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ABSTRACT: Aerodynamic stability of a proposed Cable Stayed Prestressed Concrete Bridge of span 480 m under 
wind loads have been studied. Flutter and buffeting responses due to wind loads was investigated on a sectional mode 
to the scale of 1:200.  The model was tested in a  wind tunnel for two values of structural damping (0.03 and 0.06) in 
both torsional and vertical motions with different combinations of live loads at the ratio of frequencies of torsional and 
vertical oscillations is equals to 1.2.  The model exhibited coupled vertical and torsional oscillations in wind. In 
addition, another uncoupled mode in the form of rolling oscillation about the longitudinal axis of the tunnel was also 
consistently observed. This type of oscillation has not been reported in the literature and is believed to be due to the 
overtone flexural oscillation of the main span of the bridge. After trying out several curative measures, it was found 
that provision of small holes in the bottom of the deck, controlled the vertical and rolling oscillations. The test results 
were compared with the theoretical  (design) values and conclusions drawn for predicting flutter and buffeting 
responses due to wind loads. 
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I. INTRODUCTION 
 

Of the several bridges existing all over the world, built of different material or techniques developed, cable stayed 
bridges stand out as the most recent technological development. Stromsund Bridge was the first cable stayed highway 
bridge constructed in Sweden in 1955 with a central span of 183 m. Subsequently, a number of cable stayed bridges 
were constructed world over in many countries. Cable stayed bridges are considered to be the most suitable system for 
the medium long spans in the range of 100 m to 300 m. However, there has been a continuous endeavor to this span 
limitation. Tatara bridge (Japan) with a world record span of 890 m opened up the vision for researchers to study the 
adoption of cable stayed systems with spans exceeding 1000 m which has been hitherto suspension system. In India 
too, after the completion of Vidyasagar Sethu Bridge (also known as Second Hooghly Bridge) at Calcutta, which was 
the world’s longest (457.2 m) cable stayed bridge until 1992, cable stayed system found an appropriate place with 
wider adoption in the years to follow. 
The bridge structure requires to be designed for static as well as for dynamic wind effects. Static wind loads are derived 
from an assumption of a steady uniform wind with lift, drag and moment forces. There have been many instances of 
bending and torsional oscillations of such bridges even at moderate speeds. The most spectacular case has been that of 
the original Tacoma Narrows Bridge which finally failed in a torsional mode of oscillation at a wind speed of 67 
kmph(ASCE, 1948).Since the Tacoma Narrows bridge collapse in 1940, wind engineering researchers made great 
efforts to understand the aeroelastic phenomena associated with long span bridges; namely vortex shedding, galloping, 
divergence, flutter, and buffeting response. However, in particular, flutter instability and buffeting response of the cable 
stayed bridge decks are important to obtain the aerodynamic stability and can be checked by conducting the wind 
tunnel tests.  
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II. LITERATURE REVIEW 
 

Aerodynamic response of a bridge is affected by means of wind direction as well as turbulence. Bridge buffeting in angled 
wind was investigated by Tanaka et al (1993) and Jones et al (1992) and vortex excited oscillation on 2D and 3D models of 
rectangular section were investigated by Zan et al (1993). In the last decade, Several investigations [e.g; Miyata et al (1994), 
Chen (1994), Tanaka et al (1993), Namini et al (1992), Jones and Scanlan (1991), Bucher and Lin (1988,1989) and Lin and 
Yang (1983)] identified the problems of multimode response of long span cable bridges to wind excitation. Analysis of flutter 
and buffeting can be done in two ways using time domain methods of Bucher and Lin(1988,1989), or frequency domain 
methods of Tanaka et al (1993), Jones and Scanlan (1991), Scanlan and  Jones (1990) and Lin and Yang (1983).  Studies by 
Tanaka et al (1993), and Bucher and Lin (1988, 1989) proposed solutions to the multimode flutter and the multimode 
buffeting problems .Recently, multimode flutter and buffeting analyses were developed by Jain et al, (1996) based on 
frequency-domain methods and incorporated the theory of Scanlan and Jones (1990), taking into account the fully coupled 
aeroelastic and aerodynamic response of long span bridges to wind excitation. However, the extent of this coupling was not 
significant for the span lengths considered.  
 

