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SUMMARY

Seismic isolation devices and technology have been developed in the last two decades and the �rst
seismic-isolated bridge, Bai-Ho Bridge, in Taiwan was completed in 1999. This bridge was equipped
with a seismic monitoring system under the Taiwan Strong Motion Instrumentation Program (TSMIP).
On 22 October 1999, a moderate earthquake took place and struck the bridge. The seismic monitoring
sensors were normally triggered and produced an intact time history for the health monitoring of the
bridge system. The data set provided valuable records about the seismic response of the isolation bridge
structure. This paper uses this data to explore the vibration mechanism of Bai-Ho Bridge. The analysis
includes (1) the global dynamic behavior identi�cation and (2) the local component mechanism of
the bridge such as the LRB and boundary condition between the deck and the abutments. Both the
EMD+HHT method and the non-linear parametric model were used to identify the model of the
bridge structure. Copyright ? 2003 John Wiley & Sons, Ltd.
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INTRODUCTION

Earthquakes pose a threat to bridge structures. Strong ground shaking usually causes damage
to bridges and brings signi�cant inconvenience and economic loss to the surrounding com-
munities. Recently there has been activity amongst engineers directed towards gaining further
insight into the behavior of bridges using system identi�cation techniques. These techniques
involve a process of pattern recognition in the qualitative or quantitative analysis of a speci�ed
system. More strictly speaking, these techniques should improve the mathematical model of the
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system by observing and using the system’s input=output information. From the identi�cation
result, the engineers can then quantify the performance and the serviceability of the bridges.
In the past two decades, there have been many papers regarding the system identi�cation

and damage detection of bridge structures. Douglas and Reid [1] applied the pullback and
quick release method to excite Rose Creek Bridge. It was the �rst full-scale bridge experiment
subjected to arti�cial disturbance. Werner et al. [2] studied the signal data of the Meloland
Road Overcrossing Bridge under the 1979 Imperial Valley Earthquake. This might be the
�rst bridge recorded with seismic response. In Werner’s paper, the mode shapes, frequencies
and modal damping ratios were identi�ed. Abdel-Gha�ar and Scanlan [3] conducted an ex-
tensive experimental investigation on the Golden Gate Suspension Bridge in San Francisco.
They analyzed the dynamic parameters of interest for both wind and earthquake engineering
problems. Hoshiya and Maruyama [4] suggested monitoring the vibration signal caused by
moving vehicles. Moving vehicles can serve as the source of disturbance. Hogue et al. [5]
used free-fall objects upon the deck as the impact force. Loh and Lee [6] used the idea of
a substructure system to identify the dynamic properties of structural members by using the
seismic data of the New-Lian River Bridge in Taiwan. This paper downgrades the global
behavior analysis (modal level) into the local behavior analysis (member level). Lee and Loh
[7] used the EMD+HHT methods [8] (a time and frequency space analysis method) to study
the vibration signal of vehicle-induced bridge response. Both the dynamic properties of the
deck and the truck were identi�ed.
The purpose of this paper is to study the seismic behavior of an isolated bridge. The

seismic response data is used to develop a non-linear parametric model of an isolated bridge.
As well as the global dynamic behavior of the bridge system, the local mechanisms, such as
the isolation device and the boundary condition of abutment, are studied.

PROFILE OF BAI-HO BRIDGE

Bai-Ho Bridge is located in Tainan County, in the south-western part of Taiwan Island. It is
the �rst seismic isolation bridge in Taiwan. The bridge is composed of three spans, looking
like a �-type bridge. Its deck is a non-prismatic, single-cell, pre-stressed concrete box-girder
with stretching spans of 40 m, 65 m and 40 m, as shown in Figure 1. Its piers are made
of wall-type columns about 7:6 m in height and with 1:6 m × 6:5 m uniform section. Above
each pier, a pair of lead rubber bearings (LRB) of rectangular shape 1:52 m × 1:25 m and
height 0:25m are installed and connected to the deck. At the abutments, PTFE rubber bearings
undertake the vertical load of the deck and serve as a roller mechanism in the longitudinal
direction.
Under the Taiwan Strong Motion Instrumentation Program (TSMIP), a seismic monitoring

