field earthquakes, according to the Iranian
code of practice for seismic-resistant design of buildings
(Standard no. 2800), three far-field and three near-
field earthquakes were investigated. Earthquakes were
scaled to the acceleration 0.5 g. Far-field and near-
field earthquakes were selected based on the distance
to surface rupture and ground velocity amplitude.
According to the research conducted by Jangid and
Kelly [58], near-fault pulse-like motion can be associ-
ated with ground velocity amplitudes of approximately
50 cm/s or greater. Thus, it can be concluded that
the ground velocities below approximately 30 cm/s
would not be associated with near-field motion [58-
60]. The earthquakes considered in this study are
the Bam, Manjil, and Tabas earthquakes as near-field
earthquakes, and the Loma Prieta, San Fernando, and
Boshruyeh earthquakes as far-field earthquakes. These
earthquakes were simultaneously applied in two hori-
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for the Magnetorheological (MR) damper with different

zontal directions. Each of these earthquakes has two
components called Fault Parallel (FP) and Fault Nor-
mal (FN). The components were placed in the north-
south and east-west directions. Vertical earthquakes
were not considered in the dynamic analysis of the
base-isolated benchmark building. The specifications
of the earthquakes are shown in Table 5, in which TP
is the period pulse of the earthquakes and Rrup is the
distance from the rupture surface.

Structural responses under study include:

J1 Peak base shear of the base-isolated
benchmark building (KN)

J2 Peak story shear of the base-isolated
benchmark building (KN)

J3 Peak base displacement of the
base-isolated benchmark building (m)

J4 Peak story drift of the base-isolated

benchmark building (m)

J5 Peak absolute acceleration of the
base-isolated benchmark building
(m/s?)

J6 Root Mean Square (RMS) base
displacement of the base-isolated
benchmark building (m)

J7 Root Mean Square (RMS) absolute
acceleration of the base-isolated
benchmark building (m/s?)

Figure 16 shows the earthquakes applied in the
two directions of FN and FP. Figure 17 shows the accel-
eration spectrum of the earthquake records. Figure 18
shows the Fourier spectrum of the earthquake records.

Equipping the structure with a seismic isolation
system increases the structure lifetime, but reduces
the acceleration imposed on the structure. Long-
period pulses are observed in earthquakes such as Bam
and Manjil and they increase the acceleration of the
structure using the seismic isolation system. The
seismic isolation system in such situations shows a poor
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Table 5. Specifications of the earthquakes used in this study.

TP Rrup & odominant PGD PGV PGA
Earthquake Station Magnitude rup frequency Direction
(sec) (km) cm) (cm/sec) (g)
(HZ)
_ 0.61 F-P 34.12  124.11 0.81
Bam Bam 6.6 MW  2.023 1.70
4.52 F-N 23.20 60.15 0.63
. 2.93 F-P 24.82 42.83 0.51
Manjil Ab Bar 7.371 MW - 12.55
4.54 F-N 30.06 50.17 0.50
1.32 F-P 46.34 99.78 0.85
Tabas Tabas 7.35 MW  6.19 2.05
0.22 F-N 97.61  123.05 0.86
re ) 1.05 F-P 2.42 8.28 0.05
Lo.ma Brekeley 6.93 MW _ 7995 )
Prieta lab 1.00 F-N 538 2178 0.12
¢ S 2.42 F-P 0.88 2.86 0.06
San San 661 MW  —  61.73
Fernando  Antonio dam 2.61 F-N 093 375  0.08
1.86 F-P 7.65 13.30 0.11
Tabas Boshruyeh 7.35 MW - 2879
0.22 F-N 7.84 15.43 0.08

performance and may cause serious damages to the
whole structure. Similar conditions are also observed
in the Boshruyeh far-field earthquakes. Traditional
isolation systems are usually designed in accordance
to two or three times the fundamental time period of
the structure. Therefore, the aforementioned problem
is likely to happen. In other words, the structure may
exhibit a successful performance against an earthquake
while having a poor performance in another. This
problem is resolved in adaptive isolators. In adaptive
isolators, isolation stiffness and damping change during
the earthquake.

