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SUMMARY

This paper presents the application of system identification (SI) to long-span cable-supported bridges using
seismic records. The SI method is based on the System Realization using Information Matrix (SRIM)
that utilizes correlations between base motions and bridge accelerations to identify coefficient matrices
of a state-space model. Numerical simulations using a benchmark cable-stayed bridge demonstrate the
advantages of this method in dealing with multiple-input multiple-output (MIMO) data from relatively
short seismic records. Important issues related to the effects of sensor arrangement, measurement noise,
input inclusion, and the types of input with respect to identification results are also investigated. The
method is applied to identify modal parameters of the Yokohama Bay Bridge, Rainbow Bridge, and
Tsurumi Fairway Bridge using the records from the 2004 Chuetsu-Niigata earthquake. Comparison of
modal parameters with the results of ambient vibration tests, forced vibration tests, and analytical models
are presented together with discussions regarding the effects of earthquake excitation amplitude on global
and local structural modes. Copyright © 2007 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The recent growing interest in bridge assessment and monitoring has led to the instrumentation
of many bridges in Japan, especially the long-span cable-supported ones. Since most part of
Japan is located on a seismically active area, these permanent instrumentation installations provide
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high-quality seismic records every time an earthquake occurs. Such records are essential to gain
insights into real behavior of bridges and to evaluate the adequacy of bridge seismic design
codes [1].

To assess the dynamic performance of a bridge using measurement data, a procedure named
system identification (SI) is implemented. This procedure is an inverse analysis that involves
determination of a mathematical model and an estimation of its parameters based on the measured
bridge responses. Notable contributions on SI applied to bridge structures can be found in the
literature, starting from the type of technique used in the analysis to the evaluation of identification
results [2—8]. Most of the work, however, address the SI problems that are based on ambient
response. There have been few studies that involve SI subjected to seismic excitation, and among
these few, most are applied to short-span bridges [9—-11]. This paucity is primarily due to the
limited number of seismic records since not until recently have long-span bridges been instrumented
with permanent sensors, and not all the currently instrumented bridges are located in seismically
active areas. Among the few studies of the SI applied to long-span bridges, the Vincent Thomas
suspension bridge has been the subject of extensive research using seismic records from the 1987
Whittier Narrows and the 1994 Northridge earthquakes [12—-14].

Although ambient vibration tests (AVTs) provide valuable information for structural identifica-
tion, verification of analytical models [2—6], and understanding the aerodynamic effect on long-span
bridges [7, 8], the small excitations they produce are not always adequate. Observations show that
the dynamic performances of the structures are quite different during relatively small excitations
of ambient vibration and during stronger excitations such as ground motion. Furthermore, in an
effort to improve our understanding of the earthquake-resistant design of long-span bridges, the
actual seismic response would be more useful than the dynamic response yielded by other types
of excitations. Therefore, there is a strong interest and recognition of the importance of SI using
strong motion records.

The work reported here presents case studies of the application of multiple-input multiple-output
(MIMO) SI to three long-span bridges in the Tokyo Bay area. The methodology used in this
study is based on the System Realization using Information Matrix (SRIM) [15], which utilizes
correlations between input—output data for realization of a state-space model and estimation
of modal parameters. The method has been successfully implemented for modal testing of a
large space-structure system [16] and to a highway bridge system using earthquake records
[17]. To provide a comprehensive discussion, this paper includes: (1) a brief explanation of
the SI method, (2) numerical verification using a benchmark cable-stayed bridge, (3) applica-
tion of the SI to the Yokohama Bay Bridge, Rainbow Bridge, and Tsurumi Fairway Bridge
using the records from the Chuetsu-Niigata earthquake, and (4) evaluation of identification
results.

2. DESCRIPTION OF THE BRIDGES AND SEISMIC RECORDS

2.1. Description of the bridges

The first bridge studied is the Yokohama Bay Bridge, located at the entrance of Yokohama harbor
(Figure 1(a)). It is a double-deck steel-truss box cable-stayed bridge with a central span of 460 m
and two side spans of 200 m each. The bridge, completed in 1988, has two H-shaped towers 172-m
high and 29.25-m wide. Eighty-five sensors measuring acceleration and displacement are installed
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Figure 1. View of the studied bridges: (a) Yokohama Bay Bridge; (b) Rainbow Bridge;
and (c) Tsurumi Fairway Bridge. Sensor arrangement for SI of (d) Yokohama Bay Bridge;
(e) Rainbow Bridge; and (f) Tsurumi Fairway Bridge.

at 36 locations throughout the bridge. Along the girder, sensors are installed at nine locations with
spacing of 115m (Figure 1(d)). Each sensor has a frequency measurement range from 0.05 to

35Hz and an accuracy of 15 x 10~ 3amp/cm/s.
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The second bridge is the Rainbow Bridge, (Figure 1(b)), completed in 1993. It is a double-deck
suspension bridge that connects the Shibaura Wharf with Odaiba, Tokyo. The bridge has two
H-shaped towers with a height of 125.6 m at the Shibaura side and 124 m at the Odaiba side. The
three-spanned girder is composed of a steel truss with side spans of 114 m each and a middle span
of 570 m. The upper deck, which is 9.25m x 2m, is used for highway traffic while the lower deck,
which is 7m x 2m, is used for a monorail system. The bridge is instrumented with 64 sensors that
consist of accelerometers and displacement sensors (Figure 1(e)).

The third bridge is the Tsurumi Fairway Bridge, a three-span single-plane cable-stayed
bridge. The girder consists of two 255 m side spans and a 510 m center span. It is characterized
by two inverted Y-shaped towers that are each 183-m high and 40-m wide at the bottom.
Completed in December 1994, the bridge is currently the longest single-plane cable-stayed
bridge in the world. For monitoring purposes, 50 accelerometers are installed on the bridge

(Figure 1(f)).

2.2. The 2004 Chuetsu-Niigata Seismic Records

The 23 October 2004, Chuetsu-Niigata strong motions consist of two main shocks recorded at
17:57 (Mj 6.8 according to the Japan Meteorological Agency) and at 18:35 Japan Standard Time
(JST). The two main shocks, hereafter named MS1 and MS2, respectively, were followed by two
aftershocks. One aftershock was measured at 18:04 on the same day and the other at 10:40 on the
next day (named AS1 and AS2, respectively). In application of SI, the records were divided in the
following manner.

e For the Yokohama Bay Bridge, the initial 180-s responses of both MS1 and MS2 were divided
into three consecutive frames of response with equal time duration of 60 s each, hence MS1-1,
MS1-2, MS1-3 and MS2-1, MS2-2, MS2-3, respectively. As a result, along with AS1 and AS2
that also had a duration of 60s each, eight frames of records were analyzed. The maximum
input acceleration of the eight frames varied from 2 to 7cm/s>.

e For the Rainbow Bridge, only the responses from the main shocks were available. They
consisted of MS1 (85s) with a maximum input amplitude of 5.4cm/s> and MS2 (98 s) with
a maximum input amplitude of 4cm/s?.

e For the Tsurumi Fairway Bridge, the records consist of seven frames of 60 s each. They are:
MS1, divided into three consecutive frames (i.e. MS1-1, MS1-2, and MS1-3); MS2, divided
into two consecutive frames (i.e. MS2-1, MS2-2, and MS2-3); and AS2. The maximum input
acceleration varied from 5 to 12cm/s?, where the largest input was recorded during the peak
of the MS2 response (i.e. MS2-1).

