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Abstract 

Flutter phenomenon in long-span bridges may be influenced by the turbulence inherent in the wind. 
For a rational design, it important to consider the influence that turbulence has on the flutter boundary. 
This study aims at developing a method for quantifying the effects of turbulence on flutter. Numerical 
simulations are performed and an approach to generate turbulence by placing geometrical shapes in 
the flow is used. The generated turbulent flow is studied and the properties of the flow are quantified. 
An example is presented for the case of a suspension bridge considering different flow situations. The 
merits and limitations of the approach are also discussed. 

1 Introduction 

Flutter is a critical phenomenon to be studied as part of the design and analysis of long-span bridges. 
These structures could develop significant vibrations when exposed to atmospheric wind flow. The 
trends for increase in the flexibility and reduction of mass of structures make such problems more 
prominent and the analysis more challenging. Wind tunnel tests are the traditional basis for the 
analysis of structures under wind actions. However, such tests are expensive and cannot reproduce 
fully the physics of the full-scale problem. The usefulness of numerical methods in understanding the 
genesis of aerodynamic phenomena and quantifying effects has now been relatively widely accepted. 
Numerical simulations using the Vortex Particle Method (VPM) are a common approach to simulating 
2D wind flow over a cross-section, allowing the vortex shedding process to interact with the structural 
motion. Traditional numerical solvers operate with a uniform incident flow. The vorticity is generated 
due to the presence of the cross section in the flow and is carried downstream with the flow as a result 
of convection and diffusion. 

Prendergast (2007) introduced an unsteady flow model in an existing numerical flow solver. It is based 
on sampling unsteady velocity histories at the nodes of a sampling ladder defined across a 
representative flow and transferring the samples to a vortex representation which can be evolved by 
the numerical flow solver. However, the implementation of this method is not straightforward. The 
method presented in this study allows it to be adapted more easily and naturally. 

Here the properties of the atmospheric boundary layer wind turbulence are reproduced by the 
numerical flow simulations by placing a set of blocks at the upstream side of the main structural 
section. Defining some geometric shapes in the flow of the simulation is relatively simple but the main 
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challenge is posed by the approximation of the turbulent flow with the representative flow 
characteristics. From several simulation results, the well suited combination of size, spacing and 
number of blocks were found and then used for further studies. The parameters which were identified 
as important for the turbulent flow characterization and quantification are the mean wind speed, 
turbulent intensity and the frequency characteristics of the flow, thus representing the target wind 
properties to be achieved. 

1.1 Method of Analysis 

There are three main types of analysis to deal with the aerodynamic problems; experimental, analytical 
and numerical methods. All these methods apply simplifications to a certain extent. The experimental 
methods are considered relatively accurate compared to the other methods. However, the wind tunnel 
testing is very expensive for parametric studies. Numerical simulations can be used in place of wind 
tunnel investigations for the fundamental studies. With the advancement in the computer modelling 
and the processing power and by using the principles of CFD, it is now possible to study wind effects 
on structures in relatively less time. These methods are also efficient, repeatable and economical.  

Numerical investigations were carried out, in this study, using a solver VXFlow based on VPM. 
VXFlow is a highly efficient flow solver developed by Morgenthal  (2002). In addition to an extensive 
range of fundamental studies, VXFlow was also applied to study a number of design cases, such as the 
Millau Viaduct cross-section, where generally good agreement was found between results of 
numerical simulation and the wind tunnel tests for wind load coefficients and for critical flutter 
velocity (Morgenthal,  2002). The numerical simulation based on VPM is analogous to the laboratory 
wind tunnel. As in the wind tunnel, simulations can be classified in three main types; aerostatic 
simulations, aeroelastic simulations and prescribed motion simulations. Here the aeroelastic 
simulations were performed on a bridge section. To study the flow-induced vibrations of a spring 
supported section, a fully coupled CFD numerical 2D structural model has been used. The coupling of 
fluid dynamics solution and the structural dynamics is done at every time step. The pressure on the 
surface of the body is integrated to get the resultant forces which are associated with the degrees of 
freedom of the structural system. The equations of motion for the system are solved by time marching 
structural dynamics solution. A stiffness matrix is then created and solution is performed. 

1.2 Important Parameters 

Classical Flutter is an aeroelastic phenomenon in which two degrees of freedom of a structure, rotation 
and vertical translation, couple together in a flow-driven, unstable oscillation (Simiu & Scanlan, 1996). 
This phenomenon involves the coupling of vibration modes that is related to the self-excited 
oscillatory instability, which is caused when the aerodynamic forces supply energy to the oscillating 
structure and amplitude of the motion progressively increases. In this case the negative aerodynamic 
damping occurs such that the deformations reach to a level that failure happens. This occurs at flow 
velocity above critical which is known as flutter limit or flutter boundary.  

