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1. Introduction 
 

In recent decades, cable-supported bridges, involving 

cable-stayed and suspension bridges, have been the most 

popular types of bridges. Longer and longer spans are being 

planned, such as the Xihoumen suspension bridge in China 

with a central span of 1650 m (Yang et al. 2007), the 

Messina Bridge in Italy (Diana et al. 2004), a suspension 

bridge expected to stretch 3300 m, and the Qiongzhou strait 

Bridge in China, a cable-stayed bridge with double main 

spans of 1500 m. Greater attention has been placed on the 

aerodynamic performance of ultra-thousand long-span 

bridges which are sensitive to wind excitations. Both 

aerostatic torsional divergence and flutter are challenging 

for the wind-resistant performance of long-span cable- 
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stayed bridges.  

Considerable attention has been drawn to the flutter 

performance of long-span bridges (e.g., Kusano et al. 2014, 

Mannini et al. 2015, Argentini et al. 2016), and 

aerodynamic configurations of bridge decks are one of the 

most important factors affecting this performance. Closed-

box, twin-box, and stiffening 

truss sections have been comprehensively used as bridge 

decks for super long-span bridges, especially ultra-

thousand-meter span bridges. Previous research has shown 

that streamlined closed-box sections are one of the most 

competitive bridge decks due to their high flutter 

performance. The Sutong Yangtze River Bridge with a main 

span of 1088 m, and the Taizhou Bridge with double main 

spans of 1080 m each, are considered good examples of the 

application of this type of bridge decks. However, as the 

spans increase, the closed-box sections cease to meet the 

requirements of flutter stability. This is an effective 

aerodynamic measure that can improve the onset wind 

velocity of flutter by slotting in the closed-box section, also 

called multi-box section. It has been demonstrated that a 

twin-box section has better flutter stability than a closed-

box section (Ge and Xiang 2009). To date, several super-

long-span bridges have been built with this type of bridge 
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deck, including the Xihoumen Bridge in China, which has a 

main span of 1650 m (Yang et al. 2007); the Yi Sun-sin 

Bridge in Korea, which has a main span of 1545 m (Laima 

et al. 2015); and Messina Strait Bridge in Italy, which has a 

main span of 3300 m and a triple-box section (Diana et al. 

1995). The understanding of aerostatic torsional divergence 

and flutter of multi-box sections has been significantly 

improved over the last several decades (e.g., Lee et al. 2014, 

Yang et al. 2015, Trein et al. 2015, Miranda et al. 2015). 

Due to limited construction conditions in mountainous areas 

in China and good flutter performance, stiffening truss 

sections are usually one of the best choices for long-span 

bridges, which are adopted by the Akashi Kaikyo Bridge in 

Japan with a main span of 1991 m (Kitagawa et al. 2004) 

and the Dongtinghu second Bridge with a main span of 

1480 m in China. However, despite the efforts made in the 

past, there have been few comparative studies of the flutter 

performance of closed-box, twin-box, and stiffening truss 

sections, which are onset for selection of suitable bridge 

decks for super-long-span bridges for structural and wind 

engineers. 

Theoretical methods for aerostatic instability analysis 

have gradually been improved, and the methods of 

analyzing the three-dimensional nonlinear aerostatic 

stability of long-span bridges have been used 

comprehensively. Among these methods, the most typical is 

the incremental-two-iterative method, proposed by Cheng 

(2002, 2003). The effects of bridge spans on the aerostatic 

and flutter stability were investigated (Chen et al. 2000). A 

series of parameter sensitivity analysis on aerostatic 

stability have been studied (Zhang et al. 2007; Li et al. 

2014). Results showed that aerodynamic configurations are 

one of the most important factors affecting the aerostatic 

stability of bridges (Cheng et al. 2001). Zhang et al. (2013) 

investigated the mechanism of the aerostatic torsional 

divergence of long-span suspension bridges on the basis of 

a generalized model. The outcome showed that the vertical 

motion of a bridge deck was crucial to the torsional stiffness 

of the whole suspended system, and that the vertical motion 

of either cable with a magnitude beyond a certain threshold 

could result in a sudden degradation of the torsional 

stiffness of the system.  Most current research has been 

performed on bridge engineering projects, and the analysis 

of aerostatic stability and flutter stability were conducted 

separately, disregarding the relationships between them, 

which can differ for different aerodynamic configurations. 

In the past, it was generally believed that the onset wind 

velocities of flutter were generally lower than those of 

aerostatic instability for super long-span bridges. However, 

recent research has shown there to be competitive 

relationships between aerostatic instability and flutter that 

increase in intensity as the span increases for super long-

span bridges, and aerostatic instability may occur before 

flutter. Lateral-torsional buckling was first observed in a 

suspension bridge under the action of static wind loads in 

wind tunnel tests of the full bridge model (Hirai et al. 1967). 