system has been implemented in this bridge. Twenty-four accelerometers have been labeled
and distributed along the deck, the piers, and the nearby free-�eld locations, constructing an
intact observing network, as shown in Figure 1. The observation system began to operate in
October 1999 and on 22 October 1999, an earthquake with local magnitude 6.4 and focal
depth 12.1 kilometres occurred. Its epicenter was located at 23:51◦N and 120:40◦E, just about
25 kilometres away from Bai-Ho Bridge. All the monitoring sensors installed for the bridge
were normally triggered for this event. The recorded maximum peak acceleration was 180 gal
at Channel 2 for the nearby free �eld and 537 gal at Channel 23, located at the juncture of
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Figure 1. The con�guration and monitoring system of Bai-Ho Bridge.
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Figure 2. Acceleration time histories for Channel 13 to Channel 18 (units: second and gal).

the abutment and deck in transverse vibration. Figure 2 shows some of the recorded time
histories from the seismic monitoring system, and Table I lists the peak acceleration for each
channel.
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Table I. Peak acceleration list for all 24 channels.

Channel Peak acc. Channel Peak acc. Channel Peak acc. Channel Peak acc.
no. (gal) no. (gal) no. (gal) no. (gal)

1 175 7 109 13 198 19 114
2 180 8 153 14 201 20 109
3 52 9 45 15 130 21 151
4 142 10 104 16 142 22 363
5 163 11 137 17 261 23 537
6 53 12 33 18 180 24 213

IDENTIFICATION OF GLOBAL DYNAMIC BEHAVIOR

A new approach to detect the non-linear and non-stationary response signal was introduced
by Huang et al. [8] in 1998. In this method two steps were adapted to analyze the data.
The �rst step was to decompose the data into a number of intrinsic mode function (IMF)
components by using the empirical mode decomposition (EMD) method. The second step
was to apply the Hilbert transform to the IMF components and construct the time–frequency–
amplitude spectrum. The dynamic characteristic of structural response can be observed through
the spectrum. Based on the above approach the recorded signals from Channels 16, 18, 23
and 24 were analyzed and the spectra are shown in Figure 3. From this �gure it is found
that the spectrum of Channel 23 (transverse direction) is much more complicated than that
of Channel 24 (longitudinal direction). Contact impact might occur at the abutment in the
transverse direction. Also, from the spectra of Channel 16 and Channel 18, it is found that the
isolation system at the top of the pier reduced the high frequency signals in the longitudinal
direction.
In addition to the time–frequency–space analysis, the system realization using input=output

information was also applied to identify the fundamental vibration mode of the bridge. The
signal at the pier foundation was regarded as the input signal while those on the deck as the
output signals. Then the recursive least square method (RLS-method [9]) with a forgetting
factor was implemented to identify the vibration characteristic. The result indicates the �rst
mode natural frequency and damping ratio of the bridge system in the longitudinal direc-
tion are 1:01 Hz and 19.35%, respectively. In the transverse direction, however, the dynamic
characteristics of the structure system were di�cult to identify because of the high frequency
signals in the response histories [10].

IDENTIFICATION OF LOCAL STRUCTURE BEHAVIORS

The seismic response data of Bai-Ho Bridge will be used to identify the local structure
behaviors in the longitudinal and transverse directions. The mechanism of the LRB and the
boundary conditions at the abutments are regarded as unknown and need to be investigated
from the seismic response data. In this analysis, the deck and piers will be assumed to maintain
the elastic properties as de�ned in the design blueprint.
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Figure 3. Hilbert spectrum at Channel 16, Channel 18 (top row) and Channel 24,
Channel 23 (bottom row).