3. SYSTEM IDENTIFICATION METHODOLOGY
The dynamic behavior of an N degree-of-freedom linear, time-invariant, viscously damped system

subjected to earthquake excitation can be presented as a first-order, finite-dimensional, discrete-
time, state-variable dynamical system:

x(k+1) =Ax(k)+Bz(k) (1a)
y(k) = Rx (k) +Dz (k) (1b)
Copyright © 2007 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. (2007)
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The quantities of A € R2VX2N BeR2V*4 ReR™* 2N and DeR™*4 are discrete representation

of system matrices
At
A=erA B= / elAl” 4B,
0 2

R=L[-M'K —-M~'C], D=LM"!

Matrix A e R?V>*2N is the system matrix and BeR*M*4 s the input influence matrix, whose
continuous-time counterparts are:

0 I 0
A= ., Be= ©)
[—M_IK —M_‘C:| |:—H}

where x(k) is a 2N x 1 vector that consists of displacement and velocity. Vector z(k) denotes
the g x 1 base motion input recorded from g sensors. Vector y(k) denotes the m x 1 output
responses obtained from m sensors of structural accelerations. Matrix LeR™ " is a trans-
formation matrix that connects the position of system’s degree-of-freedom with the measured
structural output responses. Matrix IT is called the influence matrix that describes the influ-
ence of support displacement on the structural displacement. The integer k=0, 1,2,...,[ refers
to the time-step number, i.e. x(k+1)=x(kAt+At), with constant At that denotes the time
interval.

The system matrices A, B, R, and D in Equation (1) are all unknowns and to be determined
from input—output data. Given the responses of p time lengths, Equation (1) can be rewritten in
the following matrix form:

Yp(k)=[0,]x (k) +[Tplz, (k) “)

where the y, (k),z,(k), [Op], and [T ] are defined as

yp(k)=[ytk) yk+1) ytk+2) - y(k+p—DIT (5a)
zp(k) =[z(k) z(k+1) z(k+2) -+ z(k+p—D]" (5b)
[0,]=[R RA RA? ... RA7']T (5¢)
S -
RB D
| RA”7?B RA”°B RA’™“B ... D|

Matrix [O,] € RP"¥2N g the observability matrix and matrix [T,]eRP"*P? is a generalized
Toeplitz matrix, which is composed by the system’s Markov parameters (i.e. RA*1B).
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3.1. System Realization using Information Matrix (SRIM)
Let matrix [O,](m+1: pm,:) and matrix [O,](1:(p—1)m, ) be defined as
[0,](m-+1:pm,:) =[RA RA? RA® ... RA?7']T (62)
[0,]1(1:(p—1)m,:) =[R RA RA? ... RAP|T (6b)
Extracting state matrix A from Equation (6a) yields
A=[0}1(1:(p—Dm, )[0,1(m+1: pm,:) (7

where the asterisk (x) denotes the pseudo-inverse matrix. Following Equations (6) and (7), the
integer p should be selected such that matrix [O,](m+1: pm,:) has a rank larger than or equal
to 2N, hence p>2N /m+1. Equation (7) states that prior to identification of system matrix A,
one must determine the observability matrix [O,]. For this purpose, one can expand the vector
equation in Equation (4) to

[Y,1(k) =[0,1X (k) +[TpllZ,](k) (3)
where
X(k) =[x(k) x(k+1) -+ x(k+s—1)] (9a)
- vk yk+1) - yk+s—1)
yk+1)  yk+2) - y(k+s)
Ypi=| o | (9b)
Lytk+p—1) yk+p) - ylk+p+s—=2)
m o z(k) 2k+1) - zlk+s—1)
z(k+1)  z(k+2) --- z(k+s)
(Zy]= _ . . . 9¢)
| z(k+p—1) ztk+p) - zlk+p+s—2)

Now, let us define the following quantities: Ryy, R;;, Ry, Ry;, Ry, and Ry, as correlations
between input (z), output (y), and state vector (x), where the subscripts denote the product of corre-
lation in such a way that the correlation between A, and B, is defined as Ry, =(1/5)A ), (k)B; (k)
with integer s =/— p sufficiently large. The observability matrix [O,] can be obtained using
correlations of input—output matrices:

Ry, =[0,]R[0,]" (10)
in which the quantities Ry, and ﬁxx are defined as
Ry =Ry, —Ry:RZ'R]. and R, =R, —R. R'R], (11)

The quantity of Ry, depends only on the input and output correlation matrices, which are all
obtained from seismic records.
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The solution for matrix [O,] in Equation (10) is obtained by factorizing Ry, into three
matrices using singular value decomposition. In this decomposition, only the element of the first
pm X (p—1)m size of Ry matrix is used. Hence, decomposition becomes:

E%N O2n ><no:| |:VEN
T

Ry, 11 (p— Dm) =HX*V' =[H,y ﬁo][ v
0

} =HnZ35,Vly (12

mox2N Om() Xng

In Equation (12), ng indicates the number of zero singular values and also the number of columns
in Vo, whereas mq denotes the number of columns in Hy that are orthogonal to the columns in
H,y. For noise-contaminated data, there are no zero singular values (i.e. ng=0). If no singular
values are truncated, mo=m is the result. In the case where some singular values are truncated,
mo becomes the sum of whichever the condition of singular value truncation is. Therefore, the
decomposition method guarantees that there are at least m columns of Hy that are orthogonal to
the columns of Hpy. As a result, factorization of Equation (10) produces:

Rinls, 1 (p = Dm]=Hon Z3y Vi =[0,1R [0, 15, 1: (p— Dm] (13)
Finally, following the identity in Equation (13), the observability matrix is obtained:
[0,]=Hoy and Ry [0,]"[:, 1:(p— hm]=23, V] (14)

Given the observability matrix, we can estimate system matrix A by Equation (7) and matrix
R using Equation (5c). Modal parameters of structural systems are estimated by solving the
eigenvalues problem of matrix A (i.e. A®=A®), where A and ® denote the eigenvalues and
eigenvectors matrix of A, respectively. Their quantities can be real or complex where, in the latter
case, they appear as complex conjugate pairs. The eigenvalues J; are expressed in z-domain. Hence,
they can be related to modal characteristics using the following transformation: A; =In(%;) /At.
Finally, the natural frequency (w;) and damping ratio (£;) become:

_ —Re(%)

Wi

w; =v/Re(J)>+Im(%)?, & (15)

To obtain the mode shapes, eigenvectors in z-domain are transformed into coordinate domain using
the relation: @ =R®.

