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This paper presents the results of a field vibration test and numerical analysis of a long-
span cable-stayed bridge. In the test, large exciters were used to vibrate the bridge to a
certain level of amplitude. Dynamic properties, especially damping at large amplitudes, in
the lower significant modes of the bridge were measured. By the comparison of the measured
values with assumed ones at the design of these properties, dynamic design of the bridge
was verified. In addition, coupled vibration between the girder and the cables which was
observed in the field test was investigated by conducting a numerical analysis of the bridge.
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1. INTRODUCTION

ing is not fully understood?). Therefore, one
of the goals of our field vibration tests was to
investigate damping properties at large ampli-
tude.

Another difficult aspect of the dynamic be-
havior of cable-stayed bridges is coupled vibra-
tion between the girder and cables?). As there

One of the most important tasks in the de-
sign of long-span cable-stayed bridges is to en-
sure an adequate level of safety against dy-
namic loadings such as strong wind and earth-
quakes. This can only be achieved if the dy-

namic properties of the bridge such as natural
frequency, mode shapes and structural damp-
ing are accurately modeled during design.

However, an analytical evaluation of struc-
tural damping is very difficult. Therefore, the
validity of the assumed structural damping
used in the design can only be verified through
field vibration tests after the completion of the
bridge.

It is also known that the structural damping
in general varies with the amplitude of vibra-
tion, but the amplitude dependence of damp-
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are relatively few examples of field investiga-
tions of this behavior, its properties remain
unclear. This coupled behavior can be studied
effectively only if the bridge is vibrated with
large amplitudes.

The above issues were kept in mind when

we set out to conduct a field vibration test on
the Hitsuishijima Bridge, one of the Honshu-
Shikoku Bridges, using large exciters just be-
fore the bridge went into service.
In this paper we discuss the following topics:
Comparison of structural damping used in
the design of the bridge with the measured
values obtained from field tests using large
amplitude excitations (maximum amplitude
of stiffening girder was about 10 cm).
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Table 1 Specification of the exciter

vertical

about 110tf + foundation 144
H=6.30m, W=6.10m, L=7.10m
55.50 to 6.00 tf

+0.16m

0.36 to 2.17 Hz

approximated sinusoidal wave
maximum 20tf (0.7 Hz or over)
quick stop by disc brakes

exciting direction
total weight
size

sliding mass
mass stroke
frequency range
generated wave

exciting force
brake device

Verification of the model used in the design
by a comparison of the design and measured
values of the natural frequencies and mode
shapes of the lower significant modes.
Investigation of the dynamic interaction be-
tween the girders, cables and towers.

2. THE HITSUISHIJIMA BRIDGE

The Hitsuishijima Bridge is a 3-span con-

tinuous steel bridge with an overall length of
790m (185 m + 420 m + 185 m) and its main
tower height rises 152m above sea level. This
bridge is one part of the Kojima-Sakaide route
of the Honshu-Shikoku Bridge, connecting the
Hitsuishi and the Iwaguro islands. A general
view of the bridge is shown in Fig.1. The
structural outline of the bridge is as follows:
1. The stiffening girder is a Warren truss with
vertical members. The girder carries two
decks: an upper deck is a highway and the
lower deck has a rail line which are in use
and a spare line for future use for the
Shinkansen Line.
The tower is a two-story rigid frame sup-
ported on columns with haunches for aes-
thetic reasons. The columns have a varying
cross-section with two-way taper.
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3. The cable is a eleven-step multi-fan type
in both planes. As a preventive measure
against wind-induced vibration, the cables
of each step are tied to one another by wire
ropes at two points as shown in Fig.1.

3. TESTING PROCEDURE

(1) Exciting Procedure

The exciters are a pair of large-scale exciters
specially made for the field vibration test of
the Honshu-Shikoku Bridge.

The exciters were originally designed for
lower frequency excitation of suspension
bridges®), and required partial remodeling for
testing the Hitsuishijima Bridge. Table 1
shows the specification of the remodeled ex-
citers.

The exciters are driven by a crank mecha-
nism which transforms the rotational motion
of a D.C. motor into vertical motion of the
mass. As a result of the crank mechanism, the
exciting force has two frequency components:
a primary component at the driving frequency
f and a secondary component at twice the fre-
quency, 2f. The exciters used in the test had
about 10% of the total exciting force in the
secondary component at frequency 2f.