Identi�cation of the LRB’s properties

Generally speaking, the axial sti�ness of the deck is much larger than the shear sti�ness of
the LRB. From this viewpoint, the deck could be regarded, for simplicity, as a rigid body. As
indicated in Figure 4, the inertial force of the deck is transmitted from the isolators. Putting
the deforming quantity of the isolator on the abscissa and the inertial force of the deck on the
vertical coordinate, one may draw the hysteretic loop for the isolator, as shown in Figure 5.
In order to mimic the loop, the Ramber–Osgood model plus a dashpot are adopted, as illus-
trated in Figure 6, and are expressed in the following two equations:

E�= �+ �
( |�|
�0

)n−1
� (1)

fb = cb×V (2)

where E is the Young’s modulus, �0, � and n represent the model parameters, Cb is the
coe�cient of the linear damper and V is the deforming velocity of the LRB. In this model

Copyright ? 2003 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2003; 32:1797–1812



1802 Z.-K. LEE, T.-H. WU AND C.-H. LOH

Figure 4. Relationship between the recorded data with the inertial-force of
the deck and the deformation of the LRB.
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Figure 5. LRB hysteretic loop.

there are �ve parameters to be determined (E, �0, �, n, Cb). Table II lists the identi�ed optimal
model parameters. In agreement with Figure 5, Figure 7 shows the hysteretic behavior of the
model with the identi�ed parameters.
From the Fourier spectrum of the seismic response data at Channel 18, as shown in

Figure 8, two obvious peaks are observed (f1 = 1:08 Hz and f2 = 11:99 Hz). They im-
ply that the vibration mode of the isolated bridge system in the longitudinal direction from
this earthquake response data is associated with two mode shapes: the two piers move in the
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Figure 6. Proposed mathematical model for LRB.

Table II. Optimal Ramber–Osgood model parameters for LRB.

E �0 � N Cb

102800 kN=m2 600 kN=m2 0.15 2.5 4000 kN − sec=m

Figure 7. Reconstruction hysteretic loop for LRB (using Ramber–Osgood
model with the identi�ed parameters).

same direction for one mode shape and move in opposite directions for the other, as shown
in Figure 9. Based on this viewpoint, a modi�ed model in the longitudinal direction with
unknown axial sti�ness for the bridge system is developed, as shown in Figure 10. In this
�gure, Channel 8 and Channel 11 are regarded as inputs while Channel 18 is the output. Ca is
assumed to be a zero damping for the roller mechanism and ka (the sti�ness of the deck) is the
only unknown parameter to be determined. The pier model is assumed to be the one de�ned in
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Figure 8. Fourier spectrum for Channel 18, at the center of the mid-span
and in the longitudinal direction.

Figure 9. Implied model with two mode shapes and dominant frequencies.

Figure 10. A model with axial sti�ness for the deck (ka for the unknown axial sti�ness to be determined).
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Figure 11. (a) Comparison on acceleration time history between the recorded data and model
simulation at Channel 18. (b) Comparison on Fourier spectrum between the recorded data

and model simulation at Channel 18.

the blueprint, and the LRB model to be the one previously identi�ed. By means of trial-and-
error to meet the two frequencies, the best parameter for ka is 2:84E8 kN=m. In both the time
domain and frequency domain, Figure 11 shows the comparison for the response of Channel
18 and thereof the Fourier spectrum between the recorded data and the predicted value.