4. NUMERICAL VERIFICATION

In order to validate the SI method, numerical simulations using a fictitious three-dimensional
finite element model of a cable-stayed bridge (Figure 2) were performed. The model includes
177 nodes, 303 frame and cable elements, and linear links that connect both the tower and the
end pier to the girder. A damping matrix was computed using the proportional damping with a
modal damping ratio of 2% assigned to all modes. The linear model was deemed adequate for this
simulation, considering that the center span of the bridge model is less than 425 m (as was concluded
in [18]).
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Figure 2. Model of the cable-stayed bridge used in numerical simulation.

4.1. Input signal generation

Three directional artificial ground motions were generated for input signals using filtered shot
noise with a prescribed power spectral density of the Kanai—Tajimi (KT) [19] spectrum:

4 242 2
a)g+4a)gg”ga)

S(w) = So (16)

2 p2)2 2022
(0 —wg)*+awz o

in which w, and {, are the constants that represent the frequency and damping coefficients,
respectively. Kanai and Tajimi suggested the values of wg =57 and {, =0.6 for modeling ground
acceleration response during an earthquake. To obtain the amplitude of acceleration, a time-domain
intensity modulation function 7 (¢) is employed under the following conditions: (1) 1 (t) = Iy(t/t; )2,
for O<t<ty, 2) I(t)=1p for t; <t <tp, and (3) I(t) =Ipexp{—a(t —12)/tp} for t, >¢, with t; =
0.719, to=1.15t9, and a =0.8, where ty denotes the duration of the strong motion. The KT spectrum
is utilized to generate artificial ground motions in order to better represent the frequency content of
seismic excitations especially at a low-frequency range (0-10Hz). At this range, the KT spectrum
can capture the frequency characteristics similar to the ones discovered from real ground motions.
Therefore, by using the KT spectrum, one can create a representative artificial ground motion that
contains the same characteristics of real ground motions and, at the same time, define its amplitude,
duration, and the peak location by selecting and scaling the intensity modulation and the duration
function.

Triaxial input accelerations were applied at the bottom of both towers and end piers using
a sampling frequency of 100Hz and a duration of 60s. Dynamic responses of the bridge were
calculated by the modal superposition method using the first 50 modes. To simulate the actual
measurement conditions, random white noise was added to the responses to achieve a noise-to-
signal ratio of 10%, defined as the ratio of the root mean square (RMS) of noise and the actual
acceleration data at each node. Furthermore, to investigate the effect of the number of output
sensors and their positions with respect to the identification results, nine sets of data were used in
the analysis. Initially, three sets of sensor configurations were analyzed: (1) system of 21 sensors
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(i.e. nine sensors from girders, six sensors from piers, and six from towers), (2) system of nine
girder sensors, and (3) system of three girder sensors. Further, for each of these sensor config-
urations, three sets of systems were analyzed, namely, the vertical, transverse, and longitudinal
systems.

4.2. Realization of global modes

As mentioned in Equation (7), the total number of identified modes depends on the size of
matrix A, which is determined from the number of singular values of Rj; (Equations (13) and
(14)). Large singular values represent the strength of the dominating modes, while the small ones
consist of either noise or fictitious computational modes. After the small singular values during
decomposition of Ry are excluded, matrix A is realized. At this point, the crucial step is the
selection of a singular value cutoff. In an ideal no-noise measurement, the cutoff value can be
determined by observing a sudden drop in a singular value plot. In actual practice, however, no
such case exists. The inevitable presence of noise and small nonlinearity could distort the system
to some extent and, as a result, no typical sudden drop exists. Consequently, distinguishing a real
mode from computation modes requires a modal selection technique. In this study, a technique that
selects a set of modes by assigning threshold values and mode selection using logic operators is
implemented.

Initially, all modes are generated using a specified singular value cutoff (usually the value that
corresponds to a very small singular value is selected). The resulting modes are further evaluated
by employing the following threshold criteria:

1. Modes with a negative damping ratio and/or an uncharacteristically high damping ratio are
disqualified. It was found from numerical simulation that many false modes caused by noise
or small nonlinearity have the characteristics of negative damping and/or uncharacteristically
high damping.

2. Modes with an Extended Modal Assurance Criteria of the Observability Matrix (EMACO)
value of less than 0.8 are omitted. The EMACO index [20] computes the degree of coherence
and consistency of the mode in an observability matrix. Its value varies from 0.0 to 1.0. The
more consistent one mode appears in the observability matrix, the closer its EMACO value
is to unity.

3. In cases when SI generates two or more similar modes having frequencies very close to
each other (for example, within 5% of each other), and when these modes have close Modal
Assurance Criteria (MAC) values, then only the mode that has the highest EMACO value is
selected as the representative mode.

To better understand the procedure, one can refer to the example given in Figure 3. This figure
shows the SI results of a benchmark model using 21 output sensors and 10% noise. In Figure 3(a),
one can observe that singular values beyond 150 are almost zero. Therefore, 150 is selected as the
cutoff value. This means the total number of modes obtained is 1;—0 =75 since they all appear in
conjugate frequencies. The first selection is made by observing the values of the damping ratios
(Figure 3(b)). Of these 75 modes, 25 modes were disqualified upon evaluating the damping ratios
as imposed by the first set of threshold criteria (Figure 3(c)). Further selection using the second
set of criteria results in 44 modes that have EMACO values greater than 0.8 (Figure 3(d)). Finally,
38 modes were selected after excluding six more modes according to the third set of threshold
criteria.
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Figure 3. Simulation results of the cable-stayed bridge models: (a) typical singular value plot with the

number of modes generated (the number of modes includes the complex conjugate); (b) the corresponding

damping ratio of the first batch; (c) selected modes after removing the modes with unacceptable damping

ratios; and (d) selected modes after removing modes with unacceptable EMACO values. [Note: Mode
number is in the order according to the singular values].

4.3. Results of numerical simulation

Table I lists the results of identification (for brevity only the first 15 modes are listed) quantified
by the following error indicator:

Oerrors Cerror = (Wests Cest) = (@act; Cact) % 100% a7

(@act; Cact)

It is evident from Table I that ST performs very well in capturing modes even when the number of
sensors used is smaller compared with the total number of degrees of freedom. If 21 sensors are
used, 38 out of 50 low-order modes can be accurately identified. The errors of natural frequency
estimates are less than 2%, while the errors of damping estimates reach the maximum of 10%. If
nine sensors are used, most of the vertical, lateral, and torsion modes can be clearly identified. The
results also show that if only three sensors from the girders are used, six first vertical modes can
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Table I. (a) Identified natural frequencies, (b) Identified damping ratios, and (c) Identified MAC values
of the cable-stayed bridge model subjected to Kanai—Tajimi ground motion.

