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Loading Rate Effects of High Damping Seismic Isolation
Rubber Bearing on Earthquake Responses
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This paper investigates the effects of the loading rates of high damping seismic isolation

rubber bearing on earthquake responses. For this purpose, a seismically isolated system is

formulated by the Runge-Kutta numerical algorithm with nonlinear rate model of high damping

rubber bearing to carry out the seismic time history response analysis. Results of the seismic time

history response analyses using both the present parameter equations and Fujita’s equations are

compared with those of pseudo dynamic tests. From these results it is confirmed that the
parameter equations of high damping rubber bearing should be obtained by tests with the

loading rate equivalent to the isolation frequency as close as possible.
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Nomenclature

As : Shear area

[C] . Damping matrix

Fi, Fy, Fu, Fn © Variables of restoring forces

Feq . Equivalent excitation frequency

F(xr, %)= : Restoring force of seismic isola-
tion bearing

Geq . Equivalent shear modulus

Heg : Equivalent viscous damping con-
stant

Hze : Total height of rubber

[K] : Stiffness matrix

K : Equivalent stiffness

K, Ko . Constants

(M] : Mass matrix

M, . Total mass of superstructure

U s ratio as F/Fn

X . Input acceleration earthquake

Xn : Maximum displacement

Xr : Relative displacement vector

v, ¥ : Transformation displacement

and velocity vector
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Y . Shear strain
1. Introduction

Recently, seismic isolation systern has drawn
worldwide attentions for its high performance of
energy dissipation and period shift during earth-
quake events. Many researchers are eagerly trying
to develop a design guideline of seismic isolation
system applicable to many fields such as, build-
ing, apartments, nuclear power plant, and so
forth.

First of all, for the design of seismically iso-
lated system, it is very important to evaluate and
model the seismic isolator characteristics as accur-
ate as possible. The rubber bearing has complex
non-linear characteristics in relationship between
the restoring force and shear strain.

To make a mathematical model for the non
-linear behavior of the laminated rubber bearing,
many researchers use spring
-damper model, simple bi-linear model, modified
bi-linear model, Ramberg-Osgood model, rate
model, and so forth(Bhatti and Pister, 1981 ;
Fujita, et al., 1990; Ohtori and Ishida, 1995;
Koo and Lee, 1996). Among these mathematical

the equivalent

models, it is known that the rate model gives
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more accurate results in the range of design shear
strain (Fujita et al., 1990). Therefore, in this
paper, the rate model is used for rubber bearing
model and solved by using the Runge-Kutta
numertcal algorithm.

M. A. Bhatti used the basic rate model which
requires the data such as yields force, yield defor-
mation, a constant which controls the slop after
yielding, and some material parameters obtained
by experiments (Bhatti and Pister, 1981). In this
paper, the modified rate model is used, which is
controlled by three parameter equations ; the
shear modulus, a ratio of restoring force at zero
displacement to maximum restoring force, and the
equivalent viscous damping(Fujita et al., 1990 ;
Ohtori and Ishida, 1995).

In determination of the parameter equations by
loading tests of the laminated rubber bearing, the
loading delay time between the time interval of
the input wave data and the actual loading in tests
causes the variation of the mechanical characteris-
tics such as shear stiffness and damping(Ohtori
and Ishida, 1995.).

For convenience, the loading rate is defined as
the ratio of the time interval of input motion to
the loading time interval in test machine. The
main purpose of this paper is to investigate the
importance of these loading rates in developing
the general design guideline for high damping
seismic isolation rubber bearing model. For this
purpose the seismic time history response analyses
are performed for a single degree of freedom
model of seismically isolated system which has a
isolated frequency, 0.5 Hz using the present
parameter equations which are in consideration
of the loading rates and the Fujita's parameter
equations (Fujita et al., 1990) which do not con-
sider of the loading rates. And also these loading
rate effects on earthquake responses are verified
by the results of the pseudo dynamic tests.

2. Formulations of Seismically
Isolated System

2.1 Formulation using the Runge-Kutta
numerical algorithm
In general, the governing equation of motion

for a seismically isolated system, which uses the
nonlinear seismic isolators, can be expressed with

simple lumped mass, damping, and stiffness
matrix of superstructure as follows ;

(MW x)+ICHE A+ K Hx)

'F{f"(){r, xr”iso}:“[MJ{X'g} (n

In Eq. (1), {x,} is relative displacement for
input motion and { ¥} is input acceleration earth-
quake, and {F'(x,, %,)|s0o) indicates the non-
linear restoring force vector of seismic isolation
rubber bearing which is a function of displace-
ment and velocity responses of isolator. To solve
the above equation this paper introduces the
Runge-Kutta numerical algorithm using the
transformation vectors as follows ;

() o=l

From Eq.