Identi�cation of the boundary condition of abutments

One of the main uncertainties in designing a bridge is the boundary condition of the abut-
ments in the transverse direction. It is well known that the abutment’s sti�ness is not in�nite;
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Figure 12. Top view of the bridge with the speci�ed system’s output and input.

however, the ‘hinge end’ model is often applied for convenience and simplicity in the devel-
opment of the analytical model. Discussion on the boundary condition problem will be made
for the bridge system from the seismic response data.
For the transverse vibrations, as shown in Figure 12, the whole structure is speci�ed as a

system with input signals at the piers and abutments, and with output signals at the centers
of the middle spans. From the signal of Channel 17, two time windows were selected: one
is the intense stage (34–38:8 seconds) and the other is the retard stage (50–90 seconds), as
shown in Figure 13(a). The Fourier spectra from Channel 14, Channel 17 and Channel 22 in
the two di�erent time stages are plotted in Figure 13(b). The identi�ed dominant frequencies
are 1:45Hz, 3:33Hz and 12:2Hz from the intense stage, and 1:22Hz, 2:85Hz and 12:0Hz from
the retard stage. It is found that the dominant frequencies in the intense stage are higher than
the corresponding frequencies in the retard stage. Detailed explanation of this observation will
be discussed in the following.
Assume the LRB mechanisms in the transverse direction are the same as those in the

longitudinal direction (but mutually independent). Two di�erent types of boundary conditions
at the juncture of the deck and abutments are considered in FEM analysis. One is the ‘free
end’ and the other is the ‘hinge end’. Figure 14(a) and (b) show the mode shapes with
the two di�erent boundary conditions. From the comparison in Figure 15, it is found that the
natural frequencies of the model with the ‘free end’ boundary condition are almost identical to
those dominant frequencies in the retard stage of the seismic response. On the other hand, the
natural frequencies of the model with the ‘hinge end’ boundary condition are larger than those
dominant frequencies in the intense stage of the seismic response. From these observations
and discussions, the following viewpoints are drawn:

1. The natural frequencies of the FEM model with the ‘free end’ boundary condition are
close to the dominant frequencies identi�ed from the retard stage. It means that the
physical boundary condition for the bridge in the retard stage is similar to the ‘free end’
mechanism.

2. The identi�ed dominant frequencies from the intense stage are proved to be higher than
those in the retard stage. It means that extra sti�ness from the boundary between deck
and abutment is provided during the intense stage.

3. The natural frequencies for the FEM model with the ‘hinge end’ are higher than those in
the intense stage. It means that the ‘hinge end’ is too sti� for the physical boundary con-
dition in the intense stage. In other words, the sti�ness of the abutments should be �nite.

Copyright ? 2003 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2003; 32:1797–1812
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Figure 13. (a) Time history of Channel 17 (Intense and retard stages are speci�ed); (b) Fourier spectrum
for Channel 14, Channel 17 and Channel 22 from intense stage (left) and retard stage (right).

Figure 14. Mode shapes in the transverse direction with natural frequencies using (a) ‘free end’ boundary
condition, and (b) ‘hinge end’ boundary condition.
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Figure 15. Characteristic frequency map of model analysis and seismic data analysis.

Figure 16. ‘Slip-lock’ model proposed between the abutments and the deck.

In order to prove the above viewpoints quantitatively, a ‘slip-lock’ model for the abutment
boundary is proposed, as shown in Figure 16. The model is composed of two lock-zones and
one slip-zone. The con�guration of the three zones is a function of the displacement parameter
d and the sti�ness parameter k. If d tends towards in�nity, then the model becomes a ‘free
end’ mechanism. If k tends towards in�nity and d approaches zero, then the model becomes
a ‘hinge end’ mechanism. Thus the proposed model with suitable parameters may satisfy
the above-mentioned three viewpoints simultaneously. Besides the model and parameters, one
more damping coe�cient for the deck itself is needed. It is assumed that the damping matrix
is directly proportional to the sti�ness matrix, i.e.,

[C]=�[K] (3)

Copyright ? 2003 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2003; 32:1797–1812
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Figure 17. Fourier spectrum comparisons for three models with � = 0:0075 second; (a) free end,
(b) slip-lock model, k = 12500 kN=m, d = 0:01 m, and (c) hinge end.
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Figure 18. Comparison between the reconstruction response using ‘slip-lock
model’ and recorded data at Channel 17.

