
1 INTRODUCTION  

As is now quite well known and documented, cable-
stayed bridges around the world are commonly ex-
hibiting excessive and unanticipated vibrations of 
the main stays, often associated with the simultane-
ous occurrence of wind and rain. These large-
amplitude vibrations are of concern because they in-
duce undue stresses and fatigue in the cables them-
selves and in the connections at the bridge deck and 
tower. As such instances continue to be reported, 
their mitigation has become a significant considera-
tion in cable-stayed bridge design and for retrofit of 
existing structures. Until fully resolved, this issue 
potentially threatens the widespread acceptance of 
this attractive and economical form of bridge struc-
ture.  

The current understanding of the nature of these 
problematic vibrations and the environmental factors 
that induce them is based on a limited number of 
field observations. Typical amplitudes and frequen-
cies of vibration have been reported; the important 
role of rainfall in inducing vibration has also been 
reported, along with suggested correlations with 
wind speed and wind direction. However, these ob-
servations – conducted on several different bridges 
around the world – have not always been in agree-
ment. Early reports suggested that the vibrations oc-
cur only during rainfall (Hikami & Shiraishi 1988), 
while subsequent observations on other bridges have 
revealed vibrations of significant amplitude with no 
rain (Matsumoto et al. 1990). There is also some 

confusion about the importance of wind direction in 
inducing vibrations. Early reports indicated that only 
the cables that declined in the direction of the wind 
were excited (Hikami & Shiraishi 1988), while in-
stances have been reported subsequently of simulta-
neous vibration of stays with opposite inclination to 
the wind (Matsumoto et al. 1990). 

Numerous wind tunnel studies have been con-
ducted in attempts to replicate and characterize the 
motions observed in the field. These investigations 
have led to the proposal of several distinct excitation 
mechanisms for cable oscillation. Some proposed 
mechanisms emphasize the importance of rainfall, 
leading to the formation of water rivulets which ren-
der the cable cross-section aerodynamically unstable 
(e.g. Hikami & Shiraishi 1988; Matsumoto et al. 
1992; Verweibe 1998). Other proposed mechanisms 
emphasize the inherent instability of an inclined ca-
ble in wind, regardless of rainfall (Matsumoto et al. 
1990; Matsumoto et al. 1995). Analytical and nu-
merical models have also suggested the potential 
importance of deck and tower vibrations in stay ex-
citation (Abdel-Ghaffar & Khalifa 1991; Pinto da 
Costa et al. 1996; Yang & Fonder 1998). In evaluat-
ing the relative importance of these proposed excita-
tion mechanisms, it is crucial to have an accurate 
understanding of the nature of the vibrations actually 
occurring in the field. 

This paper describes in summary form and inter-
prets preliminary data from long-term instrumenta-
tion projects designed to identify and record cable-
vibration events on a cable-stayed bridge. The au-
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thors have now instrumented three cable-stayed 
bridges in the United States. This paper will focus 
on data collected at the Fred Hartman Bridge in 
Houston, Texas, and the East Huntington Bridge in 
West Virginia. The Hartman system has (at the time 
of writing) been installed for over 16 months, col-
lecting approximately 4000 five-minute records of 
varying acceleration amplitude and meteorological 
conditions. The Huntington system was installed 
over a two-year period and collected data on a single 
stay before and after the installation of a trial damp-
ing system. 

1.1 Description of Hartman Bridge and Site 
 

For brevity, only the Hartman Bridge and its instru-
mentation system will be described herein. The sys-
tem installed at Huntington was similar in concept, 
but considerably smaller in scale. A third system 
was recently installed on the Veterans’ Memorial 
Bridge in Port Arthur, Texas. 

