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Abstract— The objective of mitigating the dynamic vibrations 
in civil buildings induced by seismic events may be considered 
of primary interest for safety and safeguard purposes. Mostly 
the need of realizing dissipative devices able to couple 
economy in the energetic supply of the control system and 
effectiveness in the mitigation of the dynamic effects pushes 
towards the adoption and the set up of new strategies, 
alternative to more classical control devices. In the paper one 
focuses on the possibility of mitigating the effects induced in 
civil structures by earthquakes by means of Magneto-
Rheological (MR) dampers. Modeling as well as design issues 
are discussed, together with some numerical and experimental 
investigation demonstrating the potentials of such devices.  

 

I. INTRODUCTION 
N the last two decades R&D of structural vibration control 
devices for buildings and bridges has been intensified in 

order to answer the construction market needs that demand 
more effective systems to reduce the damage caused on 
structures by seismic and wind loadings. 

Although the main purpose of a seismic design is to protect 
the population from the consequences of a severe earthquake, 
the protection of the building stock may also be regarded as an 
important option during the conception and design process, 
often pushing towards the adoption of dynamic control 
techniques for mitigating the structural response under 
dynamic loading  [1]-[14], which are particularly useful 
especially in the absence of reliable forecasts of the seismic 
characteristics [15],[16]. 

For existing structures and, in particular, for historical or 
monumental buildings, where even analyses are difficult to be 
performed [17]-[34], due to the need of low invasiveness and 
impact on the structures of the provision, often  reinforcement 
techniques are preferred, also adopting composites materials  
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[35]-[37].  

The interest in adopting semi-active control procedures for 
civil engineering structures has been growing in the past years, 
mainly related to their flexibility and energy economy, and 
also because of the possibility of adopting smart materials and 
decreasing the invasiveness of the intervention. 

In recent years Magneto-rheological (MR) fluids are 
considered as possible candidates for the realization of 
structural applications [38]-[41], essentially aimed at 
mitigating the effects of structural vibrations, by realizing 
counter-forces contrasting the incoming excitation. 

In this paper some on-going research relevant to the 
modelling and design of MR dampers for the vibration control 
of structures developed at the Universities of Naples and of 
Porto is addressed. 

II. APPLICATIONS FOR CIVIL STRUCTURES 
Magneto-rheological Fluids (MRFs) are controllable fluids, 

typically non-colloidal suspensions of micronized, 
magnetically polarizable particles dispersed in a carrier 
medium such as mineral oil. 

When a magnetic field is applied to the fluids, particle chains 
form, and the fluid becomes a semi-solid, exhibiting plastic 
behavior similar to that of ElectroRheological Fluids (ERFs). 

Transition to rheological equilibrium can be achieved in a 
few milliseconds, providing devices with high bandwidth. 

Therefore Magneto-rheological liquids under the action of a 
magnetic field can reversibly pass from the linear viscous 
liquid state with free-flow to the semi-solid one with a 
controlled stress-state. 

They possess a load carrying capacity higher than other, 
more controllable, fluids, such as electro-rheological liquids; 
moreover they are less sensitive to impurities and 
contaminations that may possibly occur in manufacturing. 

The achievable yield stress of modern MR fluids is in excess 
of 80 kPa, allowing for devices capable of generating large 
forces such as are required for full-scale installations in civil 
structures. 

Moreover, MR fluids can operate at temperatures from –40° 
to 150° C with only slight variations in the yield stress. 
Consequently, devices based on MRFs are viable candidates 
for installation in both exterior civil infrastructure applications 
(e.g., bridges, towers, etc.) as well as enclosed applications 
(e.g., buildings, secondary systems, etc.). 
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In the paper, the most suitable models for simulation of such 
devices are investigated by referring to studies developed at 
the University of Naples, with emphasis on the evaluation of 
their efficiency as structural control systems. 

Experimental features are investigated as well, reporting 
some results developed at the University of Porto, basically 
focusing on the application of a semi-active structural control 
technique in a civil engineering experimental model frame 
equipped with a MR damper. 

III. MR MODELING 
The modelling stage represent an important feature when 

dealing with MR Fluids, since having at one’s disposal a 
reliable model able to capture the essential features of the 
behaviour of the associated devices is necessary for the 
subsequent analysis refereed to the structure equipped with 
that dissipative device. 