21 sensors 9 sensors 3 sensors

Real value No noise Added No noise Added No noise Added Mode type

(a) Identified frequency (Hz)*

0.34 0.34 [0.00] 0.34 [0.14] 0.34 [0.14]  0.34 [0.00] 0.34 [0.00] 0.34 [0.14] Ist V.S
0.41 0.41 [0.00] 0.41 [0.01] 0.41 [0.24] 0.41 [0.00] 0.41 [0.22] 0.41 [0.24] 2nd V.A
0.42 0.42 [0.00] 0.42 [0.02] 0.42 [0.77] 0.42 [1.49] 0.42 [0.19] 0.42 [1.49] Ist T
0.56 0.56 [0.00] 0.56 [0.03] 0.56 [0.20] 0.56 [0.20] — — 1st Tor
0.61 0.61 [0.00] 0.61 [0.18] 0.61 [0.18] — — — 2nd Tor
0.64 0.64 [0.07] 0.64 [0.07] 0.64 [0.00] 0.64 [0.07] — — Ist L
0.70 0.70 [0.07] 0.70 [0.07] 0.70 [0.00] 0.69 [1.36] 0.70 [0.07] 0.71 [1.05] 3rd V.S
0.76 0.76 [0.00] 0.77 [0.01] 0.76 [0.64] — — — 3rd Tor
0.82 0.82 [0.20] 0.82 [0.20] 0.82 [0.32] 0.82 [0.20] — — Tw. Op
0.83 0.83 [0.00] 0.83 [0.00] 0.83 [0.00] 0.83 [0.00] — — Tw Ip
0.92 0.92 [0.00] 0.92 [0.07] 0.92 [0.04] 0.92 [0.04] 0.92 [0.10] — 4th VA
1.02 1.02 [0.00] 1.02 [0.48] 1.02 [0.48] 1.03 [0.01] 1.03 [0.01] 1.02 [0.09] 5th V.S.
1.12 1.12 [0.02] 1.12 [0.01] 1.12 [0.08] — — — 4th Tor
1.22 1.22 [0.00] 1.22 [0.09] 1.22 [0.00] 1.22 [0.00] 1.25 [2.55] 1.23 [0.83]  6th V.A.
1.27 1.27 [0.00] 1.27 [0.00] 1.27 [0.00] 1.27 [0.13] 1.27 [0.02] — 7th V.S
(b) Identified damping ratio (%)*
2.00 2.00 [0.00] 2.00 [0.00] 2.00 [0.06] 2.00 [0.11] 2.00 [0.06] 1.58 [21.00] Ist V.S
2.00 2.00 [0.00] 2.00 [0.00] 2.00 [0.00] 2.00 [0.00] 4.66 [133.00] 5.14 [156.85] 2nd V.A
2.00 2.00 [0.05] 2.00 [0.00] 2.00 [0.00] 2.00 [0.00] 2.00 [0.00] 2.00 [0.00] Ist T
2.00 2.00 [0.00] 2.00 [0.00] 2.00 [0.00] 2.00 [0.00] — — 1st Tor
2.00 2.00 [0.00] 2.00 [0.00] 2.00 [0.00] — — — 2nd Tor
2.00 2.00 [0.00] 2.00 [0.00] 2.00 [0.00] 2.00 [0.00] — — Ist L
2.00 2.00 [0.00] 2.00 [0.00] 2.00 [0.02] 1.99 [0.50] 2.00 [0.02] 1.78 [10.90] 3rd V.S
2.00 2.00 [0.00] 2.00 [0.05] 2.00 [0.00] — — — 3rd Tor
2.00 2.00 [0.00] 2.00 [0.00] 2.01 [0.15] 1.94 [3.00] — — Tw. Ap
2.00 2.00 [0.00] 2.00 [0.00] 2.30 [15.50] 3.57 [78.50] — — Tw Ip
2.00 2.00 [0.00] 2.10 [5.00] 2.00 [0.05] 2.00 [0.00] 1.95 [4.10] — 4th VA
2.00 2.00 [0.00] 2.00 [0.00] 2.00 [0.02] 2.00 [0.00] 6.13 [206.50] 1.88 [6.10] 5th V.S.
2.00 1.92 [4.05] 1.91 [4.50] 2.00 [0.00] — — — 4th Tor
2.00 2.00 [0.00] 2.00 [0.00] 2.00 [0.00] 2.00 [0.00] 2.01 [0.50] 2.94 [46.75] 6th V.A.
2.00 2.00 [0.00] 2.00 [0.00] 2.01 [0.15] 1.99 [0.50] 2.10 [4.98] — 7th V.S
21 sensors 9 sensors
No noise Added No noise Added Mode type

(c) MAC Values (%)

99.4 94.0 99.2 92.0 Ist V.S
98.1 99.1 98.3 91.5 2nd VA
98.5 923 97.4 94.2 Ist T
96.8 90.7 98.3 95.6 Ist Tor
91.7 92.0 94.5 — 2nd Tor
97.4 90.4 90.7 89.1 Ist L
97.0 93.5 97.0 90.7 3rd V.S
Copyright © 2007 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. (2007)
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Table 1. Continued.

21 sensors 9 sensors

No noise Added No noise Added Mode type
96.5 97.7 93.3 — 3rd Tor
923 90.1 90.6 90.8 Tw. Ap
93.2 94.2 93.4 92.1 Tw Ip
92.5 93.1 92.0 91.4 4th VA
99.0 90.3 93.7 90.2 5th V.S.
924 90.4 92.1 — 4th Tor
94.1 92.2 95.0 93.2 6th V.A.
97.5 91.3 97.9 91.3 7th V.S

Note: S: Symmetric; A: asymmetric; V: vertical; T: transverse; L: longitudinal; Tw: tower; Op: out of phase;
Ip: in phase; Tor: torsional.
*Value in bracket indicates error in (%).

still be identified. It should be noted, however, that the accuracy of damping estimates decreases
sharply when fewer sensors are used.

Table I(c) shows that the MAC values of identified modes are all about 90%, suggesting a
high degree of coherency between identified mode shapes and the FEM modes. Owing to the
limitation of shapes, only the MAC values from measurement with 21 and 9 sensors are listed. In
the case of measurement with three sensors, some modes have similar patterns but were identified
at different frequencies. These results are reasonable, considering the limitation of sensor position.
There is no general trend on how measurement with fewer sensors would affect the MAC values.
For no-noise measurement, it appears that the MAC values decrease when the number of sensors
is reduced. This, however, was not very obvious in the case of noise-added measurement. For an
equal number of sensors, the presence of noise generally reduced the accuracy of mode shape
estimates, as evidenced by the reduction in MAC values. However, great care should be taken
when drawing conclusions regarding the value of MAC and errors of mode shape. Since the MAC
index does not identify the source of the error, it is possible that a large difference in a single
location can cause a large error in the index, which could be misinterpreted as a significant error
in the shape of the entire mode. Nevertheless, the essential outcome of this simulation is the fact
that in the case of realistic noise-contaminated measurement using a limited number of sensors,
the ST method used in this study still achieves good results in capturing modes, as evidenced by
the high values of MAC.

