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Abstract : Seismic response control method of the bridge structures with semi-active control device, i.e., magneto-

rheological (MR) damper, is studied in this paper. Design of various kinds of clipped optimal controller and fuzzy

controller are suggested as a semi-active control algorithm. For determining the control force of MR damper,

clipped optimal control method adopts bi-state approach, but the fuzzy control method continuously quantifies input

currents through fuzzy inference mechanism to finely modulate the damper force. To investigate the performances

of the suggested control techniques, numerical simulations of a multi-span continuous bridge system subjected to

various earthquakes are performed, and their performances are compared with each other. From the comparison of

results, it is shown that the fuzzy control system can provide well-balanced control force between girder and pier

in the view point of structural safety and stability and be quite effective in reducing both girder and pier displace-

ments over the existing control method.
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1. Introduction

Due to recent evidences of increasing seismic activi-

ties and lessons from the Northridge and Kobe earth-

quakes, there has been extensive research on structural

control concepts and technologies to improve the seis-

mic performance of civil structures. Structural control

system can be classified as passive, semi-active, active

and hybrid control systems. Each control strategy has

its advantages and disadvantages depending on the

nature of the problem, control purpose, structure,

devices, etc. Among the various control systems, seis-

mic isolation system such as lead rubber bearing and

frictional bearing has been widely recognized as effi-

cient design alternative and successfully applied for the

safety of bridge structures during seismic events [1-3].

For example, conventional seismic reinforcement system

strengthens the stiffness of the substructure, i.e. pier, so

that the displacement of the superstructure, i.e. girder,

can be reduced. However, restriction of the girder dis-

placement concentrates relatively large forces on the

pier which causes the failure of the pier and eventually

leads to the bridge collapse. On the other hand, the iso-

lation system that places horizontally-flexible bearing

between the girder and the pier lengthens the period of

the bridge to reflect a portion of the seismic input

energy. Accordingly, the member force on the pier can

be relieved significantly but the girder displacement is

increased on the contrary, which might cause unseating

of the girder during seismic events. In order to deal

with the mutually conflicting behavioral characteristics

of the bridges, semi-active control system has been pos-

itively considered as a promising alternative system to

suppress the girder displacement and simultaneously

limit the member force on the pier. The main advantage

of the semi-active system is that it has both the adapt-

ability of the active control system and the reliable sta-

bility of the passive control system.

In particular, recently developed magneto-rheological

damper, abbreviated as MR damper, has become a sub-

ject of special interest for seismic protection of bridge

structures. In order to utilize the essential features of

MR fluid, a prototype MR damper has been fabricated

and its mechanical behavior for structural applications*Corresponding author: syok@hknu.ac.kr
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has been studied theoretically and experimentally [4-6].

Thereafter, large-scale MR damper has also been dem-

onstrated by many researchers [7-9] for practical appli-

cations. As semi-active control strategy of the MR

damper, clipped optimal control method was suggested

and its validity and applicability have been investigated

extensively [10-12]. The clipped optimal control method

adopts a two-stage control framework; the primary con-

troller for ideal active control device is designed by

optimal control theory in preliminary design stage and

the secondary controller performs a real-time operation

for the command in order that the device can track the

optimal force computed from the primary controller.

Therefore, the performance of the semi-active system is

dependent on how well it can mimic the behavior of

the primary controller. The semi-active damper, how-

ever, can only produce forces that dissipate energy from

the system. While this property guarantees a reliable

behavior of the system, the performance of the semi-

active system is limited because the dissipative property

provides sub-optimal control force instead of the global

optimal control force computed from the primary con-

troller. In a different way, the performance of semi-

active controller is dependent on the design of primary

controller. Hence, the design of a primary controller that

well establishes the dissipative feature of the semi-

active damper is an important problem in the control

strategy of the semi-active damper. In the popular

method, the input command, which may be current or

voltage to operate the device, is just selected as either a

maximum or zero in a bi-state approach [11] or as lin-

early-scaled value under the assumption that the input

current or voltage has an approximately linear relation-

ship with the damper force [13]. A decision on the

input command is then made according to the dissipa-

tiveness and the scale of the optimum force determined

by the pre-designed primary controller. Another

approach is based on fuzzy logic control [14, 15] which

utilizes the fuzzy inference and directly determines the

damping force of the semi-active control device. How-

ever, they only considered an ideal semi-active control

device without any specific dynamic model and its

interaction effect with another dynamic system, i.e.

