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1. Introduction 
 

A flexible suspended pedestrian bridge (FSPB) is a 

structural system where segmented deck modules, 

composed of slender frames and protective wires, are 

supported by multiple cables. FSPBs have a taut catenary 

shape along their suspension cables due to the minor 

contribution of segmented decks to structural stiffness. 

These cables cannot resist in-plane or out-of-plane bending 

moments, leading to significant sag and deformation. 

Compared to long-span suspension road bridges, FSPBs 

have a significantly higher aspect ratio, defined as the span-

to-width ratio, which reflects their flexibility. Typically, 

FSPBs are around 2 m wide, with span lengths ranging 

from 150 m to over 700 m. For instance, the 516 Arouca 

Bridge, one of the world’s longest FSPBs built in 2020, has 

an aspect ratio of 246. In contrast, the 1915 Çanakkale 

Bridge, one of the world’s longest suspension road bridges, 

has an aspect ratio of only 45. The lower stiffness and 

damping of FSPBs make them more vulnerable to 

substantial vibrations caused by dynamic loads than 

conventional road bridges (Jiménez-Alonso et al. 2016, 

Tubino 2018, Venuti et al. 2016). Moreover, FSPBs are 

intentionally designed to provide a certain vibration level 

for the pedestrians’ enthusiasm. In Korea, a specialized 

design guideline (MOLIT 2021) was recently developed to 

ensure the safety and functionality of FSPBs. 

These FSPBs are mainly installed on cliffs or canyons, 

frequently exposing them to severe wind conditions. The  
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distinctive structural characteristics of FSPBs can lead to 

aerodynamic instability issues that are not typically 

encountered in conventional road bridges (Ma et al. 2020). 

Previous studies have focused on the flutter responses of 

FSPBs distinguishing them from long-span road bridges, 

and investigated methods to improve aerodynamic stability. 

Rizzo et al. (2018) conducted wind tunnel tests and flutter 

analysis, considering experimental measurement errors, to 

evaluate the flutter stability of pedestrian suspension 

bridges. Li and Li (2020) evaluated the correlation that the 

presence of pedestrians exerts on the flutter derivatives of a 

suspended footbridge. Guan et al. (2022), and Liu et al. 

(2020) experimentally investigated the effectiveness of 

aerodynamic vibration control methods such as decorative 

wind chimes, twin decks, fairing, and wind-restraint plates 

on the flutter stability of a suspended footbridge. 

The methodologies used in previous studies to evaluate 

vibrations with two-dimensional (2-D) wind tunnels are 

similar to those for assessing the wind stability of 

conventional road bridges. However, since the governing 

torsional modes of FSPBs can induce significant lateral 

motion along the span due to the structure's low lateral 

stiffness, raising uncertainty about the lateral degrees of 

freedom (DOF) on the flutter stability of FSPBs. Thus, it is 

necessary to explore whether the traditional 2-D wind 

tunnel test setups are suitable for assessing the wind 

stability of FSPB. Additionally, understanding the flutter-

developing mechanism is crucial to fundamentally prevent 

flutter instability issues and to identify the triggers that 

cause distinct responses in FSPGs compared to long-span 

road bridges, requiring detailed investigations from various 

perspectives. 

This study primarily examined the applicability of the 2-

D wind tunnel test setups and the flutter-developing  
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mechanisms in FSPBs. Wind tunnel tests and numerical 

analyses were conducted, considering two comparative 

cross-sectional designs to ensure aerodynamic stability. The 

contribution of lateral modes and lateral DOF on the flutter 

development and behavior was numerically evaluated using 

a three-dimensional finite element model of the entire 

bridge system. A state-of-the-art approach, a time-domain 

aeroelastic analysis based on a Fourier Series 

Approximation (FSA) of frequency-dependent self-excited 

forces (Park et al. 2014), was adopted to investigate the 

aeroelastic behavior and identify key parameters 

contributing to flutter instability. The findings from 

aeroelastic analysis validated the applicability of the 2-D 

wind tunnel test setups for vertical and torsional DOF while 

restraining the lateral motion in FSPBs. Coupled flutter 

behavior was successfully demonstrated in both wind tunnel 

tests and numerical analyses. From the contribution of the 

aeroelastic self-excited forces and damping based on time-

domain analysis, it was confirmed that the flutter-

development mechanism arises from the coupling effect of 

vertical-torsional DOFs. Additionally, both unstable 

aeroelastic parameters and a low frequency ratio (FR) 

between the two critical modes were discussed as the key 

factors contributing to flutter instability at low wind speeds. 