III. EXPERIMENTAL INVESTIGATIONS 
a. Flutter   
A model was built to a scale of 1:200 representing a 240 m length of the bridge span. Well-seasoned teakwood was used to 
fabricate the model. Various components of the model, such as the main girder, longitudinal beam, cross beam, deck slab, 
foot path, handrailing, camber and fillet were all fabricated separately and carefully assembled to get the replica of the 
prototype as shown in Fig. 1 a & b. Two designs for the hand railings, one with an ornamental design and the other, a plain 
design fabricated using angle iron, are investigated. The important physical properties and dimensions of the model and were 
shown in Table. 1.Damping was measured by giving an impulse disturbance to the model and recording the decaying signal 
to arrive at the logarithmic decrement. Freeman, Fox and Partners (designers of the bridge) had specified a structural damping 
value (s ) of 0.06 in both bending and torsion and a value close to this was obtained in flexure by adjusting the size of 
damper disc. The location of the damper disc on the longitudinal bar was then adjusted to obtain a torsional damping of 
nearly 0.06.  A number of tests were conducted even at this lower value of damping i.e 0.03, as some bridges are known to 
possess such low values of damping. 
 
 
 
 
 
 
 

 
 

Table 1 

S.N o Property Scale 
Ratio Model Value Full Scale 

Value 
1. Width 1:100 0.11m 10.54m 
2. Effective area of cross section 1:1002 5.86X10 -4 m2 5.865 m2 

3. Location of the Neutral Axis below 
top of the deck 1:100 0.5135 cm 51.35 cm 

4. Shear center above top of the deck 1:100 0.874 cm 87.4 cm 
5. Weight per unit length 1:1002 2.5 kg/m 25040 kg/m 

6. Mass moment of inertia per unit 
length 1:1004 0.0025 kgm2/m 253600kgm2/m 

7. 
Frequency of Oscillation: 
a) Vertical motion 
b) Torsional 

 
6:1 
6:1 

 
6.0 Hz 
7.2 Hz 

 
1.00 Hz 
1.19 Hz 

8. Ratio of frequencies of torsional 
and vertical oscillations (N/Nz) 

1:1 1.2 1.2 

 

Fig. 1 a).  General Arrangement 

  120m     120m   240m     60m     60m 
Module. 2  (RCC) Module. 1 (Cable Stayed)    Module. 2(RCC)  
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Measurements were made for vertical and torsional oscillations with and without live loads for the damping values of 
0.06 and 0.03 at positive and negative angles of attack ranging from 0 to 7.5 degrees at intervals of 2.5 degrees. In the 
present investigation, a distinct single degree of freedom oscillation in the rolling mode has also been consistently 
observed. In configurations where torsional oscillation occurred, the rolling mode of instability was seen to occur 
almost immediately. The rolling mode of instability seen in sectional model tests may be described as due to the 
overtone flexural oscillation of the main span of the bridge. 
b. Buffeting 

A model to the scale of 1:200 was built of and the properties are similar to the model used for conducting flutter test. 
The velocity scale was 1:5. The measurements were made of vortex shedding response, buffeting response and 
torsional instability response as a function of wind speed. The model displacements were measured using Kaman 
displacement transducers. These were installed at four locations under the deck in pairs, which allowed computation of 
vertical and torsional deflections. The lateral bending stiffness of this bridge is much greater than the vertical bending 
stiffness. As a result, the blowback was assumed to be negligible, and the vertical and torsional deflections could then 
be calculated by taking the sum and difference of the signals from a pair of transducers. Another phase of this 
experiment investigated the response of the model to 300 angled wind, and measurements were made of the buffeting 
response and torsional instability 300 angled wind, and measurements were made of the buffeting response and 
torsional instability response of the full bridge. The block diagram for experimentation is shown in fig.2.  
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Fig. 1 b). Cross-Section of the 
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IV. RESULTS AND DISCUSSIONS 
a. Flutter 
From the results of wind tunnel tests on the sectional model with various configurations, it is evident that 
corresponding full-scale values can be obtained by applying appropriate scale factors. With regard to the two flexural 
modes, the second flexural mode of 1.07 Hz was considered along with the torsional mode of 1.20 Hz to get the lowest 
ratio of frequencies of torsional and vertical oscillations (N/Nz) for model simulation. However, since the oscillations 
of the model were uncoupled, oscillation in each of those modes had to be interpreted independently. The basic model, 
without any modifications, vibrates with a maximum amplitude of 1.61 mm and with a wind speed of 15.5 m/s, the 
value of structural dumping in vertical motion (zs) was 0.03 with angle iron hand railing. The central amplitude for the 
full-scale bridge turns out to be 64.4 mm. This amplitude in the full-scale structure occurring at a speed of 50 m/s is 
seen to be fairly large and remedial measures to reduce this amplitude would become inevitable. When the hand-railing 
is of the ornamental type, the model vibrates with more or less the same amplitude. The speed range for instability is 
also approximately the same. With the introduction of dashpots, the value of structural dumping in vertical motion (zs) 
is raised to 0.06 and the maximum amplitude of the model with angle iron handrailing is brought down by about 40 
percent. The vibration of the model with ornamental hand-railing is insignificant by the introduction of dashpots.  
 