The short duration of an earthquake record can generally create problems especially during
estimation of the damping ratio. This effect becomes obvious when one selects the appropriate
p-value before assembling the information matrix. Theoretically, the minimum value of
p=2N/m+1 guarantees an exact solution. However, due to the presence of measurement noise,
the actual minimum p-value was found to be larger than the theoretical one. Figures 4(a) and (b)
show examples of error accumulation found in the identification of vertical modes with respect to
the selection of the p-value. It can be seen that in the cases of added noise and fewer sensors,
larger p-values give a better estimation of modal parameters. In all cases of sensor configurations,
it was found that the estimates converge to certain values of p, from which the best estimates of
modal parameters are obtained.
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Figure 4. Consistency of modal parameters with respect to the selection of p-values for

numerical simulation using cable-stayed bridge model: (a) frequency estimates and (b)

damping ratio estimates. Identification results of the first vertical mode of Yokohama Bay
Bridge (MS2 response): (c) natural frequencies and (d) damping ratios.

4.4. Influence of input inclusion and excitation type

The SRIM method is principally based on the assumption that the responses are ergodic or at least
weakly stationary. It is therefore important to investigate the performance of SI under conditions
that do not follow this assumption. In addition, the SRIM method also allows exclusion of input
when computing an information matrix (Rj), which yields to the case of the output-only SI (i.e.
Ry, =Ryy). To investigate the effects of input inclusion as well as the types of inputs, numerical
simulations were performed using three types of input excitations, namely, the Broadband Stationary
Gaussian input (BSI), the Narrowband Stationary Gaussian input (NSI) with low-pass frequency
of 10 Hz, and the Narrowband Nonstationary random input (NNI).

Figure 5 summarizes the effect of input inclusion in terms of error accumulation in identifying
the first six vertical modes. It can be observed that in the case of the input—output scheme, the
natural frequency estimates are accurate regardless of the types of inputs, as indicated by the
error that was below 1% (Figure 5(a)). In this scheme, accuracy is much better when the input
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Figure 5. Comparison of errors in modal parameters of the first six vertical modes with respect to

input inclusion and type of input: (a) frequency estimates of input—output scheme; (b) frequency

estimates of output-only scheme; (c) damping estimates of input—output scheme; and (d) damping

estimates of output-only scheme. Note: BSI, Broadband Stationary Gaussian Random Input; NSI,

Narrowband Stationary Gaussian Random Input with low-pass frequency of 10Hz, and NNI,
Narrowband Nonstationary Random Input.

is broadband white noise. Errors in damping estimates are larger when the system is subjected to
narrowband nonstationary excitation (Figure 5(c)). The scheme of SI using only output response
gives relatively accurate results for natural frequency estimates (Figure 5(b)) but not for damping
estimates (Figure 5(d)). In the output-only case, the frequency estimates are again much better
when the input is broadband stationary white noise than when it is nonstationary.

These results emphasize the importance of input inclusion when using this SI method. In a case
where excitation is a broadband stationary random process, input inclusion may be considered
optional, although a longer record is necessary to obtain the best result. In the case of an earthquake
where (1) inputs are rarely as rich in frequency as broadband white noise, (2) inputs are mostly
nonstationary, and (3) records are relatively short, the SI must be performed by including input in
the information matrix. This would give better estimates of modal parameters.
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5. APPLICATION OF SYSTEM IDENTIFICATION

To effectively implement the identification method, three sets of input—output data (i.e. longitudinal,
vertical, and transverse) representing the three types of bridge motions were studied (Table II). As
inputs, responses from triaxial accelerometers located at the bottoms of the towers and the end
piers were selected (Figure 1). Instead of the free-field responses, these responses were utilized to
minimize the effect of soil-structure interaction.

5.1. Results of the Yokohama Bay Bridge

In order to study the sensitivity of modal parameters with respect to the length of input—output in
block matrices ([Y ,] and [Z,]), several records with various lengths were evaluated. This was done
by varying the number of rows of both [Y,] and [Z,], while the number of columns was set at
5500. Modal parameters were calculated separately for these different block matrices. Observation
of modal parameters for various p-values shows that they converge into constant values. Figures
4(c) and (d) show that both natural frequency and damping ratio converge to constant values when
p =200. Therefore, this value was selected as the representative p-value for the analysis.

Fifteen modes within the frequency range of 0.1-2.5 Hz were identified (Table III). The lowest
mode was identified at 0.11 Hz, which was a typical first longitudinal mode when compared with
the FEM modes. In the vertical system, five bending modes and three torsion modes were identified.
In the transverse system, six modes were identified of which the first three were identified within
the frequency range of 0.28-0.43 Hz. These three modes exhibited similar modal displacement of
the girder portion but different modal displacement of the towers. In the first mode, both towers
were in phase with each other and also with the girder’s transverse motion, whereas in the second
mode they were in phase with each other but out of phase with the girder.

Table III lists the identified mode shapes together with the results of FEM as well as the AVT
and the forced vibration test (FVT)—both were performed immediately after completion of the
structure [21]. It can be observed that the identified frequencies are in good agreement with FEM
and also with those identified from the tests. The MAC values, calculated between the identified
modes and their FEM counterparts, all show values around 90%, suggesting the accuracy of the
mode shape estimates. Note also that several modes, which were not excited during either AVT or
FVT, can be identified from the earthquake records. They are the first longitudinal mode, the higher
vertical modes (i.e. second symmetric and third asymmetric bending mode), and two torsional

Table II. Output sensor arrangement for SI at the three bridges.

System Yokohama Bay Bridge Rainbow Bridge Tsurumi Fairway Bridge

Ch1X until Ch25X (girder)  Ch1X, Ch12X, Ch29X, Ch1X, Ch5X, Ch10X (girder)
Longitudinal Ch30X until Ch49X (towers) Ch42X and Ch56X (girder) Ch13X until Ch28X (towers)
Ch28X until Ch54 X (piers) Ch10X until Ch47X (tower)

Vertical Ch3Z until Ch27Z (girder) Ch23Z until Ch39Z (girder) Ch2Z until Ch12Z (girder)
Ch30X until Ch50X (towers) Ch10X until Ch47X (towers) Ch13X until Ch28X (towers)

Transverse Ch2Y until Ch26Y (girder) Ch2Y, Ch58Y, Ch 13Y, Ch43Y, Ch3Y until Ch1lY (girder)
Ch31Y until Ch51Y (towers) Ch23Y until Ch38Y (girder) Ch14Y until Ch29Y (towers)
Ch11Y until Ch48Y (tower)

Note: The inputs are shown in Figures 1(c)—(e).
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Table III. Identified natural frequencies and damping ratios of Yokohama Bay Bridge from MS1-1 of the
Chuetsu-Niigata earthquake and comparisons with results from other tests.

