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Reduction of seismic response of mechanical system is important problem for
aseismic design. In order to reduce seismic response, two types of devices have been
developed. One type is devices which are attached or installed in structures. Tuned mass
dampers are representative one. The other type is base isolation systems. Some types of
base isolation systems are developed and used in actual base of buildings and floors in
buildings. For example, rubber bearing and viscoelastic damper are used for base isolation
system. In this paper, a base isolation system utilizing friction and restoring force of bearing
is proposed. This bearing is used for reduction of mechanical systems, for example, console of
electrical equipment on the floor. This bearing consists of two plates having spherical holes
and oval type metal or spherical metal with rubber. One of two plates is on the floor of
building (input) and the other is on the base of mechanical system (response).First,
effectiveness of the base isolation system is examined experimentally. For fundamental
experiment, a weight is set on the plate for the base of mechanical system. The plate on the
floor of building is shaken on the shaking table. Acceleration of input and response are
measured. Some types of input acceleration are used. The maximum value, squared sum
value and Fourier spectrum of input and response are obtained. The maximum value of
response is reduced by 50% compared with input. Sum of square of response is about 2% of
that of input. Fourier spectrum is significantly reduced in almost of all frequency regions,
except for very low frequency region. The plate for the base of mechanical system stopped at
original position because restoring force acted.Next, in order to examine reduction of seismic
response of actual mechanical system, a console is set on the plate. Acceleration of input and
response are measured. The maximum value of response is reduced by 50% compared with
input. Squared sum value of response is about 2% of that of input. Fourier spectrum is
significantly reduced in almost of all frequency regions, except for very low frequency region.
Acceleration of the top of the console is also measured. Acceleration is also significantly
reduced.Finally, obtained results of experiment are examined by simulation method. An
analytical model considering friction and restoring force is used. Using input same as
experiment, response is obtained by numerical method. From simulation method,
effectiveness of the proposed base isolation system is demonstrated.
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ABSTRACT

Reduction of seismic response of mechanical system
is important problem for aseismic design. Some types of
base isolation systems are developed and used in actual
base of buildings and floors in buildings for reduction of
seismic response of mechanincal system. In this paper, a
base isolation system utilizing bearing with friction and
restoring force of bearing is proposed. Friction bearing
consists of two plates having spherical concaves and oval
type metal or spherical metal with rubber. First,
effectiveness of the base isolation system is examined
experimentally. Using artificial time histories, the isolated
table is shaken on the shaking table. The maximum value of
response is reduced and sum of squares of response is
significantly reduced. Fourier spectrum is significantly
reduced in almost of all frequency regions, except for very

low frequency region. Next, in order to examine reduction
of seismic response of actual mechanical system, a console
rack is set on the isolated plate. Seismic response is also
significantly reduced. Finally, obtained results of
experiment are examined by simulation method. An
analytical model considering friction and restoring force is
used. From simulation method, effectiveness of the
proposed base isolation system is demonstrated.

1. INTRODUCTION

Reduction of seismic response of mechanical system
is important problem for aseismic design. In order to reduce
seismic response, two types of devices have been
developed. One type is devices which are attached or
installed in structures. Tuned mass damper is representative
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one (Soong and Dargush 1997). The other type is base
isolation systems. Some types of base isolation systems are
developed and used in actual base of buildings and floors in
buildings. For example, rubber bearing and viscoelastic
damper are used for base isolation system (Chen et al.
2004).

In this paper, a base isolation system utilizing friction
and restoring force of bearing is proposed. This bearing is
used for reduction of mechanical systems, for example,
console of electrical equipment on the floor. This bearing
consists of two plates having spherical concaves and oval
type metal or spherical metal with rubber. One of two
plates is on the floor of building (input) and the other is on
the base of mechanical system (response).

First, effectiveness of the base isolation system is
examined experimentally. For fundamental experiment, a
weight is set on the plate for the base of mechanical system.
The plate on the floor of building is shaken on the shaking
table. Acceleration of input and response are measured.
Some types of input acceleration are used. The maximum
value, sum of squares and Fourier spectrum of input and
response are obtained. The maximum value of response is
reduced and sum of squares of response is significantly re
duced. Fourier spectrum is significantly reduced in almost
of all frequency regions, except for very low frequency
region. The table for the base of mechanical system stopped
at original position because restoring force acted.

Next, in order to examine reduction of seismic respons
e of actual mechanical system, a console rack
is set on the plate. Acceleration of input and response are m
easured. The maximum value of response is reduced and s
um of squares of response is significantly reduce
d. Fourier spectrum is significantly reduced in almost of all
frequency regions, except for very low frequency region.

Finally, obtained results of experiment are examined
by simulation method. An analytical model considering
friction and restoring force is used. Using input same as
experiment, response is obtained by numerical method.
From simulation method, effectiveness of the proposed
base isolation system is demonstrated.

2. EXPERIMENT USING OVAL METAL

For reduction of seismic response, bearing is used.
This bearing consists of two plates having spherical
concaves and oval type metal.