Two similar exciters were placed at both
ends of the cross-section of the bridge and they
were operated in-phase or out-of-phase to ex-
cite vertical bending vibration and torsional
vibration, respectively. As regards their po-
sition in the longitudinal direction, they were
first installed at quarter-point of the midspan
and then shifted to mid-point to excite asym-
metric mode and symmetric mode, respectively.

(2) Measuring Procedure

The locations of transducers are shown in
Fig.1. Vertical vibration of the girders and
flexural vibration of the towers in the direction

Sakaide side
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of the bridge axis were measured by a servo-
type accelerometer (24 components in total).
As for the cables, 19 were selected for measure-
ment of vertical (in-plane) displacement using
variable-resistance displacement meters.

Also, in order to observe the behavior of
sliding parts, the rotational displacement at
the tower links and lateral sliding displace-
ment at the girder ends were measured by
strain-gauge-type displacement meters. The
displacement of the girder was measured by
an optical displacement meter.

In addition to the above measurements, we
also set a servo-type accelerometer to the ex-
citer’s mass so that in the tests we could obtain
an accurate phase relation between the excit-
ing force and the response.

For reference, wind velocity and direction
on the bridge surface and the temperature of
the bridge body were measured.

(8) Data Analysis Procedure

We used a data processing system consisting
of a high-speed, high-performance 32-bit engi-
neering workstation in a measuring room on
the bridge. The workstation was used for on-
line data collection and data reduction of raw
data gathered from all transducers, to mon-
itor the modal circles of frequency response,
and carry out other major data processing.
As data was being continuously. monitored, we
were able to keep to a minimum the number
of large amplitude loading repetitions so as to
avoid causing any damage to the bridge during
the test.

As for the frequency response data, the data
was digitally filtered to exclude all frequency
components other than the primary excitation
frequency f, regarding the response of other
frequency components as noise. This enabled
us to eliminate the effect of the secondary ex-
citation 2f.

4. NUMERICAL ANALYSIS

" A three-dimensional model of a coupled sys-
tem consisting of girders, towers and cables
was used to perform a natural vibration anal-
ysis. The various components of the model for
representing the Hitsuishijima Bridge are:

1. girder modeled by beam elements with
rigidities equivalent to those of the trussed
structure,

2. main tower and pier by beam elements, and

3. cable by cable elements. (Nodal points dis-
tributed the cables as shown in Fig.2. The
mass is distributed, and the nodal points
are linked to one another with axial rigidi-
ties and lateral rigidities which are defined
by the initial tension.)

We have used conventional techniques? for
modeling girder, tower and pier and it is in
modeling the cable that we have used a more
detailed model to make it possible to examine
the interaction between the cable and other
members. The number of nodal points which
are required to analyze the vibration of the
cable up to a maximum frequency of 2 Hz
detected in our field test was determined by
a preliminary analysis. The model shown in
Fig.2 is symmetric about the center line, there-
fore we used half the structure and adopted
either symmetrical or asymmetrical boundary
conditions for investigating vertical bending
and torsional vibrations, respectively.

5. TEST RESULTS AND
DISCUSSIONS

(1) Natural frequency and vibration mode
Fig.3 shows typical examples of frequency
response analyses. Figs.3(a) and 3(b) show
amplitude response curves and phase response

curves, respectively. The phase response curves.
of Fig.3(b) show the phase lag of the bridge re-
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Fig.3 Frequency response

sponse with respect to the exciting force. The
exciting force was calculated by multiplying
the weight of the mass by the relative acceler-
ation which was obtained by subtracting the
acceleration of the girder at the same location
as the exciter from the absolute acceleration
of the exciter weight. Fig.3(c) shows polar
plots® of amplitude and phase. In our fre-
quency response analysis we have paid atten-
tion not only on amplitude response but also
on phase data by examining phase response
and polar plots of amplitude and phase in or-
der to obtain more accurate results at around
resonance points.