structure. Since the actual semi-active control system

such as MR damper shows strong nonlinearity, its prac-

tical operation such as modulating the input current or

voltage rather than the direct damper force of the ideal

device is another important issue. For practical imple-

mentation, the nonlinear dynamic model of the semi-

active device such as MR damper should be taken into

account.

In this paper, a fuzzy control technique is also

adopted, but it uses the fuzzy logic to modulate the

input command, i.e. input current or voltage that is

entered into the MR damper and exerts the damper

force. Unlike the previous method, this indirect fuzzy

control method can consider the nonlinear dynamic

model of MR damper and makes it possible to contin-

uously vary the input command into the device. Such a

continuous-varying input command can enable the fine

tuning of the damper force so that the damper perfor-

mance can be utilized more effectively as already veri-

fied by the same authors [16, 17]. In this study, we

further extended its implementation of the fuzzy control

technique to improve the performance of the semi-

active MR damper system by more refining the fuzzy

rules. We also investigated the parametric performance

of the conventional bi-state clipped optimal control

method. Numerical simulation of a multi-span continu-

ous bridge subjected to various earthquakes has been

carried out, and the validity and applicability of the

semi-active control strategies are examined extensively.

2. Damper-controlled Bridge System

The example structure is as shown in Fig. 1. It illus-

trates the bridge model with semi-active dampers that

are installed between pier and girder and play a part in

reducing the displacement of girder and transmitting the

load from girder to pier. As denoted by shaded area, it

can be modeled as a 2-DOF equivalent system and its

equation of motion can be expressed as

(1)Mq
··

Cq
·

Kq Ewx
··
g EuF+=++

Fig. 1. Bridge model connected by dampers at the connection between girder and pier.
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where q,  and  are displacement, velocity and accel-

eration vectors of the system, M, C and K are mass,

damping, stiffness matrices of the system, F is force

vector of MR damper,  is external excitation or seis-

mic ground acceleration, and Ew and Eu are position

vectors of external excitation and damper force, respec-

tively.

MR fluids are the magnetic analogs of electro-rheo-

logical (ER) fluids and typically consist of micron-

sized, magnetically polarizable particles dispersed in a

carrier medium such as mineral or silicone oil. The dis-

covery and development of MR fluids can be dated

back to the 1940s [18]. The attractive characteristics of

MR fluid can be briefly summarized as high dynamic

yielding strength, stable hysteretic behavior over a wide

range of operation temperature, high viscosity at no

magnetic field and short response time [4-9]. When a

magnetic field is applied to the fluids, particle chains

form, and the fluid becomes a semi-solid and exhibits

visco-plastic behavior with controllable yield strength.

Yield strength of the damper that induces the damping

force depends on the input current or voltage. There-

fore, the damping force of the MR damper can be con-

trolled by varying input current, which changes strength

of induced magnetic field. Modified Bouc-Wen model

suggested by Yang et al. [9] is used as a numerical

model of 200 kN MR damper and its simple mechanical

idealization and the corresponding parameter values are

provided in Fig. 2 and Table 1.

The applied force predicted by this model is given by

(2)

where x is relative displacement of the damper, yv is

inelastic displacement and evolutionary variable zv is

governed by

(3)

(4)

where x0 is initial displacement of the damper, c0 and k0
are viscous damping and stiffness at high velocity, c1 is

viscous damping at low velocity, and k1 is stiffness of

accumulator, respectively.