 

 

2. Prototype bridge 
 

2.1 Structural dimensions 
 

The Daewangam Suspension Footbridge, opened in 

2021 in South Korea, served as the prototype bridge for this 

study. Fig. 1 illustrates the configuration and cross-section  

 

 

of the prototype bridge. The structure consists of 101 

segmented modules suspended by a series of cables with a 

span length of 303 m and a constant deck width of 1.85 m, 

resulting in an aspect ratio of 164.  

During the design phase, it was necessary to carefully 

examine how the opening ratio of the deck grating 

influenced aerodynamic stability, considering both open 

grating (OG) and a solid deck (SD). The OG design 

minimizes air resistance by allowing undisturbed wind flow, 

while the SD design completely blocks wind flow by 

covering the grating with wood or tempered glass, which 

also applies if the grating becomes unexpectedly blocked by 

snow. 

 

2.2 Aerodynamic and aeroelastic parameters 
 

To assess the aerodynamic stability of the prototype 

bridge, aerodynamic and aeroelastic parameters were 

experimentally obtained through testing in an open-circuit 

wind tunnel at Seoul National University, South Korea. The 

test section of the wind tunnel had dimensions of 1 m in 

width, 1.5 m in height, and 6 m in length. The maximum 

wind speed was 23.0 m/s, and the turbulence intensity was 

lower than 0.5%. The geometric scale of the section model 

used was 1/12, resulting in a section model with dimensions 

of 0.154 m in width, 0.15 m in height, and 0.9 m in length. 

The main bodies of the section model were made of balsa 

wood. The handrails and deck gratings were manufactured 

to have an equivalent porosity (6.1 and 20.5 %, 

respectively) that was consistent with the prototype bridge. 

Fig. 2 shows the plane view of the OG and SD section 

models. 

The flutter derivatives, denoted as Hi
*, Ai

*, and Pi
* (i = 1,  

 
(a) elevation 

  
(b) floor plan of deck module (c) cross-section 

Fig. 1 Prototype bridge (unit: m) 

Cable

94



Coupled flutter mechanism of flexible suspended pedestrian bridges 

 

 

..., 6), were defined to calculate the self-excited forces per 

unit span of a bridge deck. These forces include the lift 

force 𝐿𝑠𝑒, pitching moment 𝑀𝑠𝑒, and drag force 𝐷𝑠𝑒 , and 

their formulations are as follows (Sarkar et al. 1994). 

𝐿𝑠𝑒 =
1

2
𝜌𝑈2𝐵 (𝐾𝐻1

∗
ℎ̇

𝑈
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∗
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1
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𝑈
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∗
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(3) 

In formulations, ℎ ,  𝛼, and 𝑝  are the vertical, 

torsional, and lateral displacements, respectively; the dot in 

the equations indicates the differentiation with respect to 

time; 𝑈 is the mean wind velocity; 𝜌 is air density; 𝐵 is  

 

 

the bridge deck width; 𝐾(= 𝐵𝜔/𝑈) is the reduced circular 

frequency; 𝜔(= 2𝜋𝑓) is the circular frequency; and, 𝑓 is 

the vibration frequency in Hz. The signs of force and 

displacement were defined in such a way that positive 

values corresponded to upward movement, nose-up 

rotation, and windward movement of the deck in the 

vertical, rotational, and horizontal directions, respectively. 

Flutter derivatives for both section models were 

obtained by conducting a pre-defined harmonic motion test 

at an attack angle of 0°. The amplitudes of the motion were 

maintained at 10 mm in the case of vertical motion and 0.6° 

for the torsional rotation. The excitation frequency was set 

to 1 Hz for both excitation modes. Flutter derivatives 

plotted against reduced velocity (= 𝑈/(𝑓𝐵))  for both 

sections are presented in Fig. 3. Due to equipment 

limitations, the harmonic motion tests were only conducted 

in the vertical and torsional directions. The flutter 

derivatives H5
*, A5

*, P1
*, P3

*, and P5
* are related to the 

lateral motion and were estimated using quasi-steady theory 

(Strømmen 2010). The drag (CD), lift (CL), and moment 

(CM) static coefficients at an attack angle of 0° and the 

slopes (′) between the attack angles of -1° and 1° for both 

section models are described in Table 1. 

