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IDENTIFICATION STUDY ON BASE
ISOLATION SYSTEMS BY FULL-SCALE

BUILDINGS

Chin-Hsiung LOH* and Chin-Huang LEE**

Seismic response characteristics of two types of base-isolated buildings are investigated
by using identification techniques. Equivalent linear system was first assumed in con-
nection with the dynamic behavior of the structural system, then the nonlinear Bouc-
Wen’s model was also assumed as second stage to model the isolation system and esti-
mate the hysterctic damping of the system. Both “modal minimization method” and
“Bxtended Kalman Filtering techniques” are used for structural identification. The
natural frequency of the isolation system of Law and Justice Center Building was de-
signed greater than the natural frequency of the building while the natural frequency of
the test building of Tohoku University was designed smaller than the natural frequency
of the building. These results are obtained from identification.
Keywords . base-isolation system, system identification, earthquake engineering

1. INTRODUCTION

Base isolation techniques provide an alternative
approach for seismic design of buildings and
bridges. When appropriated, the use of special
energy dissipation devices between the super-
structure and the substructure can significantly
reduce the forces induced in the building struc-
tures, as compared with non-isolated structures.
Many studies on the base isolation system with
isolators and dampers have already been
published” ™. Generally, the base isolation system
is composed of three elements : the isolator that
lengthens the period of structure out of the
dominant frequency components of ground mo-
tion, elastic-plastic or viscous damper which
dissipates vibration energy during an earthquake,
and fail-safe mechanism. In recent years, base-
isolated buildings have been constructed, and
considerable amounts of earthquake response data
have been published. To evaluate dynamic be-
havior of base-isolated buildings during earth-
quake, it is required to investigate the response
characteristics which the mathematical model of
the isolation system can be shown. For this
purpose, system identification techniques” ™ can
be adopted to this problem. In this study we focus
on the identification of two isolated buildings, one
is the Foothill Communities Law and Justice
Center in Rancho Cucamonga, USA, and the other
is the test building at Tohoku University, Japan.
The recorded earthquake responses of these two
buildings had been discussed before and the
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dynamic characteristics of the super-structure and
the isolation system had been identified® . The
purpose of this paper is to verify the dynamic
characteristics of these two building by using the
earthquake data of two recent earthquakes.
Discussions on damping effects of the isolation
system and the effects of nonlinearity of isolator on
the response are issued in this paper.

2. DESCRIPTION AND EARTH-
QUAKE OBSERVATIONS
OF THE BUILDINGS

The earthquake observations were carried out
for the two different buildings whose locations are
at Tohoku University of Japan and at Rancho
Cucamonga of USA respectively. The datails of
each building are described as follows :

San Bernardino County Law and Justice
Center : The Foothill Communities Law and
Justice Center in Rancho Cucamonga, California,
is a four-story building supported on elastomeric
bearings which are interposed between the base-
ment of the structure and the foundation. The
structure above the isolation system consists of a
steel space-frame stiffened at various bays by
braced frames. The isolation system consists of
eight different types of isolators that are placed
under the building’s 98 columns. The isolators are
17 in high and 30 in diameter. This Law and Justice
Center is instrumented by the California Strong
Motion Instrumentation Program with a total of 19
accelerometers, as shown in Fig.1. Strong shaking
of this building was recorded during the 5.5 local
magnitude Upland earthquake on February 28,
1990™. The peak horizontal acceleration at the
free-field site is 0.26 g and with dominate frequen-
cy between 5 Hz and 10 Hz. The foundation of the
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building provides kinematic interaction effect that
filtered out high frequency signals of free-field
motion and peak acceleration recorded at the
foundation level (below the isolators) is 0.14 g. The
peak acceleration values recorded by the three
transverse sensors in the basement (above the
isolators) range from 0.05 to 0.08 g. Some high
-frequency signals are filtered through the observa-
tion of Fourier spectra between the foundation
motion and the basement motion because of the
isolation system. The peak motion at the roof is
0.16 g. Fourier spectra of the earthquake responses
at the 2nd floor and the roof of the building of this
earthquake are calculated and the natural frequen-
cy of the building appears at 1.4 Hz for the first
mode (highest peak of Fourier amplitude).