In dynamic tests of bridges or other struc-
tures with small damping, the maximum am-
plitude at resonance points may not always be
detected clearly because the frequency pitch of
the exciter is not small enough. In such a case,
amplitude data may not provide clear informa-
tion about resonance frequency and maximum
amplitude at resonance, with the possible re-
sult that the damping gets overestimated. On
the other hand, when we analyze data using
polar plots of amplitude and phase the fact
that at around resonance the polar plots be-
come almost perfect circles makes it possible
to estimate damping with a relatively high ac-
curacy, even if data at exactly the resonance
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point is missing,.

As can be seen in Fig.3, the relation be-
tween phase and maximum amplitude are al-
most perfect circles in the test. Similar results
were obtained at other modes.

Table 2 lists the measured and numerically
calculated values of natural frequencies. The
measured values correspond well with calcu-
lated values and the error doesn’t exceed 5%,
except for an error of 11% found in the 1st
asymmetric torsional vibration.

Fig.4 shows the numerically calculated and
measured mode shapes of girder and tower at
resonance. As can be seen from this figure, the
two correspond with each other for all modes.

(2) Structural Damping
The three methods used in our study for
calculating structural damping are:

1. Free vibration tests after a sudden stop of

the exciter at resonance.

Half-power method, using a least squares

method of the polar plot® of amplitude and

phase.

. Back calculation from the maximum ampli-
tude of frequency response at resonance.
Methods 1 and 2 are used for test data while

Method 3 is used to analyze the results of nat-

ural vibration analysis.

2.
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Table 2 Test results

. . frequency
RS e Tornee T rtaion | exciter
(Hz) | (Hz) & (cm) | (deg)
) 1st symm. 0,429 0.430 0.,080| 9,12 — | 2/2
?—3 Ist asymm. | 0.734| 0.729| 0.088] 3.88| — | 0/4
~ lond symm. | 1080 1030 0.085| z.52] — |27z
§ 1st symm. 1,029 | 1.058| 0.046| 4.21] 0.175| £/4
E Ist asymm.| 1.715) 1,910} 0,071 | 0.37] 0.015] g /4

Fig.5 shows a typical example of free vibra-
tion data. As a whole, the quality of wave
patterns are good except in the 1st asymmet-
ric torsional vibration, whose pattern was af-
fected by large vibration of cables. The details
of this behavior are discussed in Chapter 6(2).

Fig.6 shows typical example of circles fitted
to the polar amplitude-phase data.

Fig. 7 shows the structural damping ob-
tained by all three methods plotted against
girder amplitude to examine its amplitude de-
pendence. Also, the results of the free vi-
bration tests conducted under various weather
conditions are superimposed in order to check
the reproducibility of the estimated damping.
The structural damping estimated from the
amplitude-phase curves are plotted at a 1/2
point of the maximum amplitude at resonance
point.

As can be seen in Fig. 7, the structural
damping estimated using the three methods
correspond very well with each other, indicat-
ing that the estimated structural damping is
highly reliable.

Also, as seen in Fig. 7, the amplitude de-
pendence of damping varies with vibration
mode. A noticeable dependence is found in the
1st symmetric bending vibration, for which
the structural damping nearly doubled as the
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girder amplitude increased.

On the other hand, structural damping in
other modes was relatively constant with
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change in girder amplitude. In our test the
exciter was used all the way up to its maximum
power at which the maximum amplitude of the
girders was as shown in Table 2.

The weather conditions under which the free
vibration tests of the 1st symmetric bending
vibration mode shown in Fig.7 were conducted
are listed in Table 3. Although the limited
data set collected in our tests are not
sufficient to establish a definitive relation be-
tween weather conditions and damping, the
reproducibility of structural damping is sat-
isfactory. Therefore, the estimated structural
damping is considered to be reliable, not being
significantly affected by wind velocity, wind di-
rection and temperature. For more details of
these test results, see our former reportsi1)12),

So far, we have examined the vibration
properties of the stiffening girder, however the
behavior of cables was found to be more com-
plicated. As we had used only a limited num-
ber of transducers on the cable, we were not
able to observe the details of the complicated
vibration of cables in this test. However, some
interesting interaction between the girder and
the cables was found at around the natural fre-
quency of the girder. This point is examined
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in the following sections.

6. COUPLED VIBRATION OF
GIRDER AND CABLE

(1) Mode separation of the coupled free
vibration

When the natural frequencies of the girder
and the cable are close to each other, their free
vibrations may interfere to form a beat-shaped
vibration, a phenomenon known as dynami-
cally coupled vibration.