In this study, two fuzzy controllers are imple-
mented to specify the MRE isolator current. Figure 19
shows the schematic control system.

Earthquakes in the directions = and y are simul-
taneously applied to the structure. Sensors measure
the inputs of the controllers. Each controller has two
inputs, namely base displacement and roof accelera-
tion, in the x and y directions. The current applied
to the isolator is equal to the average of the current
of the x and y directions. Finally, the isolator force
is calculated and applied to the structure. Each input
includes three Gaussian membership functions, which
are shown in Figure 20. Membership functions for the
output variable are shown in Figure 21, and the fuzzy

rules are presented in Table 6. The surface of the fuzzy
rules is illustrated in Figure 22.

In Figure 23, the force displacement and force
velocity curves of the MRE isolator are illustrated for
the Tabas near-field earthquake.

Figure 24 presents the maximum relative displace-
ments and floor accelerations for the three control cases
in different earthquakes in the base-isolated benchmark
buildings.  These controllers include the adaptive
isolator (MRE isolator), passive isolator (elastomeric
isolator), and semi-active MR damper (hybrid system
of the passive isolator and MR damper). The prop-
erties of the passive isolator are K = 919.422KN/m,
C =27.717 KN.S/m.

In all the earthquakes, except Tabas earthquake,
a decrease observed in the relative displacements and

Table 6. Fuzzy inference rule.

. Displacement
Acceleration
N Z P
N PB PM PB
PM 7 PM
P PB PM PB
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Figure 16. Earthquakes applied in the two directions of Fault Normal (FN) and Fault Parallel (FP).
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Figure 17. The acceleration spectrum of the earthquake records.

floor accelerations in the adaptive isolator is greater
than that in the passive isolator and hybrid system.
The distribution of relative displacement and floor
accelerations in the passive isolator and hybrid system
in different earthquakes shows that these controllers
are highly dependent on the type of earthquakes.
Figures 25 and 26 indicate the time history of base
displacement and roof acceleration of this building.

It was observed that the maximum base displace-
ment in the hybrid control system was smaller than
that in other two controllers; however, the maximum
roof acceleration in the adaptive isolator was smaller
than that in the other two controllers. The maximum
base displacement of the adaptive isolator is lower than
that of the passive isolator.

Maximum structural responses including base dis-
placement, story drift, story acceleration, base shear,
and story shear were calculated for comprehensive
discussion of the MRE isolator behavior. Tables 7 and
8 show the maximum structural responses for different
control systems. Various control systems are presented
below:

Case 1: 92 elastomeric isolators (the properties of the

elastomeric isolator are K’ = 919.422 KN.s/m and C' =
27.717 KN.S/m);

Case 2: 92 elastomeric isolators and 16 MR dampers
(eight dampers in the x direction and eight dampers in
the y direction) (hybrid control system);

Case 3: 92 MRE isolators (the parameters of the MRE
isolator are based on Table 3).

In Case 2, the clipped optimal control is ap-
plied for specifying the voltage MR dampers. The
parameters of the MR damper are given in Table 4.
The properties of the elastomeric isolator are K =
919.422 KN/m and C' = 27.717 KN.S/m.

In Table 9, MRE isolator responses and elas-
tomeric isolator responses are compared. In Table 10,
MRE isolator responses and semi-active MR damper
responses are compared.

MRE isolator in the near-field earthquake is char-
acterized by better control than the elastomeric isolator
over reducing the base displacement, story drifts, and
floor accelerations. The semi-active MR damper has
better control than MRE isolator over reducing base
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Figure 18. The Fourier spectrum of the earthquake records.
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Figure 19. The schematic of the control system.

displacement; however, it causes an increase in floor
accelerations and story drifts. The MRE isolator for
both far-field and near-field earthquakes outperforms
the semi-active MR damper in reducing story acceler-
ation, story drift, and story shear.