Of the coefficients used in the above equations, a, c0
and c1 are variables to account for the dependence of

the damper force on applied current, and was identified

[9] by a function of input current i such that

(5a)

(5b)

(5c)

Transition to rheological equilibrium can be achieved

in a few milliseconds, but there exists a time lag

between command input and generated damper force. A

first-order filter in Eq. (6) is thus used to accommodate

the dynamics involved in the MR fluid reaching rheo-

logical equilibrium.

(6)

3. Semi-active Control Algorithms

3.1 Clipped optimal controller design 

Clipped optimal control is composed of two steps:

one that designs an ideal active controller to determine

the desired optimal force, and the other that determines

the input current to the MR damper at every time step

q
·

q
··

x
··
g

 

 

 

 

 

 

 

Fig. 2.MR damper model.

Table 1. Parameters of MR damper model.

Parameter Value

k0 137810 N/m

k1 617.31 N/m

x0 0.18 m

g 647.46 m-1

n 10

b 647.46 m-1

A 2679 m-1
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as maximum or minimum values by comparing the

desired optimal force with the actual damper force pro-

duced by the damper. Ideal active controller can be

designed by using LQR or LQG strategies based on

conventional optimal control theory. Classical LQR

method [19] is used in this study, which requires a con-

stitution of state space equation. The state vector is

defined as the Eq. (7) with the displacement and veloc-

ity vectors of the system.

(7)

Then, Eq. (1) is transformed into the state space

equation as the first order differential equation such that

(8)

where A, Bw and Bu respectively represent the system

and position matrices of external excitation and control

force. 

Performance index J is defined as Eq. (9), and the

LQR controller is designed such that the performance

index subjected to the constraint of the state equation of

the system in Eq. (8) is minimized

(9)

where, Q is a weighting matrix to the state variables as

in Eq. (9), C* is an output matrix of the displacements

and velocities, q is a weighting parameter matrix of the

output vector C*z, and R is a weighting matrix to con-

trol force F (set to I in this study).

The output matrix C* is expressed by Eq. (10a) to

represent the pier displacement/velocity and relative dis-

placement/velocity between the pier and girder (e.g.,

C*z), and the weighting parameter matrix q can be

expressed by Eq. (10b). In Eq. (10b), weightings to the

pier displacement and velocity are denoted as wpu and

wpv, and weightings to the relative responses of pier and

girder are denoted as wru, wrv, respectively.

(10a)

(10b)

To simplify the weighting parameter matrix, it is

assumed that the ratio of the weighting parameters to

pier and girder displacements (=wpu/wru) is equal to that

of the velocity weighting parameters (=wpv/wrv), which

is denoted as λ. Then, let wpv/wru as µ. Substituting λ

and m into Eq. (10b), q matrix can be rewritten as

(11)

The optimal control force that minimizes the perfor-

mance index J is calculated by solving Eq. (12), so-

called Riccati equation, and substituting its solution, P

matrix, into Eq. (13) 

(12)

(13)

Note that the optimal control force is denoted as Fd.

 

 

 

 

 

 

 

 

Fig. 3. Conceptual diagram of fuzzy control system for the bridge subjected to earthquakes.
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Now, the maximum or minimum value of input current

to the MR damper is determined as

(14)

where Fd is the desired optimal force computed by

LQR controller, F is the control force generated by MR

damper. ICmax is the maximum current limit to the MR

damper; here the MR damper model is set to

2A(ampere). H(⋅) is the heaviside step function which

has only two values, 0 or 1. It represents whether input

current is a maximum or zero by comparing the desired

optimal control force with the control force produced by

the damper model. For more details, see [5].

3.2 Fuzzy controller design

Fuzzy controller allows a convenient way of repre-

senting input-output mapping by using human reasoning

with verbose statements rather than mathematical equa-

tion. The given information is in the form of crisp

value with the physical meaning, e.g. bridge responses.

Through fuzzification, the crisp inputs are converted

into some linguistic values that can be easily understood

and manipulated. In the combination process of the lin-

guistic values, often called inference mechanism where

expert's decision can be included, outputs are deter-

mined in the form of linguistic values. Thereafter,

defuzzification converts again outputs into the form of

crisp values with physical meaning. In this study, the

fuzzy logic determines the input current to the MR

damper from response information such as relative dis-

placement between pier and girder. Fig. 3 shows the

conceptual diagram of fuzzy control system for the

earthquake-excited bridge.