The Fred Hartman Bridge (Figure 1) is a twin-
deck cable-stayed bridge crossing the Houston Ship 
Channel between Baytown and La Porte, Texas. The 
center span is 1250 feet long, providing a navigation 
clearance of 180 feet, and each of the two stayed 
side spans is 482 feet long. Each of the parallel 
decks is 78 feet wide and consists of precast con-
crete slabs on steel girders and floor beams. The 
decks are supported by a total of 192 cables, ar-
ranged in four inclined planes of 24 stays at each of 
two double-diamond shaped towers. The stays are 
not continuous through the towers, and range from 
195 to 650 feet in length, with varying diameters. 
They are attached at 50-foot intervals along the 
deck.  

1.2 Description of the Instrumentation System 
 

The instrumentation system includes the following 
primary components: 
• 2 three-axis anemometers at deck level 
• Propeller-vane anemometer at tower top 
• 19 two-axis accelerometers installed on stay-

cables (±4g range) 
• 4 displacement transducers installed on stays 
• 5 two-axis accelerometers installed on the bridge 

deck (±4g range) 
• 2 rain gauges (0.01" resolution) 
• Temperature probe and barometer 
• 8-pole Bessel filters, set to 10 Hz (sampling fre-

quency 40 Hz) 
• Windows-based Pentium PC with data acquisi-

tion and remote communication software to fa-
cilitate data transfer and system control. 

 

The system was installed on the bridge and began 
collecting data in October 1997. The onsite com-
puter continuously monitors output from the trans-
ducers, and whenever predetermined thresholds in 
wind speed and cable acceleration are exceeded, the 
system triggers to stream files to disk, sampling all 
64 channels at 40 Hz for 5 minutes. 

2 FRED HARTMAN BRIDGE:  PRELIMINARY 
RESULTS AND DISCUSSION 

This paper presents statistics computed from ap-
proximately 2700 five-minute records generated 
during the first year of monitoring, before the instal-
lation of a temporary restraining system. Although 
64 channels are available in each record, for brevity 
this paper will focus on correlation of cable accel-
eration with wind speed, wind direction, and rainfall. 
More detailed data and analysis will be presented in 
future publications.  

2.1 General Description of Data Presented 
 
In many records, the statistics are clearly not con-
stant over the full five minutes of the record. There-
fore, each record was broken into five one-minute 
segments, and statistics were generated on each of 
these one-minute segments to obtain a better resolu-
tion of the data for interpretive purposes. Conse-
quently, all statistics presented in this report were 
computed using a one-minute averaging time.  

One-minute root-mean-square (RMS) values are 
presented for cable acceleration, as a measure of vi-
bration amplitude. Two components of acceleration 
are measured on each stay: in-plane and lateral. 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 RMS statistic is underestimated for the particular 
record.  

Figure 1. Fred Hartman Cable-Stayed Bridge



One-minute mean values are presented for wind 
speed and wind direction, generated from the three 
anemometers 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 tow-
ers. The two deck-level anemometers were found to 
be well correlated with the tower-top anemometer 

except for winds nearly parallel to the bridge axis, 
where interference from the towers 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 ane-
mometer are presented, these values are scaled down 
to deck-level using a scale factor of 0.675, generated 
from a linear regression analysis of the deck-level 
and tower-top data. Wind direction is measured in 
degrees clockwise from the bridge axis, with zero 
degrees corresponding to wind approximately from 
the north, directly along the bridge axis.  

2.2 Influence of Wind Speed and Wind Direction 
Figures 2-4 show typical plots of in-plane vibration 
amplitude vs. wind speed. The responses appear to 
be velocity-limited, as previously reported (e.g., Ma-
tsumoto et al. 1995). For the stays examined here, 
the bulk of large-amplitude responses falls in a wind 
speed range with a lower limit of around 10 mph and 
an upper limit of 24-33 mph; the precise limits vary 
from stay to stay. A few high-amplitude events at 
lower wind speeds are evident in all three figures, 
outside the main cluster of high-amplitude re-
sponses. These points are associated with very heavy 
rain and will be discussed further in Section 2.3. 
Wind speeds did not reach sufficient levels to wit-
ness large-amplitude vibrations observed at very 
high wind speeds by Matsumoto et al. (1997). A 
general trend of increasing vibration amplitude with 
wind speed is evident. Note that the flattening of re-
sponses at an RMS level of around 3g in Figure 4 is 
due to the limit of ±4g in the accelerometer range; 
the RMS statistic is underestimated in some of these 
cases.  