There are in total three undetermined parameters (d, k and �) to be identi�ed from the
response data.
A non-linear dynamic model was developed to identify the above parameters. The average

time history of Channel 7 and Channel 10 from the pier foundation is used as the input at
the two piers and two abutments. On the other hand, the Fourier spectrum of Channel 17 (all
95-seconds data) is used as the target output to search the optimal parameters. With the three
types of boundary condition, Figure 17 shows Fourier spectrum comparisons. It is found that
the ‘slip-lock’ model is the best one to �t the �rst two dominant frequencies from the data
of Channel 17; however, the ‘free end’ and ‘hinge end’ mechanisms are incompatible with
those frequencies.
From the above study it is concluded that the ‘slip-lock’ model can �t the �rst two dom-

inant frequencies of the seismic data, but it mismatches the third vibration frequency. One
possible reason is that � = 0:0075 second is too large for the deck around the frequency
12:0 Hz. The frequency dependent �-value should be implemented to minimize the error in
the high-frequency range. For Channel 17, Figure 18 shows the comparison between the
seismic response data and the predicted value of the ‘slip-lock’ model.

CONCLUSIONS

This paper analyzes the earthquake response of a seismic isolation bridge (Bai-Ho Bridge).
From the analysis, the following conclusions are drawn:

1. In this study, both the system realization method and EMD+HHT technique were applied
to identify the global behavior of the recorded data. The dominant frequency and damping

Copyright ? 2003 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2003; 32:1797–1812
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Table III. Dominant frequencies for three di�erent types of vibration (at the center of mid-span).

Ambient vibration test

Vertical Transverse Longitudinal

Test no. 1 1.8∗ 3.2 3.8 2.4# 4.2 3.2
Test no. 2 1.8∗ 3.1 3.8 2.2# 2.6 3.1
Test no. 3 1.8∗ 3.2 3.8 2.2# 4.2 3.2

One moving truck test
Vertical Transverse Longitudinal

Test no. 1 1.8∗ 2.3 4.3 2.2# 2.6 4.2 1.3 2.8 3.4
Test no. 2 1.8∗ 2.5 3.8 2.3# 3.3 5.5 1.4 2.6 3.4
Test no. 3 1.8∗ 2.3 4.3 2.2# 2.6 1.5 3.5

180-gal scale earthquake
Vertical Transverse Longitudinal

1999-10-22 1.8∗ 4.5 10.1 1.3 3.1 12.1 1.1 12.0

ratio in the longitudinal direction are identi�ed. The phenomenon of abnormal signals
from the abutment are described and �gured out by the time–frequency spectrum.

2. In the study of local structures, the mechanism of the LRB isolator is imitated by using
the Ramber–Osgood model plus a dashpot model. Not only the model parameters but
also the axial sti�ness of the deck were identi�ed.

3. Three models, related to the boundary condition at the juncture of the deck and abutment,
are selected to examine the transverse vibration of the bridge: the ‘free end’, ‘hinge end’
and ‘slip-lock’ models. The ‘hinge end’ mechanism, commonly used in design practice,
is not appropriate in this study. The proposed ‘slip-lock’ model appears better than the
‘hinge end’ model. In the design process, it is better to take the gap and the sti�ness of
abutments into consideration in the design model.

4. In addition to the seismic response data, a �eld experiment on the Bai-Ho Bridge was
also conducted in order to collect more information on the vibration characteristics of
the bridge. Two �eld tests are included: one is the ‘ambient vibration test’ and the other
is the ‘dynamic test by a moving truck’. Table III lists the characteristic frequencies of
the �eld experiment together with those of the 22-10-1999 earthquake at the center of
mid-span. From Table III, it is found that the characteristic frequencies are dependent
on the intensity and the action-way of disturbances. The reason for the di�erence in
identi�ed vibration frequencies is the non-linearity of the seismic isolator and the e�ect
of the abutment boundary condition in di�erent excitation levels.
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