Natural frequency (Hz)
Damping (%)

MSI1-1 1990 earthquake FEM AVT FVT MSI1-1
Mode [MACT* [23] [21] [21] [MACT*
Longitudinal
1st Longitudinal mode 0.11 [90%] 0.13 0.14 — — 3.50
Vertical
1st Sym. bending 0.35 [96%] 0.36 0.34 036 0.34-0.35 2.87
Ist Asym. bending 0.53 [94%] 0.55 0.49 0.60 0.54-0.57 4.13
2nd Sym. bending 0.79 [99%] 0.81 0.77 0.85 0.80 1.69
2nd Asym. bending 0.95 [92%] 1.01 1.22 1.01 — 1.61
3rd Sym. Bending 1.14 [N/A] 1.21 N/A — — 2.32
1st Torsion 0.86 [92%] 0.86 0.95 0.88 — 0.95
2nd Torsion 1.34 [N/A] 1.38 N/A — — 3.31
3rd Torsion 2.50 [N/A] 2.46 N/A — — 3.40
Transverse
1st Sym. tower-girder in phase 0.29 [92%] 0.30 0.28 0.27 — 4.29
Ist Sym. tower-girder out of phase  0.43 [N/A] 0.42 N/A  — — 5.02
1st Asym. towers out of phase 0.38 [96%] 0.39 042 0.38 — 5.10
Ist Asym. tower-girder out of phase 0.75 [91%] 0.75 0.70 0.68 — 3.99
Ist Asym. tower in phase 0.91 [N/A] 0.94 N/A — — 4.70
2nd Sym. bending 1.04 [89%] 1.06 1.08 — — 2.07
Note: N/A: not available; — : not identified.

*Value in [ ] denotes the MAC value between identified modes and their FEM counterparts.

modes. Considering that the level of excitation of earthquake vibration is much higher than that of
ambient vibration, these results are reasonable. Therefore, this fact suggests that seismic records
can be used for practical modal analysis in addition to the AVT and the FVT.

Damping ratios were estimated within the range of 0.5-5.1%. Higher damping ratios were
observed in the transverse modes, especially during the main shocks. Most of damping ratios of
the vertical modes were within 1-4%. These values are higher than those previously estimated
(around 2%) during the AVT and FVT [21]. The damping estimates of the torsion modes were
found to be lower than the other two motions, with an average of 0-3.5%. The damping estimates
of the first torsion mode were especially low (less than 1%).

Figure 6 illustrates some of the mode shapes. It should be noted that the girder vertical modes
are represented together with the tower longitudinal modes since the two structural components are
coupled in such motion. Similarly, the girder transverse dominant modes are represented together
with the tower transverse motion. Owing to selection of the above systems, the girder vertical
modes do not include any transverse components. However, the results of numerical simulations
show that if a mode is uncoupled in vertical and transverse directions—such as the case of the
torsional mode—or if the motion in one direction is slightly more dominant than motions in other
directions, then the mode will appear in both vertical and transverse system having identical natural
frequency and damping ratio. However, in exception to the torsional modes, this was not the case
with the Yokohama Bay Bridge. It was found that the modes that appeared in the vertical direction
did not reappear during identification in the transverse direction. To better observe a mode and its
motion in all directions, a scheme of a three-dimensional identification system should be employed.
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Figure 6. Mode shapes of Yokohama Bay Bridge identified from MS1 (V= Vertical,
S =Symmetric, As= Asymmetric).

An example of a relevant study of identification using a three-dimensional system is presented in
Reference [22].

Before the 2004 Chuetsu-Niigata earthquake, six significant earthquakes from 1990 to 1997
were recorded on the bridge. The results of their SI were summarized in Reference [23]. The
range of the maximum input amplitude of these six earthquakes (i.e. from 2 to 13cm/s?) is
comparable with the range of the maximum input amplitude of the present records. However,
the frequencies identified from the six earthquakes are substantially higher than the results from
the 2004 Chuetsu-Niigata earthquake (Figure 7). The decreases in frequencies are between 3 and
7% for the vertical modes, 0.8 and 6% for the transverse modes, and around 3% for the torsion
modes. These changes are significant and imply that the structural properties might have changed.
Considering that the Chuetsu-Niigata earthquake occurred when the construction of an additional
deck had been completed, the decrease might indicate that the new deck contributed in large
measure as added mass rather than as added stiffness to the whole structure system.

5.2. Results of the Rainbow Bridge
Table IV lists the 13 modes identified from the Rainbow Bridge. Except for the first vertical
asymmetric mode, all modes have MAC values around 90%, suggesting consistency and accuracy
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Figure 7. Comparison of natural frequency identified from previous earthquakes and from the 2004
Chuetsu-Niigata earthquake: (a) vertical mode and (b) transverse mode. Note: values in brackets indicate
the difference with negative values for decrease.

between the identification results and the FEM results. In the longitudinal motion, the first mode
was a swing mode identified at 0.67 Hz. In the vertical motion, eight modes were identified
consisting of five bending and three torsion modes. In the transverse direction, four modes were
identified.

The first vertical mode is an asymmetric bending. The FEM predicts this mode at a frequency
of 0.18 and 0.24 Hz for a hinge model and a fixed model, respectively, with one stationary point
located at the exact midpoint of the deck (Figure 8(a)). Identification results revealed similar modes
but with slightly different characteristics. These modes were identified at 0.24-0.25 Hz with some
influences of the symmetrical mode that caused the stationary point to shift slightly left to the
Tokyo side from the girder midpoint. One might be skeptical about this mode, especially after
looking at the shape and the fact that it was identified in such a closely spaced frequency with
its symmetrical counterpart. However, we decided to include this mode as an identification result
after observing the consistency of the mode and after comparing it with the previous FVT results,
where a very similar mode was also identified [24].

The first transverse mode, identified at 0.12 Hz, exhibits an in-phase motion of both towers and
of towers and girder. In the first mode, the girder shows a typical first symmetrical transverse
motion, while in the second mode, it shows a typical first asymmetric motion with both towers
being out of phase. Several other higher modes were identified. However, due to limitations of the
sensor positions, the exact shape of these modes cannot be precisely confirmed.

For comparison, two analytical models were investigated (Figure 8(e)). One model assumed
a hinge connection between tower and girder that allowed rotational and longitudinal movement
during extensive vibration. The other model assumed a rigid or fixed connection, provided that
the friction between the girder and tower connection restrained the longitudinal movement of the
girder. The difference in the two models became visible at the first vertical asymmetric mode,
where the change from fixed to hinge connection resulted in a 28% reduction of natural frequency.
Measurement results during AVT and FVT [24] suggested that the bridge was actually more
rigid than it was in either model. Comparing the ratio between the identified values and the
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Table IV. Identified natural frequencies and damping ratios of the Rainbow Bridge from the main shocks
of the Chuetsu-Niigata earthquake and comparisons with results from other tests.

