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ABSTRACT 

Magnetorheological (MR) dampers are semi-active devices that can be used to control the response of structures 

during seismic loads. They have the adaptability of active devices and stability and reliability of passive devices. 

One of the challenges in the application of the MR dampers is to develop an effective strategy of control that can 

fully exploit the capabilities of the MR dampers. This paper investigates the effectiveness of an adaptive strategy of 

control for modulating the command voltage of Magnetorheological dampers which are employed as semi-active 

devices in combination with laminated rubber bearings for the seismic protection of buildings. The controller 

developed in this study is an adaptive fuzzy neural controller (AFNC). It consists of a direct fuzzy controller with 

self-tuning scaling factors based on neural networks. A simple feed forward neural network is implemented to 

adjust the input scaling factors such that the fuzzy controller effectively determines the command voltage of the 

damper according to the current level of ground motion. For the purpose of comparison, a passive operation is also 

considered in simulating maximum voltage operation of  MR damper. The results reveal that the developed adaptive 

controller can successfully improve the seismic response of base-isolated buildings against various types of 

earthquake. 

 

1. Introduction 

Mitigation for dynamic responses of structures induced by 

severe dynamic loads, such as earthquake and strong wind, is a 

challenging topic [1]. Over past decades, base isolation has been 

found to be an effective way to keep structures and their contents 

safe from the destructive effects of dynamic excitations. 

However, recent studies have shown that near-field earthquakes 

characterized by long-duration pulses with peak velocities result 

in significant relative displacements at the isolation level of a 

seismically isolated structure [2–4]. As a result of large isolator 

displacements, the size of the isolation device significantly 

increases. This may require very large seismic gaps between 

buildings or large bridge expansion joints [5]. Therefore, these 

requirements, in return increase the cost of the construction, 

which contradicts the primary goal of seismic isolation to design 
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buildings more efficiently and economically by reducing the 

earthquake forces transferred to the superstructure. In order to 

improve the performance of base-isolated structures, passive, 

active, and semi-active control devices have been proposed      

[6–12]. Passive systems which require no external energy, can 

reduce the isolation bearings displacements during strong ground 

motions; however, they can cause an increase in superstructure 

response due to large damper forces applied to the structure [13–

15]. Furthermore, in the case of a moderate or weak excitation, 

passive devices can have negative effects on an isolated structure 

since the desired isolation characteristics may be different for 

these ground motions and passive devices cannot be adapted 

online [5]. These devices are reliable and never destabilize the 

structure. On the other hand, active devices are generally adaptive 

to varying usage patterns and loading conditions and they can 

control the seismic response of the isolation system for a wide 

range of loading conditions. However, active devices use an 

external power source to produce the control forces imparted on 

the structure and they require a considerable size of power source, 

which makes them at the risk of power failure. Also, an active 

control system has the potential to destabilize the structural 

system. Recently, semi-active control devices have attracted a 

great deal of attention in civil engineering field, because they 

offer the adaptability of active control devices without requiring 
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large power sources [16]. These devices only absorb or store the 

vibratory energy and they do not input the energy to the system. 

Therefore, they do not induce detrimental effects on the stability 

of the system [17]. Several researchers have studied the use of a 

semi-active device in a base isolation system in order to reduce 

the displacement response of an isolation system without an 

increase in superstructure response. Yoshioka et al. [18] 

performed experimental tests to find the effectiveness of a base 

isolation system that employs a magnetorheological (MR) 

damper. Symans and Kelly [19] investigated the performance of a 

variable viscous damper adjusted by a fuzzy controller for the 

seismic protection of an isolated bridge. In another experiment, 

Nagarajaiah and Sahasrabudhe [20] proposed a variable stiffness 

device that is used in a sliding isolation system to reduce the 

seismic response of a base-isolated building, and the effectiveness 

of the proposed semi-active device was shown by performing 

analytical and experimental studies. Madhekar and Jangid [21] 

evaluated the dynamic response of a seismically isolated 

benchmark bridge equipped with viscous and variable dampers 

and assessed the performance of such dampers. One semi-active 

device that appears to be promising for structural control 

applications is the magnetorheological damper. This is a new 

kind of semi-active control device, which utilizes the essential 

characteristic of MR fluids being their ability to reversibly change 

from free-flowing, linear viscous liquids to semi-solids having 

controllable yield strength in milliseconds when exposed to 

magnetic field. At the same time it has merits of simple 

construction, cheap cost, insensitiveness to temperature and 

excellent control effect, thereby gaining more attention. MR 

dampers are usually installed on the deformation position, such as 

the braces between columns or between ground and foundation. 