In the fuzzification or defuzzification process, certain

interface is required to relate the infinite number of

crisp inputs to finite number of linguistic values or

fuzzy variables. This is done by membership function.

Input membership function is defined by a number of

fuzzy sets, which have physical values about given

information. A reasonable number of input membership

functions must be selected since, if the number is large,

 

Fig. 4. Input membership functions.

Fig. 5. Output membership functions.

Table 2. Fuzzy rule tables.
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input to the fuzzy system will be subdivided into larger

number with small ranges and thus control system can

be finely tuned for the given input, but much longer

computation time is need. In this study, 11 triangular

input and output membership functions are used as

shown in Figs. 4 and 5, where N(negative), P(positive),

S(small), M(medium), L(large), V(very) and Zero are

used as an abbreviation to represent each physical

meaning.

To reflect the reasonable operation, input membership

functions are defined according to the scale and sign of

input response, and the range of output value is set as

0~2A, considering the maximum input current. 

In the inference engine, combinations of linguistic

values have the form of rule table. We developed a

total of 5 rule tables for controlling the MR damper-

bridge system. The first 2 designs use only one

response of the bridge; one is relative displacement and

the other is relative velocity. As shown above, rule

tables 1 and 2 have the same form of rule, whose out-

put varies in proportion to its corresponding input. The

next 3 designs use both relative displacement and veloc-

ity for fuzzy input. Rule table 3 has a similar form to

the rule tables 1 and 2, but it uses two inputs such as

relative displacement and velocity and its output value

is proportional to the summation of the two inputs. The

rule tables 4 and 5 are devised to reflect a dissipative

feature of semi-active damper. The dissipativeness of

the damper, e.g., whether or not the semi-active damper

is producing dissipative force, can be checked by the

sign of damper displacement and velocity. It is natural

that the differently modified damping forces in that sit-

uation could achieve better performance. Accordingly,

rule tables 4, and 5 use different rules in the region

with opposite sign of displacement and velocity. In that

region, damper force prohibits the bridge from going

back to its original equilibrium position. Therefore, it

would be better to reduce the equilibrium-prohibitive

damper force. Rule table 4 reduces the output in the

opposite sign region by half, compared with that in rule

table 3. Note that the largest value in the opposite sign

region of rule table 4 is M1, which was VL2 in case of

rule table 3. In rule table 5, output value is fully pro-

portional to the magnitude of the input values in a same

sign region where the damper force help return its orig-

inal equilibrium position but further reduced from that

of rule table 4 in the opposite sign region. For readers'

understanding, rule surfaces of the rule tables 3~5 are

shown in Fig. 6.

4. Analysis Results

4.1 Passive system vs. semi-active system

The masses of girder and pier are 609,612 kg and

121,922 kg respectively, and the stiffness of pier is

95,257 kN/m. Its damping ratio is assumed to have 5%.

As for the semi-active MR damper system, elastomeric

bearing with 4,763 kN/m of stiffness and 2% of damp-

ing ratio is used. 

For the purpose of comparison, passive control system

is also considered as two-DOF system with seismic iso-

lation bearing. The bearing is designed using the single-

mode spectral analysis method of the AASHTO Guide

Specifications for Seismic Isolation Design [20]. The

isolated bridge has a natural period of 2.0 sec in the

fundamental mode and a design displacement of

8.32 cm. As a result, the isolator bearing turned out to

have stiffness of 6,422 kN/m and a damping ratio of

40%. For realistic simulation of the seismic bridge

responses, the bi-linear model corresponding to the

designed isolator bearing is used. The yielding displace-

ment of the bi-linear model is assumed to be 2.0 cm.

The initial and second stiffness is thus determined as

23,215 kN/m and 1,111 kN/m, which has equivalent

stiffness and damping ratio of the designed isolator

bearing. 