The Test Buildings at Toheoku University :
The test buildings were constructed on the campus
of Tohoku University in Sendai, Japan. They are
composed of two buildings, one base-isolated and
the other conventional, whose super-structures and
the level of the base mats are exactly the same. The
two buildings are both three-story reinforced
concrete structures. Eleven accelerographs were
installed at the bed rock, near the surface of the
building, the first floors and roofs of both
buildings. The plan and elevation of test buildings
are shown in Fig.2. The isolation devices consisting
of six laminated rubber bearings (LRB) and twelve
oil dampers were installed in the basement of the
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Fig.2 Plan and elevation of test buildings at Tohoku
Univ.

building. For the purpose of investigating the
dynamic behavior of the building during earth-
quake observations were conducted for the test
buildings and their surrounding ground. The
earthquake observation started in May 1986. The
earthquake of February 6, 1987, with magnitude of
6.7 and epicentral distance 168 km and focal depth
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of 31 km is used to study the dynamic response of
this building. During this earthquake, the max-
imum accelerations at the roof of the base-isolated
building were 35.76 gal and 31.84 gal for z- and y-
directions respectively, which were from 1/5.7 to
1/4.9 of the value at the roof of the un-isolated
building. It was observed from the Fourier
amplitude spectrum of responses that the predomi-
nant frequency of the ground motion appears at 2.5
Hz. The dominant frequency of the isolation
system appears at 1.0 Hz.

3. MATHEMATICAL MODELS

(1) Linear Model

The transmission of ground motion to structures
can be effectively controlled through the isolation
of the structure at its base. Generally speaking,
rubber bearings offer the simplest method of
isolation. The laminated rubber bearing (LRB)
consists of alternating layers of rubber and steel
with the rubber being vulcanized to the steel plates.
The mathematical behavior of this system is a
simple model with linear spring and linear viscous
damping. Since most isolation systems are intrinsi-
cally nonlinear, and the effective stiffness and
damping will have to be estimated by some
equivalent linearization processes. In the linear
analysis of isolation system, consider a linear multi-
story shear type structure mounted on a base-
isolated foundation with laminate rubber bearings.
This base isolation system provides stiffness and
viscous type damping in the horizontal direction.
Adopting the normal mode approach and assuming
that the super-structure vibrates in the first mode,
one may acquire the following system for the base
and modal displacement” :

aib+g+2$lwlg+w%y: ———a‘i‘p ................ (13)
ot 28, wuty + Wi — 2E1andpy — wlydp= —

in which %, =the acceleration of the ground, & and
w; = the damping factor and frequency of first
mode, & and w;=the equivalent linear viscous
damping factor and frequency of the isolation
system, x, =relative displacement between founda-
tion and the basement, and a=the participation
factor which related to the mode shapes of the
structure, y=the dimensionless modal displace-
ment, and pg=my/ms, Wy=+ko/m,. my=mass of
the top floor. The complex frequency respones
functions for y and z,, corresponding to &= e’
can be calculated, ie. mm=H,(w )%, and y=
H, 1( w ):'c",].
(2) Nonlinear Model

The base isolation system consists of laminated
rubber bearings which can be modelled as equiva-
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Fig.3 Structural and Isolation Model of Building
System.

lent linear system with viscous damping and
horizontal stiffness, and oil damper system in which
hysteretic dampers were assumed to absorb large
amount of energy. This hysteretic dampings
provide hysteretic restoring force and can be
modelled by a nonlinear differential equation
which had been proposed by Wen™. Fig.3 shows
the structural system considered here. The super-
structure is assumed to remain elastic during an
earthquake ; the nonlinearity is only associated
with the base isolation system. If the super-
structure is assumed to vibrate in the first mode,
the equations of motion of the system under
consideration are :

a‘i‘b—!—-y—{— 2810)1?/—}- w%: ———ai"g ................. (23)
28 wdy Hawin,+ (1 —a) wiZ
—2€1wlﬂy—w%ﬂdy= —j}g .................. (Zb)

ZH G| Z1 214 Ba| ZIt— Ady =0 oeeeeee (20)
in which Z is the hysteretic component, and #, 4, 3,
v are constants, and « is the pre-yield and post-
yield stiffness ratio. The parameters @i, &1, @, &,
ws, &, B3, 7, A and # are chosen such that predicted
respones from the modal closely matches ex-
perimental results (actual seismic responses). This
nonlinear model can consider the energy-absorbing
devices that dissipates energy through hysteresis.
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In this study on isolation system, the parameter n
in Wen’s nonlinear hysteretic model is set equal to
one, #=1. The discussion on the estimation of »n
was presented in the reference 20.