When structures deform due to vibration, MR dampers will adjust 

their characteristic in accordance with given situation and will 

absorb vibration energy. One of the challenges in the application 

of the MR dampers is using an appropriate control algorithm to 

compute the command voltage of the MR damper, quickly and 

precisely. As is the case for other passive devices, passive control 

of MR damper cannot adjust the generated force in real time 

according to the structural responses. When the force is chosen 

very large, the damper will increase superstructure forces due to 

moderate and weak ground motions. On the other hand, when the 

force is chosen not big enough, the damper will have small 

energy dissipation capacity under strong earthquakes due to its 

small force [5]. Therefore, a controllable generating force is 

essential in order to ensure the required amount of energy 

dissipation for various levels of ground motion. In order to utilize 

the full capabilities of a MR damper employed in a smart 

isolation system, an effective control algorithm that is practically 

viable is needed. However, the task of developing an optimal 

controller is challenging due to uncertainties in the nature of 

ground motions and in the characteristics of isolation system. For 

instance, a controller designed for near-field ground motions that 

cause significant deformations in the isolation system might 

develop large damper forces during a far-field earthquake of 

generally more moderate excitation. As a result, the isolation 

system may not perform as expected, and a significant increase in 

the acceleration response of superstructure can be observed. 

Alternatively, if the controller is designed for an earthquake with 

far field characteristics, the damper force may not be large 

enough to effectively dissipate the motion during a pulse like 

ground motion [5]. Many control algorithms have been proposed 

to control the behavior of MR dampers or other semi-active 

devices. Decentralized bang–bang control [22], the methods 

based on the Lyapunov theory to minimize the rate of change of a 

Lyapunov function [23] or to decrease the total energy of the 

structure [24], clipped-optimal control [25] and modulated 

homogeneous friction control [26] are some of the control 

algorithms used for semi-active control devices. Each of these 

control strategies has its own merits and limitations depending on 

the situation and desired response, and comparative studies are 

needed to evaluate the performance of each control method. 

In this study, an adaptive control strategy is developed in 

order to adjust the controllable force of the MR dampers (MRs) 

that are used in a smart isolated system. The controller is based 

on an intelligent strategy of control. In particular, fuzzy logic 

theory of control is used to design an adaptive controller whose 

input scaling factors are tuned by a simple neural network 

according to the current level of ground motion. The adaptive 

fuzzy neural controller (AFNC) determines the command voltage 

by using isolation displacement and velocity as the two input 

variables. A five-story building isolated by laminated rubber 

bearings is modeled together with magnetorheological dampers 

which are installed to the base of the building. Numerical 

simulations of the base-isolated building are performed and 

various response quantities are evaluated in order to assess the 

performance of the controllers. 

 

2. Modeling of a base-isolated structure with MR 

dampers 

 

Consider an n degree of freedom linear base-isolated structure 

subject to earthquake ground acceleration  ̈ . The equation 

governing the dynamic response of the structural system 

equipped with MR dampers located at certain levels of the 

structure is given by 

  ̈( )    ̇( )    ( )      ̈ ( )    ( )                      (1) 

Where M, C, and K denotes n×n mass, damping, and stiffness 

matrices, respectively; D is an n×1 damper location vector; I is an 

n-dimensional identity matrix; x(t),  ̇( ), and  ̈( ) are n×1 

displacement,  velocity, and acceleration vectors, respectively; 

and u(t) is an n×1 control force vector. 

Rewriting Eq. (1) in state-space form gives 
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where  ( )  , ( )  ̇( )-  denotes the state vector of the system. 

Also, the system parameters A, B, C and D are defines as 

follows: 

       [
  

          
]           [

  
  

]     

      [
        
        ]             D = 0                          (4) 

 

H is an n×n matrix, whose diagonal arrays are 1 and the rest of 

arrays are equal to zero. 