Given the bridge model, semi-active damper system is

designed using clipped optimal control method. A total

of 4 MR dampers are installed at each connection to

the girder and pier. As previously stated in section 3,

design of clipped optimal controller can be realized by

determining the weighting parameters. For comparison

Fig. 6. Rule surfaces of two-input-one-output fuzzy controllers.
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with the passive system, the clipped optimal controller

is designed using weighting parameters λ and µ as 10.0

and 10.0, respectively. Details of the design of clipped

optimal controller are given next. 

For the performance comparison of the two designed

systems, numerical analysis is performed for El Centro

earthquake (1940). The time histories of the pier and

girder displacement are plotted in Fig. 7. The isolation

system shows a clear reduction effect on the pier dis-

placement, which means a reduction of shear force of

the pier. However, the girder displacement is increased

considerably. On the other hand, the MR damper-bridge

system reveals better performance for the girder dis-

placement while maintaining similar reduction effect on

the pier displacement to that of the passive isolation

system. The semi-active control system is shown to

exhibit successful seismic performance for both pier and

girder displacement. Similar results are observed for dif-

ferent earthquakes, i.e. Kobe and Mexico earthquakes.

4.2 LQR-based active system vs. semi-active clipped

optimal control system

It is previously stated that the semi-active control sys-

tem can show a successful performance by mimicking

optimal control force from primary controller. Thus, the

performance of the clipped optimal control is dependent

on the primary controller and the performance of the

primary controller is problem-dependent. To investigate

the applicability of clipped optimal method, various

kinds of numerical simulations are carried out by vary-

ing weighting parameters λ and µ. Three different types

of ground motions, i.e. El Centro (1940), Kobe (1995)

and Mexico (1985) earthquakes with different frequency

components and peak ground acceleration are consid-

ered for design. LQR controller as an active system is

also simulated for comparison. The simulation results

are illustrated in Fig. 8.

In most cases, two control systems show a similar

seismic performance against the three earthquakes. As

the weighting to pier µ increases, the corresponding dis-

placement of pier is reduced and the girder displace-

ment is increased. The performances of both systems on

the pier and girder displacements are mutually conflict-

ing to each other. A clear trade-off tendency is seen for

given weightings, but semi-active controller shows a lit-

tle degradation of performance in some regions.

4.3 Clipped optimal control vs. fuzzy control

At first, four types of clipped optimal controllers are

selected with respect to the change of λ and µ, fixing

Fig. 7. Time histories of passive and semi-active systems.

Fig. 8. Comparative results between clipped optimal control

and LQR control.

Table 3. Weightings for clipped optimal controllers.

Controllers λ (=µ)

Clipped 1 0.1

Clipped 2 0.5

Clipped 3 2.5

Clipped 4 10
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the λ/µ = 1.0 and the parameter values of the 4 cases

are presented in Table 3. 

The simulation results of clipped optimal control and

fuzzy control for the three earthquakes are summarized

in Tables 4~6. In each table, minimum values of pier

and girder displacement are in boldface with respect to

each control method.

“Clipped 1” and “Clipped 2” controllers are designed

by putting smaller weighting to pier responses than

girder responses, and “Clipped 3” and “Clipped 4” vice

versa. It is clearly observed in Tables 4~6 that if pier

displacement is more weighted than girder displace-

ment, pier displacement can be reduced but the girder

displacement is increased on the contrary. 

