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Abstract—Stay vibration events have been reported all over 

the world on cable-stayed bridges. Cable vibrations cause 

bridge users discomfort and may also lead to bridge collapse. 

Aim of this study is to investigate relevant cable vibration 

phenomena directly induced by wind, such as buffet         

             -shedding, dry inclined galloping and rain wind 

induced vibrations. The results are presented in terms of 

required necessary damping to control the dynamic stability of 

stays for a significant case study. 
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I. Introduction 
Cable-stayed bridges became very popular during the 

second half of the twentieth century. There are four main 
reasons that lead to an enormous increase in the construction 
of cable-stayed bridges [1]: cable-stayed bridges are stiffer 
than suspension bridges, they are adequate for construction 
in weak soil due to their self-balancing features, they are 
economically advantageous for moderate to large spans and 
they have remarkable aesthetic qualities. Moreover, recent 
improvements in cable technology and in erection 
techniques allows to design increasingly large and slender 
cable-stayed bridges; considering in addition that stay cables 
are very flexible elements, with small damping coefficients 

( ≤ 0.50%) it is clear that these elements are very 
vulnerable to vibrations under dynamic loads. 

Cable vibrations alarm bridge users (especially 
pedestrian users) with a subsequent discomfort, but these 
can also cause a fatigue damage. The first significant report 
on cable vibration dates back to 1976 [2]: in effect, during 
the erection of the Brotonne bridge (France) longer cables 
hit each other, due to vibrations, and the problem was solved 
mounting viscous dampers close to the deck anchorages [1]. 
In the subsequent years many vibration problems occurred 
in bridges all over the world and then started an intensive 
research on this issue. 

Relevant cable vibration phenomena induced by wind 
are discussed here, referring to a significant case study. 

II. Cable vibration phenomena 
directly induced by wind 

Among cable vibration phenomena directly induced by 
wind, there are Buffeting, von Kármán Vortex-Shedding and 
Dry Inclined Galloping: the first refers to forced vibrations 
caused by unsteady wind gusts, the second is characterized 
by an alternate shedding of vortices at the top and bottom 
surfaces of cables and the third is an aeroelastic 
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phenomenon typical of yawed circular stay, where the 
appearance of an axial flow behind cables for certain yawing 
angles alters the section radial symmetry. Then there are 
Rain-Wind Induced Vibrations: under combination of rain 
and wind, oscillating rivulets form at the upper and lower 
surfaces of the cable altering section radial symmetry 
(Fig. 1). 

 

Figure 1.  Cross section of a cable with upper and lower rivulet, from [3] 

In these cases an aerodynamic instability is possible, due 
to symmetry loss. Indeed, when the angle of attack of the 

wind is small (0), the so-called classical Den Hartog [4] 

necessary condition for incipient galloping instability is 
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where CL is the lift coefficient and CD is the drag coefficient. 
Obviously, circular cross sections are never subjected to 
galloping, as the variation of CL is always null, due to 
symmetry, and drag coefficient (CD) is always positive. 

When (1) is satisfied, the overall system damping (d) 
may be negative because aerodynamic damping becomes 
negative: 

  













 D

L

d

d

2

1
2 C

C
UDmd  (2) 

being m the cable mass per unit length,  the natural circular 

frequency,  the damping ratio,  = kg/m3 the air 

density at 20°C, U is the uniform wind velocity and D is the 
diameter of the cable. 

III. The case study 
Wind induced vibrations are assessed here referring to a 

cable-stayed bridge crossing the river Arno in Figline 
Valdarno, a town near Florence [5]. This self-anchored 
cable-stayed bridge has a total length of 281 m with three 
spans respectively of 44 m, 37 m and 200 m (Fig. 2). The 
S355 steel box girder has a trapezoidal cross section, 2.00 m 
depth and 14.96 m width (Fig. 3). The 12 mm thick 
orthotropic steel deck is reinforced with trapezoidal 
stiffeners spaced 600 mm center to center. 
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The deck is suspended to a pylon via 17 pairs of locked-
coil strands forming an asymmetric semi-fan; these cables 
are 15.00 m spaced on the girder and 3.75 m on the pylon. 
The concrete A-shaped pylon has a total height of 96.00 m. 