7. Conclusion

This study investigates the performance of a new

type of seismic isolator called Magnetorheological Elas-
tomer (MRE). According to previous findings and
experimental results, a mathematical model was pre-
sented for this isolator. In this study, the MRE
isolator was implemented in the base-isolated bench-
mark building. Due to the three-dimensional struc-
ture of the base-isolated benchmark buildings, the
effects of bilateral interaction were considered in the
MRE isolator behavior. The parameters required to
adapt the isolator analytical model to the isolator
experimental model were already specified in the past
researches, and the same values were determined in this
study. Three control cases were considered for different
earthquakes in the base-isolated benchmark building.
The distribution of relative displacement and floor
accelerations in the passive isolator and the semi-active
MR damper in different earthquakes indicated that the
these controllers were dependent on the earthquake
types. Three far-field and three near-field earthquakes
were investigated in this study. It was observed that all
the three control systems had the utmost responses to
Tabas earthquake. Given that the isolation period (the
passive isolator) was 3 seconds and the predominant
frequency of this earthquake was 0.22 HZ, the responses
of passive isolator increased and the resonance phe-
nomenon was witnessed. Increasing the responsiveness
of the adaptive isolator in this earthquake can be
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Table 7. Maximum structural responses for different control systems for the earthquake direction FPX-FNY.

Earthquake Control case J1 J2 J3 J4 J5 Jé6 J7
Case 1 49980 42180 0.65 0.009 2.78 0.17 0.56
Bam Case 2 50390 42490 0.50 0.009 3.93 0.07 0.44
Case 3 25290 20330 0.52 0.004 1.73 0.10 0.22
Case 1 43650 36910 0.82 0.01 2.33 0.27 0.77
Manjil Case 2 38960 32820 0.38  0.01 290 0.09 0.60
Case 3 20850 17050 0.40 0.004 1.36 0.16 0.35
Case 1 66820 56040 1.04 0.015  3.60 0.45 1.34
Tabas Case 2 54080 46260 0.75 0.013 4.04 0.20 1.09
Case 3 85220 72890 0.72 0.018 5.95 0.24 1.19
Case 1 4164 3658 0.05 0.001 0.31 0.02 0.07
Loma
. Case 2 3548 3184 0.04 0.001 0.37 0.01 0.05
Prieta
Case 3 3109 2411 0.10 0.001  0.21 0.04 0.06
Case 1 1113 927 0.02 0.001 0.06 0.01 0.02
San
Case 2 2236 1768 0.001 0.001 0.43 0.001 0.06
Fernando
Case 3 651.1 573.2 0.03 0.001 0.15 0.02 0.01
Case 1 10150 8549 0.15 0.002 0.54 0.05 0.20
Tabas Case 2 8063 6642 0.08 0.002 1.87 0.03 0.19
Case 3 6463 5169 0.22 0.001 0.41 0.08 0.13
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Figure 20. Membership functions for the input variable (base displacement and acceleration).

justified by factors such as the inability of the controller
to create a proper current and time delay problem.
Due to the non-designability of the adaptive isolator
in a particular period and change of isolation stiffness
and damping during the earthquake, the controller was
unable to create a proper current during the peak time

of the earthquake, leading to lack of proper stiffness and
damping. Despite the varying stiffnesses and damping
of the isolator during earthquakes, the adaptive isolator
did not impose additional forces on the structure, hence
better control over the structure and no increase in the
floor accelerations and story drifts. The semi-active
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Table 8. Maximum structural responses for different control systems for the earthquake direction FPY-FNX.

Earthquake Control case J1 J2 J3 J4 J5 Jé6 J7
Case 1 50040 42040 0.79 0.011 2.83 0.21 0.68
Bam Case 2 50740 42270 0.50 0.011 3.48 0.07 0.44
Case 3 27090 21660 0.52 0.005 1.99 0.12 0.26
Case 1 38830 32570 0.61 0.007 2.04 0.20 0.62
Manjil Case 2 35690 31100 0.34 0.008 2.78 0.09 0.59
Case 3 17350 14330 0.62  0.004 1.05 0.24 0.30
Case 1 67570 57680 1.38 0.017 4.18 0.59 1.69
Tabas Case 2 56370 47850 0.62 0.014 4.02 0.20 1.06
Case 3 86810 76550 0.94 0.022 5.83 0.38  1.43
Case 1 3939 3469 0.05 0.001 0.28 0.02 0.08