In the fuzzy control system, the fuzzy rule plays a sim-

ilar role to the weighting parameters. When the rule is

made to generate larger output, larger damper force will

be applied to the connection between the girder and the

pier. It will lead to relatively smaller displacement of

girder and larger displacement of pier. The overall perfor-

mances of the fuzzy controllers show similar tendency to

those of the clipped optimal controller. The trade-off rela-

tionship between the girder and pier responses holds the

same for the fuzzy controller. In addition, when one fuzzy

controller shows better performance on pier displacement

than one clipped optimal controller, the performance on

girder displacement by the fuzzy controller is overall

poorer than that of the clipped optimal controller. For

example, under the El Centro earthquake, the “Clipped 2”

system shows the most balanced performance between the

girder and pier responses over the other clipped optimal

systems such as “Clipped 1, 3 and 4”. More specifically,

compared with the responses controlled by the fuzzy sys-

tems, “Clipped 1” system shows poorer performance on

both responses and the “Clipped 3 and 4” systems put

excessive weightings on the pier response. As a result, the

“Clipped 3 and 4” reduce the pier response more than the

fuzzy systems, but their girder displacements become too

excessive. However, the “Clipped 2” system exhibits com-

petent performance with the fuzzy system in terms of the

girder and pier displacements. Now, let us focus on the

results of the Kobe earthquake where the largest bridge

responses occur due to the largest peak ground accelera-

tion. The relative displacements between the girder and

pier of the clipped optimal systems are slightly larger than

those of the fuzzy control systems except for “Clipped 1”,

while their pier displacements are smaller than those of

the fuzzy systems. On the other hand, “Clipped 1” exhib-

its the girder-pier displacement as 14.9161 cm and the pier

displacement as 2.6615 cm respectively, but the “Fuzzy 5”

still produces smaller responses such as 14.8041 cm of

girder-pier displacement and 2.64 cm of pier displacement,

as listed in Table 5. The performance of the “Fuzzy 5”

system is superior to that of the “Clipped 1” system in

terms of both displacements. This holds the same for the

case where “Clipped 2” and “Fuzzy 2” are compared to

each other when subjected to Mexico earthquake. The

girder-pier displacements of “Clipped 2” and “Fuzzy 2”

are 1.0170 cm and 1.0139 cm, whereas the pier displace-

ments of both systems are 0.4918 cm and 0.4904 cm, as

shown in Table 6. The fuzzy control system achieves

more enhanced performance over the clipped optimal con-

trol system. These results demonstrate that the fuzzy con-

troller could reduce the pier and girder displacement more

efficiently than clipped optimal controller. However, it

does not necessarily mean that the superior performance

of the fuzzy control system is always guaranteed over the

clipped optimal control system. As shown in Tables 4~6,

both systems can be designed to have competent perfor-

mance with each other by assigning appropriate weighting

factors to the target responses of the structure or well-

organized fuzzy rules. 

Nonetheless, it should be mentioned that the fuzzy

control system has the following merits; (1) it can deal

with the dissipative feature of the semi-active MR

damper by constructing the fuzzy rules in a convenient

way, (2) it enables direct modulation of the input volt-

age of the MR damper without primary controller so

that it provides simple design procedure and can be eas-

ily implemented, (3) it also enables us to consider the

nonlinear dynamic model of the MR damper and its

interaction with the structure, (4) it provides well-bal-

anced performance on the mutually conflicting responses

through the simple reasoning on the responses, (5) it is

well known [21] that fuzzy control is inherently robust

since it does not require precise, noise-free inputs, (6)

Table 4. Peak responses of bridge structure subjected to El

Centro earthquake.

Control method
Peak displacement

Girder-Pier (cm) Pier (cm)

Clipped 1 4.6922 1.8817

Clipped 2 3.3139 1.6659

Clipped 3 5.2440 1.4232

Clipped 4 6.5104 1.2953

Fuzzy 1 3.8163 1.7720 

Fuzzy 2 3.6252 1.6939 

Fuzzy 3 3.2262 1.7507 

Fuzzy 4 3.5148 1.5964 

Fuzzy 5 3.5103 1.5945 
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fuzzy logic is not limited to a few feedback inputs. Any

sensor data that provide some indication of system's con-

ditions can be implemented easily.

Fig. 9 shows the variation of input currents and the

hysteresis curves of damper forces for “Fuzzy 3” and

“Clipped 2” when the bridge is subjected to El Centro

earthquake. As expected, input current of fuzzy control-

ler varies continuously, whereas the clipped optimal

controller adopts only two values for the input current,

as shown in Fig. 9(a). It was reported [22] that abrupt

changes in forces due to the bi-state control of the input

voltage may cause high local acceleration in case of

base isolation bridge system. Fig. 9(b) and 9(c) show

hysteresis curves of relative displacement and velocity

versus damper force.