It was later observed in cable-stayed bridges in the wind 

tunnel laboratory of Tongji University (Ge et al. 2011). 

Boonyapinyo et al. (1994, 2006) performed numerical 

examples on the aerostatic instability and flutter of the 

Akashi Kaikyo Bridge with a main span length of 1990 m. 

The results indicated that the onset wind velocity of 

nonlinear aerostatic instability was significantly lower than 

the onset wind velocity of flutter. 

In conclusion, the aerodynamic configurations of the 

bridge decks are an important factor affecting both 

aerostatic and flutter stability of long-span bridges. 

However, the effects of the aerodynamic configurations on 

competitive relationships between them have not been 

reported yet. In view of how widely used sections are in 

long-span bridges, a typical twin-box, stiffening truss, and 

closed-box section are chosen as typical aerodynamic 

configurations to investigate the effects of aerodynamic 

configurations on aerostatic instability and flutter instability 

and the relationships between them by means of 

combination of wind tunnel tests and numerical calculations, 

based on a cable-stayed bridge with double spans of 1500 m. 

This study is organized as follows: Section 2 presents a 

super long-span cable-stayed bridge as an example for the 

numerical modeling, and typical sections, involving twin-

box, stiffening truss, and closed-box section, are also 

introduced. Besides, related aerodynamic parameters 

obtained from wind tunnel tests, including static 

aerodynamic coefficients and flutter derivatives, are also 

illustrated in this section. Section 3 illustrates the nonlinear 

aerostatic analysis method as well as related key parameters 

in this study for the determination of onset wind velocity of 

aerostatic instability. Section 4 presents the discussion on 

the results obtained, especially the competitive relationships 

between aerostatic torsional divergence and flutter. 

Thereafter, mechanism of aerostatic torsional divergence 

are revealed in Section 5. Finally, future prospects and 

conclusions of the current study are briefly expressed in 

Section 6. 

 

 

2. Numerical example 
 

A super long-span cable-stayed bridge is utilized to 

investigate effects of aerodynamic configurations on 

aerostatic torsional divergence, flutter, and the competitive 

relationships between them, assumed that the rigidity of the 

bridge decks under different aerodynamic configurations is 

completely equivalent, since the main purpose of this paper 

is to study the effects of aerodynamic configurations on the 

aerostatic and flutter stability of long-span bridges, 

disregarding variations in structural stiffness attributable to 

different bridge decks. 

  

2.1 Bridge system 
 

A stayed-cable bridge with double main spans of 1500m 

and two side spans of 652 m is here investigated, as shown 

in Fig. 1, and a twin-box section is shown in Fig. 2, 

indicated by TB section in following Figures and Tables. 

A three-dimensional finite element model was 

established using commercial software ANSYS10.0, based 

on the bridge system and bridge deck in Fig. 2. Three-

dimensional beam elements were used to model the towers 

and piers. The cables were modeled using multi-segment  
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three-dimensional truss elements, accounting for geometric 

nonlinearity due to cable sag. The double-girder model 

proposed by Zhu et al. (2000) was used to model the bridge 

deck, and the sectional properties of the bridge deck were  

 

 

 

 

 

 

assigned to the beam as equivalent properties. Structural 

parameters of the bridge system are listed in Fig. 1, and a 

finite element model is shown in Fig. 3. 
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Fig. 1 General layout of a cable-stayed bridge (Unit: m) 
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Fig. 2 Configuration of a twin-box section (Unit: m) 

  

(a) Overview view (b) Detailed view 

Fig. 3 A finite element model 

Table 1 Structural parameters of the bridge 

Parameters Values 

Main span length 1500.0 m 

Cable center distance 55.00 m 

Cable diameter 0.083 m - 0.124 m 

Deck section area(single box) 1.1199 m2 

Vertical moment inertia of deck(single box) 3.2664 m4 

Lateral moment inertia of deck(single box) 50.994 m4 

Torsional moment inertia of deck(single box) 7.5167 m4 

Deck mass per unit length(single box) 17018.0 kg/m 

Deck mass moment per unit length(single box) 715877.7 kg·m2/m 
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Fig. 4 Configuration of a stiffening truss section (Unit: 

m) 
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Fig. 5 Configuration of a closed-box section (Unit: m) 

 

 

The stiffening truss section and closed-box section are 

also chosen as bridge decks in this study, indicated by ST 

section, and CB section respectively in following Figures 

and Tables, as shown in Figs. 4 and 5 respectively. 