Figures 5-7 show typical plots of in-plane RMS 
acceleration vs. wind direction. Stay AS1 and AS9 
incline to the north, while stay AS23 declines to the 
north. As a wind direction of zero degrees corre-
sponds to wind from the north, and 90 degrees cor-
responds to wind from the east, it is evident that 
most of the large amplitude responses occur for 
wind directions where the cable declines in the di-
rection of the wind. This agrees with the report of 
Hikami and Shiraishi (1988). However, a significant 
number of lower amplitude responses and even a 
few large-amplitude responses are evident at other 
wind directions, as reported by Matsumoto et al. 
(1995). The large-amplitude responses at other wind 
directions are mostly associated with instances of 
very heavy rainfall. Examination of the influence of 
rainfall allows the separation of the responses into 
distinct regimes.  

Figure 2. Vibration amplitude vs. wind speed for stay AS1

Figure 3. Vibration amplitude vs. wind speed for stay AS9

Figure 4. Vibration amplitude vs. wind speed for stay AS23



2.3 Influence of Rainfall 
Ohshima and Nanjo (1987) previously investigated 
the influence of rainfall rate on vibration response in 
the wind tunnel, identifying two response types: 
heavy rain vibrations and light rain vibrations. Al-
though the characteristics observed in the field are 
not the same as those observed in the wind tunnel, 

this approach of grouping responses by rate of rain-
fall proves helpful.  
 Figure 8 presents plots of vibration amplitude of 
stay AS23 for different rates of rainfall: no rain, 
moderate rain, and heavy rain. As the resolution of 
the rain gauges is limited to 0.01", some records col-
lected during very light rainfall may not record rain-
fall during the 5-minute period. These data files 
were identified by finding measured rainfall in the 
surrounding records on that day and eliminating 
them from the "no-rain" data. The data presented in 
Figure 8a, labeled "no rain", correspond to records 
collected on days in which no rain was detected in 
any record.  

2.3.1 No rainfall regime  
Under no-rain conditions, the vibration amplitudes 
are relatively small, and occur at relatively low wind 
speeds (Figure 8a). The data presented here are from 
stay AS23, which exhibits modest vibration levels 
even without rainfall – some data points here are in 
excess of 1g RMS acceleration. Other stays show 
much lower vibration levels without rain. The ob-
served vibrations do appear to be velocity-restricted, 
but this is difficult to confirm. The responses occur 
over a broad range of wind directions, mostly where 
the stay inclines in the direction of the wind (Figure 
9a). 

2.3.2 Moderate rain regime 
This regime accounts for the bulk of the high-
amplitude responses, and the characteristics are most 
similar to those previously reported. The high-
amplitude responses in this regime are velocity-
restricted (Figure 8b), and span a narrow range of 
wind directions, where the stay declines in the direc-
tion of the wind (Figure 9b). 

2.3.3 Heavy rain regime 
Under heavy-rain conditions, large amplitude vi-

brations are observed at quite low mean wind speeds 
(Figure 8c). A relatively small number of data files 
were recorded with such high rates of rainfall, but in 
those files that were recorded, nearly all of the in-
strumented stays were vibrating simultaneously with 
large amplitudes. These large amplitude events oc-
curred during gusty wind, with rapidly changing di-
rection, so the dependence on wind direction does 
not seem important, or the relationship is not clear at 
this time (Figure 9c). 