In our test, we observed coupled vibration
under certain conditions. For instance, when
the cables were excited at around the 1st sym-
metrical torsional mode by the exciter installed
at mid-point, the top cable vibrated greatly.
The free vibrations of the girder and the ca-
ble interfered with each other, forming a cou-
pled vibration form as shown in Fig.8. On the
other hand with the exciter at quarter-point,
no interaction between the cable and girder
was observed with only a regular type of free
vibration as shown in Fig.5. This difference
in behavior can be explained as a result of the



Table 3 Weather conditions at the time of the test
(1st symm. bending)

TestNo. | wind velocity (m/s) | wind directionf | temperature of bridge(°C)
1st test 9.1 40 9.6
nd test 6.5 62 106
3rd test 5.1 1.86 8.5
bridge axis
0° = Y9 g is indicated by the arrows

measured waveform of girder
gal 3t /2 point of center span

measured waveform of top cable
at Sakaide-side center span

-20

synthesis waveform (C = —0.3)

30
T(sec)
synthesis waveform = girder waveform
+ cable waveform xC

Fig.s Girder-cable coupled waveform and separated
waveform

change in cable tension because of the shift
in the location of the exciter. The change in
cable tension caused a change in the natural
frequency of the cable and therefore the ra-
tio of natural frequency of girder to cable was
modified.

As the interaction between the girder and
cable was minimal when the exciter was placed
at quarter-point, we adopted its data to esti-
mate the dynamic properties in the 1st sym-
metric torsional vibration.

For the sake of reference, we went ahead
and analyzed the data of the 1st symmetric
torsional vibration obtained with the exciter
installed at mid-point in which case the inter-
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action between the girder and the cable was
observed. There are several established

methods®)”) for estimating structural damp-
ing from a beat-shaped free vibration record.

These methods calculate damping from the
beat cycle and the maximum value of the beat
envelope, and are therefore not suitable to
waveforms with unclear beat cycle. Therefore,
we digitized the measured free vibration wave-
forms of the cable and girder, then separated
the modes from each other to obtain the damp-
ing of the girder. The digitized record was first
hxgh pass filtered to eliminate low frequency
noise and the acceleration time history of the
girder was integrated twice to get a displace-
ment time history.

To separate the modes, the vibration record
of the cable was multiplied by a constant C
and added to the vibration record of the girder
to derive a synthetic waveform. The sum-
mation of thé two waveforms was repeatedly
performed using various C’s. With C at a
value of Ci, the synthetic waveform became
closer to the free vibration waveform of the
girder and at C; closer to the free vibration
of the cable. Although C is an arbitrary con-
stant, when only the cable vibration mode is
obtained and the maximum value of free vi-
bration waveforms of cable and girders is nor-
malized to 1.0, the range of C is limited to lie
between 0 and + 1.0.

In order to determine the optimum C, a
multiple regression analysis was performed on
the assumption that the measured waveform
consists of two vibration components and
white noise. Prior to the regression analysis,
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vibration waveforms of the girder and the ca-
ble were summed with a certain value of C to
generate a synthetic waveform y. Then, in or-
der to fit this waveform to a form of a single
mode free vibration as expressed in Eq. (1),
multiple regression analysis was conducted to
determine y'.

¥ = e P*(Acoswat + Bsinwgt)
here, wa = /(1 -h?) xw

w : natural frequency
h : damping constant =6/2n
A,B : unknown variables

1)

Next, the spectrum of the error waveform
(y — ¢') was analyzed by Maximum Entropy
Method (MEM)® and the error tested by
Akaike’s Final Prediction Error®. The analy-
ses was repeated with various values of C until
an optimum C was found at which the level of
white noise became maximum. The analytical
result is graphed in Fig.9. It is seen from this
figure that when the maximum FPE was ob-
tained at Cy=-0.3, the frequency of the synthe-
sized waveform was 1.06 Hz, and its damping
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about §=0.045. These values correspond well
with those of the first symmetrical torsional
vibration obtained with the exciter installed
at quarter-point, thereby proving the validity
of this method.