All substructures are founded on piles with a diameter of 
1.60 m.S 

Structural analysis was carried out with SAP2000®.

 

Figure 2.  The cable-stayed bridge analyzed

 

Figure 3.  The bridge deck. 

IV. Case study analysis 

A. Natural frequencies of cables 
The n-th cable circular frequency can be evaluated with 

Mehrabi and Tabatabai formula [6], 
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where sag and bending stiffness effects are introduced in 
vibrating chord theory by means of the dimensionless 

coefficients , n,  and [6]: 
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T  is the component of cable tension along cable chord in 
the dead load configuration; 

l  is the horizontal projection of cable; 

E  is Young's modulus of cable material; 

J  is the 2nd area moment of cable cross section; 

  is a coefficient varying with n: 

 2=    if  1=n   

  0=  if 1>n  (in-plane modes) 

 0=  for out-of-plane modes. 


2  is a parameter, introduced by Irvine [7], including both 

the geometric and deformational characteristics of a 
suspended cable and defined as 
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where 

L  is the chord length; 

A0  is the area of undeformed cable cross section; 

Le is a virtual length of cable, defined by 
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f is the cable sag at midpoint. 

As known, for shallow cables (f/L ≤ 1/8) the catenary can be 
approximated by an elastic parabola, so 
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The accuracy of (3) is higher for cables with ≥50 and 


2<3.1: if <50 bending stiffness can be disregarded, if 


2≥3.1 cables are relatively flabby and vibrating chord 

theory is not acceptable. 

Table I and Table II show the Irvine parameter and 
fundamental frequencies (in-plane and out-of-plane) of 
stays. 

TABLE I.  IRVINE PARAMETER OF STAYS. 

 

TABLE II.  FUNDAMENTAL CIRCULAR FREQUENCIES OF STAYS. 

 

B. Buffeting 
In most circumstances buffeting is restrained from 

aerodynamic damping that is proportional to the uniform 
wind velocity both in along-wind direction, (11), and in 
across-wind direction, (12). 
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Drag coefficient for a circular section varies with the 
Reynolds Number, Re=UD/, where  is the kinematic 

viscosity of the air, whose value at 20°C is 0.15 cm2/s. In the 
supercritical region (Re>106), it results CD=0.7. The 
reference wind velocity (return period of 50 years) for 
construction site is 27 m/s (97 kmph). Table III shows that, 
for this case, along-wind aerodynamic damping is in the 
range (0.05÷0.45)% considering U=15 m/s=54 kmph.  

TABLE III.  ALONG-WIND AERODYNAMIC DAMPING. 

 

These values are consistent with literature values 
obtained from field observations [1]. Notice that 

aer,kD=2 aer,kL so vibrations often occur in the plane of 
cables. 

C. von Kármán Vortex-Shedding 
The shedding frequency of vortices is governed by the 

Strouhal law: 
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D

StU
f  (13) 

Strouhal number ( St ) varies with the shape of cable 

cross section and on circular cylinder 2.0=St  for 

10
5
≤ Re ≤10

7 
[8]. Provided that lock-in cannot occur, i.e. fv 

(13) is sufficiently far to some cable frequencies to exclude 
synchronization between these frequencies, producing 
additional across-wind loads, this linear law applies to 
Scruton number 
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is the logarithmic decrement of structural damping () and 
me is an equivalent mass per unit length (for an uniform 
cylinder me=m). 

The analysis assumes 1.0=  as representative for 

oscillation in the first mode [9,10]. 

Table IV shows the Scruton number of stays and the size 
of lock-in region with reference to first in-plane vibration 
mode, evaluated according to [11] 

 DfU n0.5=botlock,  (16) 

 DfU n2.6=toplock,
, (17) 

demonstrating that lock-in is undoubtedly precluded and 
wind critical velocities are too low to generate vibrations. 