 

2.2 Aerodynamic parameters 
 
Aerodynamic parameters in this study, involving static 

aerodynamic coefficients and flutter derivatives, are 

obtained in wind tunnels for numerical calculations in 

following sections. The Reynolds number in ordinary wind 

tunnel tests of the bridge deck has been generally 10
2
 to 10

3
 

times smaller than that at actual bridges, so static 

aerodynamic coefficients and flutter derivatives of bridge 

decks are reported to be remarkably dependent on Reynolds 

number (e.g., Schewe and Larsen 1998, Schewe 2001, 

Matsuda et al. 2001, Larose and D'auteuil 2006, Li et al. 

2014). In spite of those limitations, previous research 

indicate that conventional wind tunnel test results in the low 

Reynolds number region are conservative for wind 

resistant-design of bridge decks (Matsuda et al. 2001). 

 
2.2.1 Static aerodynamic coefficients 
The static aerodynamic coefficients, as shown in Fig. 6, 

can be written in the wind axes as follows 
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Fig. 6 Schematic diagram of static aerodynamic 

coefficients 

 

 

In Eq. (1), CD( ), CL( ), and CM( ) are the static 

aerodynamic coefficients in the wind axes; FD( ), FL( ), 

and FM( ) are the drag, lift, and pitching moment in the 

wind axes, respectively, representing the three-component 

displacement-dependent wind loads per unit span acting on 

the deformed bridge deck; U is the mean wind velocity; ρ is 

the air density; B is the deck width, 60.5 m, 36.1 m and 41.0 

m for twin-box section, stiffening truss section and closed-

box section respectively; H is the deck height, 5.0 m, 9.0 m 

and 3.6 m for twin-box section, stiffening truss section and 

closed-box section respectively; and α is the wind angle of 

attack. As shown in Fig. 6, if the wind attack angle α is zero, 

the wind axes coincide with the bridge axes. 

The drag, lift, and pitching moment coefficients for the 

twin-box section, stiffening truss section and closed-box 

section were measured in wind tunnel. Geometrical scales 

of the sectional models for these bridge decks are 1:80, 1:70 

and 1:70 respectively, and test velocity are 10m/s, 10 m/s, 

and 12 m/s respectively, with corresponding Reynolds 

numbers of 5.11×10
5
, 3.48×10

5
, and 3.96×10

5 
respectively. 

The Reynolds number are defined as the ratio of the fluid 

inertia force to the fluid viscous force Re=UH  . where 

 is the kinematic viscosity.  

The comparison of drag, lift and pitching moment 

coefficients between different bridge decks are shown in 

Figs. 7(a)-7(c), respectively. The aerostatic instability of 

bridges is closely related to characteristics of these 

coefficients, and the onset wind velocities of aerostatic 

instability are inversely proportional to the slopes of the 

pitching moment (Chen et al. 2001). Fig. 7(d) also 

illustrates the slope of pitching moment as a function of 

attack angle for different bridge decks. 

Drag coefficients of the twin-box section are larger than 

those of the stiffening truss section and the closed-box 

section in all attack angles listed, while the lift coefficients 

of the stiffening truss section are larger than those of the 

twin-box section and closed-box section. The absolute 

values of pitching moment coefficients of the stiffening 

truss section are greater than those of the twin-box section 

and closed-box section at high attack angles. Lift 

coefficients of the stiffening truss section and closed-box 

section change abruptly at attack angle of +10° and +5°, 

respectively, with variations in the attack angle, and then 

the slopes of the lift coefficients rapidly approach zero. 

Slopes of the pitching moment coefficients for the closed-

box section decrease with attack angle in the range of the 

positive attack angles, while those for the stiffening truss 

section decline sharply after attack angle of +7°. In addition, 

slopes of the pitching moment coefficients for the twin-box  
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section vary slightly with the attack angle, compared with 

the other sections. 

 

2.2.2 Flutter derivatives 
The self-excited forces for bridge decks are most 

commonly represented by flutter derivatives, as suggested 

by Scanlan (1978, 1993). Unsteady self-excited 

aerodynamic forces per unit span in extended format for a 

section can be expressed as follows 
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Here,  is the air density;   represents the circular 

frequencies; /K B U  is the reduced frequency. 

h ,  and p are the vertical, torsional and lateral 

displacements, respectively; h ,   and p  are the 

vertical, torsional and lateral velocity, respectively. The 
over dot denotes the partial differentiation with respect to 

time t ; 
*

iH ,
 

*

iA
 

and *

iP  =1,2,3,4,5,6i  are the 

dimensionless flutter derivatives, which are assumed to be  

sectional properties as functions of the reduced frequency. 