The aeroelastic instability of a bridge can be 

theoretically predicted from the magnitude and signs of the 

flutter derivatives. For both the OG and SD sections, single-

mode torsional flutter was not expected because A2
* had  

 
(a) OG 

 
(b) SD 

Fig. 2 Plane view of the section model 
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Table 1 Static coefficients for both section models 

Static coefficient OG SD 

𝐶𝐷 0.626 0.576 

𝐶𝐿 -0.268 -0.395 

𝐶𝑀 0.087 0.036 

𝐶𝐷
′  -0.471 0.006 

𝐶𝐿
′  0.733 5.029 

𝐶𝑀
′  0.015 0.708 

  
(a) H1

* (b) H2
* 

  
(c) H3

* (d) H4
* 

  
(e) A1

* (f) A2
* 

  
(g) A3

* (h) A4
* 

Fig. 3 Flutter derivatives for both section models 
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remained negative (Matsumoto et al. 1997). However, the 

potential for coupled flutter needed further investigation for 

the SD section, which exhibited relatively large absolute 

values of A1
* and H3

* compared to the OG section 

(Matsumoto et al. 2008). 

 

 

3. Critical-modes identification by complex 
eigenvalue analysis 

 

3.1 Identification of modes contribute to flutter instabilty 
 

The flutter instability of the prototype FSPB was  

 

 

 

examined using complex eigenvalue analysis (CEVA) 

(Miyata and Yamada 1990). CEVA accounted for 

aeroelastic couplings among the considered modes and 

identified the critical modes contributing to flutter 

instability. A 3-dimensional structural analysis of the entire 

bridge was carried out using the RM Bridge structural 

analysis program (Bentley 2020). The finite-element 

analysis utilized the cross-sectional properties of the OG 

bridge. Table 2 presents the natural frequencies and 

corresponding mode shapes. 

CEVA was performed on the twenty natural modes 

summarized in Table 2, using the flutter derivatives 

presented in Fig. 3. The initial structural damping ratios  

Table 2 Natural frequencies and mode shapes of the prototype bridge 

Mode No. Natural frequency (Hz) Mode shape 

1 0.147 L-S-1 

2 0.283 V-A-1 

3 0.293 L-A-1 

4 0.358 V-S-1 

5 0.440 L-S-2 

6 0.446 T-A-1 

7 0.471 T-S-1 

8 0.475 V-S-2 

9 0.571 V-A-2 

10 0.588 L-A-2 

11 0.626 T-A-2 

12 0.720 V-S-3 

13 0.733 L-S-3 

14 0.779 T-S-2 

15 0.857 V-A-3 

16 0.879 L-A-3 

17 0.971 T-S-3 

18 1.001 V-S-4 

19 1.026 L-S-4 

20 1.142 V-A-4 

  
(a) OG (b) SD 

Fig. 4 Changes in damping ratios obtained from CEVA  
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were assumed to be 0.2% for all modes, according to the 

design guidelines (MOLIT 2021). The analysis produced 

changes in damping ratios, expressed as logarithmic 

decrements, with increasing wind speed for both OG and 

SD sections, as shown in Fig. 4. Fig. 4(a) demonstrates that 

the OG section remained safe from flutter-related issues, as 

all considered modes maintained positive total damping 

ratios even at the wind speed of 63.6 m/s. In contrast, Fig. 4 

(b) indicates that several modes of the SD section 

developed negative damping ratios as the wind speed 

increased. The first zero-crossing of the damping ratio 

occurred at a wind speed of 16.7 m/s, initiated from the 1st 

anti-symmetric torsional mode (mode 6 in Table 2). This 

underscores the significant influence of the opening ratio of 

the deck grating on flutter instability in FSPBs. 