Loma
. Case 2 3644 3222 0.04 0.001 0.63 0.01 0.06

Prieta
Case 3 2664 2207 0.09 0.001 0.17 0.03 0.05
Case 1 839.4  706.1 0.01 0.001L 0.05 0.01 0.02

San
Case 2 1397 1217 0.001 0.001 0.37 0.001 0.06
Fernando

Case 3 651.1 5734 0.03 0.001 0.15 0.02 0.01
Case 1 8859 7405 0.13 0.002 0.45 0.05 0.17
Tabas Case 2 7164 5808 0.09 0.001 1.83 0.03 0.19
Case 3 5903 4944 0.18 0.001 0.36 0.07 0.13
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Figure 21. Membership functions for the output variable
(current).

t
pisplace™”

. . Figure 22. The surface of the fuzzy rules.
MR damper could efficiently control reducing the base

displacement, but it increased floor accelerations and

story drifts. According to the obtained results in the passive and adaptive isolators in reducing base

form of structural responses, it can be concluded that: displacement; however, the adaptive isolator was
more successful in reducing base displacement than

1. The semi-active MR damper outperformed both the passive isolator;
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Figure 23. The force displacement curve and force velocity curve of the Magnetorheological Elastomer (MRE) isolator
(Tabas near-field earthquake).

Table 9. Response comparison of Magnetorheological Elastomer (MRE) and elastomeric isolators (percentage).

Earthquake Direction J1 J2 J3 J4a J5 J6 J7
Average FPX-FNY —24.70 -25.18 —33.53 —30.56 —4.60 —42.70 —41.78
near-field FPY-FNX —24.24 —2392 —21.96 —21.03 —12.99 —19.78 —42.88
Average FPX-FNY —34.39 —37.27 77.71 —27.86 39.16 102.08 —30.27
far-field FPY-FNX —29.39 —29.47 75.86 —2.62 59.33  82.63 —26.55

(MR) damper (percentage).

Table 10. Response comparison of Magnetorheological Elastomer (MRE) isolator and the semi-active Magnetorheological

Earthquake Direction J1 J2 J3 J4 J5 J6 J7
Average FPX-FNY —12.90 —14.21 227 —24.99 —20.62 44.79 —26.87
near-field  ppy pNX 1467 —14.23  46.66 —15.85 —19.96 105.61 —18.38
Average FPX-FNY —34.36 —38.01 310.45 —30.68 —62.24 739.80 —34.59
far-field FPY-FNX —32.63 —33.09 275.69 —32.57 —70.36 739.62 —44.08
2. The adaptive isolator was the most successful con- (27.75%), floor acceleration (8.80%), and story drift

troller in reducing roof acceleration;

The MRE isolator, in comparison with the elas-
tomeric isolator, had better performance in near-
field earthquakes than in far-field earthquakes in
reducing the base displacement, story drifts, and
floor accelerations. For instance, the average of re-
sponses in near-field earthquakes indicated that the
MRE isolator could reduce the base displacement

(25.80%);

The semi-active MR damper for both far-field and
near-field earthquakes could significantly control
the reduction in base displacement, but it increased
floor accelerations, story drifts, and story shear.
For instance, the average of responses in near-field
earthquakes indicated that the MRE isolator, in
comparison with the semi-active MR damper, could
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Figure 24. Maximum relative displacement and floor accelerations.

significantly increase base displacement to 24.47%
while reducing floor acceleration and story drift
to 20.29% and 20.42%, respectively. The average
responses of far-field earthquakes indicated that the
MRE isolator, in comparison with the semi-active

MR damper, could increase base displacement to
293.07% while reducing floor acceleration and story
drift to 66.30% and 31.63%, respectively. Of
note, the base displacement was lower in far-field
earthquakes than that in near-field earthquakes;
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Figure 25. Time history of base displacement.
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Figure 26. Time history of roof acceleration.

for example, the maximum base displacement in
near-field and far-field earthquakes was 138 cm and
22 cm, respectively;

According to the results of this study, the MRE
isolator was an appropriate substitute for MR
damper. The MRE isolator could significantly
reduce the base displacement without increasing
other responses.
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