 

 

 

Fig. 8 Experimental setup in TJ-2 wind tunnel 

 

 

Based on the free vibration tests of a spring-suspended 

sectional model (SSSM), the modified least-square method 

in time domain proposed by Ding et al. (2002) was used to 

identify the flutter derivatives related to vertical and 

torsional motions,  i.e., 
*

iH
 

and
 

*

iA  =1,2,3,4i . A 

stepped factor is proposed in this method to avoid the 

divergence caused by noise in solving the nonlinear 

parameters through iterations. The SSSM was installed on 

the frame-supported system in TJ-2 wind tunnel, with thin 

elliptical end-plates attached to each side of the sectional 

model and two laser displacement sensors at each end, as 

shown in Fig. 8. The parameters of the sectional models are 

listed in Table 2. MLS LM10-130 ANR1215-type laser 

displacement transducers are used for displacement  
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Fig. 7 Comparison of static aerodynamic coefficients between different bridge decks 
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Table 2 Parameters of the sectional models 

 Properties Geometric TB section ST section CB section 

Geometric scale 

Scale ratio 1: 80 1: 70 1: 70 

Width ( B /m) 0.756 0.516 0.586 

Height ( H /m) 0.063 0.129 0.051 

Equivalent mass 

Mass/unit length ( m /kg/m) 8.495 8.0982 6.53 

Mass moment of inertia/unit length 

 (
mI /kg.m2/m) 

0.383 0.3054 0.379 

Frequency 
Vertical (

bf /Hz) 3.294 1.465 1.965 

Torsional (
tf /Hz) 

Vertical 

9.397 3.070 5.786 

Damping ratio 
Vertical (

b /‰) 3.2 4.5 3.4~4.2 

Torsional (
t /‰) 4.2 2.1 1.3~1.5 
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Fig. 9 Flutter derivatives at initial attack angle of +3° 
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measurements, with a measuring range of 130 ± 50 mm, a 

resolution of 20 μm, and a maximal linearity error of less 

than ± 0.2%. The maximum blocking ratio during the tests 

is less than 5%. Flutter derivatives for the bridge decks 

above related to vertical and torsional motions at initial 

attack angle of +3°, 0°, and -3° are shown in Figs. 9-11 

respectively. 

 

 

3. Method of nonlinear aerostatic analysis 
 

In order to determine the onset wind velocity of 

aerostatic torsional divergence, the geometric nonlinearity 

of structure and displacement-dependent wind loads, which  

 

 

 

 

are a nonlinear function of effective wind attack angle 

comprised of initial attack angle and torsional component of 

the bridge deck due to displacement-dependent wind loads, 

are here considered, disregarding the effects of material 

nonlinearity on aerostatic instability. An incremental-two-

iterative method (Chen et al. 2002) is used in this study to 

calculate the onset velocity. Besides, several key parameters 

need to be determined in order to precisely obtain responses 

of the bridge under the action of strong wind. 

The length and number of cables increase as the span of 

the bridge increase. The wind loads acting on the cable have 

a pronounced influence on its deformation. 
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Fig. 10 Flutter derivatives at initial attack angle of 0° 
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If the wind loads on the cables are directly applied to the 

nodes of towers and the girders connected to the cables, the 

deformation caused by wind loads on the cables of the 

bridges and the consequent changes in the direction and size 

of the cable tensions cannot be indicated accurately. Then 

the restraints and displacements of the bridge decks cannot 

be modeled precisely, which can affect the overall aerostatic 

stability of the bridges. In this way, the multi-segmental 

truss element can be used to simulate the cable. Variation in 

the torsional and vertical displacement with divisions of a 

single cable were calculated at wind velocity of 110 m/s, 

taking the initial wind attack angle of 0° (twin-box section) 

as trial case to determine divisions of cables in nonlinear 

aerostatic analysis, as shown in Fig. 12(a). It should be 

noted that the direction of vertical and torsional  

 

 

 

displacement is same as that of the lift and pitching moment 

in this paper. That is, the bridge deck moves upwards when 

value of vertical displacement is positive, and downwards 

when negative. The results indicate that the errors are very 

small when there are 20 or more divisions. Therefore, all 

cables of the bridge have been divided into 20 in following 

calculations, considering computational efficiency. 