To pinpoint the modes contributing to negative damping 

rat ios,  CEVA was repeated wi th  var ious mode 

combinations, and the results are summarized in Table 3. 

When only mode 6 was considered, flutter instability was 

observed at 36.5 m/s, significantly higher than the flutter 

wind speed predicted with all modes included. This 

indicated that multiple modes contributed to flutter onset. A 

two-mode combination of modes 6 and 2 (the 1st anti- 

 

 

 

symmetric vertical mode) resulted in a flutter wind speed 

nearly identical to the twenty-mode case. 

 

3.2 Contribution of lateral DOF 
 

At this stage, the investigation into the flutter-

developing mechanism of the FSPB focused solely on the 

SD section, as it had exhibited coupled flutter instability in 

CEVA. Fig. 5 shows the mode shapes of the 1st anti-

symmetric vertical and torsional modes responsible for the 

coupled flutter, along with the deformed cross sections at 

the position of maximum displacement. The blue and 

orange dots represent the static state and the deformed 

shapes, respectively. Fig. 5 indicates that no pendulum-

shaped or lateral motion was observed, even at the position 

of maximum deformation in both modes. Based on this 

observation, it was hypothesized that the lateral DOF would 

have a negligible influence on the coupled flutter onset of 

the FSPB. To check this hypothesis, additional CEVA was 

conducted with the lateral DOF omitted. The results were 

compared to analyses that include all DOF, focusing 

specifically on the 1st anti-symmetric vertical and torsional 

modes. 

Table 3 Flutter wind speed for the SD according to the mode combinations in CEVA 

Considered modes Flutter wind speed (m/s) 

No. 1 ~ 20 16.7 

No. 1 ~ 14 16.7 

No. 2 ~ 6 17.0 

No. 2 and 6 17.0 

No. 6 36.5 

 
(a) V-A-1 

 
(b) T-A-1 

Fig. 5 Mode shape of the prototype FSPB 

Static

Deformed

Static

Deformed
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As shown in Fig. 6, constraining the lateral DOF for the 

two critical modes did not alter the flutter wind speed. It 

confirms that the coupling of the lowest vertical-torsional 

modes was the dominant mechanism in the coupled flutter 

of the prototype FSPB, and the influence of lateral modes 

and DOF was negligible. Consequently, the study 

concluded that conventional 2-D wind tunnel tests that are 

typically used to examine the flutter stability of road 

bridges are also applicable for evaluating the flutter stability 

of the FSPB. 

 

 

4. Coupled flutter behavior and mechanism of 
FSPB 

 

Based on the predicted flutter wind speed and the 

critical modes identified in Section 3, a series of 2-D wind 

tunnel tests were conducted to investigate the coupled 

flutter behavior. Although the wind tunnel test provides the 

most accurate observation of flutter behavior, it only 

measures displacement, making it challenging to fully 

understand the underlying force mechanisms. To address 

this issue, a two-DOF time-domain analysis was performed  

 

 

in parallel, offering deeper insights into the mechanism and 

key parameters driving the coupled flutter of FSPBs. 

 

4.1 Experimental investigation on coupled flutter 
behavior 

 

The experimental setup involved a section model 

elastically supported using four pairs of linear springs and 

brackets, designed to simulate both vertical and torsional 

DOFs. The spring-supported system is depicted in Fig. 7. 

The test setup targeted the 1st anti-symmetric vertical and 

torsional modes, with modal parameters determined based 

on the similitude law on a geometric scale length of 1:12, as 

detailed in Table 4. 

End plates were attached on both sides of the model to 

secure the two-dimensional flow along the model by 

minimizing the end effects. Additional masses were located 

along the bracket to realize the target modal mass and the 

mass moment of inertia. The vertical and torsional 

displacements of the section model were measured using 

four laser displacement transducers located outside the wind 

tunnel. The sampling frequency of the displacement 

transducers was set to 500 Hz, with a sampling period of 60  

 

Fig. 6 Comparing the influence of lateral DOF on structural damping 

 

 

Fig. 7 Spring-supported system for vibration wind tunnel test 
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seconds. 