Natural frequency (Hz) Modal damping ratio (%)
SI results FEM SI results

FVT AVT Hinge Fixed AVT
Mode MS1* MS2* [24] [24] model model MS1* MS2* [24]
Vertical
Ist Asym. bending 0.25 [80%] 0.24 [78%] 0.25 N/A 0.18 024 205 6.78 N/A
1st Sym. bending 0.26 [95%] 0.26 [94%] 0.26 0.28 024  0.25 1.54 1.01 2.39
2nd Sym. bending  0.40 [93%] 0.41 [91%] 041 048 0.36 0.4 7.4 4.63 1.75
2nd Asym. bending 0.68 [N/A] 0.68 [N/JA] N/A N/A N/A N/A 319 241 N/A
3rd Sym. bending  0.88 [92%] 0.85 [99%] 0.84 0.96 0.77 0.84 3.16 3.11 0.8
Torsion
1st Torsion 0.45 [99%] 0.44 [92%] 0.49 052 044 044 1.96 1.74 1.27
2nd Torsion 0.70 [91%] 0.70 [98%] 0.68 0.78 0.60 0.60 228 5.17 1.27
3rd Torsion 1.09 [N/A] 1.09 [N/JA] N/A N/A N/A N/A 1.12 1.15 N/A
Longitudinal
1st Longitudinal 0.69 [N/A] 0.67 [N/JA] N/A N/A N/A N/A 413 459 N/A
Transverse
1st Sym. bending 0.12 [N/A] 0.12 [N/JA] N/A N/A N/A N/A 241 5.92 N/A
Ist Asym. bending 0.37 [N/A] 0.38 [N/JA] N/A N/A N/A N/A 256 0.36 N/A
2nd Sym. bending  0.51 [N/A] 0.50 [N/A] 044 N/A 041 N/A 225 0.36 N/A
3rd Sym. bending  0.57 [N/A] 0.56 [N/A] 056 N/A 053 N/A 072 233 N/A

Note: N/A: not available.
*Value in [ ] denotes the MAC value between identified modes and their FEM fixed model counterparts.

=8~ 024 Hz
=8~ 0.24 Hz
il .35 He|

0 200 400 600 800 0 200 @0 600 so0 0 200 400 600 800
(@ (b) (©

Tower-girder connection

-9' FEM / Model 1 : Hinge, Model 2: Fixed

<= 2NN

Tower

Figure 8. Representative mode shapes of girder portion of the Rainbow Bridge identified from MS2

response: (a) first vertical asymmetric; (b) first vertical symmetric; (c) second vertical symmetric;

and (d) first torsion mode. (Note: SI EQ, system identification using earthquake records.) (e) Two
connection models used for comparison.

analytical models (Table IV), one can observe that for the records applied in this analysis the
fixed connection model is more accurate in representing the bridge than the hinge connection
model. The natural frequencies obtained from seismic records are generally lower than those
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Table V. Identified natural frequencies and damping ratios of the Tsurumi Fairway Bridge from the main
shock of the Chuetsu-Niigata earthquake (MS1) and comparisons with results from other tests.

Natural frequency (Hz) Damping ratio (%)
Identified Identified

MS1-1 MS1-2 MS1-3  AVT FVT FEM AVT FVT
Mode [MAC]* [MAC]*  [MAC]* [25] [25] MS1-1 MS1-2 MS1-3 [25] [25]
Longitudinal
1st Long. 0.19 — — — — — 115 —_ = =
Vertical bending
Ist Sym 0.21 [99%] 0.21 [97%] 0.21 [98%] 0.22 0.21 0.21 2.09 095 0.65 143 191
Ist Asym. 0.30 [91%] 0.30 [92%] 0.30 [95%] 0.32 0.29 0.29 141 2.18 042 1.12 0.48
2nd Sym. 0.53 [95%] 0.53 [90%] 0.54 [91%] 0.54 0.52 0.51 449 032 1.76 048 1.75
2nd Asym. 0.61 [90%] 0.61 [91%] 0.61 [89%] 0.61 0.60 0.60 4.79 0.78 1.18 048 0.48
3rd Sym. 0.69 0.70 0.70 — — N/A 415 109 148 —
Torsion
1st Torsion — 0.54 [89%] 0.56 [91%] 0.56 0.54 0.50 — 128 259 0.80 1.12
2nd Torsion 0.81 0.79 0.81 — — N/A 235 315 189 — —
3rd Torsion 1.57 1.57 1.57 — — N/A 149 223 267 — —
Transverse
Ist Sym. towers in 0.29 [90%] 0.29 [89%] 0.29 [89%] 0.30 — 0.25 1.04 094 250 0.80 —
phase
Ist Sym towers out 0.41 0.41 — — — N/A 432 270 — —_ —
of phase
Ist Asym towers 0.73 0.73 0.73 — — N/A 586 304 319 — —
out of phase
Ist Asym. towers in 0.78 0.80 0.78 — — N/A 462 192 360 — —
phase
2nd Asym. towers — 0.83 0.83 — — N/A — 1.07 163 — —
out of phase
2nd Asym. towers 0.86 0.88 0.86 — — N/A 399 298 362 — —
in phase
Note: N/A: not available; — : not identified.

*Value in [ ] denotes the MAC value between identified modes and their FEM counterparts.

obtained from both AVT and FVT, suggesting an increased flexibility of the bridge during larger
excitations.

5.3. Results of the Tsurumi Fairway Bridge

Fifteen modes within the frequency range of 0.19-1.57 Hz were identified consisting of eight
vertical modes, six transverse modes, and one longitudinal mode (Table V). The lowest mode
was the first swing longitudinal mode identified at 0.19 Hz, whereas the first vertical mode was
a symmetrical bending identified at 0.21 Hz. The first transverse mode was identified at 0.29 Hz,
where both towers were in phase with each other and also with the transverse motion of the girder.
In the second transverse mode, identified at 0.41 Hz, both towers were out of phase. For the third
and forth modes, the girder revealed a typical first asymmetric bending pattern. The difference
between the two was that in the third mode both towers were out of phase with each other, whereas
in the forth mode both towers were in phase. The modal damping ratios of the 15 modes were

Copyright © 2007 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. (2007)
DOI: 10.1002/eqe



SYSTEM IDENTIFICATION APPLIED TO LONG-SPAN CABLE-SUPPORTED BRIDGES

identified within the range of 0.3-5.8%. The MAC values listed in Table V show that most of
the identified modes are in very good agreement with the FEM modes. Note that the frequency
estimates obtained from SI are relatively similar and consistent with the results of AVT and FVT
[25]. These results are reasonable considering that the levels of ground motions are quite small
and comparable to the level of ambient response.

6. TIME VARIATION OF MODAL PARAMETERS

The availability of various levels of input ground motions enables us to observe variations of
modal parameters with respect to the amplitude of input acceleration. For this purpose, the
inputs were bandpass filtered for a specified frequency range that encompasses the frequen-
cies where each mode was identified. This procedure was employed to ensure that only the
input responses within the corresponding frequency range of interest were included in the
comparison.