Moreover such model should be complete in order to 
reproduce results in good agreement with the real data,  and, in 
the meanwhile, sufficiently simplified in such a way to reduce 
as much as possible the computational effort in numerical 
analyses and to be handle in a rather manageable way for the 
numerical investigations.  

In the following some studies developed on the subject at 
the University of Naples are reported. 

For modelling purposes one may refer to some models 
available in literature for MR devices. 

The Bouc-Wen model [42] has been extensively used shown 
in Figure 1 for modelling hysteretic systems, since it is 
numerically tractable and versatile allowing a broad variety of 
hysteretic behaviours. For constant voltage levels the 
expression of the produced force s(t) is 

 
( ) ( ) ( )[ ] ( )tzxtxktxcts ooo α+−+=   (1) 

 
where co is the damping coefficient, ko the linear spring 

stiffness, x(t) the displacement variable, x (t) its rate and z(t) 
the evolutionary variable governed by the rule 

 

( ) ( ) ( ) ( ) ( ) ( ) ( )txA|tz|tx|tz|tz|tx|tz n1n
 +β−γ−= −  (2) 

 
 
 

 
Figure 1: Bouc-Wen model. 

 

 
Figure 2: Spencer model. 

 
 
Many models usually refer to an offset so included in the 

force to account for the asymmetry observed in the measured 
force s(t). 

This offset, due to the presence of the accumulator, is here 
introduced as initial deflection xo of the linear spring. 

By the parameters γ, β  and A, one can control the linearity 
in the unloading and the smoothness of the pre-yield to the 
post-yield region. 

The Bouc-Wen model is usually preferred because of its 
reliability in predicting the mechanical behaviour of the 
magneto-rheological damper in terms of force-displacement 
relations, even if the prediction of the force-rate relation can 
be very far from the experimental one in cases small velocities 
with opposite signs with respect to the acceleration occur. 

To better predict the damper response in this circumstance, 
a modified model, shown in Figure 2,  has been proposed by 
Spencer [43] in order to improve the model reliability also in 
the range of small velocities. In this case, the accumulator 
stiffness is represented by k1 and the viscous damping 
observed at large amplitude velocities is marked by co. The 
correction of the error observed in the range of small velocities 
is achieved by inserting a friction element c1. Finally ko 

controls the stiffness at large velocities and xo is the initial 
displacement of spring k1 associated with the nominal damper 
force due to the accumulator. 

Let consider the upper part of the system. For constant 
voltage levels, since the forces on either side of the rigid bar 
are equivalent, one can write 

 
( ) ( ) ( ) ( ) ( ) ( )[ ]tytxctytxktztyc oo1  −+−+α=  (3) 

 
where y(t) is the internal variable and z(t) the evolutionary 

variable ruled by 
 

( ) ( ) ( ) ( ) ( )
( ) ( )[ ] ( ) ( ) ( )[ ]tytxA|tz|tytx

|tz|tz|tytx|tz
n

1n





−+−β−

+−γ−= −

 (4) 
 
One gets 
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The total force generated by the system can be obtained by 

summing the upper and lower sections contributions, that is, 
 

( ) ( ) ( ) ( )[ ]
( ) ( )[ ] ( ) ( )[ ]txtxktytxk

tytxctzts

o1o

o

−+−+
+−+α= 

. (6) 

 
In order to extend the model to fluctuating magnetic fields, 

the functional dependence of the model parameters on the 
applied voltage is needed. 

From the experimental tests, the fluid steady-state yield 
level (and, therefore α) and the viscous damping appear to be 
linearly dependent on the applied voltage u. 

Therefore the generalization can be performed by 
introducing  the following relations 

 
( )
( )
( ) uccucc

,ccucc
,uu

oboaoo

b1a111

ba

+==
+==
α+α=α=α

  (7) 

 
Generally, the MR dynamics in the phase of transition to the 

rheological equilibrium can be accounted for by means of the 
first order filter 

 
( )ν−η−= uu   (8) 

 
where ν is the voltage commanded to the current driver. 
 
In order to obtain a generalized Bouc-Wen model for 

fluctuating magnetic fields, the parameters α and co are made 
dependent on the variable u by means of the relations Eq. (7). 