(2, 3)

(1) the {i#,} can be expressed as
follows ;
{Zrt=—IM]I"([CHx )+ K] {ort+ [M]{&0}
H{F ey %0 |iso)) (4)
After substituting Eq. (4) to (3),
order differential Eq. of (1) is transformed to the

the second

Superstructure

Total Mass of
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Non-Linear
Stiffness ———
: Hysteretic Dampin
High Damping y ping
Rubhar Bearing ° Basemat

———

Ground Motion

Fig. I One dimensional model of isolated system.
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first order differential equation as follows ;

.}_[ 0 I ]{ |

W=l ook — el
W
*{Xg}*[M} I{F(Xr, Xr)‘isn}

(5)

In this paper, we represent seismically isolated

structure with a single degree of freedom system

as shown in Fig. I. In this case, the Eq. (5) can

be simply expressed as follows ;

{y}:7{;5c'g+F(x?, xr)/Mi} ©)

In Eq. (6), M, is total mass of superstructure with
Kg unit.

2.2 Nonlinear rate model of seismic isola-
tion rubber bearing

For the mathematical model of seismic isola-
tion bearing, we use the modified nonlinear rate
model (Fujita et al., 1990; Ohtori and Ishida,
1995). Figure 2 shows the basic concept of the
nonlinear rate model. With this model, the total
restoring force of rubber bearing in Eq. (6) can
be expressed as

F=FK+F (7)
Fi=K>- x, (8)
o= (Ki—Ky) * %, - {1 .O*sg;'z(xr)< 1‘:2 >n} (9)

u

where the dot on parameters indicates the time

Restoring Force

Fig. 2 Basic concept of non-linear rate model.

derivative, sgn ( )means the sign change of ( ), i.
e. sgn{x,) =] ¥, |/ %, and is the restoring force
at zero displacement during maximum hysteresis
loop responses as shown in Fig. 2. In Eq. (9), n
is a material parameter, taken as an odd integer
which controls the sharpness of transient from the
elastic to inelastic region. As » goes to the infi-
nite, the Rate Model approaches a bilinear model
(Bhatti and Pister, 1981). In this paper, approxi-
mately =1 is used for the sharpness of rate
model (Fujita et al., 1990). In Egs. (8) and (9),
the K, and K, are calculated as functions of
maximum shear strain y as follows ;

K=[1.0-Upmn+Uy/Si- K (0

K=[1.0-U(n] " K (1)
In Egs. (10) and (11), {J is the ratio of F, to F,
shown in Fig. 2 and [ is the equivalent stiffness
calculated by

=Gl Ax (12)
where Hp is the total height of rubber. In Eq.
(10), S is the value that satisfies the following
equations,

L1 _U)—Q(y)
S my = U (13)
QUy)=m+ Heal7)/2 (14)

where ¢ indicates the exponential function and
H., is a equivalent viscous damping constant. In
Eq. (13).
to obtain the S. For large shear strain over about
150%, the Eq. (13) may diverge. This makes the
Rate Model unfit for applications with large shear

some numerical iterations are required

strain of high damping rubber bearing.

In above equations, y is the shear strain at the
maximum displacement of X, shown in Fig. 2
obtained by the following equation,

y=Xn/Hz (15)

The parameter equations such as G (y), U
(). and @ (y) should be obtained by tests of
rubber bearing. These equations are described in
the following chapter.

3. Parameter Equations

In this paper, two types of high damping seis-
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Rubber : 31 x 25mm
Steel : 30 x 1.6 mm
Similarity Ratio : 3.16
Fig. 3 Layout dimension of high damping rubber
bearing.

mic isolation rubber bearing are used. One is the
high damping rubber bearing used in this paper
and the other one is that used by T. Fujita.