Taking convergence tolerance as the criterion of 

aerostatic instability not only intuitively reflect the 

convergence of the wind loads but also indirectly the 

convergence of the structural deformation. However, the 

onset wind velocity of aerostatic instability is related to the 

Euclidean norm convergence tolerance due to the 

introduction of a artificial convergence tolerance. Excessive 

convergence tolerance may lead to overestimation of the  

0 2 4 6 8 10 12 14 16

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

 

 

D
im

e
n
s
io

n
le

s
s
 c

o
e
ff
ic

ie
n
t

Reduced velocity(U/fbB)

 A*
1

 A*
2

 A*
3

 A*
4

 

0 2 4 6 8 10 12 14

-0.8

-0.4

0.0

0.4

0.8

1.2

1.6

2.0

2.4

 

 

D
im

e
n
s
io

n
le

s
s
 c

o
e
ff
ic

ie
n
t

Reduced velocity(U/fbB)

 A*
1

 A*
2

 A*
3

 A*
4

 
(a) TB section (A

*
1 ~A

*
4) (b) ST section (A

*
1 ~A

*
4) 

0 2 4 6 8 10 12 14 16 18 20

-2

-1

0

1

2

3

 

 

D
im

e
n
s
io

n
le

s
s
 c

o
e
ff
ic

ie
n
t

Reduced velocity(U/fbB)

 A*
1

 A*
2

 A*
3

 A*
4

 

0 2 4 6 8 10 12 14 16

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

 

 

D
im

e
n
s
io

n
le

s
s
 c

o
e
ff
ic

ie
n
t

Reduced velocity(U/ftB)

 H*
1

 H*
2

 H*
3

 H*
4

 
(c) CB section (A

*
1 ~A

*
4) (d) TB section(H

*
1 ~H

*
4) 

0 2 4 6 8 10 12 14

-11

-10

-9

-8

-7

-6

-5

-4

-3

-2

-1

0

 

 

D
im

e
n

s
io

n
le

s
s
 c

o
e

ff
ic

ie
n

t

Reduced velocity(U/ftB)

 H*
1

 H*
2

 H*
3

 H*
4

 

0 2 4 6 8 10 12 14 16 18 20

-8

-7

-6

-5

-4

-3

-2

-1

0

 

 

D
im

e
n

s
io

n
le

s
s
 c

o
e

ff
ic

ie
n

t

Reduced velocity(U/ftB)

 H*
1

 H*
2

 H*
3

 H*
4

 
(e) ST section (H

*
1 ~H

*
4) (f) CB section (H

*
1 ~H

*
4) 

Fig. 11 Flutter derivatives at initial attack angle of -3° 
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aerostatic stability of the bridges. Variation of vertical and 

torsional displacements with the convergence tolerances at 

110 m/s at initial attack angle of 0° (twin-box section), are 

shown in Fig. 12(b). It is shown that both torsional and 

vertical displacements do not vary significantly with the 

convergence tolerances when the convergence tolerances 

are less than or equal to 0.005. Thus, the convergence 

tolerance is here set to 0.0025 in following calculations.  

As indicated in section 2.2.1, the drag, lift, and pitching 

moment of the bridge decks are measured based on 

sectional model with scale ratio of 1/70 or 1/80. In order to 

keep in line with the static aerodynamic coefficients of the  

 

 

 

 

bridge decks above, the geometrical scale ratio of the cables 

was taken as the same value, and then an intermediate value 

of 1/75 is set here. Thus, the corresponding Reynolds 

number for a cable with diameter of the real bridge ranging 

from 0.083 m to 0.124 m, lies between 7.48×10
2
 and 

1.68×10
4
, when the tested wind velocities range from 10 

m/s to 150 m/s. It should be noted that the drag coefficient 

of a cable will pass from the sub-critical range to the super- 

critical range in that wind velocity range, which are 

neglected in this research. Besides, the aspect ratios (L/D) 

of the cables are far larger than 2000. Where L denotes the 

length of a cable, and D denotes the diameter of a cable.  
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Fig. 12 Variation of displacements of bridge deck at the center node of the left main span 
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Fig. 13 Comparison of responses at the center node of the left main span between different bridge decks at initial attack 

angle of +3° 
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According to Daugherty et al. (2011), the drag coefficient 

of a infinite circular cylinder and a circular cylinder with 

aspect ratio of 115 approximately ranges from 1.1 to 1.2. 

Therefore, the drag coefficient of cables is set to 1.20 in the 

research, ignoring variation of the drag coefficient of a 

cable with wind velocity in the instability process, for 

convenience. In addition, the shielding effects of the cable 

plane in leeward side are just neglected due to complexity 

of aerodynamic interference between multi-cylinders. 

 

 

4. Results and discussion 
 

4.1 Aerostatic stability 
 

The comparison of horizontal, vertical, and torsional 

displacements at the center node of the left main span are  

depicted, at initial attack angle of +3°, 0°, and −3°, in 

Figs. 13-15 respectively. There exhibits distinct torsional, 

vertical, and lateral three-way coupling in the process of 

aerostatic instability at all initial attack angles. The 

directions of vertical and torsional responses for all bridge 

decks at initial attack angles of +3° and 0° are opposite to 

those at initial attack angle of −3°. 