The response of the generalized Bouc-Wen model is then 
fitted to the one relevant to the Spencer’s model (which is 
reliable if compared with the experimental results) for varying 
magnetic fields. The optimisation process is performed by 
minimizing the quadratic error given by the difference between 
the forces for the two models, with varying voltages, and the 
parameters characterizing the Bouc-Wen model. 

One can realize that the two models are pretty coherent with 
regard to either the dependence of the device reactive force on 
the displacement of the piston, or the time rule of variation of 
the force. 

The main difference lies in the force-rate relation: actually 
the generalized Bouc-Wen model exhibits a hysteresis capacity 
much higher than the real case (represented by Spencer’s 
model). This could lead to prediction of a substantially 
different behaviour of the damper depending on the model 
adopted. 

 

IV. CONTROL ALGORITHM COMMANDING THE MR DEVICE 
In order to perform the numerical analysis a single bay 

three-storey frame (three degree of freedom in shear frame 
configuration) was designed at FEUP, shown in Figure 3. 

The columns at the corners, having the same stiffness, are 
made of aluminum with an average cross section of 1.5mm by 
50mm and the diaphragm floors are made of polycarbonate 
plates monolithically attached to the columns. 

The frame mass is around 19 kg and each floor has an 
average mass of 3.65 kg. The stiffness of the experimental 
frame was designed to keep the fundamental frequency near to 
2 Hz. 

The frame mass (M) and the stiffness matrix (K) are the 
following  

 

  (9) 

 (10) 
 

The three natural frequencies obtained with the above mass 
and stiffness matrices are: 2.00Hz, 5.60Hz and 8.09Hz. 

A damping of 0.5% along with the above mass and 
stiffness matrices formed the initial parameters for the modal 
analysis. 

 
 

 
Figure 3: Metallic scaled frame at the shaking table. 

 
 
After calibrating the MR damper numerical model it is 

necessary to select a proper control algorithm to efficiently use 
this device in reducing the dynamic response of structural 
systems. 

The fundamental condition to operate the MR damper is 
based on a generated damping force that is related with the 

INTERNATIONAL JOURNAL OF MECHANICS

Issue 4, Volume 7, 2013 520



 

 

input voltage; the control strategy is selected so that the 
damping force can track a desired command damping force. 

In the last few years several approaches have been proposed 
for better selection of the input voltage that must be applied to 
the MR damper to achieve the maximum performance [44]-
[48]. In the present numerical study a Clipped Optimal control 
has been used  as shown in Figure 4. 
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algorithm

F
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F
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Figure 4: Clipped Optimal controller. 

 
 
This strategy consists of a Bang-Bang (on-off) controller 

that causes the damper to generate a desirable control force 
that is determined by an “ideal” active controller (in state 
feedback form). A force feedback is used to produce the 
desired control force fd(t), which is determined by a linear 
optimal controller Kk(s), based on the measured structural 
responses y and the measured damper force fc(t).  

Only applied voltage va can be commanded (and not the 
damper force) that is selected by  va= vmax H[fd(t) - fc(t)] fc(t)  
in which vmax is the voltage level associated with the saturation 
of the magnetic field in the MR damper and H[·] is the 
Heaviside step operator. 

The selected optimal controller is based on a Linear 
Quadratic Optimal Control, relying upon the weighting of the 
matrices Q and R associated with the state variables and with 
the input variables respectively, where R is made dependent 
on a multiplier r. 

The main objective to design the optimal controller is then o 
obtain an optimal control vector fc(t) that minimizes a 
quadratic performance index J[z(t), fc(t)], depending on the 
state response z(t) and on the damper force fc(t) 

  

( ) ( )[ ] ( ) ( ) ( ) ( )[ ]dtttttt,tJ
t

0
c

T
c

T
c ∫ += fRfzQzfz  (11) 

 
The magnitudes of matrices R and Q are defined according 

to the importance that is given to the state variables and the 
control forces on the minimization process. 

Increasing the values of Q matrix elements implies the 
prioritization of the response reduction over the control forces. 

On other hand, increasing the values of the elements of R 
implies the prioritization of the control forces over the 
response reduction. 