2.4 Observed vibration orbits 
Early reports described the observed cable motions 
simply as transverse in the vertical plane (e.g., Oh-
shima & Nanjo 1987). However, our measurements 
have revealed that the cable motions often exhibit 
significant two-dimensionality. Figures 10-12 pre-

Figure 5. Vibration amplitude vs. wind direction for stay AS1

Figure 6. Vibration amplitude vs. wind direction for stay AS9

Figure 7. Vibration amplitude vs. wind direction for stay AS23



sent three sample acceleration orbits of Stay AS23 
recorded under different rain conditions: no rain, 
light rain, and heavy rain. It is evident here that the 
degree of two-dimensionality appears to increase 
with rate of rainfall. Note that these orbits are accel-
eration, not displacement, so the higher frequency 
components are exaggerated. 

Figures 13-15 show power spectral densities of 
in-plane and lateral acceleration for the three vibra-
tion events shown in Figures 10-12. Note again that 
these are acceleration spectra, not displacement  

spectra, so the higher frequency components are ex-
aggerated. Note also the different scale on the verti-
cal axis for the lateral acceleration spectra. 

 The "no-rain" event is associated primarily with 
accelerations in in-plane modes 6 and 7; lateral 
modes 6 and 7 are also evident at much lower levels. 
The "light-rain" event is associated primarily with 
in-plane mode 3; lateral modes 3 and 6 are also evi-
dent. The "heavy-rain" event has the broadest fre-
quency content, with contributions from modes 3, 4, 
5, and 6, both in-plane and lateral, leading to a com-
plex two-dimensional acceleration orbit. 

Figure 8. Vibration amplitude of stay AS23 vs. wind speed for
different rain rates. (a) no rain; (b) moderate rain; (c) heavy rain Figure 9: Vibration amplitude of stay AS23 vs. wind direction for

different rain rates. (a) no rain; (b) moderate rain; (c) heavy rain.



3 EAST HUNTINGTON BRIDGE:  VIBRATION 
COUNTERMEASURES 

At the time of writing, several vibration countermea-
sures are being installed at the Fred Hartman Bridge. 
Relevant data from them are not yet available for 
presentation but are anticipated in the near future. 

However, a hydraulic damper system was evaluated 
in some detail at the Huntington Bridge. The results 
of this evaluation will be discussed below. 

Both aerodynamic and mechanical countermea-
sures have been employed in attempts to mitigate 
stay vibrations. Aerodynamic countermeasures have 
targeted hypothesized excitation mechanisms and 
have relied heavily on wind tunnel testing in devel-
opment. Stay vibrations on the Higashi-Kobe Bridge 
were suppressed by fitting the surface with parallel 

Figure 10. Acceleration orbit of stay AS23 -- no rain

Figure 11: Acceleration orbit of stay AS23 -- light rain

Figure 12. Acceleration orbit of stay AS23 -- heavy rain

Figure 13. Power spectral densities of in-plane (top) and
lateral (bottom) acceleration for the event of Figure 10.

Figure 14. Power spectral densities of in-plane (top) and
lateral (bottom) acceleration for the event of Figure 11.

Note: different scales on vertical axis

Figure 15. Power spectral densities of in-plane (top) and
lateral (bottom) acceleration for the event of Figure 12.

Note: different scales on vertical axis



longitudinal projections in order to disturb water 
rivulet formation and reduce the axial flow velocity 
(Matsumoto et al. 1992; Saito et al. 1994). The stays 
of the Normandie Bridge were fitted with double 
helical projections to disrupt the water rivulet forma-
tion (Flamand 1993).  

Mechanical vibration countermeasures have in-
cluded cable cross-ties and viscous dampers. Ana-
lytical and numerical modeling has shown cross-ties 
to be effective in distributing vibration energy over 
the individual cables, while the cross-ties themselves 
may be subject to large stresses, and a dynamic 
analysis should be conducted prior to design (Ehsan 
and Scanlan 1989). Viscous dampers have proven 
effective in suppressing vibrations on numerous 
bridges, and techniques for design of “optimal” 
dampers have been developed (Pacheco et al. 1993).  