2.1 Friction Bearing

Figure 1 shows friction bearing. This bearing consists
of two plates having spherical concaves and oval type
metal (marble plate). One of two plates is fixed on the
shaking table and the other is fixed under the table for the
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base of mechanical system (isolated table) . Shape of plate
is square and length of 250mm and thickness of edge is
40mm. Radius of concave is 250mm. Figure 2 shows a

. marble plate. Height of the center of plate is 35mm and

width is 96mm. Height of edge of plate is 5mm. In this
system, marble plate slides between two plates and
vibration of the shaking table is transmitted to the isolated
plate via marble plate. Natural frequency of the system
depends on radius of concaves and restoring force is
generated in case of uplift of marble plate. Then, marble
plate returns to the original position.

2.2 Experimental Setup

Size of the shaking table is 1600mm length, 860mm
width and 60mm thickness. Friction bearings are set on the
four corners. Isolated table is set on the four friction
bearings. Size of isolated table is same as shaking table.
Acceleration of shaking table, that is, input earthquake
excitation and that of isolated table are measured by
accelerometers.

2.3 Input Earthquake Excitation

As input excitation, an artificial time history is used.
Input excitation is given as acceleration record. Figure 3(a)
shows time history of input acceleration. Figure 3(b) shows

40

Fig. 1 Friction bearing (mm)

(Spherical plate and marble plate)

Fig. 2 Marble plate (mm)
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Fourier spectrum of input excitation. The aim of the study
is reduction of seismic response of mechanical systems.
Then Fourier spectrum of input excitation has the peak at
about 10Hz. The natural frequency of actual mechanical
system is about near 10Hz.

2.4 Conditions of Experiment

The system is shaken horizontally. Effect of grease
on reduction of seismic response is examined. In order to
simulate actual mechanical system, 8 weights of which
length is 600mm, width is 300mm and thickness is 100mm
and weight is 280kg are put on the center of the isolated
table.

Acceleration (G)

_2:“-.0‘.,.“,(.1...m,..|,u ,.m-..li»,:
0 5 10 15 20 25 30 35 40
Time (sec)

(a) Time history

Power spectrum (G/rad/s)

Frequency (Hz)

(b) Fourier spectrum

Fig.3 Input earthquake excitation
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2.5 Results of Experiment

In Figure 4(a), time history of response of the
isolated table without grease is shown. Figure 4(b) shows
Fourier spectrum of time history shown in Fig.4(a).
Comparing Fig.3(a) with Fig4(a), acceleration of response
is much less than input excitation. Comparing Fig.3(b) with
Fig.4(b), Fourier spectrum of the response is much less
than that of input excitation except in low frequency range.
In low frequency range, Fourier spectrum of the response is
same as that of input excitation.

In Table 1, the maximum values of response and
input are shown. In Table 2, sum of squares of response and
input are shown. From those tables, the maximum response
and sum of squares of response are significantly reduced

15 F 3
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Fig.4 Response of isolated plate
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Table 1 Maximum acceleration

Non-grease Grease
Input (G) 1.80 1.80
Response (G) 0.80 2.56
Response/Input 0.44 1.42

Table 2 Sum of squares of acceleration

Non-grease Grease
Input (secG?) 410 410
Response (secG?) 43.9 451
Response/Input 0.11 1.1

using the system without grease compared with those of
input. However, for the system with grease, reduction effect
is not obtained.

3. EXPERIMENT USING SPHERICAL METAL

For reduction of seismic response, the other type of
bearing is used. This bearing consists of two plates having
spherical concaves and spherical metal surrounded by
rubber.

3.1 Friction Bearing

Figure 5 shows friction bearing. This bearing consists
of two plates having spherical concaves and spherical metal
surrounded by rubber. Shape of plate is square and length
of 250mm and thickness of edge is 19mm. Radius of
concave changes from 300mm to 500 continuously.
Diameter of spherical metal is 36.5mm. Inner diameter of
rubber is 36mm and outer diameter is 80mm. In this system,
spherical metal slides between two plates and vibration of
the shaking table is transmitted to the isolated plate via
spherical metal. Natural frequency of the system depends
on radius of concaves and restoring force is generated when

Fig.5 Friction bearing (mm)
(Spherical metal and rubber)
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uplift of spherical metal. Then, spherical metal returns to
the original position.

Experimental setup, input earthquake excitation and
condition of experiment are same as chapter 3.

3.2 Results of Experiment

Figure 6(a) shows time history of response of the
isolated table. Figure 6(b) shows Fourier spectrum of time
history shown in Fig.6(a). Comparing Fig.3(a) with Fig6(a),
acceleration of response is much less than input excitation.
Comparing Fig.3(b) with Fig.6(b), Fourier spectrum of the
response is much less than that of input excitation except in
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low frequency range. In low frequency range, Fourier
spectrum of the response is same as that of input excitation.

In Table 3, the maximum values of response and
input are shown. In Table 4, sum of squares of response and
input are shown. From those tables, the maximum response
and sum of squares of response are significantly reduced
using the system.
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m, a console rack is used. Effect of friction bearing on
reduction of response of the rack is examined.

4.1 Experimental Setup

A console rack is set on the isolated table. Fig.7
shows shape and size of console rack. Height is 1850mm,
width is 600mm and length is 1000mm. Weight is 210kg.