Fig. 8 shows the maximum displacements recorded 

during 60 seconds for each tested wind speed. Displacement 

and wind speed were converted to prototype scale. Flutter 

was defined as occurring when the torsional displacement 

exceeds 0.5°. The onset of flutter was identified at a wind 

speed of 16.4 m/s, where the torsional displacement sharply 

increased to more than 1°. The flutter wind speed aligns 

well with the prediction in Section 3. The dominant 

vibration frequencies for each DOF by wind speed were 

extracted from the response time histories by the fast  

 

 

 

Fourier transform (FFT) (Fig. 9). Notably, a pronounced 

frequency shift in the vertical motion, from its original 

frequency to the torsional frequency, demonstrated typical 

torsional mode-driven coupled flutter behavior, consistent 

with previous study (Abbas et al. 2017). 

Two distinct frequency components, 𝑓ℎ, and 𝑓𝛼, were 

observed in the time histories of vertical displacement. Fig. 

10 presents the vibration amplitudes of these components at 

each wind speed, obtained using a band-pass filter. In the 

post-flutter state (after the onset of flutter), the 𝑓ℎ 

component amplitude gradually diminished with increasing  

Table 4 Similitude law and setup parameters for wind tunnel test 

Parameter Prototype Model (target) Model (measured) Difference 

Length, L (m) 10.8 0.9 0.9 0.00 % 

Width, B (m) 4.450 0.371 0.371 0.00 % 

Mass, m (kg/m) 524 3.640 3.642 0.06 % 

Mass moment of inertia, I (kg·m2/m) 1,027 0.050 0.048 -3.28 % 

Vertical natural frequency, 𝑓ℎ (Hz) 0.283 1.885 1.885 0.00 % 

Torsional natural frequency, 𝑓𝛼 (Hz) 0.446 2.971 3.077 3.57 % 

Frequency ratio, FR(= 𝑓𝛼/𝑓ℎ) 1.576 1.576 1.633 3.57 % 

Vertical damping ratio (%), 𝜉ℎ,𝑠𝑡𝑟𝑢𝑐𝑡 - - 0.250 - 

Torsional damping ratio (%), 𝜉𝛼,𝑠𝑡𝑟𝑢𝑐𝑡 - - 0.175 - 

 

Fig. 8 Maximum vertical and torsional amplitudes 

 

 

Fig. 9 Dominant motion frequencies for each DOF 
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wind speed, attributed to enhanced aerodynamic damping of 

vertical motion. Conversely, the 𝑓𝛼 component amplitude 

exhibited a rapid increase, highlighting the dominant 

influence of torsional motion in the post-flutter state. 

Fig. 11 compares the movement of the section model 

before and after the onset of coupled flutter. In Fig. 11(a),  

 

 

the section model mainly exhibits vertical vibrations with a 

vertical natural period (𝑇ℎ), showing minimal coupling 

effect and negligible torsional motion. After the onset of 

coupled flutter, as shown in Fig. 11(b), the 𝑓𝛼 component 

dominated the vertical motion, causing vertical-torsional 

coupled oscillations. Both vertical and torsional motions  

 

Fig. 10 Maximum vertical amplitude by the frequency component 

 

 
(a) before the onset of coupled flutter 

 
(b) post-flutter 

Fig. 11 Vibration motion 

 

  
(a) 𝜑ℎ𝛼
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Fig. 12 Aerodynamic transfer function of SD 
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occurred at the torsional natural period (𝑇𝛼), shifting the 

rotational center windward compared with its position 

before the onset of coupled flutter. This shift in the 

rotational center is a distinct characteristic of the vibration 

pattern observed during coupled flutter. 

 

4.2 Interpretation with a time-domain flutter analysis 
 

The time-domain analysis employed the FSA method 

(Park et al. 2014). FSA utilizes the identical dynamic 

properties as summarized in Table 4, and the experimentally  

 

 

measured flutter derivatives (Fig. 3) to derive modified 

aerodynamic transfer functions, which are represented as 

trigonometric functions that satisfy the causality conditions. 