The layout dimensions of high damping rubber
bearing used in this paper is shown in Fig. 3. This
is a reduced model with similarity ratio of 3.16.
The seismic isolation frequency used in this paper
is 0.5}{z. To achieve this isolation frequency, the
total mass of superstructure is assumed as 158.274
Kg. From these conditions, three sets of parame-
ter equations are obtained by loading tests with
three equivalent excitation frequencies of 0.01 Hz,
0.25Hz, and 0.5F=z. These frequencies are deter-
mined by the loading rates in test machine as
follows ;

Time Interval of Input Motion At
Loading time Interval

Loading Rate==

(16)
Equivalent Excitation Freguency (F,,) =~ Iso-
lation Frequency x Loading Rate. (17)

In this paper, the equivalent excitation fre-
quencies, of 0.01 H{z, 0.25 Hz, and 0.5 Hz are corre-
sponding to the loading rates, 1/50, 1/2, and 1/1,
respectively.

The parameter equations obtained by test
results in consideration of the loading rates are as
follows (Ohtori and Ishida, 1995) ;

For Fo,=0.01Hz :

Geg(7) =0.01323—0.01435y +0.009045 2

—0.001854° (18)
U(y)=02773-0.17035 +0.1507 42
—0.04903 43 (19)
Q (y) =0.2394—0.1494 5 +0.1606 5
—0.052133 (20)

For Fou=025Hz:
Geq(y) =0.01661—0.01832y+0.0111452

~0.002238 @
U () =0.2804 —0.06308 y +0.1149 52
~0.0516 (22)
Q () =0.247-0.0493 7 +0.1049
—0.04481 3 (23)

For F,,=0.50Hz :
Gey () =0.01977—0.02191 y 4+ 0.01306 42

~—0.002578 5 (24)

U () =0.2775—0.049155 +0.0959 42
~0.04501 5* (25)

Q () =0.2568 —0.08893y +0.1469 7
-0.05686%° (26)

In Eqgs. (18) ~(26), U(y) and @Q(y) are non-
dimensional parameters and G, (y) has a unit of
ton/cm®.

Another parameter equations considered in this
paper is the T. Fujita’s results (Fujita etal., 1990).
The rubber bearing used in his paper comprise of
23 rubber layers of 6 mm thickness and 450 mm
diameter bonded to steel plates. He obrained the
parameter equations using 0.2 Hz equivalent ex-
citation frequency for two types of rubber bearing
which have a difference in hardness of rubber as
follows ;

For low hardness rubber (IRHD=50) : 0< y<0.
7 region
Ko(y)y=2.03-4975+6.73y*—3.34,3 (27)
U(y) =0.363—0.231y+0.03574*
+0.0609 5* (28)
Q(7)=0.268—-0.1099+0.072—0.0186y* (29)
For low hardness rubber (IRHD=50) : 0.7<y <
1.4 region
Ky(y) =1.08—-0.548—0.03764°4-0.107y* (30)
U(y) =0475—-0.671y+0.60642—0.181y* (31)
Q{y)=0.261—-0.0829y+0.0414*
—0.00952 »* (32)
For high hardness rubber (IRHD=60) : 0< y <0.
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7 region
Ko(y) =3.02-7.47y+10.1y*—5.03 (33)
U(y) =0.448—0.5617+0.8737%—0.517%° (34)
Q(y) =0.282—0.0168y —0.0537 52
+0.0487 3 (35)

For high hardness rubber IRHD=60) : 0.7< y <
1.4 region
Ko(y) =2.36—3.40y+2.81y*—0.0748%%  (36)
U{y) =0.363—0.231y40.036 >+ 0.061y* (37)
Q(y)=0261-0.083y+0.041 »2—0.010° (38)

In Egs. (27) ~ (38), Ky(y) has a unit, MN/m.
In T. Fujita’s research, he used the parameter
equation, K,(y) instead of G, (y). In this case,
the value of K,(y) depends on the size of rubber
bearing. Therefore, for the general applications,
Ko (y) can be easily transformed to the equivalent
shear modulus, G, (y) by using the Eq. (12).

4. Analysis and Discussions of Loading
Rate Effects

For the input motion, the synthetic earthquake
data, shown in Fig. 4, which is made by the
measurement data in Mexico, 1985 and tentative
design response spectrum (Ishida etal., 1989), is
used. This earthquake is often used in design and
evaluation of seismically isolated system due to its
long period components. The maximum peak
acceleration of the Mexico earthquake is actually
316 gal but in this paper 100 gal is used, which is
consistent with the similarity ratio of 3.16.

The total analysis time is 50 seconds and the
analysis time interval of input motion 1s 0.005 sec.

