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Abstract 
 

As is now quite well known and documented, cable-stayed bridges around the world 
are commonly exhibiting excessive and unanticipated vibrations of the main stays, 
often associated with the simultaneous occurrence of wind and rain.  This paper 
presents a characterization of the nature of these high-amplitude vibrations based on a 
comparative evaluation of data collected from the long-term instrumentation of two 
cable-stayed bridges in the United States: the Fred Hartman bridge in Houston, 
Texas; and the Veteran's Memorial Bridge in Port Arthur, Texas.  Each of these 
bridges has exhibited high-amplitude stay oscillations.  The contributions of various 
cable modes in the observed responses are investigated, and the influence of rainfall 
is discussed.   
 
Introduction 

 
This paper describes in summary form and interprets data from long-term 
instrumentation projects designed to identify and record cable-vibration events on 
cable-stayed bridges.  Three cable-stayed bridges in the United States have now been 
instrumented by the authors. This paper will focus on data collected at the Fred 
Hartman Bridge in Houston, Texas, and the Veterans Memorial Bridge in Port 
Arthur, Texas.  The Hartman system has (at the time of writing) been installed for just 
over two years, collecting more than 5000 five-minute records of varying acceleration 
amplitude and meteorological conditions.  The Veterans system has been installed for 
over nine months. 
 The instrumentation system for both bridges includes accelerometers to 
measure cable vibration and deck vibration, anemometers to measure wind speed and 
wind direction, rain gauges, and a computer with remote-communications capability 
for data transfer and system control.  The onsite computer continuously monitors 
output from the transducers, and whenever predetermined thresholds in wind speed 
and cable acceleration are exceeded, the system triggers to stream files to disk, 
sampling all channels at 40 Hz for 5 minutes.  (8-pole Bessel filters on each channel 
are set to 10 Hz to prevent aliasing of the signal.)   
 
Results 
 
General Description of Data Presented. This paper presents statistics computed 
from approximately 2700 five-minute records generated at the Hartman bridge during 
the first year of monitoring, before the installation of a temporary restraining system, 
and from approximately 3200 five-minute records generated at the Veterans bridge.  
Data are presented from three stays: two stays at the Hartman bridge and one stay at 
the Veterans bridge.  The range of the accelerometers is ±4g, and in some cases of 
high-amplitude vibration, the 4g level is sometimes exceeded.  The consequence of 
this is that the Root-Mean-Square (RMS) statistic is underestimated for the particular 
record.    
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Because multiple anemometers are available at each site, the mean values are 
generated according to the following priority scheme.  Data from the tower-top 
anemometer are given priority, because the tower-top anemometer is not influenced 
by interference from the bridge deck.  The deck-level anemometers were found to be 
well correlated with the tower-top anemometer except for winds from the west, where 
interference from the bridge deck seems to reduce the measured velocities at deck-
level.  Consequently, data from the deck-level anemometers are used only when data 
from the tower top are unavailable, and then only in the range of wind direction 
where the correlation with the tower-top anemometer is good.  In every case, deck-
level wind speeds are presented, and in cases where data from the tower-top 
anemometer are presented, these values are scaled down to deck-level using a scale 
factor generated from a linear regression analysis of the deck-level and tower-top 
data. 
  Figure 1 shows a plot of in-plane vibration amplitude vs. wind speed for 
Hartman stay AS23.  To improve the resolution for this plot, each five-minute record 
was broken into five one-minute segments, and statistics were generated on each of 
these one-minute segments.  Previous analyses (Main and Jones, 1999) demonstrated 
how the responses in this plot can be grouped into different regimes by rate of 
rainfall.  This paper focuses identification of the dominant mode in each of the 
observed responses. 

To identify the dominant mode in each record, the power spectral density 
(PSD) was estimated using the entire 5-minute record, and the five highest peaks 
were recorded.  Spectra were only considered for records with sufficient stationarity 
(a coefficient of variation less than 25% in standard deviation for ten 30-second 
averages).  To account for the influence of the accelerometer location, these peak 
values were scaled to modal amplitudes assuming sinusoidal mode shapes.  The 
dominant mode was then identified from the highest scaled spectral amplitude.  
 

Figure 1. Vibration amplitude vs. wind speed for Hartman stay AS23.
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Modal Participation.  In Figures 2 through 7, two plots are presented for each stay.  
The first plot is a histogram of the dominant mode for all responses with 5-minute 
RMS acceleration greater than 0.25g.  The second is a plot of vibration amplitude (5-
minute RMS acceleration) versus wind speed (5-minute mean), with different 
symbols to indicate the dominant mode.  It is evident that there are fewer data points 
in these plots than in Figure 1.  This is because the statistics presented here are for the 
entire 5-minute segment, while in Figure 1 each segment was divided into five one-
minute segments.  In addition, only those records with sufficient stationarity for the 
PSD estimate (as discussed above) are included. 