It is seen that a positive wind angle leads to slightly increased amplitude of oscillation, the speed range for instability 
being essentially unaffected. With a negative angle of attack the amplitude is reduced significantly and the speed for the 
inception of instability is also higher by about 40 percent. Maximum amplitude of 1.97 mm was observed for the model 
with ornamental handrailing when the truck convoys were moving in the same direction on the leeward side and at 0.25 
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Fig. 2  Block Diagram of Instrumentation 
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m from the centre. For the angle iron handrailing, the maximum amplitude was 0.82 mm, when the truck convoy was 
moving in the same direction, very close to the centre, on the windward side. The ranges of wind speed for instability in 
vertical motion were not affected by the presence of tank or truck as live loads. It is the amplitude of oscillation, which 
tended to be much more pronounced. 

 
 

The wind tunnel tests showed that the sectional model of the bridge oscillated in the torsional mode as the wind speed 
was increased beyond the range for instability in vertical motion. The sectional model with ornamental handrailing 
showed instability in torsion between wind speeds of 30 m/s to 35 m/s. The maximum amplitude observed was 0.90, 
when  the value of structural damping in torsional motion (s) was 0.03. There was a slight reduction in the amplitude, 
the value of structural damping in torsional motion (s) was raised to 0.06. With the introduction of the tank live load 
on the model with ornamental handrailing, the torsional amplitudes were pronounced. The maximum amplitude of 1.5o 
occurred when the tank was on the windward side and 0.5 m from the centre. The smallest amplitude was 0.95o and 
was realized with the tank on the leeward side and close to the centre. When the handrailing was of the angle iron type, 
it did not record in any measurable torsion. The maximum amplitude for this case was as small as 0.10 when the tank 
was located on the windward side at 0.5 m from the centre.  
 
As the wind speed was increased beyond the range of torsional instability, it was found that the model was soon 
oscillating in the rolling mode. For the bare model with ornamental handrailing, the rolling oscillations started when the 
wind speed was 30 m/s and continued upto a wind speed of 40 m/s. The maximum rolling amplitude was 0.04o. With 
the introduction of dashpots, the maximum amplitude for both the types of handrailing was 0.02o. At a positive angle of 
attack of 10o, the rolling amplitude was 0.04o for the model with ornamental handnrailing and dashpots. With the angle 
of attack at -10o, the amplitude came down to 0.02o and speed for the onset of instability raised by about 20 percent. It 
is seen that the maximum amplitude of vertical oscillation is reduced by about 25 percent with this modification on the 
model with ornamental handrailing. Tests at higher speed on the same configuration showed that there was a significant 
reduction in the torsional amplitudes also. For the basic model, the maximum torsion was 0.7o and was brought down to 
0.1o by covering the bottom. The bridge model with angle iron type of handrailing presented no torsional instabilities. 
The tests showed that the overall benefits of covering the bottom are marginal. 