2.1. Dynamic model of MR damper 

 In this study, the phenomenological model of a MR damper is 

used to model the dynamic behavior of the dampers. The 

mechanical model for MR damper based on the Bouc–Wen 

hysteresis model is shown in Fig. 1. The force f generated by the 

MR damper is calculated by [27] 

     ̇    (    )                                                           (5) 

  ̇    | ̇   ̇| | |     ( ̇   ̇)| |   ( ̇   ̇)                (6) 

 ̇  (  (     ))*      ̇    (   )+                                (7)                   

Where  ̇ and    are velocity and viscous damping of the MR 

damper, and z is the evolutionary variable. As shown in Eq. (6), 

the hysteresis behavior of MR damper is expressed by a first-

order differential equation. The variables γ, β, n,   ,    and A are 

adjustable shape parameters of the hysteresis loops for the 

yielding element in the MR damper [27]. These variables can 

control the linearity in the unloading and the smoothness of the 

transition from the pre-yield to the post-yield region. Parameters 

of the model of MR damper governing equation α and     are the 

functions of the applied voltage v as follows 

                                                                                     (8) 

  ( )                                                                              (9) 

  ( )                                                                             (10) 

 ̇    (   )                                                                         (11) 

where u and v are the input and output voltages and η is the 

constant time of the first-order filter. The variables   ,   ,     

and     are parameters that account for the dependence of the MR 

damper force on voltages applied to the current driver and the 

resulting magnetic current [27]. 

 

 

 

 

 

 

 

Fig. 1. Phenomenological model of MR damper 

 

Note that unlike the active devices, semi-active devices can 

produce dissipative forces only in the same direction with the 

velocity of the damper. In addition, there is an upper and lower 

limit on the force produced by the MR damper which depends on 

damper velocity at any considered time [17]. 

3. Adaptive fuzzy neural control strategy 

Adaptive control is a method by which a controller is 

designed to have the capability of tuning its parameters 

automatically [5]. The primary goal of using adaptive controllers 

is to improve the performance of the controller online in the face 

of changing uncertain parameters. This section introduces 

adaptive fuzzy neural controller that is designed to adjust the 

generate force of MR dampers according to the current level of 

external excitation. 

Fuzzy logic control is an effective approach which offers a 

simple and robust framework to deal with uncertainties and 

complex nonlinear systems. Fuzzy logic enables one to describe 

relationships between the inputs and outputs of a controller using 

simple verbose statements instead of complicated mathematical 

terms. Due to its inherent robustness and simplicity, several 

researchers have used fuzzy logic theory to develop controllers 

for semi-active devices [28–30]. The design of a fuzzy logic 

controller (FLC) involves several steps. The first step is 

fuzzification,  which is the process of converting crisp values to 

linguistic fuzzy values by assigning membership functions to 

each input and output variable. The next step is decision making, 

which involves evaluation of a series of if–then rules. In this step, 

a fuzzy rule base is created to relate the inputs and outputs. The 

third step is the definition of an inference engine that evaluates 

the rules to produce the system output, and by Using a fuzzy 

inference mechanism, the rules are evaluated to specify the output 

for a given input set. The final step, defuzzification, is to 

transform the output variable that is a fuzzy quantity to a non-

fuzzy discrete value [5,17]. The performance of a conventional 

FLC depends on various controller parameters such as the scaling 
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Table 1 

Characteristics of the ground motions used in the analyses. 

 

Record (Station & Direction ) Earthquake 
Magnitude 

(Mw) 

Peak Ground 

acceleration (g) 

Peak ground velocity 

(cm/s) 

Source of 

data 

El centro 270° 1940 El Centro 7.2 0.32 36.3 USG   
Pacoima Dam 254° 1971 San Fernando 6.6 1.16 54.3 CDM   
Hollister-South & Pine 0° 1989 Loma Prieta 6.9 0.37 62.4 CDMG 
Sylmar-Olive View Med FF 360° 1994 Northridge 6.7 0.84 129.6 CDMG 
Takarazuka 0° 1995 Kobe 6.9 0.693 68.3 CDMG 
TCU068 N-S 1999 Chi-Chi 7.6 0.462 263.2 CW   
    http://nsmp.wr.usgs.gov/     http://docinet3.consrv.ca.gov/csmip/      http://www.cwb.gov.tw/  

 

 

 

 

 

 

 

 

 

 