4. IDENTIFICATION SCHEMES
AND RESULTS OF THE ISOLA-
TION SYSTEMS

(1) Modal Minimization Technigue

In this study, under the assumption of linear
responses in both super-structure and isolation
system, the model minimization technique is used.
It is based on the concept of minimizing the error
between the actual response and the response
predicted by the model in either time domain or
frequency domain for a given set of parameters.

a) Frequency domain analysis :

The definition of error used in the automated
procedure employed is given by

f2 2 . 2
I =[S R @) =Rilw, &3 DI W

where R,(w ) and Ry( w, &, ; p) are the actual and
predicted responses of the system in the frequency
domain from fi to f,, respectively, =1 is for the
response of roof and =2 is for the response of
basement. The predicted response is computed
from the model with modal parameters p and the
excitation signal #,( @ ). In the present study, the
response corresponds to the Fourier transform of
the roof acceleration and the basement accelera-
tion respectively (i.e., only two terms of summa-
tion are needed in Eq.(3)). W; is the weighting
function and is defined as the inverse of the
response variances.

b) Time domain analysis :

Since the super-structure of the isolation system
is assumed as a linear response during shaking,
time domain analysis can also be performed. The
error function can be defined in time domain and
expressed in the following form :

F) = [LAt D= )Tt oo (4)

in which p is the vector formed by model
parameters wi, &1, and a. »(¢) and #( ¢ ; p) are the
roof response of the structure for recorded and
estimated time response respectively. Summation
is done with respect to the discrete value of time
increment (from initial time # to the end of
vibration f;). When error is zero, the exact modal
parameters (&, @ and a) can be identified. It is
clear that the least square method can have an
exact estimation if #(#)and (&,+ %) are mea-
sured exactly. The algorithm employed to vary the
parameters in the automated procedure corres-

ponded to a variation of the steepest descent
method. It is believed that the modal minimization
technique is a much more reliable technique than
the transfer function approach for estimating the
values of the periods, damping factors and
participation factors of the first few modes of
vibration of an engineering building.

(2) Extended Kalman Filtering Technique :

The algorithm of the extended Kalman filtering
technique is a recurrsive process for estimating the
optimal state of a nonlinear system based on
observed data for the input (excitation) and output
(response). It is believed that under strong shaking
the isolation system may have nonlinear behavior.
This technique to the identification of the nonlinear
parameters of the isolation system is discussed in
this study.

Consider an isolation system generated by
Equations (2b) and (2c). The response of the
system to an input strong motion earthquake
record (&) has been recorded. Define a state vector
{X} as

{X} = < Uy, ub; Z: A, 13: 7 a, dﬂ: éb; wb>T
= < X1, X, X3, **°, x10>T .................. (5)
The set of state vector equations, Eq.(2b), at time ¢

representing an identification problem can be
formulated as

djgf LXK, by covvenerrerernmnner (6)

where
AX, )={X=

P2

g — 22021022 — 22" 21— (1 — 1) hoxs

+2& wirgy+ witsy
(7
Tty — (23] 205) | 2" 20y 260 4] ) (7
0
0

&, wy and #,( ) are assumed as known parameters
and excitations, respectively. The observation
vector {Z} is expressed as

Zi| 11000 -

Zs 0100 -
where { V} is the measurement noise vector. The
identification by the Extended Kalman filter with
Global Iteration (EK-WGI)” method is developed
from Eqs.(6) and (7). The brief outline of the EK-
WGI method is that if the initial state vector
X(t|toy and error covariance matrix P(flt,) are

given, then the observation data Z( ¢) are proces-
sed. It is possible to estimate the state vector

8]{X}+{V}~~(8)
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Fig4d Plot of restoring force diagram for the test building of Tohoku University during Feb. 6, 1987
earthquake, (a) between roof and basement ; (b) between basement and foundation.

Table 1 Identified modal parameters of the test building at Tohoku

University for Feb. 6, 1987 earthquake.

Test Building of Superstructure Isolation System
Tohoku University fr (Hz) & a | fy (Hz) & du A B bt a Error
Linear | X-direction 3.83 0.026 | 1.256 | 0.81 0.247 | 0.032 — — — — 1.06 %
Model Y-direction 4.82 0.043 | 1.26 0.80 0.208 | 0.006 — — — — 147 %
Nonlinear | X-direction 3.83 0.026 | 1.25 0.97 0.187 | 0.035 | 0.4240 | 0.9250 | 0.4945 | 0.5507 | 0.89 %
Model Y-direction 4.81 0.043 | 1.26 1.02 0.146 | 0.008 | 0.4334 | 0.5717 | -.0132 | 0.3573 | 1.52 %
Test Building of Superstructure Isolation System
Tohoku University f1z) | E, a |fbEzm)| B,
X —
Re;glzdeI direction 3.63 0.016 - 0.72 0.16
Vibration v —
direction | %-39 0.014 - 0.73 0.15

"x" . Results from referece 15

X( ]ty and the error covariance P(#ty) by the
iterative calculation of the Extended Kalman filter.
The associated error covariance matrix is defined
as P(tlt)=Ele(tlt)e” (#]t)] and e is the
estimation error.