5. Conclusion

Recently developed MR damper model is applied for

the seismic vibration control of the bridge, and semi-

active fuzzy control technique is employed to continu-

ously quantify the input current to the MR damper at

each time step rather than the damper force itself.

While clipped optimal control based on the conven-

tional linear optimal control theory determines the input

current as bi-state, the suggested method enables the

fine-tuning of the input current through the fuzzy infer-

ence engine. 

To investigate the efficiency of the control strategies,

four types of clipped optimal controllers depending on

the weighting ratio of pier and girder responses and five

fuzzy controllers with respect to the various rule-bases

are designed. Then, numerical simulations of the seismi-

cally excited bridge with differently operated semi-

active MR damper are carried out, and their seismic

performances are compared with each other. It is

observed from the results that fuzzy controllers gener-

ally exhibit similar performance to clipped optimal con-

troller in reducing pier and girder displacement.

However, the fuzzy system shows slightly improved

Table 5. Peak responses of bridge structure subjected to Kobe

earthquake.

Control 

method

Peak displacement

Girder-Pier (cm) Pier (cm)

Clipped 1 14.9161 2.6615

Clipped 2 15.3002 2.4555

Clipped 3 15.4844 2.2663

Clipped 4 15.6944 2.2656

Fuzzy 1 14.3292 2.7036 

Fuzzy 2 14.9676 2.4881 

Fuzzy 3 14.5764 2.6696 

Fuzzy 4 15.0062 2.6176 

Fuzzy 5 14.8041 2.6400 

Table 6. Peak responses of bridge structure subjected to Mex-

ico ground motion record.

Control 

method

Peak displacement

Girder-Pier (cm) Pier (cm)

Clipped 1 0.7317 0.7749

Clipped 2 1.0170 0.4918

Clipped 3 1.7334 0.4116

Clipped 4 2.2931 0.3998

Fuzzy 1 1.5708 0.4859 

Fuzzy 2 1.0139 0.4904 

Fuzzy 3 1.1013 0.4649 

Fuzzy 4 1.2975 0.4954 

Fuzzy 5 1.2975 0.4954 

Fig. 9. Analysis results of Fuzzy 3(left) and Clipped 2(right).
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performance over the clipped optimal controllers under

the Kobe and Mexico earthquakes. Especially in case of

Kobe earthquake, the clipped optimal controller cannot

reduce the girder displacement below certain limit,

whereas the fuzzy controllers further reduce the girder

displacement below the limit without significant

increase of pier displacement. Therefore, it can be con-

cluded that fuzzy control system can provide well-bal-

anced performance on bridge responses and be quite

effective in reducing both girder and pier displacements

simultaneously.

References

[1] M.J.N. Priestley, F. Seible and G.M. Calvi, Seismic

design and retrofit of bridges, John Wiley & Sons,

Inc., 1996.

[2] D.H. Ha and H.M. Koh, “Earthquake response char-

acteristics of seismically isolated bridges with fric-

tional bearings”, Journal of Korean Society of Civil

Engineers, KSCE, vol. 20, no. 6-A, p. 937-944, 2000.

[3] B. Erkus, M. Abe and Y. Fujino, “Investigation of

semi-active control for seismic protection of elevated

highway bridges”, Engineering Structures, vol. 24, no.

3, p. 281-293, 2002.

[4] B.F. Spencer Jr., S.J. Dyke, M.K. Sain and J.D. Carl-

son, “Phenomenological model of a magneto-rheolog-

ical damper”, Journal of Engineering Mechanics,

ASCE, vol. 123, no. 3, p. 230-238, 1996.

[5] S.J. Dyke, B.F. Spencer Jr., M.K. Sain, and J.D. Carl-

son, “Modeling and control of magneto-rheological

dampers for seismic response reduction”, Smart Mate-

rials and Structures, vol. 5, p. 565-575, 1996.