(2) Influence of the Fluctuation in Cable
Tension

As mentioned in section 5.(2), the free vi-
bration of the stiffening girder in the first asym-
metrical torsional vibration was considered to
be affected by the vibrations of the cables.
Here, an unique phenomenon was observed in
the vibration of the cable, which is assumed to
be the effect of fluctuation in cable tension.

Fig.10 shows typical examples of free
vibration of the girder, main tower and cable.
The frequency of excitation (1.9 Hz) is domi-
nant in the vibration of the girder and tower,
whereas the cable vibrates largely with half
the frequency of excitation. This phenomernon
can be explained as resulting from dynamic
instability of the cable.

When a cable tension is fluctuated, the vi-
bration of string of the cable can be expressed
by the following Hill-type equation (2):

Py ., AT %y

5{2——)\ (1- T cosz.ut)(,.):82 =0 (2)
where, A2 = 1o

T, : static tension (pre-tension)

p ¢ mass of unit length
AT coswt : fluctuation in tension
The variable y(z,t) can be separated and
transformed into modal variables ¢;(t) of each
cable. Then, by defining a damping constant
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hi of cable damping as modal damping, Eq.(2)
can be re-written as Eq.(3), as follows:

bi + 2hivi s + U,—z(l — 2u cos 27‘)(}3,’ =0 (3)

where, v; = &
w; ¢ ith frequency of vibration of string
&L =9
T, — <
T = wt

Solving Eq.(3), both stable and unstable so-
lutions can be obtained and are shown by the
dynamic instability curves of Fig.11%. It is
clear from Fig.11 that when the natural fre-
quency of vibration of string is close to half the
frequency of the tension, the unstable region
of the cable widens; moreover, the divergence
from a stable solution is more likely to occur
for larger fluctuations of tension and smaller
structural damping.

If the cable vibration becomes unstable, then
the entire structural system of cable-stayed
bridges can become dynamically unstable. This
phenomenon has never been reported in the
previous experiments!®-1%), Qur experiment
is the first confirmation of this phenomenon
in an actual bridge. This behavior is consid-
ered to be one of the causes for the insufficient
correspondence between the measured and nu-
merically calculated natural frequencies of the
asymmetrical torsional mode.

In order to further investigate the effects of
unstable vibration of cable on the vibration

response of the bridge, we carried out response
analyses using a simplified model of a cable-
stayed bridge.

Fig.12 shows a 2-D model of a cable-stayed
bridge of the size of Hitsuishijima Bridge. It
has 12 cables modeled by three cable elements.
The tension fluctuation was modeled in only
the middle cable and the rest were treated as
simple axial members. The ratio of natural
frequencies of the girder and cable was ad-
Jjusted as follows:

(1) The natural frequency of the first asym-
metrical bending vibration of the girder
was taken to be twice as large as that of
the first symmetrical vibration.

The first mode frequency of the middle ca-
ble was made to correspond with the first
symmetrical frequency of the girder and
the second mode frequency correspond
with the first asymmetrical frequency of
the girder.

The above-mentioned frequency ratios were
selected so that the vibration of the cable is
likely to be unstable and its vibration likely
to affect the girder vibration. The structural
damping of the girder and cable were set at
0.05 and 0.005 in logarithmic decrement, re-
spectively. As for exciting force, a concen-
trated harmonic force was applied to the model
at quarter-point of the girder. The frequency
of the harmonic force was set at 1.18 Hz, which
almost corresponds with the first asymmet-
rical frequency of the girder (or the second
asymmetrical frequency of the cable.) In or-
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der to emphasize the dynamic instability, the
amplitude of the exciting force was set at five
times larger than the experimental one.

Two kinds of response analyses were car-
ried out: a simplified analysis neglecting cable
tension, and the other a parametric excitation
analysis considering cable tension. By com-
paring the output of these two models, the ef-
fect of fluctuation in cable tension in the over-
all dynamic behavior was examined.

The parametric excitation analysis consid-
ering the fluctuation in cable tension was done
by a time-stepping analysis using Newmark’s 8
method (#=1/6) to solve the equation of mo-
tion of the bridge. However, as the compu-
tations would be numerically very intensive a
super-block method!® was applied, in which
the whole structure was divided into cable ele-
ments and other elements. The unknown vari-
ables of cable elements were transformed into
modal variables using modal analysis; while,
variables of the other elements were reduced
using mass condensation!®.

