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ABSTRACT

Magneto-rheological damper (MR damper) has
been expected to control the response of civil and
building structures in recent years, because of its
large force capacity and controllable force
characterigtics. Recent study is to the application
of controllable dampers for reducing earthquake
response of buildings and/or wind induced sway.
The dynamic characteristics of the MR damper
have to be clarified, in order to install and activate
MR damper to the structure for controlling the
response. In this paper, the design of MR damper
with bypass flow portion and its dynamic
andyticdl moded are outlined. The dynamic
characterigtics of the damper were examined by
dynamic excitation tests comparing with two
types of magneto-rheological fluids. From the
experimental and analytical  results, the
effectiveness and vaidity of MR damper are
discussed in this paper.
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1. INTRODUCTION

Until now, various kinds of semi-active control
devices have been developed. A series of studies
with viscous damper has been carried out and they
were found to have good characteristics and
efficient control system properties, Kurita et a.
(1998). Wdl, magneto-rheologicd (MR) and
electro-rheologica (ER) fluid dampers attracted
significant attention. The damping properties of
these types of dampers are changed by changing
the magnetic/electrical field applied to each fluid,
Kawashima et a. (1995), Gavin et a. (1998),

Hidaka et al. (1998), Fukukita et a. (1995),
Spencer Jr. et a. (1997), Johnson et a. (1998),
Dyke et a. (1998), Spencer Jr. et al. (1998).

Research on semi-active control of building
structures using controllable fluid dampers is
being conducted in the U.S.-Japan cooperative
research and development project of “Smart
Materidls and Structural Systems.” launched in
1998 by NSF and Building Research Institute,
Japan Ministry of Construction, Otani et al.
(2000). Two kinds of Magneto-rheological
damper (MR damper) have been designed and
manufactured. One has a nomina capacity of
developed. Furthermore, two types of MR fluids
are applied to the MR damper. One is MRF-
132LD produced by Lord Corporation and the
other is trid product #104 made on an
experimental basis by Bando Chemical Industries.
A series of experimental tests were performed.
The damping force and the force-displacement
relationship were evaluated. Furthermore, two
types of analytica modes are proposed to
smulate the behavior of the MR dampers, and
simulation and experimental results are compared
in case of MRF-132LD. This paper outlines the
results of experimenta tests and simulations of
MR dampers.
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2. DESIGN OF MRF DAMPER

The MR damper developed in this study
(Photo 1, Table 1) has the nominal capacity of
200kN that is an appropriate size for vibration
control systems of full-scale building structures.
A new magnetizing system is adopted for thisMR
fluid damper (Figures 1 and 2). In this system, the
electromagnet is attached at the bypass flow
portion, which is connected to the cylinder. The
bypass flow portion has the orifice to magnetize
the fluid effectively. The uniform nmegnetic field

Photo 1; 200kN MR Damper
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Figure 1. Hydraulic Circuit of Bypass Type
200kN MR Damoer

is applied perpendicularly to the MR fluid flow at
the orifice that has the annular cross section. The
bypass system brings some advantages that the
electromagnet can be designed more flexible, e.g.
dwarfing of the electromagnet. It is alsoexpected

that the manufacturing process of the device and

maintenance work is smplified. Two different

kinds of MR fluids were tested on the MR damper.
One was MRF-132LD and the other was trid

product #104 made on an experimental basis by

Bando Chemical Industries.

Table 1: Design Specifications of MR

MR Damper 200 kN
h?rj);'miF:;lcse 200 kN
Stroke + 80 mm
Cylinder Bore 200 mm

Outer Diameter : 70 mm

Bypass Portion Inner Diameter : 66 mm

(Annular Orifice) Length of Magnetic Field :

10 mm x10 Stages

a. LORD Corp.: MRF-132LD

MR fluid
u! b. Trial Product #104
Coil 0.8 mm, 2200 turns
Electromagnet Inductance 0.11 henries
Resistance 10.5 ohms
Max. Current 5A
Flow
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Figure 2: Section of Bypass of 200kN MR Damper



3. EXPERIMENT

Dynamic loading tests have been carried out using
of the vibration-testing machine to verify the
damping characteristics of the developed MR
damper. Various shusoidal and triangular
displacements are applied to the MR damper and
the generated damping forces are measured by a
load-cell on the opposite side of the actuator. The
input electric current applied to the electromagnet
is selected as the one of the test parameters and is
maintained to a constant value during the dynamic
loading test. The damping force and the force-
displacement relationship were evaluated.