Friction bearings made of spherical metal surrounded by
rubber are used.
4. EXPERIMENT FOR ACTUAL SYSTEM
In order to examine reduction of seismic response of
. actu

4.2 Results of Experiment
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Response (G) 0.381 80

Input
Responsélesponse/lnput

0.210.22
Resp %ﬁgﬁp&ﬁm of squares of arreler;(l)ﬁln%

2
Table 6 Sﬁlglu(t)fsseqcu%rgs of gccelerétt}gn (G’)

Height Bespessrefsns&iay (mm) 12.0200

Input  Response/Input 0.03410
Response 5.94
Response/Input 0.014

Figure 8(a) shows time history of response of the
isolated table. Figure 8(b) shows Fourier spectrum of time
history shown in Fig.8(a). Comparing Fig.3(a) with Fig8(a),
acceleration of response is much less than input excitation.
Comparing Fig.3(b) with Fig.8(b), Fourier spectrum of the
response is much less than that of input excitation except in
low frequency range. In low frequency range, Fourier
spectrum of the response is same as that of input excitation.

In Table 5, the maximum values of response and
input are shown. In Table 6, sum of squares of response and
input are shown. From those tables, the maximum response
and sum of squares of response are significantly reduced
using the system.

5. SIMULATION METHOD
Obtained results of experiment are examined by
simulation method. An analytical model considering

/%//

/
=
h

Fig.9 Analytical model

A00705

friction and restoring force is used. Analytical model and
analytical method are shown.

5.1 Analytical Model

An analytical model shown in Fig.9 is used. In this
model, the system is modeled as single-degree-of-freedom
system. m is mass, ¢ is damping coefficient, k is stiffness, x
is absolute displacement of the isolated table. And, y is
absolute displacement of the shaking table, F, is friction
force.

Equations of motion with respect to relative
displacement of the isolated table to the shaking table z and
is derived. When the isolated table moves to the shaking
table, equations of motion is given as:

7+28 @z+w,’z+f =-§ @

c k
where Cf = is the damping ratio, ® =J—— is
( 2+ mk ) ( m

the natural circular frequency. As friction characteristic,

Coulomb friction characteristic as shown in Fig.10 is

introduced. f, (=F, /m) is acceleration corresponds to

friction force. f is given as:

ff = )
4
Equation (1) is given when absolute acceleration of the
shaking table ¥ is greater thanf . When this condition is
not satisfied, the condition where the isolated table does not
move to the shaking table should be considered. In this case,

z=0 and [j|<f, 3)

where ¥ isinput excitation. And,

Fig.10 Coulomb friction model
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X =y
z=0 €y
Z=7Zy

where z is displacement when Eq.(3) is satisfied. The is
olated table begins to move to the shaking table when

each of the following equations is satisfied.

"}?-—mnzzst >f ;24>0,y>00rzy, <0,y <0

©)

;')'I+u)nzzSt >f ;24<0,y>00rz, >0,§<0

From Eq.(5), when the isolated table is subjected to
carthquake motion from the condition z =0, the isolated t
able does not move to the shaking table until the condition

|'y|>fr is satisfied. Thus, f, is determined by the

maximum response of the linear system without friction

characteristic |')'7|max as follows:

£ = E[F] 0 (6)
where & is normalized friction force and 0<&<1.
Friction force is often defined using friction
coefficient p as follows.
f=ug : (M
where g is gravitational acceleration. Relation between &
and p is given as

E=u/K ®)
Table 7 Maximum acceleration (G)
E 0.3
Input 3.80
Response 1.25
Response/Input 0.33

Table 8 Sum of squares of acceleration (G’s)

E 0.3
Input 1377
Response 1146

Response/Input 0.83

A00705

where
K=[§_ /g ®

5.2 Results of Simulation

As input excitation, white noise is used. Damping ratio
€ is assumed to be 0.01. From Fig.4(b), Fig.6(b) and 8(b),
the natural frequency of the system is 0.5Hz. Table 7 and
Table 8 show an example of result of simulation. In Table
7, the maximum values of response and input are shown. In
Table 8, sum of squares of response and input are shown.
From those tables, the maximum response and sum of
squares of response are reduced using the system.

6. CONCLUSION

Abase isolation system utilizing bearing with friction
and restoring force of bearing is proposed. This bearing
consists of two plates having spherical concaves and oval
type metal or spherical metal with rubber. First,
effectiveness of the base isolation system is examined
experimentally. Using artificial time histories, the isolated
table is shaken on the shaking table. Acceleration of input
and response are measured. The maximum value, sum of
squares and Fourier spectrum of input and response are
obtained. The maximum value of response is reduced and
sum of squares of response is significantly reduced. Fourier
spectrum is significantly reduced in almost of all frequency
regions, except for very low frequency region. Next, in
order to examine reduction of seismic response of actual
mechanical system, a console rack is set on the isolated
table. Acceleration response is also significantly reduced in
this case. Finally, obtained results of experiment are
examined by simulation method. An analytical model
considering friction and restoring force is used. From
simulation method, effectiveness of the proposed base
isolation system is demonstrated.
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