Table 3 lists the onset wind velocity of the aerostatic 

torsional divergence of the twin-box, the stiffening truss, 

and the closed-box section at initial attack angle of + 3°, 0°, 

and −3°. The onset velocities of the stiffening truss section 

are the lowest, those of the closed-box section are the  

 

 

second lowed, and those of the twin-box section are the 

highest at initial attack angles of + 3° and 0°. In addition, it 

is also interesting to find that the most unfavorable initial 

attack angle is +3° for each bridge deck, and the onset wind 

velocities at initial attack angle of + 3° are much lower than 

those at initial attack angle of −3°. 

 

4.2 Flutter stability 
 

Flutter derivatives related to lateral motions are 

determined based on the quasi-steady theory (Ding et al. 

2002), and can be expressed as follows 
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Fig. 14 Comparison of responses at the center node of the left main span between different bridge decks at initial attack 

angle of 0° 
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Table 3 Onset wind velocity of aerostatic torsional 

divergence (Unit: m/s) 

Initial attack 

angle/(°) 
+3° 0° -3° 

TB section 123.8 135.2 149.5 

ST section 97.6 114.0 146.7 

CB section 118.1 120.2 145.1 
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where, 
DdC d denotes the first derivative of the 

DC  

versus  . Thus, all flutter derivatives were determined 

based on the flutter derivatives, as shown in Figs. 9-11, and 

static aerodynamic coefficients, as shown in Fig. 7. 

The method of three-dimensional (3D) multimode 

flutter analysis proposed by Ding et al. (2002) were 

conducted to obtain the onset velocities of flutter. The 

structural damping ratio for each natural mode is assumed 

to 0.003. The first 50 natural modes are computed by the 

Lanczos method, and the major modes of the bridge are 

listed in  

 

 

 

 

 

Table 4 Main modes of the bridge 

Mode no. Frequency (Hz) Mode shape 

1 0.0620 A-L-1 

2 0.0673 S-L-1 

3 0.1009 A-V-1 

4 0.1325 S-V-1 

5 0.1384 A-V-2 

6 0.1484 A-V-3 

7 0.1563 S-L-2 

8 0.1646 A-L-2 

10 0.2130 S-V-2 

13 0.2416 A-V-4 

14 0.2562 S-V-3 

15 0.2851 A-V-5 

18 0.3008 S-V-4 

19 0.3087 A-V-6 

20 0.3157 S-V-5 

21 0.3210 S-V-6 

27 0.3764 A-T-1 

28 0.3876 S-T-1 

40 0.5024 A-T-2 

41 0.5077 S-T-2 

* S: Symmetric; A: Anti-symmetric; V: Vertical; L: Lateral; T: 

Torsional 
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Fig. 15 Comparison of responses at the center node of the left main span between different bridge decks at initial attack 

angle of −3° 
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Table 5 Comparison of flutter onset velocities (Unit: m/s) 

Initial attack angle (°) +3 0 -3 

TB section 174.0 >200 >200 

ST section 126.5 

0.359178 

0.359178 

) 

146.1 157.4 

CB section 70.8 112.4 >200 

 

 

Table 4 the lists 1
st
-order symmetrical vertical and 1

st
-

order symmetrical torsional mode diagrams are shown in 

Table 5. The Sturm check on the first 50 modes was 

conducted to prevent the missing of modes, and no mode is 

found missing. Then a comparison of flutter onset velocities 

at initial attack angle of −3°, 0°, and +3° is shown in Table 

5. 

The onset velocities of all bridge decks at initial attack 

angle of +3° are lower than those at other initial attack 

angles. The onset velocities of flutter are highest for the 

twin-box section, followed by the stiffening truss section, 

and finally the closed-box section, indicating that the flutter 

stability of twin-box section is much better than that of the 

stiffening truss section and closed-box section. 

 

4.3 Competitive relationships 
 

In order to quantitatively evaluate the competitive 

relationships between aerostatic stability and flutter stability, 

the dimensionless coefficient - stability ratio is defined as 

follows 

ritical wind velocity of aerostatic intability
tability ratio

ritical wind velocity of flutter intability


C      
S

C      
 (3) 

The stability ratios at initial attack angle of −3°, 0°, and 

+3° are listed in Table 6. Stability ratios of the twin-box 

section are far below 1.0 at all initial attack angles, 

indicating that wind-resistance design for the bridge with 

twin-box section totally depends on the control of aerostatic 

instability. Stability ratios of the stiffening truss section are 

far below 1.0 at initial attack angle of 0° and +3°, and close 

to 1.0 at initial attack angle of -3°. Stability ratios of the 

closed-box section are much greater than 1.0 at initial attack 

angle of +3°, while far below 1.0 at initial attack angle of 

−3°, close to 1.0 at initial attack angle of 0°. This shows that 

competitive relationships between aerostatic and flutter 

instability for the closed-box section vary dramatically with 

initial attack angle to a great extent. 