Identification on the Test Building of Tohoku
University : The data recorded from the earth-
quake on Feb. 6, 1987 was used to identify the
dynamic properties of the building”. In the
beginning the restoring force diagram of the system
was plotted, as shown in Fig.4. Large relative
displacement between basement and foundation
was observed. It is clear from this picture that the
isolation system is very effective to reduce the
structure responses during earthquake excitations.

For conceptual purposes the “equivalent linear
stiffness and damping” of a given hysteresis loop
are assumed in the isolation system as well as in the
super-structure during earthquake excitation. In
the beginning, modal minimization technique was
applied from frequency domain analysis to identify
the modal parameters of the super-structure. With
the identified modal parameter of super-structure,
Kalman filter technique was applied to identify the
equivalent viscous damping and stiffness of isolator
from time domain. Table 1 shows the results of the
estimated modal parameters. For linear model the
estimated equivalent viscous damping for isolation
system is 24.7 % and 20.8 % in x-direction and y-
direction respectively. During strong earthquake
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Fig.7 Plot of restoring force diagram for Feb. 28, 1990 Upland earthquake at Law and Justice

Center of San Bernardina County.

excitation energy dissipation through the isolator is
developed not only by viscous damping but also by
hysteretic damping of material. To represent the
damping characteristics, the nonlinear hysteretic
model, as shown in Eq.(2), was adopted. The
extended Kalman filtering technique was used to
identify the modal parameters of isolation system.
Table 1 also shows the identified results of this
nonlinear model. The viscous damping ratio in
both z- and y-directions were reduced to 18.7 %
and 14.6 % respectively. Part of the energy were
dissipated through the hysteresis behavior of the
isolators. Fig.5 shows the comparison between the
predicted and recorded time history in y-direction.

Fig.6 shows the comparison in square root of
power spectral density of recorded and calculated
motion. The root-mean-square error of the velocity
and displacement between actual response and the
prediction is also shown in Table 1. The results of
forced vibration test for this building is also shown
in Table 1. It has to point out that the estimated
natural frequency of the isolator is smaller for
equivalent linear model (about 0.8 Hz) and greater
for nonlinear model (about 1.00 Hz). As expected
the estimated equivalent linear stiffness will also
have a smaller value for linear model than for
nonlinear model because the identified f; from
linear model represents the overall stiffness instead

]
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Table2 Identified modal parameters of Law and Justice Center for Feb. 28, 1990 Upland earthquake.

Test Building of Superstructure Isolation System
Law and Justice Center | f; (Hz) | & a | fy (Hz)| & m A B v o Error
Linear NS-direction 1.56 0.035 | 1.26 2.31 0.246 | 0.589 — — — e 6.06 %
Medel EW-direction 1.52 0.040 | 1.42 2.48 0.127 | 0.573 — — —_ —_ 9.63 %
Nonlinear | NS-direction 1.56 0.035 | 1.26 2.49 0.231 | 0.642 | 0.6968 | 0.1195 | 0.0413 | 0.6875 | 6.24 %
Model EW-direction 1.52 0.040 | 1.42 2.88 0.098 | 0.560 | 0.6384 | 0.7270 | 0.6352 | 0.3811 | 9.51 %
Test Building of Superstructure Isolation System
law & Justice Center £1(Hz) E, a fb(Hz) Z,
* NS- 1.96 | 0.044 1.417 3.70 | 0.240
Linear direction
Model BEW- 1.96 | 0.061 1.672 3.70 | 0.157
direction

" * " Results from
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Fig.8 Comparison in Fourier amplitude spectrum of recorded and predicted basement motion
and roof motion (Law & Justice center of San Bernardino County).

of the initial stiffness which was identified from

nonlinear model.