Fig. 2. Block diagram of the adaptive fuzzy neural controller 

factors, membership functions, and rule base. In order to improve 

the effectiveness of the controller, an adaptive FLC can be 

designed by varying each of these parameters. Here, neural 

networks, are employed to tune the input scaling factors of a 

fuzzy controller to ensure acceptable controller performance for 

both near-field and far-field ground motions. By modifying the 

scaling factors of input variables, the corresponding universe of 

discourse of the variable will enlarge or reduce, resulting in better 

performance of the fuzzy controller. The block diagram of the 

adaptive fuzzy neural controller is shown in Fig. 2  

The mamdani fuzzy logic controller developed in this study 

employs isolation system displacement and velocity as two input 

variables and provides the command voltage of the damper. 

Seven triangular membership functions are defined for each input 

variable, as shown in Fig. 3. The fuzzy sets for the input variables 

are NL = negative large, NM = negative medium, NS = negative 

small, ZE = zero, PS = positive small, PM = positive medium, 

and PL =positive large. Note that the universe of discourse for 

each input variable is defined from -1 to 1. scaling factor should 

be selected because, if the inputs are scaled to the values such that 

they become too small, then the innermost membership functions 

will be used frequently. On the other hand, if they become too big 

after being scaled, then the outermost membership function will 

be mostly employed, and this limits the perfirmance of the 

controller. Since the amplitudes of isolation deformation and 

velocity differ greatly for near-field and far-field ground motions, 

the decision on the scaling factors is done by a simple 

feedforward neural network, introduced later in this section. 

Five triangular membership functions are defined to cover the 

universe of discourse of the output variable voltage. The 

maximum driving voltage for the MR damper is 3V. However, if 

the damper is operated at its full capacity during a far-field 

earthquake, the generated force of the damper will be too large 

and the damper will increase superstructures acceleration. The 

output membership functions are equally spaced over the output 

domain, as shown in Fig. 4. The fuzzy sets for the output 

variables are VL =very large, L =large, M =medium, S =small, 

and ZE =zero. 

After the fuzzification of the input and output variables, a fuzzy 

rule base is defined for the FLC. The rule bases adopted for the 
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developed fuzzy controller are given in Table 2. The control rules 

are in the form of if–then statements, and they map the link 

between the input and output membership functions. Since the 

rules are words instead of mathematical equations, it is easy to 

interpret and modify the rules 

The rationale for forming the rule bases is as follows: if the 

displacement and velocity of the isolation system is of opposite 

sign, then the output voltage is small, and if the isolation 

displacement and velocity have the same sign, then the output 

voltage is large. The magnitude of the output is linearly 

proportional to the magnitude of the input variables. When the 

displacement and velocity are almost zero or small, the command 

voltage is about zero; The center of area method is used as a 

defuzzification method for the FLC to get a crisp output value. 

Neural networks have been used widely used for adaptive control 

of uncertain systems [31]. An artificial neural network consists of 

simple artificial neurons that are usually organized into three 

layers, namely, an input layer, a hidden layer, and an output layer, 

with random connections between the layers. The input signals, 

are modified by synaptic weights. The output of a neuron is 

specified by an activation function whose input is the sum of 

weighted inputs. 

A simple 2 layer neural network that consists of five artificial 

neurons in the hidden layers and trained with levenberg-

Marquardt algorithm is constructed to specify the input scaling 

factors of the fuzzy controller. As discussed earlier, near-field 

earthquakes usually possess long duration pulses with peak veloc- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

-ities. Therefore, the ground velocity  ̇  is selected as the input of 

each neuron in order to determine the characteristics of the 

ground motion. The range of the input  ̇ is defined to be [-100 

100] cm/s, where the upper limit of |100| cm/s is set as a 

saturation point and seismic records with ground velocities 

beyond this value are directly classified as near-field earthquakes 

[5]. The outputs of the network are scaling factors for the 

isolation displacement Sd, isolation velocity Sv. The activation 

functions chosen for the neural network are tangent sigmoidal 

function in hidden layer and the linear function for the output 

layer. The pairs used for training the network is built with the trial 

and error of narasimhan evaluation criteria [32]. For each of these 

ground motions, the fuzzy controller discussed earlier is made up 

and with tuning the scaling factors by trial and error the best ones 

are picked up for training pairs. Because the data was not 

continuous for all of inputs a linear interpolation used to cover the 

range. 