TABLE IV.  LOCK-IN REGION AND SCRUTON NUMBER OF STAYS 

 

D. Dry Inclined Galloping 
Dry inclined galloping is characterized by the occurrence 

of large amplitude motion and vibrations growing without 
bound, once the wind velocity exceeds the critical one [12]. 
This phenomenon is related to the appearance of an axial 
flow behind the cable, which velocity Ua increases with 
wind uniform velocity U and with the cable yawing angle. 
Instability appears when Ua>0.3 U for yawing angles greater 
than 25° [13]. More recently Matsumoto et al. [14] related 
dry inclined galloping to Kármán vortex mitigation and 
distinguished between divergent-type galloping (DIG) and 
unsteady galloping. The latter is characterized by unsteady 
and not so large vibration amplitude, so it might not interfere 
directly with the safety of inclined cables. 

Experiments [15] and field observation [14] indicate that 
dry inclined galloping can be ignored for normally spaced 

cables (at least 10 D) with damping ratio  > 0.3% (external 
damped cables) which approximately corresponds to 
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E. Rain Wind Induced Vibrations 
An exhaustive description of this phenomenon can be 

found in [1]. Designer wants to predict the occurrence of 
rain wind induced vibrations and set up counter-measures 
(for example, hydraulic dampers installed at cable ends). 
This can be achieved with the simplified model by Geurts 
and van Staalduinen [16]. They estimate the critical wind 
speed Ucr for rain wind induced vibrations and the maximum 
amplitude of vibration y0 given by 
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where e is the natural circular frequency of cable in rad/s, 
and Cy is the coefficient for loading in the vertical direction 

and ’ is the relative angle of attack. The authors adopt 

values of -0.8 and 54 for 
'd

d



yC
 and 

3

3
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 respectively. 

These key values result from wind tunnel test of a smooth 
cable model with an artificial upper rivulet. 

According to [15] rain wind induced vibrations can be 
suppressed when 
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for stays with no surface treatments. The necessary damping 
ratio can be also obtained from (20), adopting appropriate 
limits for y0, suitable to avoid alarming bridge users. It is 
reasonable to set y0,max = D; moreover, y0,max = 0.5 D make 
vibrations virtually unnoticeable [15]. For user comfort and 
safety, in Eurocode EN1993-1-11 the limit y0,max = L/500 is 
prosposed, instead, with a moderate wind velocity of 15 m/s, 
but for long stays this could result less restrictive. 

Table V shows the damping requested for rain wind 
induced vibrations suppression in the stays of the considered 

bridge. In the table, case A (req,A) refers to (21), that is 
independent both on wind uniform velocity and on cable 

stay natural frequency; case B (req,B) refers to (20), 
assuming y0,max = 0.5 D and U = 20 m/s; this latter value 
derives from field observations, demonstrating that rain 
wind induced vibrations occur when the wind speed varies 
in the range (5÷20) m/s. 
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It can be highlighted, the design case B leads to less 
damping requirements for shorter stays (#3 to #10). 

TABLE V.  REQUESTED DAMPING FOR RAIN WIND INDUCED 

VIBRATIONS SUPPRESSION. 

 

V. Concluding remarks 
The relevant issue of vibration phenomena directly 

induced by wind in cable-stayed bridges has been presented 
and investigated for a significant case study. In particular  
buffeting  von K rm n vortex-shedding, dry inclined 
galloping and rain wind induced vibrations have been 
considered and the required necessary damping has been 
evaluated. 

The results show that for the stays of the considered 
bridge buffeting is a self-limiting phenomenon and vortex-
shedding it is not relevant. 

Instead a critical damping ratio of 0.3% on the first mode 
is obtained to control both dry inclined galloping and rain 
wind induced vibrations.  

The obtained results are in good agreement with the 
actual requirements provided by EN1993-1-11 and by the 
Federal Highway Administration [15]. 
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