 
b. Buffeting 
The results obtained from the computer are in terms of model scale values. The wind speeds have been converted to 
deck level values. The data presented for both vertical and torsional deflections are the mean, root-mean-square (rms) 
and peak deflections. The peak deflections are defined as the magnitude of the largest excursion from the mean value. 
The ratio is defined as the absolute value of peak divided by the value of rms. For response due to a torsional 
instability, the ratio would be 1.4 if the response was sinusoidal, but is usually slightly greater. The torsional buffeting 
response of the bridge deck as a function of dimensional model wind speed for tests in highly turbulent flow. The 
prototype wind speeds are five times greater than the model wind speeds. 
At a wind angle of 300,, the response of the full bridge is decreased  and again the normal component of velocity 
seems to govern the response. This observation may be valid for a bridge with appreciable camber along the span as 
yawed wind will change the mean angle of attack of the wind. The response of the half-bridge is much larger than the 
full bridge at a given wind speed because of the decreased frequencies. It is seen that the buffeting response increases 
significantly during the erection stages.  
Damping was measured by giving an impulse disturbance to the model and recording the decaying signal to arrive at 
the logarithmic decrement. Freeman, Fox and Partners (designers of the bridge) had specified a structural damping 
value (s ) of 0.06 in both bending and torsion and a value close to this was obtained in flexure by adjusting the size of 
damper disc. The location of the damper disc on the longitudinal bar was then adjusted to obtain a torsional damping of 
nearly 0.06.  A number of tests were conducted even at this lower value of damping i.e 0.03, as some bridges are 
known to possess such low values of damping. Measurements were made for vertical and torsional oscillations with 
and without live loads for the damping values of 0.06 and 0.03 at positive and negative angles of attack ranging from 0 
to 7.5 degrees at intervals of 2.5 degrees. In the present investigation, a distinct single degree of freedom oscillation in 
the rolling mode has also been consistently observed. In configurations where torsional oscillation occurred, the rolling 
mode of instability was seen to occur almost immediately. The rolling mode of instability seen in sectional model tests 
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may be described as due to the overtone flexural oscillation of the main span of the bridge. A model to the scale of 
1:200 was built of and the properties are similar to the model used for conducting flutter test. The velocity scale was 
1:5. 
 
 The measurements were made of vortex shedding response, buffeting response and torsional instability response as a 
function of wind speed. The model displacements were measured using Kaman displacement transducers. These were 
installed at four locations under the deck in pairs, which allowed computation of vertical and torsional deflections. The 
lateral bending stiffness of this bridge is much greater than the vertical bending stiffness. As a result, the blowback was 
assumed to be negligible, and the vertical and torsional deflections could then be calculated by taking the sum and 
difference of the signals from a pair of transducers. Another phase of this experiment investigated the response of the 
model to 300 angled wind, and measurements were made of the buffeting response and torsional instability response of 
the full bridge. The turbulence intensities at deck level were given in Table.2. 

 
Table 2 

  
S. 

No. Simulation u'/ v w'/v 

1. Highly 
Turbulent 

0.70 0.06
2 

2. Smooth 0.005 ___ 

 
Readings were taken through nine channels (8 for displacement and one for dynamic pressure) and the values of 
mean, RMS and peak response of the bridge deck motion (vertical and torsional) were computed maintaining a 
constant frequency of 40 Hz for the different wind speeds and angles of attack.  The damping values are obtained 
using the log decrement method by exciting the bridge in one mode and observing the decay of response.  Fig.3 
shows the torsional buffeting response of the full and half bridge as a function of model wind speed at 0 0 and 30 0of 
angles of wind attack. 
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The vertical buffeting response of the full and half bridge decks as a function of model wind speed at 0 0 and 30 0 
angles of wind attack is shown in Fig.4. 
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Fig. 4  Vertical Buffeting Response in Highly Turbulent Flow 
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V. CONCLUSIONS 
 

The following conclusions are arrived at from the present study: 
 
1) From the results of the flutter test on the bridge model, it is observed that the model showed oscillation mainly in 

the bending mode and relatively weaker in the torsional mode. The oscillation tended to be larger at positive wind 
angles and smaller at negative wind angles, without any significant effect on the critical speed of the wind. 

2) The bridge deck is more susceptible to wind excited oscillations of high amplitudes under live loads. It is also 
observed that a rolling mode of instability occurs for long span cable stayed bridges. Further, coverage of the 
bottom of the deck proved to be the most effective modification in increasing the stability of the bridge in bending 
and rolling.  

3) While recording buffeting response of the bridge, it is observed that the torsional instability of a bridge is not 
affected by moderate turbulence. It is also observed that the component of wind, normal to the deck, governs the 
torsional instability and buffeting behaviour for the angled  wind conditions.  
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NOTATIONS 
 
b:  width  of  the deck 
L: Linear scale (Model: Prototype) 
l: Length of the model 
Nz, N: Frequencies of vertical and torsional oscillations of the bridge: Angle of attack of wind (radians) 

i. e x e
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 s ,  zs: Structural damping expressed as the natural logarithm of ratio of successive cycles of oscillation (logarithmic 
decrement) in torsion and vertical motion respectively 
f: Frequency  (Hz)            
u': Root mean square value of fluctuating component of stream-wise velocity  
w':Root mean square value of fluctuating component of vertical velocity  
v: Wind speed 
v:Mean wind speed 
v crit   , vc: Mean wind speed at the onset of  torsional instability 
: Torsional degree of free domine 
t:Time  
 
 

I . e x e