 

4. Numerical study A five-story base-isolated building, as 

studied by Johnson et al. 

A five-story base-isolated building, as studied by Johnson et al.  

[32], was selected to investigate the performance of developed  

adaptive controllers. A lumped-mass structure model with one  

degree of freedom per floor is used in the numerical simulations.  

The fundamental period of the building is 0.3 s, with a damping  

of 2% in the first mode. Structural parameter of the model is 

 shown in Table 3. 

Fig. 3. Input membership functions 

Fig. 4. Output membership function 
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In order to improve the performance of the base-isolated 

building against different earthquakes, 6 MR dampers with a total 

force capacity of 18 kN are installed in the base of the structure.  

Time history analysis of the base-isolated building were per- 

-formed in MATLAB/Simulink [33] for the six historical 

earthquakes. 

 

Table 2 

Fuzzy Rule Base  

Isolation displacement  

PL PM PS ZE NS NM NL voltage  

ZE S M L L VL VL NL 

S ZE S M L L VL NM 

Isolation velocity 

M S ZE S M L L NS 

L M S ZE S M L ZE 

L L M S ZE S M PS 

VL L L M S ZE S PM 

VL VL L L M S ZE PL 
 

The evaluated response parameters are maximum isolator 

displacement       , maximum interstory drift       , maximum 

floor acceleration  ̈     , and maximum damper force       . 

The results for the base-isolated building without any damper 

(uncontrolled structure), for the maximum passive operation of 

the MR dampers, and for the Fixed Base structure, are also given 

in Table 4 for the purpose of comparison. The minimum value of 

each response quantity for various controller cases is indicated in 

bold in the table. 

It can be seen that passive operation of MRs with maximum 

voltage significantly reduces the peak isolation deformation for 

all considered excitations without any increase in interstory drifts, 

except in the case of the San Fernando earthquake. Specifically, 

the reduction of the maximum base displacement is of the order 

of 17% to 50%. However, there is an amplification for the 

maximum floor acceleration for most of the cases. In particular, 

the maximum floor acceleration increases by 268%, 36%, and 6% 

for the San Fernando, Kobe, and Loma Prieta earthquakes, 

respectively. 

The semi-active control of MRs, efficiently improves the 

performance of base-isolated building concerning the peak 

acceleration response at the cost of slight deterioration in the peak 

isolation deformation. When the performances of two control 

strategies are compared, it can be seen that developed adaptive 

control method is more effective than a Passive max, controller, 

especially in controlling the acceleration response of the base-

isolated building. The increases in floor acceleration are only 

54%, 4%, for the AFNC for the San Fernando and Kobe 

earthquakes respectively. when the performances of the AFNC, 

Passive max and uncontrolled isolated structure is compared with 

fixed base structure, it can be observed that the acceleration and 

story drifts for all of cases are much lesser than a fixed base 

structure.   

Figs. 5 and 6 show the time histories of the isolator 

displacement and top floor acceleration for the semi-active 

control of the base-isolated building with the AFNC, Passive Max 

and Fixed Base structure subjected to the El Centro and Chi-Chi 

earthquakes, respectively. The results of the uncontrolled 

structure are also provided as a measure of performance 

evaluation of semi-active controllers. Also, a force–displacement 

diagram of the MRs and the time history of the command voltage 

for the AFNC presented in Figs.7 for the Northridge excitation 

case.  

There are different sets of evaluation criteria which are used 

in the benchmark problem in structural control to evaluate the 

performance of the buildings [32]. For better evaluating the 

proposed control method, the set of evaluation criteria used in this 

study to compare the performance of the structure controlled with 

different methods is listed below 

  ( )  
    ‖  (   )‖

    ‖ ̂ (   )‖
                                                                          (12) 

  ( )  
      ‖  (   )‖

      ‖ ̂ (   )‖
                                                                        (13) 

  ( )  
      ‖  (   )‖

      ‖ ̂ (   )‖
                                                               (14) 

  ( )  
      ‖  (   )‖

      ‖ ̂ (   )‖
                                                               (15) 

Where   (   ),   (   ),   (   ),   (   ) are maximum base 

shear, maximum base drift, maximum story drifts and maximum 

story acceleration of controlled structure, respectively. The 

variables  ̂ (   ),  ̂ (   ),  ̂ (   ) and  ̂ (   ) are the 

maximum base shear, maximum base drift, maximum story drifts 

and maximum story acceleration of the uncontrolled structure, 

respectively. The data are listed in table 5 for San Fernando and 

ChiChi earthquakes. 