Figures 31, 32, 33 show the measured force-
displacement relationships for the sinusoidal
loading and figure 4 shows one for triangular
loading. The left hand side of every figure show
the test results usng MRF-132LD and the right
hand side show the test results using trial product
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#104 made on an experimental basis by Bando
Chemical Industries. The dynamic loading tests
were performed under input electric currents of
0A, 1A, 3A and 5A. It was verified that the
maximum damping force was controllable by
adjugting the magnetic field. The MR damper
usng trial product #104 generated the
comparatively larger forces, because the viscosity
of the fluid was higher than MRF-132LD.

Figure 5 shows the force-velocity
relationships. The increase rate of damping force
of the MR damper using tria product #104 is
higher than that of the MR damper using MRF-
132LD. The MR damper using tria product #104
seems to be suitable for the structure that
responses in comparatively lower velocity. The
MR damper usng MRF-132LD seems to be
suitable when the structure is needed to be
controlled in wide response velocity range.

300
250
200
150
100

=

5A

8 3A
- 1A
. QA

Force [kN]
o

-100
-150
-200
-250

-300
-25 -20 -15 -10 -5 0] 5 10 15 20 25
Displacement [ mm 1

(b) Trial Product #104

Figure 3-1: Force-displacement relationship at maximum velocty 2.5 cnm/s (Sinusoidal)
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Figure 3-2: Force-displacement relationship at maximum velocity 5.0 cm/s (Sinusoidal)
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Figure 4: Force-displacement relationship at maximum velocity 7.5 cm/s (Triangular)
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Figure 5: Force-maximum velocity relationship
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4. ANALYTICAL MODEL FORMULATION

Until now, alot of types of analytical models for
MR (ER) fluid dampers have been proposed.
Some of those consisting of complicated
mechanicad models can precisdly smulate the
behavior of MR dampers, especialy relationships
of both force-displacement and force-velocity,
Spencer Jr. et a. (1997) and Snyder et d. (2000).
In this paper, in contrast to those complicated
models, authors aim at ssimulating the behavior of
the MR dampers with simple analytica models.
Two models are considered. One isthe Bingham
visco-plastic model, in which a couple
comprising a dashpot (C,) and afriction dider (P)
are connected in parallel. This Bingham visco-
plastic modd has been used to smulate the
behavior of MR (ER) dampers in some studies,
and it is known that it can predict the force-
displacement relationship well instead of its
smplicity. In this study, an additional mass is
considered in the Bingham model in order to
consder the effect of the inertia of the MR
damper (Figure 6). The other is the involution
model, Sunakoda et a. (2000), in which the
velocity-force relationship is expressed by:

F= Ci \/a (1)

where F is the damping force, C; is a constant
independent of the frequency; V isthe velocity of
the piston and a is an exponent such that0.0 £ a.
This expression has often been used to smulate
viscous fluid dampers, and is avalable to
smulate the behavior of MR (ER) dampers
because the damping force remains within the
specified bound under the condition that a is
close to zero. Though these two models cannot
simulate the relationship between velocities and
force exactly, to use these modds facilitate both
modeling and response analysis.

In this paper, the moddling of the MR damper
with MRF-132LD was attempted. The values of
identified parameters of both models are shown
in Table 2. In the Bingham visco-plastic model,
two parameters (G, and P) were decided by
means of the least square method. In the
convolution model, on the other hand, two
parameters (C; and a ) were decided by means of
the non-linear least square method, in which the

Gauss-Newton method was used. Figure 7 shows
the comparisons between experimental results
and analyticaly smulated ones in harmonic
loading (a. 0.1Hz-1cm/s, b. 1Hz10cm/s, c. 2Hz
20cm/s). Experimenta results show quite rigid-
plastic behavior under low speed conditions
(0.1Hz1cm/s). By comparing both modes’
resultsin the low speed range, it is confirmed that
the Bingham model can predicts the rigid-plastic
behavior better than the involution model. In
addition, under high velocity conditions (2Hz-
20cmvs), it is shown that the involution model
cannot simulate the experimenta results,
especidly a  OA. The reason for this
phenomenon is that a changes rapidly between
O[A] and 1[A]. To evade this phenomenon, it is
necessary to set the value of o carefully. Figure
8 shows the comparison between experimenta
results and ssimulated ones in applying triangular
displacement to the damper. It is found that, in
all cases, the resistance force become constant
vaues under the fixed velocity condition.
Comparing both models results, it is confirmed
that the involution mode can predict the
tendency of the resistance in each current more
accurately than the Bingham model.