These modified transfer functions were subjected to an 

inverse Fourier transform to obtain the impulse response 

function. Subsequently, convolution integrals were applied 

to the time domain. Fig. 12 compares the aerodynamic 

transfer functions of the experimentally measured flutter 

derivatives with those approximated through the FSA 

method. This figure illustrates the real part of the 

aerodynamic transfer function (𝜑ℎ𝛼
𝑅 ) in the ℎ-direction and  

 
(a) displacements 

 
(b) 𝐿𝑠𝑒 

 
(c) 𝑀𝑠𝑒 

 
(d) phase synchronization of coupled 𝑀𝑠𝑒 and 𝛼̇ 

Fig. 13 Time histories by FSA (U = 16.5 m/s) 
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the imaginary part (𝜑𝛼ℎ
𝐼 ) in the 𝛼-direction, which are 

associated with H3
* and A1

* known to have a significant 

impact on the coupled flutter, were close each other and the 

FSA was valid. 

The initial displacements were set at 1 mm and 0.01° for 

vertical and torsional DOFs, respectively. Time-domain 

analysis predicted a coupled flutter occurrence at 16.5 m/s, 

which closely matched the experimentally observed flutter 

wind speed of 16.4 m/s. The alignment between the two 

methods implies that the experimentally observed flutter 

could be explained through time-domain analysis. Fig. 13 

(a) presents the analyzed vertical and torsional vibration 

signals at the flutter wind speed. The vertical vibration of 

the 𝑓ℎ components gradually damped out during the initial 

15 seconds, which was followed by a continuous generation 

of vertical vibration of the 𝑓𝛼 component. The combination 

of vertical and torsional vibration signals, consistent with 

𝑓𝛼 and exhibiting a phase difference of 180°, explains the 

mechanism of post-flutter vibration motion shown in Fig. 

11(b). Although the vertical and torsional modes each 

oscillate maintaining the original rotation center, their 

combination—at the same frequencies but opposite 

phases—gives the impression that the rotation center is 

shifted. Fig. 13(b) shows the separation of 𝐿𝑠𝑒 into direct 

lift force related to vertical motion and coupled lift force  

 

 

related to torsional motion. It is observed that the coupled 

lift force dominates rather than the direct lift force, 

contributing significantly to 𝐿𝑠𝑒 , amplifying the 𝑓𝛼 

component of vertical vibration, and causing a frequency 

shift. Fig. 13(c) shows the separation of 𝑀𝑠𝑒 into direct 

moment related to torsional motion and coupled moment 

related to vertical motion. Notably, while the coupled 

moment is not the primary contributor to 𝑀𝑠𝑒, its phase 

aligns with 𝛼̇, as shown in Fig. 13(d). In the equation of 

motion of the torsional DOF, 𝛼̇  directly influences 

structural system damping. Thus, the coupled moment in 

phase with 𝛼̇  adversely impacts the damping of the 

torsional DOF. 

To quantitatively evaluate the contribution of the 

coupled self-excited force to the damping of torsional DOF, 

additional analyses were conducted. The total damping ratio 

of the torsional DOF (𝜉𝛼,𝑡𝑜𝑡𝑎𝑙)  can be decomposed into 

the structural damping ratio (𝜉𝛼,𝑠𝑡𝑟𝑢𝑐𝑡), the aeroelastic 

damping from the direct self-excited moment (𝜉𝛼,𝑑𝑖𝑟𝑒𝑐𝑡), 

and that from the coupled self-excited moment (𝜉𝛼,𝑐𝑜𝑢𝑝𝑙𝑒𝑑). 

In these analyses, 𝜉𝛼,𝑠𝑡𝑟𝑢𝑐𝑡  corresponds to the torsional 

damping ratio, as defined in Table 4. 𝜉𝛼,𝑑𝑖𝑟𝑒𝑐𝑡  and 

𝜉𝛼,𝑐𝑜𝑢𝑝𝑙𝑒𝑑 are calculated based on the aeroelastic damping 

contributions from the 𝛼̇-dependent and ℎ̇-dependent  

 

Fig. 14 Damping contributions in torsional DOF 

 

  
(a) H3

* (b) A1
* 

Fig. 15 Comparisons of flutter derivatives 
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terms in Eq. (2), respectively. Fig. 14 demonstrates how 

each component affects the total damping ratio at different 

wind speeds. As previously discussed, the damping effect 

caused by the coupled term acts as negative damping, 

decreasing the 𝜉𝛼,𝑡𝑜𝑡𝑎𝑙 and reaching zero at a wind speed 

of 16.5 m/s, at which point flutter occurs. This confirms the 

mechanism where torsional-induced vertical motion and its 

feedback in the coupled moment destabilize the structural 

system, ultimately causing a coupled flutter in the FSPB.  