 

5. Conclusions 

The aim of this study was to investigate the effectiveness of 

an adaptive control strategy that were employed to modulate the 

generate force of magnetorheological dampers installed in a base- 

isolated building. The developed adaptive controller goal is to 

reduce the isolation system deformations without increasing the  
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                           Table 4 

                           Maximum responses of the base-isolated structure for several seismic excitations. 

Earthquake Response Uncontrolled Fixed Base AFNC Passive-Max 

Elcentro 

       39.43 -- 46.86 08.31 

       2.44 6.27 1.03 2.68 

 ̈      4.77 68.48 0.84 4.28 

       -- -- 6:.22 6:.22 

San Fernando 

       67.58 -- ;.:8 7.42 

       2.64 6.84 1.01 2.67 

 ̈      0.15 46.;2 6.85 5.;6 

       -- -- 04.75 6:.22 

Loma Prieta 

       57.98 -- 49.6: 14.10 

       2.42 2.:; 1.08 1.08 

 ̈      4.58 65.47 1.23 4.76 

       -- -- 6:.22 6:.22 

Northridge 

       667.95 -- 644.:7 011.61 

       2.:4 6.69 1.56 2.95 

 ̈      ;.6: 68.;: :.78 7.33 

       -- -- 6:.22 6:.22 

Kobe 

       5:.:4 -- 56.44 15.66 

       2.44 2.85 2.44 1.11 

 ̈      1.46 64.57 4.89 5.72 

       -- -- 6:.22 6:.22 

Chi-Chi 

       7;.66 -- 5;.76 25.32 

       2.55 2.89 1.10 2.47 

 ̈      5.:6 64.56 1.70 5.26 

       -- -- 6:.22 6:.22 

 

 

 

Fig. 5. Time histories of (a) isolator displacement and (b) top floor acceleration subjected to the Elcentro earthquake. 

 

 

 

superstructure accelerations significantly during dynamic 

excitations. The controller is an adaptive fuzzy neural controller 

that has an online tunable input universe of discourse in order to 

determine the command voltage of the damper according to 

current level of ground motion. Maximum passive operation of 

the MRs and fixed base structure, was also considered in order to 

evaluate the performance of the adaptive controllers. The results 

from numerical simulations with several ground motions demons- 

a b 

International Journal of Earthquake Engineering – IJE
Volume 1: Issue 1      [ISSN 2475-2754]

                              Publication Date : 09 January 2014



 

 

Fig. 6. Time histories of (a) isolator displacement and (b) top floor acceleration subjected to the Chi-Chi earthquake. 

 

 

 

 

 

 

 

 

Fig. 7. Force-displacement diagram of MRs and time history of the command voltage for base-isolated structure subjected to the 

Northridge 

                           Table 5 

                            Evaluated performance indices due to (Left) Chi-Chi and (Right) San Fernando Earthquakes. 

Criteria AFNC Passive-Max Uncontrolled Criteria AFNC Passive-Max Uncontrolled 

   2.4:2 2.926 6.696    2.82; 2.966 6.842 

   2.864 2.776 -    2.887 2.865 - 

   2.647 2.:97 4.252    2.84; 2.962 4.264 

   6.75: 5.8:; 45.6;6    2.954 2.9:6 5.466 

   2.2668 2.276 -    2.276 2.276 - 

a b 
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-trate that MR dampers that operate as semi-active devices by 

employing adaptive control strategy developed in this study can 

effectively improve the response of base-isolated buildings 

against both far-field and near-field ground motions. 

 

Table 3 

Structural model parameters (Kelley et al, 1987) 

Floor Masses 

[kg] 

Stiffness 

Coefficients 

[KN/m] 

Damping 

Coefficients 

[KNs/m] 

   = 6800    = 232    = 7.45 

   = 5897    = 33732    = 67 

   = 5897    = 29093    = 58 

   = 5897    = 28621    = 57 

   = 5897    = 24954    = 50 

   = 5897    = 19059    = 38 
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