6.1. Amplitude dependence of damping ratio

Figure 9 shows the typical variation of the damping ratio of the Yokohama Bay Bridge with respect
to input amplitude plotted together with the results from six previous earthquakes [23]. The RMS
of the bandpass-filtered input accelerations vary from 0 to 1.0cm/s?, while the damping ratios
vary from 0.5 to 5%. From this figure, one can observe that the damping ratios increase as the
RMS of the input acceleration increases for both the vertical and transverse modes. The damping
increase might be due to the greater energy dissipation caused by friction at bearings that occur
during large excitations. The similar trend was also observed in the Tsurumi Fairway Bridge. At
this bridge, seven frames of seismic records were analyzed with the RMS of the input amplitudes
varying from 0.2 to 0.8 cm/s”. The results shown in Figure 10 reveal that while natural frequencies
and mode shapes remain constant, damping ratios exhibit an increasing trend as input amplitude
increases.

O Earthquakes before 2004 [23] O Earthquakes before 2004 [23] O Earthquakes before 2004 [23]
8| @ 2004 Chuetsu-Niigata 8 @ 2004 Chuetsu-Niigata 8 |_@ 2004 Chuetsu-Niigata
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Figure 9. Variation of damping ratio of Yokohama Bay Bridge with respect to earthquake input amplitude:
(a) first vertical bending mode; (b) second vertical bending mode; and (c) first transverse mode.
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Figure 10. Variation of natural frequencies and damping ratios of Tsurumi Fairway Bridge identified

from 2004 Chuetsu-Niigata earthquake: (a) frequency of first vertical bending mode; (b) damping

of first vertical bending mode; (c) frequency of second vertical bending mode; and (d) damping
of second vertical bending mode.

6.2. Amplitude dependence of the longitudinal mode of the Yokohama Bay Bridge

In addition to global behavior such as amplitude dependence of the damping ratios, variations of
local components were also observed. The SI results of the Yokohama Bay Bridge revealed two
types of the first longitudinal mode, where the main difference was the relative modal displacement
between the end piers and girder. In design, the end piers and girder are connected by link-bearing
connections (LBC) (Figure 11) whose essential function is to prevent the large inertial force of a
superstructure from being imparted to substructures during large excitation. For this purpose, the
LBC is expected to function as a longitudinal hinge connection to indicate that the girder and pier
caps work as separate units. Thus, it is modeled in this way in FEM.

It should be noted that longitudinal girder motion induces nonlinear behavior of LBC. Moreover,
since the longitudinal mode is excited only during earthquakes and is not measurable during either
AVT or FVT, observation of its characteristics using seismic records may provide an opportunity to
investigate the actual performance of LBC. To quantify relative modal displacement at the position
of pier cap and girder, an index (y) is calculated:

_ ¢girder - ¢pier cap

(18)

¢ girder

Copyright © 2007 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. (2007)

DOI: 10.1002/eqe



SYSTEM IDENTIFICATION APPLIED TO LONG-SPAN CABLE-SUPPORTED BRIDGES

D Location of tower link O Location of end link

(a)

Figure 11. (a) Location of link-bearing connection of Yokohama Bay Bridge; (b) typical LBC at the tower;
and (c) typical LBC at end piers.
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Figure 12. Two typical first longitudinal modes of Yokohama Bay Bridge identified from MSI response:
(a) hinged-hinged mode: iof, =0.80, yyigp,=0.82 and (b) fixed-fixed mode: yje =0.28, yyign; =0.25.

where ¢ denotes the modal displacement normalized to unity for the maximum value. Equation (18)
indicates that when the gap between pier cap and girder is large, the value of index (y) is closer
to unity.

The first type of longitudinal mode was identified from MS1-1, MS1-2, and MS2-1 with the
frequencies between 0.11 and 0.15 Hz. It exhibited a large relative modal displacement as evidenced
by y=0.80 and 0.82 for the left and right end piers, respectively (Figure 12(a)). The shape
characteristics and frequency of this mode were very close to that of the FEM first longitudinal
mode. The large relative modal displacement suggested that the hinge mechanism might have had
occurred. The other mode was identified from MS1-3, MS2-2, and MS2-3 with the frequencies
between 0.18 and 0.24 Hz (Figure 12(b)). The smaller relative modal displacements between end
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piers and girder of this mode (i.e. y=0.28 and 0.25 for the left and right end piers, respectively)
suggested that the LBCs had yet to function as full-hinged connections, causing stiffer connection
with higher natural frequency. These results indicate that performance of LBC depends on the
amplitude of earthquake excitation and does not always follow the FEM prediction. Results of a
more comprehensive observation of the LBC of the Yokohama Bay Bridge using seismic records
and detail analysis are presented elsewhere [23].

7. CONCLUDING REMARKS

This paper has presented the application of SRIM-based SI to estimate modal characteristics of
long-span cable-supported bridges using seismic records. Numerical investigations have shown
that the ST works well in estimating modal parameters. The following conclusions can be drawn
from the simulations:

(1) There are two crucial factors in the estimation of modal parameters: model selection and
p-value selection. Model selection is performed in a systematic way by eliminating the
fictitious modes using successive threshold indicators. It is shown that due to noise in
measurement, the actual minimum p-value is larger than the theoretical value, and can
be determined from the convergent point in a typical plot of p-value versus identification
error.

(2) In the case of SI with an input—output scheme, frequency estimates are not influenced to any
great degree by the nonstationarity of ground motion. On the contrary, errors in damping
ratios increase when the system is subjected to narrowband nonstationary excitation. The
scheme of output-only SI gives rather accurate results only for natural frequencies but
not for damping estimates. Considering the possibility of nonstationary ground motions,
these results emphasize the importance of input inclusion when using the identification
scheme.

Applications of SI to three long-span cable-supported bridges in the Tokyo Bay Area using
the 2004 Chuetsu-Niigata earthquake records have shown the efficiency of the method in esti-
mating modal parameters. Observation from various levels of input ground motion reveals that
while frequencies and mode shapes remain constant, damping ratios exhibit dependence on earth-
quake input amplitude, where the damping estimates increase as the amplitude of the input
increases. The SI results also provide additional modal information and types of motion that
could not be obtained during AVT and FVT. The effects of nonstationary seismic responses and
ground accelerations in identification are small as evidenced by stabilized damping estimates
especially with p-values larger than 200. This might be due to the long distance between the
hypocenter of the earthquake and the bridges’ sites, which makes the observed data become more
stationary.

The benefits of the studied SI method are threefold: (1) it identifies modal parameters accurately
with efficient use of relatively short earthquake records, (2) it is developed as a data-driven algorithm
that requires no prior knowledge of structural information, and (3) it enables the identification
of SIMO as well as MIMO systems, making it well suited for application to large and complex
structures. In view of structural health monitoring, an efficient method of SI using seismic response
is essential for quick assessment after earthquakes and for the application of modal-based damage
detection methods.
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