As well known, the solution of the LQR problem is based 
on the analysis of the algebraic Riccati equation 

 
A parametric study has shown that decreasing the r value 

implies a more marked reduction of the response. 
A significant reduction (up to 90% of the floor 

displacements and accelerations) was obtained with r = 10-9. 

IV. EXPERIMENTAL INVESTIGATION 

The experimental dynamic behavior of a 3DOF scaled 
metallic load frame equipped with a semi-active device was 
investigated placed on a Quanser shaking table II for 
producing the dynamic loading consisting of the El Centro 
earthquake record selected as input. 

A small MR damper shown in Figure 5 was placed at the 
first floor level attached to the frame and rigidly attached to 
the shaking table. 

To measure the damping force values generated during the 
experimental tests a load cell was placed in the MR damper 
support system. 

 
 

 
Figure 5:  RD-1097-01 MR Damper. 

 
 
The parameters of the MR damper are: minimum force in 

passive-off mode < 9 N (for current 0.0A at piston velocity 
200 mm/s), maximum force 100 N (for current 1.0A and 
piston velocity 51 mm/s), stroke ±25 and response time < 25 
ms (time required to reach 90% of the steady-state value of 
force under a step change of the current from 0.0 to 1.0A, for 
51 mm/s). 

An impulse hammer test was carried out in order to obtain 
the modal parameters of the structure. 

 
 

 
Figure 6: Frequency Response Function of H1_1. 
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Figure 7: Frequency Response Function of H1_2. 

 

 
Figure 8: Frequency Response Function of H1_3. 

 
 

The structural response was measured with a piezoelectric 
accelerometer (Bruel & Kjaer type 4393 with measuring 
amplifier type 2525) placed at the first floor and a portable 
real-time analyzer (OROS 35 real-time multi-analyzer) that 
was used to perform the necessary mathematical rationing on 
input and response signals to produce the desired transfer 
function. 

The desired frequency response functions (magnitude) for 
each input/output measurements were obtained, shown in 
Figures 6-8. 

The parameters of the scaled frame were then obtained 
based on the data provided by these functions and are 
tabulated in Table 1. 
 
 

Table 1: Parameters of the scaled frame. 

Mode Frequency   Damping  Modal 
Participation 

1st  1,913986  0.03157  34.43248 

2nd  5,627778  0.01198  35.25975 

3rd  8,086245  0.00899  30.30777 

 
 
The three horizontal floor displacements were selected as 

the parameters (output) to verify the efficiency of the control 
law. 

Some results of the analysis are plotted in Figures 9and 10 
for the uncontrolled and the semi-active controlled scenarios. 

The structure response plot shown in Figure 9 was obtained 
without any device connected to the scaled frame (non-
controlled response).  

Then, the MR damper was attached to the 1st  floor in a 
passive configuration (without current applied) with a constant 
current of 0.25  A; the relevant displacement response plot is 
shown in Figure 10, exhibiting a significant displacement 
reduction even with the MR damper in passive mode. 

The three floor displacements were considerably reduced 
(from 0.008 to 0.006 m) due to the increase of damping and 
stiffness at this level. This means that the MR damper 
introduces a partial constraint and as consequence the frame 
behaves like a 2 DOF system above the first floor level. 

Finally, the semi-active controller was activated and the 
horizontal floor displacements were again plotted as shown in 
Figure 11. 

 
 

 

dmáx ≈ 0.015m 

 
Figure 9: Uncontrolled response. 

 

 
Figure 10: Uncontrolled response with MR damper @ 0.25A. 

 
 

dmáx ≈ 0.003m 

 
Figure 11: Semi-active control response. 
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As expected, the semi-active control based on the Clipped 
Optimal algorithm was successfully applied. 

The lateral displacements of the building floors were 
reduced significantly during the earthquake duration, as visible 
by the maximum displacement of the top floor reaching a 
value of about 0.003 m. This value corresponds to 20% of 
what was reached initially without control. 

V. CONCLUSION 
The paper addresses the vibration control of civil 

structures by the design of MR dampers. 
Modeling and design issues are introduced and 

experimental results obtained with reference to a 3-DOF 
metallic frame equipped with a MR damper are discussed. 

The improvement in the dynamic response of the 
structural model subject to an earthquake simulated ground 
motion is shown over the uncontrolled response of the 
system. 
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