Identification on the Law and Justice Center
of San Bernardino County : The restoring force
diagram of the building for the Feb. 28, 1990
Upland earthquake were plotted, as shown in
Fig.7. It was found that the response between roof
and basement is much greater than the response

between basement and foundation. The vibration
properties of the building for each of the two
orthogonal directions (transverse and longitudinal)
were first estimated by fitting the linear time-
invariant models shown in Eq.(1). By applying the
modal minimization method to identify the system,
the modal parameters of Eqs.(1a) and (1b) are
identified. Table 2 shows the results of identified
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parameters. Figs.8a and 8b show the comparison
in square root of power spectral density of recorded
and predicted basement motion and roof motion
respectively. The identified equivalent modal
damping ratio of isolator for North-South direction
is 24.6 % and for East-West direction is 12.7 %.
The comparison between predicted and recorded
time history is shown in Fig.9. It is pointed out that
the identified viscous damping ratio of the isolation
system from both linear and nonlinear model is
almost the same which means that the assumption
of the equivalent linear model of isolation system
for this building is quite correct. It has to point out
that the relative motion between super-structure
and the basement is much larger than the relative
motion between basement and foundation at this
building for this particular earthquake. This
response characteristic is different from the test
building of Tohoku University.

5. DISCUSSION ON THE RESULTS
OF ANALYSIS

From the results of analytical study and system
identification of these two isolated buildings, the
following two effects are discussed.

(1) Effects of Higher Mode in Modelling the
Isolator

In the analysis of Tohoku University test

building, Fig.6 shows the comparison between the
recorded and predicted square root of power
spectral density function of relative motion. It is
observed that at frequency near 6.0Hz in -
direction or at frequency near 7.0 Hz in y-direction
the predicted model can not match the recorded
data very well. Because of the symmetry of the
building structure and the location of isolator and
oil dampers, the mode at this frequency can not be
the effect of rocking motion or the torsional
motion. The peak at 6.0 Hz (z-direction) or 7.0 Hz
(y-direction) in the spectrum can be explained as
the effect of higher mode (possible second mode)
in the isolation system. To compensate this
phenomenon, the linear stiffness K, and viscous
damping C, of the isolator are modified as
frequency dependent, as shown in the following
from :

K(o)=Kl+a(w/v)’
—ax(w/wp)?+as( o/ ws)’]

Clw)=Cl1—bi( w/ws)"]
where K, and C, are linear stiffness and viscous
damping of the isolation system, and the para-
meters in higher order frequency terms are
obtained through identification analysis in which a:
=0.2, 4,=0.1883, 2;=0.039 and b,=0.1545 in the
present study. Fig.10 shows the comparison in

...... (9)
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Comparison in square root of power spectral

density function between recorded and esti-
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and damping of isolator) basement acceleration

~—Test building at Tohoku University,
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square root of power spectral density function with
or without considering the frequency dependent
terms. It is clear that the effect of higher mode can
be considered by introducing the frequency
dependent stiffness and damping of the isolation

system.
(2) Effects of Long Period Waves on Isolation
Structure

To study the effects of long period waves on the
isolated structure, another two seismic excitations
from other events with different dominant frequen-
cies were selected to examine the dynamic response
of these two buildings. The comparison on spectral
accelerations of these earthquake ground excita-
tions is shown in Fig.11. Longer period wave was
observed in the data of Excitation B as compare to
other excitations. Fig.12 shows the acceleration
response at basement and super-structure of Law
and Justice Center for these four types of
excitations. Since the fundamental natural frequen-
cy of the super-structure and the isolator are quite
close, it is clear that only for excitation (excitation
A) with dominant frequency away from these
frequency range the effect of isolation can be
observed. Same analysis was done on the test
building of Tohoku the
fundamental frequency of the isolator of this
building is designed with longer period (1.1 sec).
The ability of eneregy absorbtion in the isolator is
much better.

6. CONCLUSION

The use of system identification techniques to
study the earthquake response of two isolated
buildings provide valuable informations on the
dynamic characteristics of base isolation system.
For the Law and Justice Center Building, the

University.
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Fig.12 Seismic response analysis of the Law & Justice Center building subjected to four types of

ground motion.

natural frequency of the isolators are designed with
frequency greater than the natural frequency of the
building. But for the test building at Tohoku
University, the natural frequency of the isolation
system is smaller than the super-structure itself.
This design philosophy is related to the local
seismic characteristics and the utilization purpose
of the building. In this study, both linear and
nonlinear model of the isolation system were
assumed. The response of super-structure of
isolated building generally behave as linear re-
sponse. The dynamic characteristics of isolation
system can be represented either as linear or
nonlinear model that depends on the amplitude of
excitation as well as the different isolation system.

To examine the nonlinear behavior of isolator,
time domain system identification (Extend Kalman
Filtering technique) was adopted to identify the
hystersis damping of the isolator.
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