Through these comparisons, it is shown that both
models for MR dampers can predict the behavior
of the MR damper well. However, it should be
noted that choosing appropriate models suitable
for the condition is needed in order to simulate
the behavior of the damper exactly.
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Figure 6: Bingham Visco-Plastic Model with
Additional Mass



Table2
Model Parameters

Current [A] Bingham model Involution model
Gy PIKN] MIt] G a
[KN s/mm] [KN (mm)™]
0 0.537 0.0 444 0.0232 1.65
1 0.487 38.9 4.80 18.9 0.353
3 0.636 53.3 4.48 28.0 0.330
5 0.787 63.0 3.36 32.9 0.334
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5. CONCLUSIONS

Various tests have been carried out using a
vibrationtesting machine to verify the
damping characteristics of developed MR
dampers. The following test results were
obtained: (1) The MR damper with the bypass
flow portion functioned by using the orifice to
magnetize the fluid under an appropriate
electrical current control. (2) The magnitude
of the damping force depends on the input
magnetic field. (3) In the absence of an
applied magnetic field, an MR damper
exhibits viscous- like behavior, while it shows
friction-like behavior in a magnetic field.
Through analytical smulation, it is identified
that both Bingham model and Involution
model can predict the behavior of the MR
damper well. It is clarified that the MR
dampers provide a technology that enables
effective semi-active control in real building
structures.

ACKNOWLEDGMENTS

The authors wish to thank the members of
ER/MR working group in the Effectors
section of the Japan side of the project,
“Smart Materials and Structural Systems’ for
their fruitful discussions.

REFERENCES

Dyke, S. J., Spencer J., B. F., Sain, M. K.,
Carlson, D. J. (1998). An Experimental Study
of MR Dampers for Seismic Protection. Smart
Materials and Sructures. Special 1ssue on
Large Civil Sructures.

Fukukita, A., Tamura, K., Hayashi, S. and
Shiba, K. (1995). Semi-active control of
rotational variable damper using elctro-
rehological fluid. Journal of Sructural
Engineering Vol.41B, 23-32. (in Japanese)
Gavin., H.P. and Hanson, D. (1998). Seismic
Protection using ER Damping Walls, Proc.,
2nd World Conference on Structural Control,
1183-1190.

Hidaka, S., Ahn, Y .K. and Morishita, S.
(1998). Structural Control by Damping-
Variable Dynamic Damper using ER Fluid.
Proc., 2nd World Conference on Sructural
Control, 451-460.

Johnson, E., Ramallo, J.C., Spencer Jr., B.F.
and Sain, M .K. (1998). Intelligent Base
Isolation Systems. Proc., 2nd World
Conference on Sructural Control, 367-376.
Kawashima, K., Otsuka H., Unjoh S. and
Mukai, H. (1995). Development of Hybrid
Seismic Response Control of Bridges. Proc.,
27" Joint Meeting of UINR, 295-3186.

Kurita, N., Kobori, T., Takahashi, M. and
Niwa, N. (1998). Semi- Active Damper
System in Large Earthquakes. Proc., 2nd



World Conference on Structural Control,
pp.359- 366.

Otani, S., Hiraishi, H., Midorikawa, M.,
Teshigawara, M., Saito, T and Fujitani, H.
(2000). Development of Smart Systems for
Building Structures. Proc., SPIE’ s 7th Annual
International Symposium on Smart Structures
and Materials.

Snyder, R. A., Kamath, G. M., and Wereley,
N. M.(2000). Characterization and Analysis
of Magnetorheological Damper Behavior due
to Sinusoidal Loading. Smart Sructures and
Materials 2000: Damping and Isolation, Proc.
of SPIE Vol. 3989, 213-229

Spencer Jr., B.F., Dyke, S.J., Sain, M K., and
Carlson, J.D. (1997). Phenomenol ogical

Model for Magnetorheological Dampers. J. of
Engineering Mechanics, ASCE Vol. 123,
No.3, 230-238.

Spencer Jr., B.F., Yang, G., Carlson, J.D. and
Sain, M.K. (1998). “Smart” dampers for
Seismic Protection of Structures: A Full-Scale
Study. Proc., 2nd World Conference on
Sructural Control, 417-426.

Sunakoda, K., Sodeyama, H., Iwata, N.,
Fujitani, H. and Soda, S. (2000). Dynamic
Characteristics of Magneto-Rheological Fluid
Damper. Proc., SPIE’'s 7th  Annual
International Symposium on Smart Sructures
and Materials 2000: Damping and Isolation,
Proc. of SPIE Vol. 3989, 194-203.