The results of the time history analyses with
and without considering cable tension are
shown in Figs.13 (a) and (b), respectively. In
the analysis neglecting cable tension, the re-
sponse at every point has the same frequency
component as the exciting frequency. The
girder vibrates at the first asymmetrical mode
and the cable vibrates at the second mode.
The amplitude of the vibration reaches the sta-
tionary state after 150 seconds of applying the
load.

On the other hand, in the analysis consid-
ering cable tension, a considerable increase in
the frequency component equal to half the ex-
citing frequency can be recognized in the re-
sponse of the girder and cable specially as the
amplitude increases. The amplitude in this
case is relatively larger than the one in the
analysis neglecting the cable tension. Even af-
ter 150 seconds, the amplitude continues to
increase and the vibration of girder appears
to be sliding to the unstable region.

Judging from the results of the field tests
and numerical analyses, it can be concluded
that the unstable behavior of the cable of a
cable-stayed bridge may lead to a large vibra-
tion of the entire bridge.

As cable-stayed bridges become longer and
bigger, the problem concerning the stability of
cable becomes even more serious. In cases of
dynamic loading such as strong wind or earth-
quakes, it is necessary to examine the instabil-
ity of cables arising from fluctuations in cable
tension. In these situations preventive mea-

sures such as increasing structural damping of
the cable may need to be required.

The numerical model used in the analysis-
was by necessity a simplified model and it
does not account for cable sag and non-
linearities arising from large deflections?.
Therefore, the complexities observed in the
tests couldn’t be fully simulated by the nu-
merical model. This paper has attempted to
explain one aspect of dynamic interaction ob-
served in the experiments, and has highlighted
the possibility that this phenomenon can lead
to a vibration problem of long-span cable-
stayed bridges. The effects of the non-linear
terms not included in this study will be the
subject for future investigations.

7. CONCLUSION

From the experimental results, we can con-
clude the following;:

(1) The measured values of structural damp-

ing ¢ in logarithmic decrement, which is the

most significant data collected in this exper-
iment, varied from 6= 0.06 to 0.09 for bend-
ing vibration and from 0.04 to 0.07 for the
torsional vibration. These values are larger
than the design value of §=0.03 specified in

a wind resistant design code for Honshu-

Shikoku Bridge. The estimated damping

values were insensitive to weather condi-

tions (temperature, wind velocity, etc.) dur-
ing the test.

When the amplitude is smaller than the

maximum amplitude of 10cm in the exper-

iment, the amplitude dependence of damp-
ing varies with the vibration mode. A no-
ticeable amplitude dependence is found only
in the first symmetrical bending mode for
which the structural damping increases
from 0.05 to 0.08 with increase in girder am-
plitude.

(3) The structural damping estimated using the
circle fitted to the polar plot of amplitude
and phase was in good agreement with the
damping estimated from free vibration data.

(4) The estimated values of natural frequencies
and mode shapes of the significant, lower

" modes matched well with the respective val-

ues calculated from the numerical model.
The highest difference between the test and
numerical results was found in the first
asymmetrical torsional vibration for which
the difference in the natural frequencies was
about 10%. This is most likely the effect of
unstable vibration of the cable.

(@)
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(5) When the natural frequencies of the girder
and cable are close to each other, their free
vibrations interfere with each other to form
a beat-shaped waveform. A synthetic wave-
form calculated by multiple regression anal-
ysis was seen to be effective in separating
the free vibration of the girder from the
record of coupled vibration. This method is
considered to be effective for separating the
coupled vibration even when the beat fre-
quency is unclear The damping estimated
from the separated time histories was seen
to be comparable to values estimated from
other methods.

(6) At the point of resonance of the first asym-
metrical torsional vibration, the cable vi-
brated with large amplitudes at half the ex-
citing frequency. This vibration of the ca-
ble is considered to be parametric oscilla-
tion caused by fluctuation in cable tension.
A frequency response analysis considering
parametric excitation resulting from fluctu-
ation in cable tension was carried out using
a simplified model of a cable-stayed bridge.
The results of the analysis suggest that the
unstable vibration of the cable has the pos-
sibility of leading to an increase in the re-
sponse of the bridge. Therefore, in the fu-
ture, it is desirable to consider the stability
of cables in the design of long-span cable-
stayed bridges.
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