 

4.3 Discussions for the flutter instability at low wind 
speeds 

 

As shown in Fig. 15, the coupled flutter derivatives H3
* 

and A1
* of the SD section exhibited trends similar to those 

of the flat plate (Amandolese et al. 2013) and the 

rectangular (B/D=20) cross-section (Matsumoto et al. 

2010), both of which occurred coupled flutter at low wind 

speeds. Since the flutter derivatives of the SD section are 

similar to those of the flat plate and the rectangular 

(B/D=20) cross-sections, we anticipated coupled flutter 

under similar reduced velocities. However, due to the 

narrower deck width and the lower natural frequencies of 

FSPBs compared to road bridges, FSPBs with SD sections 

are prone to coupled flutter at relatively low wind speeds. 

Moreover, the low FR between the lowest torsional and 

vertical mode frequencies could also contribute to coupled 

flutter instability. Long-span suspension road bridges are 

typically designed with an FR exceeding 2 to prevent 

coupled flutter (Gimsing and Georgakis 2011). For the 

studied FSPB, the FR of 1.58 is lower than that of long-

span road bridges, facilitating easier aeroelastic force-

coupling between vertical and torsional modes, which 

promotes coupled flutter instability. 

To assess the influence of FR on flutter wind speed, 

repetitive time-domain analysis was conducted by varying 

only the torsional frequency while keeping other dynamic 

properties constant. As shown in Fig. 16, the flutter wind 

speed increased linearly with rising FR, confirming that a 

low FR enhances aeroelastic force-coupling between 

vertical and torsional modes, leading to coupled flutter 

instability at low wind speeds for FSPBs with an SD. 

 

 

 
5. Conclusions 

 

This study investigated the flutter instability of flexible 

suspended pedestrian bridges (FSPBs) with two types of 

deck designs. The open grating (OG) proved 

aerodynamically stable, whereas the solid deck (SD) 

exhibited coupled flutter at low wind speeds. The flutter 

behavior, developing mechanism, and governing parameters 

were identified for the SD. 

• Aeroelastic analysis of the entire bridge, accounting 

for mode coupling in the SD, showed coupled flutter at a 

wind speed of 16.6 m/s caused by the 1st anti-symmetric 

torsional and vertical modes. Complex eigenvalue analysis 

(CEVA) case studies confirmed that the lateral modes and 

lateral degrees of freedom (DOF) made no contribution to 

the onset of coupled flutter and had negligible influence. 

These results validated the applicability of a two-DOF wind 

tunnel test setup for investigating the coupled flutter of 

FSPBs. 

• For the 1st anti-symmetric torsional and vertical 

modes, 2-D wind tunnel tests revealed that at wind speed 

above 16.4 m/s, torsion-induced vertical displacement 

increased along with torsional displacement, resulting in 

coupled flutter. During coupled flutter, the frequencies of 

the two coupled modes coincided, accompanied by a shift in 

rotational center windward. 

• The two-DOF time-domain flutter analysis shows that 

torsional displacement generates a coupled lift force, which 

induces vertical displacement at the torsional natural 

frequency. This vertical motion, in turn, generates 

additional coupled moment, creating a feedback loop. 

During this interaction, a 180° phase difference between the 

vertical velocity and torsional velocity emerges, causing the 

vertical motion to act as negative damping on the torsional 

system and leading to instability. The analysis confirms that 

force-damping feedback is a key mechanism in the 

development of coupled flutter. 

• The couple flutter behavior of FSPBs at relatively low 

wind speeds arises from their unique aerodynamic and 

structural characteristics. Specifically, the flutter 

coefficients of SD section and the low frequency ratio (FR) 

between torsional and vertical frequencies significantly 

 

Fig. 16 Change of flutter wind speed with FR 
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amplify the coupling effects between these modes, leading 

to coupled flutter at low wind speeds. 
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