The onset wind velocities of control design are obtained 

from the lower value between the onset velocities of 

aerostatic instability and flutter for each bridge deck. Fig. 

16 shows the variation in the onset wind velocity with 

initial attack angle. The onset wind velocities decrease as 

the initial attack angle increase, and the initial attack angle 

of +3° is the most unfavorable. The onset wind velocities of 

control design of the twin-box section are found to be 

higher than those of the other sections. 

In short, aerostatic instability occur earlier than flutter 

both for the twin-box section and stiffening truss section. 

There are dramatic competitive relationships between 

aerostatic instability and flutter for the closed-box section.  

Table 6 Comparison of stability ratios 

Initial attack angle/(°) +3 0 -3 

TB section 0.711 <0.676 <0.748 

ST section 0.772 0.780 0.932 

CB section 1.668 1.069 <0.726 
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Fig. 16 Shape diagram 
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Fig. 17 Variation in the onset wind velocity of control 

design with the initial attack angle 

 

 

Flutter occur before aerostatic instability at initial attack 

angle of +3°, while aerostatic instability occur before flutter 

at initial attack angle of −3° and 0°. 

 

 

5. Mechanism of aerostatic torsional divergence 
 

Comparisons of tensile stresses for the cable located at 

the center node of the left main span between different 

bridge decks at initial attack angle of +3°, 0°, and −3°, are 

shown in Figs. 17 and 18 respectively. Combined with 

responses of the bridge decks at the center node of the left 

main span in Section 3, mechanism of aerostatic torsional 

divergence can be analyzed as follows. 

For initial attack angle of +3° and 0°. At the initial stage, 

torsional motions are dominant, resulting in the downward 

movement of the downstream side of the bridge deck, 

leading to the stretching of the cables at that side, and the 

downstream cable tensions increase with wind velocities 

until the upward vertical movements are dominant. Then 

the downstream cables are also relaxed and sag effects are 
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more obvious, resulting in decrease in cable tensions and 

structural stiffness as the wind velocities increase. The 

deformation of the bridge decks increases under the action 

of the pitching moment, which lead to the structural 

instability, and the cycle continues. 

For initial attack angle of −3°, the bridge deck always 

moves downwards, stretching the cables, and both the 

upstream and downstream cable tensions for each bridge 

deck increase as wind velocities increase until the structure 

become unstable. 

The mechanism underlying aerostatic torsional 

divergence at positive initial attack angles is found to be 

markedly different from that at negative initial attack angles. 

The bridge deck moves upwards at initial attack angle of 

+3° as wind velocity increases, resulting in the relaxation of 

the cables, thus destroying the stable triangular stable 

relationships between the cable planes at each end of the bridge 

deck and the bridge deck, and structural stiffness decreases 

sharply, leading to aerostatic torsional divergence; However, 

the bridge deck at initial attack angle of −3° generally do 

not move upwards, and cable tension increases while the 

bridge deck moves downwards.  
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Fig. 18 Comparison of tensile stresses for the cable 

located at the center node of the left main span between 

different bridge decks at initial attack angle of +3° 

 

 

0 20 40 60 80 100 120 140

100

200

300

400

500

600

700

800

 Upstream, TB section

 Downstream, TB section

 Upstream, ST section

 Downstream, ST section

 Upstream, CB section

 Downstream, CB section

 

 

T
e
n
s
ile

 s
tr

e
s
s
(M

P
a
)

Velocity(m/s)
 

Fig. 19 Comparison of tensile stresses for the cable 

located at the center node of the left main span between 

different bridge decks at initial attack angle of 0° 
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Fig. 20 Comparison of tensile stresses for the cable 

located at the center node of the left main span between 

different bridge decks at initial attack angle of −3° 

 

 

Then the stable triangular relationships between the cable 

planes at each end of the bridge deck and the bridge deck are not 

destroyed, so the structural stiffness decreases slowly and 

the onset wind velocity is higher than that at initial attack 

angle of +3°. It is found the onset wind velocity of different 

bridge decks to be very close at initial attack angle of −3°, 

which further indicates that the stable structure, comprised 

of the cable planes, the tower, and the bridge deck greatly 

improves the aerostatic stability of the bridge, while the 

aerodynamic effects associated with the aerodynamic 

configurations of the bridge decks had little effects on the 

aerostatic stability at initial attack angle of −3°. 