Figure 2. Histogram of dominant mode for Hartman stay AS16.

Figure 3. Vibration amplitude vs. wind speed for Hartman stay AS16.
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It is evident from the histograms of dominant mode that a wide range of modes has 
been excited during the monitoring period.  While many responses in the higher 
modes are observed, most of the high-amplitude responses are associated with the 
lower cable modes, as is evident in the plots of vibration amplitude versus wind 
speed.  It is important to note that amplitudes associated with higher modes are 
acceleration amplitudes, which are greater than the corresponding displacement 
amplitudes by a factor of frequency squared.  For example, the numerous instances of 
high acceleration in mode 8 for Veterans Stay A14 are associated with quite low 
levels of displacement: a measured RMS acceleration of 1.6 g in mode 8 for this stay 
corresponds to a peak displacement amplitude of about 6 mm.   

Figure 4. Histogram of dominant mode for Hartman stay AS23.

Figure 5. Vibration amplitude vs. wind speed for Hartman stay AS23.
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The plots of vibration amplitude versus wind speed show that the high 
amplitude vibrations in the lower modes occur in a specific mode over a wide range 
of wind speeds.  Figure 2 shows that for Hartman stay AS16, large-amplitude 
responses dominated by mode 2 occur over a range of wind speeds, from 6 m/s to 
about 13 m/s.  Similar large-amplitude responses dominated by mode 3 are evident in 
Hartman stay AS23, occurring over approximately the same wind speed range.  It will 
be demonstrated that these responses are associated with rainfall. 

 
 

Figure 6. Histogram of dominant mode for Veterans stay A14.

Figure 7. Vibration amplitude vs. wind speed for Veterans stay A14.
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Influence of rainfall. The influence of rainfall on modal participation was 
investigated for one stay by dividing the data into records with rain and without rain.  
Figure 8 presents a histogram of dominant mode for records with and without rain.  It 
is evident from the histogram that the vibrations with rain are primarily associated 
with the lower cable modes (particularly mode 3 in this case), and that the vibrations 
without rain are associated with the higher cable modes.   

Figure 9 shows vibration amplitude vs. wind speed without rain.  It is evident 
that, in general, the vibrations without rain have lower amplitudes and occur at lower 
wind speeds.  For the modes evident in the “no rain” plot, critical wind speeds for 
vortex-induced vibration were computed according to the following equation: 
 

Ucrit = fi D / S 
 
 where   fi  = natural frequency in the ith mode; f1 = 0.634 Hz 
  D = diameter of the stay; approximately 16 cm 
  S = Strouhal number; approximately equal to 0.2 for circular cylinders 
 
The critical wind speeds for each mode are presented in the table below.  It is evident 
that these wind speeds correspond quite well to those at which the vibrations are 
observed for each mode, which suggests that vortex shedding is an important 
mechanism in exciting vibrations without rainfall; amplitudes are generally low. 
 
Mode 5 6 7 8 10 11 13 14 
Ucrit (m/s) 2.5 3.1 3.6 4.1 6.3 5.6 6.6 7.1 
 

Figure 8. Histogram of dominant mode for Hartman stay AS23
with and without rain.
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Figure 9. Vibration amplitude vs. wind speed for Hartman stay AS23 without rain.

Figure 10. Vibration amplitude vs. wind speed for Hartman stay AS23 with rain.
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Figure 10 is a plot of vibration amplitude vs. wind speed with rainfall.  Most of these 
responses have higher amplitude and occur at a higher range of wind speeds than the 
“no rain” vibrations.  Most of the responses are dominated by mode 3, although 
higher modes dominate in some records.  It is interesting to note that the responses 
dominated by mode 3 occur over a wide range of wind speeds (from 6 m/s to 13 m/s), 
suggesting that rainfall somehow “locks-in” the response to a particular mode of 
vibration.  The responses dominated by modes 5 and 6 occur near the critical wind 
speed for vortex-induced vibration in these modes, although the amplitudes are much 
higher than those observed without rain.  This may suggest that rainfall can somehow 
amplify the mechanism of vortex-induced vibration.  It is interesting to note that no 
instances of low-amplitude vortex-induced vibration were recorded during rainfall. 
 
Conclusions  
 
Analyses of modal participation in measured stay vibration events at the Fred 
Hartman and Veterans Memorial bridges were performed.  Responses in many 
different modes of vibration were observed.  The highest amplitude responses 
occurred mostly in the lower modes and seemed to “lock on” to a specific mode of 
vibration over a wide range of wind speeds – these responses occurred during rainfall.  
Vibrations without rain occurred in the higher modes over relatively narrow wind 
speed ranges for each mode; these seem to be instances of vortex-induced vibration. 
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