[6] S.J. Dyke, B.F. Spencer Jr., M.K. Sain and J.D. Carl-

son, “An experimental study of MR dampers for seis-

mic protection”, Smart Materials and Structures:

Special Issue on Large Civil Structures, vol. 7, p. 693-

703, 1998.

[7] B.F. Spencer Jr., G. Yang, J.D. Carlson and M.K. Sain,

“Smart dampers for seismic protection of structures: a

full-scale study”, Proceedings of the Second World

Conference on Structural Control (2WCSC), Kyoto,

Japan, June 28 - July 1, vol. 1, p. 417-426, 1998.

[8] G. Yang, H.J. Jung and B.F. Spencer Jr., “Dynamic

model of full-Scale MR dampers for civil engineering

applications”, US-Japan Workshop on Smart Structures

for Improved Seismic Performance in Urban Region,

Seattle, WA, Aug. 2001.

[9] G. Yang, B.F. Spencer Jr., J.D. Carlson and M.K. Sain,

“Large-scale MR fluid dampers: modeling, and

dynamic performance considerations”, Engineering

Structures, vol. 24, no. 3, p. 309-323, 2002.

[10] M.D. Symans MD and M.C. Constantinou, “Semi-

active control systems for seismic protection of struc-

tures: a state-of-the-art review”, Engineering Struc-

tures, vol. 21, no. 6, p. 469-487, 1999.

[11] L.M. Jansen and S.J. Dyke, “Semiactive control strat-

egies for MR dampers: comparative study”, Journal of

Engineering Mechanics, vol. 126, no. 8, p. 795-803,

2000.

[12] Y.L. Xu, W.L. Qu and J.M. Ko, “Seismic response

control of frame structures using magnetorheological/

electrorheological dampers”, Earthquake Engineering

and Structural Dynamics, vol. 29, no. 5, p. 557-575,

2000.

[13] O. Yoshida and S.J. Dyke, “Seismic control of a non-

linear benchmark building using smart dampers”, Jour-

nal of Engineering Mechanics, vol. 130, no. 4, p. 386-

392, 2004.

[14] L.-X. Wang, A course in fuzzy systems and control,

Prentice-Hall, Englewood Cliffs, NJ, 1996. 

[15] M.D. Symans and S.W. Kelly, “Fuzzy logic control of

bridge structures using intelligent semi-active seismic

isolation systems”, Earthquake Engineering and Struc-

tural Dynamics, vol. 28, p. 37-60, 1999.

[16] K.-S. Park, H.-M. Koh, S.-Y. Ok and C. Seo, “Semi-

active fuzzy control of bridge structure with MR

damper”, Journal of Korean Society of Civil Engi-

neers, KSCE, vol. 22, no. 4-A, p. 847-857, 2002.

[17] S.-Y. Ok, D.-S. Kim, K.-S. Park and H.-M. Koh,

“Semi-active fuzzy control of cable-stayed bridges

using magneto-rheological dampers”, Engineering

Structures, vol. 29, p. 776-788, 2007.

[18] J. Rabinow, “The magnetic fluid clutch”, AIEE Trans-

actions, vol. 67, no. 2, p. 1308-1315, 1948.

[19] D.E. Kirk, Optimal control theory-an introduction,

Prentice Hall, 1970.

[20] AASHTO, Guide Specifications for Seismic Isolation

Design, American Association of State Highway and

Transportation Officials, Washington, D.C., 1999.

[21] M. Battaini, F. Casciati and L. Faravelli, “Fuzzy con-

trol of structural vibration. An active mass system

driven by a fuzzy controller”, Earthquake Engineering

and Structural Dynamics, vol. 27, p. 1267-1276, 1998.

[22] J.C. Ramallo, E.A. Johnson and B.F. Spencer Jr.,

“Smart base isolation systems”, Journal of Engineer-

ing Mechanics, ASCE, vol. 128, no. 10, p. 1088-1099,

2002.