Comparisons of the torsional displacements between 

different bridge decks in the critical state at initial attack 

angles of +3°, 0°, and −3°, are shown in Figs. 21-23, 

respectively. Results show that the instability patterns of 

stiffening truss section and closed-box section are basically 

symmetrical and the maximum displacement is located at 

the center of the main span. Whereas the instability pattern 

of the twin-box section is found to be markedly different 

from that of the other bridge decks at initial attack angle of 

−3°. Furthermore, instability patterns of the closed-box 

section are not symmetric at initial attack angle of +3° and 

0°, which is obviously different from other bridge decks. 

The reason for this is expressed as follows.  

As shown in Table 4, the natural frequencies of the 1
st
 

asymmetric modes are very close to those of the 1
st
 

symmetric modes, especially for the torsional modes, with 

error of less than 1%, indicating that energy for anti-

symmetric deformation excitation are close to that for 

symmetric deformation excitation. Therefore, the instability 

pattern is dominated by both the 1
st
-order symmetric and 

anti-symmetric modes, depending on the initial attack 

angles and the static aerodynamic coefficients, that is, 

aerodynamic configurations of the bridge decks. Thus, it is 

natural that the torsional displacement is not symmetric 

although the structure is symmetric for the closed-box 

section, which is different from the other bridge decks. 
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6. Conclusions 
 

Based on a long-span cable-stayed bridge with double 

main spans of 1500 m, combined wind tunnel tests with 

numerical calculations comprised of three-dimensional (3D) 

multimode flutter analysis and nonlinear aerostatic analysis, 

typical bridge decks, involving twin-box, stiffening truss, 

and closed-box section, are chosen to investigate effects of 

aerodynamic configurations on the aerostatic stability and 

flutter stability of the bridge, and the competiti ve 

relationships between them are also investigated at initial 

attack angles of −3°, 0°, and +3°. Then mechanisms of  

 

 

 

 

 

 

 

aerostatic torsional divergence are revealed by tracking the 

cable tensions synchronous with deformation of the bridge 

decks in the instability process .The main conclusions are 

summarized as follows: 

The onset velocities of aerostatic instability for different 

bridge decks are markedly different, and vary with the 

initial attack angle. The aerostatic stability of the twin-box 

section is the best, and that of the stiffening truss section is 

the worst. Moreover, the most unfavorable initial attack 

angles is +3° for all bridge decks. 

The flutter stability of the twin-box section is the best at 

initial attack angle of −3°, 0°, and +3°, while that of the 

closed-box section is the worst. The flutter stability of the 
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Fig. 21 Comparison of torsional displacements in the critical state at initial attack angle of +3° 
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Fig. 22 Comparison of torsional displacements in the onset state at initial attack angle of 0° 

-2500 -2000 -1500 -1000 -500 0 500 1000 1500 2000 2500

-20

-16

-12

-8

-4

0

4

T
o
rs

io
n
a
l 
d
is

p
la

c
e
m

e
n
t(

°)

Bridge axis(m)

 TB section

 ST section

 CB section

 

Fig. 23 Comparison of torsional displacements in the critical state at initial attack angle of −3° 
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twin-box section is substantially better than that of the 

stiffening truss and closed-box section. 

Aerostatic instability occur earlier than flutter for the 

twin-box section and stiffening truss section. There are clear 

competitive relationships between aerostatic instability and 

flutter for the closed-box section. Flutter occur before 

aerostatic instability at initial attack angle of +3° and 0°, 

while aerostatic instability occur before flutter at initial 

attack angle of −3°. 

The mechanism underlying aerostatic torsional 

divergence at positive initial attack angles is found to be 

markedly different from that at negative initial attack angles. 

The onset wind velocities of aerostatic instability at initial 

attack angle of +3° are much lower than those at initial 

attack angle of −3° for all the bridge decks due to the stable 

triangular relationships between the cable planes at each end of 

the bridge deck and the bridge deck. And the onset wind 

velocities of these bridge decks are very similar at initial 

attack angle of −3°. This indicates that a stable triangular 

structure made up of the cable planes, the tower, and the 

bridge deck greatly improves the aerostatic stability of the 

structure, while the aerodynamic effects associated with the 

aerodynamic configurations of the bridge decks have little 

effects on the aerostatic stability at initial attack angle of 

−3°. In addition, instability patterns of the bridge depend on 

both the initial attack angles and aerodynamic 

configurations of the bridge decks. 

In this way, aerodynamic configurations have visible 

effects on the aerostatic stability and flutter stability of the 

bridge, as well as the competitive relationships between 

them, and they are shown to vary with the initial attack 

angle. This study is helpful in determining bridge decks for 

super long-span bridges in future. 
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