The pseudo dynamic tests(Ohtori and Ishida,
1995) are carried out to verify the loading rate
effects on earthquake responses. Figure 5 shows
the basic concepts of pseudo dynamic tests. In the
tests, we get the restoring forces from test machine
and solve the equation of motion with this in
computer and put the displacement response to
test machine for excitations. Table | shows the
capacity specification of the test machine.

Figures 6 and 7 show the responses of hyster-
esis loop obtained by analyses and pseudo
dynamic tests for each loading rate, respectively.
The shapes of hysteresis loop of analyses are in

Accelsm\‘jon {9}

o 10 20 30 40 50

Time (sec)

Fig. 4 Synthetic design earthquake from 1985 Mex-
ico earthquake.

Table 1 Capacity specification of test machine.

Horizontal actuator | Verical actuator
Load +5(tons + 100tons
Displacement +300mm +300mm
velocity +70cm/sec +35¢m/sec

Control system Displacement control or Load control

Waveform Arbitrary waveform by external input

Frequency range OHz~30Hz

very good agreement with that of pseudo dynamic
tests. From the results, we can see that the stiffness
increases while the maximum displacements
decrease as loading rates increase. Figure 8 shows
the isolation frequency variations caused by load-
ing rate effects. These results can be reconfirmed
by displacement time history responses as shown
in Fig. 9. The response wave forms obtained by
analyses are good agreement with those of pseudo
dynamic tests. In these results, the maximum
displacement is reduced as loading rate increases,
which strongly suggests that the loading rates
affect the characteristics of the high damping
rubber bearing.

Figure 10 shows the time history of the
displacement response obtained by using the
Fujita’s parameter equations. As mentioned in
previously chapter, his parameter equations are

for 0.2 Hz excitation tests. Therefore, the results
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Fig. 5 Basic concept of pseudo dynamic test.

obtained by Fujita’s parameter equations are very
similar to the results of 0.25 Hz excitation of this
study. But when considering the isolated system,
which will be dominantly excited by the excita-
tion frequency of 0.5 Hz, the Fujita’s parameter
equations may result in larger displacement
responses than the actual responses. It is necessary
to consider the loading rates when constructing

the parameter equations of the rubber bearing by

tests.

Figure 1l shows the loading rate effects in
maximum peak displacement responses. From
Fig. 11, it is shown that the loading rates signifi-
cantly affect the maximum displacement
responses. The differences of maximum displace-
ment responses between 0.01 Hz and 0.5 Hz are
25% and 33% in analysis and experiments, respec-
tively. Figure 12 shows the comparison of maxi-
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lower excitation frequencies than the isolation oSk
frequency may result in under estimated maxi- 10 E PR R TP T
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mum peak acceleration responses. In actual seis-
mic isolation system which has 0.5 Hz isolation {c) For 0.5 Hz ime (sec)
frequency, the rubber bearing will be dominantly Fig. 9 Results of displacement time history
excited by the component of 0.5 Hz. Therefore, in responses.

Figs. 11 and 12, the peak value obtained by the

parameter equations of 0.5 Hz excitation can give equivalent to the isolation frequency as close as
much more accurate results in actual earthquake  possible.

events. This means that the parameter equations

should be obtained by tests with the loading rate
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responses using Fujita’s parameter equations.
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Fig. 11 Variation of maximum peak displacement by
loading rates.

5. Conclusions

For the evaluation of seismic isolation rubber
bearing, there can be two tests such as quasi static
test and the dynamic test. As mentioned in above
results, the slow loading rates result in lower
stiffness and smaller hysteresis damping than the
fast loading rates. Therefore, the test results which
are not performed with the loading rate closed to
the isolation frequency can result in wrong evalu-
ation of a characteristics of high damping rubber
bearing for actual earthquake events.

In conclusion, the parameter equations of high

100 . .
g |
2
= .
8 ..
=
fu- I
B
.E(‘ L ] A
= 50 |- 5
& .
E
3
E |
% ‘®  Analysis with Present Equations
= Analysis with Fujita's Equations
(Low Hardness Rubber)
| & Analysis with Fujita's Equations
i l (High Hardness Rubber;
D ~ i i b sl N L
01 .10 1.00

Loading Rates (Hz)

Fig. 12 Variation of maximum peak acceleration by
loading rates.

damping rubber bearing for a mathematical
model should be obtained by loading tests with
the loading rate equivalent to the isolation fre-
quency for more accurate results in design and
analysis of seismically isolated system.
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