Data were acquired from the Huntington Bridge 
and processed in a manner similar to that described 
above for the Hartman Bridge. A statistical compari-
son was made between the response of the cable be-
fore and after installation of a hydraulic damper. 
Figure 16 shows the pre-damper cable vibration am-
plitudes. Each point represents a one-minute RMS 
acceleration plotted vs. a one-minute mean wind 
speed. Additional data (e.g., direction, rainfall 
amounts) are available but are not presented herein 
due to space limitations. It is evident that there are 
many different vibration regimes present: The most 
problematic are the relatively frequently occurring 
high-amplitude events. (Due to saturation of the ac-
celerometer, amplitudes are actually higher than in-
dicated in some cases.)   

Figure 17 shows the performance of the same ca-
ble after the installation of a trial damper, designed 
according to the procedures outlined in Pacheco et 
al. (1993). The system triggered significantly less 
frequently, and clearly all of the high-amplitude 
events were eliminated. For the cable parameters in-
volved, this “close-to-optimal” damper provided ad-
ditional damping of approximately 2% of critical to 
the stay. The Scruton number associated with this 
level of damping was approximately 50. 

Due to concerns about the application of the op-
timal design methodology to the longer, more mas-
sive stays, a smaller damper was also evaluated with 
an associated Scruton number of approximately 10. 
As shown in Figure 18, this damper also appeared to 
function adequately, even though the additional 
damping was only around 0.5% of critical. Some 
spurious high-amplitude points are evident in Figure 
18. These were due to the presence of electrical tran-
sients in some of the signals late in the life of the 
system. Most were routinely filtered, but some still 
evaded elimination by this means. 

Overall, the test program confirmed the suitabil-
ity of the hydraulic damper as an acceptable means 
of mitigating the stay cable vibration. As noted al-

ready, ongoing testing on the two bridges in Texas 
will provide additional data on this topic, and will be 
presented in subsequent publications. 

4  CONCLUSIONS  

From the Hartman Bridge data, three distinct re-
gimes of cable vibration have been identified from 
the full-scale measurements: no-rain vibrations, 
moderate-rain vibrations, and heavy-rain vibrations. 
These response regimes exhibit different depend-
ence on wind speed and wind direction, and differ-
ent acceleration orbits. Relatively low levels of vi-
bration were evident in the absence of rainfall. The 
bulk of the high-amplitude responses were associ-
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Figure 17. RMS acceleration vs. mean wind speed 
(post optimal damper) 

Figure 18. RMS acceleration vs. mean wind speed 
(post suboptimal damper) 



ated with moderate rain, and the characteristics of 
these events were similar to those previously re-
ported. High-amplitude vibrations associated with 
very heavy rainfall were observed at relatively low 
wind speeds. The observed motions exhibit signifi-
cant two-dimensionality and participation of numer-
ous cable modes, particularly during heavy rain. In 
the case of the Huntington Bridge, the hydraulic 
damper was shown to be an effective vibration coun-
termeasure.  Both optimal and sub-optimal damper 
designs were shown to eliminate the problematic 
high-amplitude vibrations. 
 Further, more detailed investigation is necessary 
and underway to more completely characterize the 
response regimes identified above and potentially to 
identify other regimes. The markedly different re-
sponse characteristics in distinct regimes suggest 
that different excitation mechanisms are indeed at 
work; effort is currently being focused on identify-
ing the dominant mechanisms in each distinct re-
gime. This paper has discussed response characteris-
tics of a few specific stays on one bridge; 
comparative studies will also be conducted to make 
conclusions of more general applicability. Finally, 
analytical models are being developed for prediction 
purposes and to provide guidance to designers who 
desire to eliminate the problem of excessive stay-
cable vibration. 
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