Some of the important factors that affect the flutter limit are geometry of the bridge deck, torsional 
frequency to bending frequency ratio of the bridge, mechanical damping, mass and inertia of bridge 
deck. Behaviour against flutter can be improved by controlling these parameters. Some flow 
parameters are also important for numerical simulations such as Strouhal number and Reynolds 
number. The Strouhal number is the proportionality constant between the frequency of the vortex 
shedding and the free stream velocity divided by the section depth. The Reynolds number is the ratio 
of inertial forces to the viscous forces. Reynolds number is used to characterize different flow regimes, 
such as laminar or turbulent flow. 
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1.3 Turbulence  

Turbulence is one of the most important parts of the boundary layer studies and must be quantified in 
order to study it. The turbulence in the wind could be atmospheric or due to a structure on the 
upstream side. Turbulence creates the apparent random variations about the mean. The recorded wind 
time histories appear to be irregular; however, mean wind speed is also quite visible. The longitudinal 
(U), transverse (V) and vertical (W) components of the time dependent wind velocity vector at a given 
location can be expressed as a sum of a constant term and a time dependent function with zero mean. 
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where u, v and w are the turbulent velocity fluctuations in longitudinal, transverse and vertical 
direction respectively. A dimensionless parameter that is often used as a measure of the turbulence is 
the turbulence intensity (I), also often referred to as turbulence level. Turbulent intensity is the ratio of 
the standard deviation or the root-mean-square of the turbulent velocity fluctuations, at a particular 
location over a specified period of time, to the mean wind speed.  
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where Iu, Iv and Iw are the turbulence intensities in longitudinal, lateral and vertical direction 
respectively, u’, v’ and w’ are the root-mean-square or the standard deviation of the turbulent velocity 
fluctuations of the longitudinal, lateral and vertical components of the wind respectively. Figure 1 
shows turbulent intensities according to Eurocode under ordinary conditions for different terrains.  

 
Figure 1: Turbulent intensity as a function of height and terrain category (Eurocode 1, 2004). 

1.4 Reference Object 

The Lillebӕlt suspension bridge, Denmark, has been used as a reference object to study flutter 
phenomenon. The data about the bridge is available in Report (Ostenfeld et al., 1970) and the 
structural parameters used for this reference object are given in Table 1. For simplicity in calculation, 
the railing and other attachments on the deck are not considered in this study. 

Table 1: Basic data and structural properties of the Lillebӕlt suspension bridge. 

Section 
width (m)  

Mass  
(kg m-1) 

Inertial mass 
(kg m2 m-1) 

Bending 
frequency (Hz) 

Torsional 
frequency (Hz) 

Damping 
ratio (-) 

33 11667 1017778 0.156 0.500 0.01 
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Figure 2: Elevation and simplified deck section geometry of the Lillebӕlt suspension bridge used as a 
reference object in this study {Dimensions: (m)}. 

2 Numerical Simulations on Bridge Section 

2.1 Simulation Setup 

 
Figure 3: (Left) Domain of numerical simulation with section and upstream block setup. (Right) 
Arrangement, size and spacing of blocks for turbulence generation in the simulation. (see Table 2) 

In the actual wind tunnel, turbulence can be introduced by some disturbance upstream of the test 
region or by surface roughness on the floor of the wind tunnel. This turbulence is carried by the flow 
and fills the entire tunnel cross-section.  An analogous approach to the upstream disturbance to create 
turbulent flow in the wind tunnel was considered in this study for the numerical simulations. A 
number of rectangular cross-sections in the flow were placed on the upstream side of the main section, 
i.e. the Lillebӕlt bridge section, to generate turbulence in the incident uniform flow. Vorticity shed 
from these cross sections evolved into turbulent flow and was carried with the flow to the main section. 

The simulations were performed in a numerical flow solver VXFlow and the turbulence generation 
was done by using rectangular blocks on the upstream side of the main section. The arrangement and 
dimensions of the blocks in the simulation domain is shown in Figure 3. Several simulations were run 
with different block arrangements and the resulting flow properties were analysed so that the required 
properties of turbulent flow were achieved. The uniform wind moving from left of the blocks passes 
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through the blocks and becomes unsteady or turbulent due to the vortex shedding from the blocks. 
This turbulence is carried with the flow to the downstream side. The location of the bridge section was 
decided at a sufficient distance from the blocks such that the turbulent flow properties become more or 
less stable. This distance depends on the size of blocks and range of wind speeds to be used. For 
simplicity this distance was kept 150m for all setups. Two block sizes were used so that the vortices 
shed from blocks with different frequencies cover wider part of the frequency spectrum of the flow. 
For this study, 4 different setups were made with different block size and spacing (see Table 2).  

2.2 Turbulent Flow Generation 

Table 2: Block size & spacing for different setups and the corresponding flow parameters at the 
location of the bridge section in the numerical simulations (see Figure 3). 

Setup a b c Umean/U∞ Iu Iw 

 (m) (m) (m) (-) (-) (-) 

1 0.60 1.80 1.80 0.72 0.320 0.342 
2 0.30 1.80 1.80 0.88 0.126 0.130 
3 0.45 1.35 1.80 0.73 0.260 0.270 
4 0.45 2.70 1.80 0.89 0.176 0.172 

 

 
                (a)       (b) 
Figure 4: (a) Ratio of longitudinal mean wind to free stream wind speed; (Top) Distribution over the 
area, (Bottom) values along the centreline. (b) Ratio of vertical mean wind to free stream wind speed; 
(Top) Distribution over the area, (Bottom) values along the centreline. (▬ ▬ block location, ― ―  
intended section location) 

Several simulations were run first with only blocks, without placing the bridge section, to analyse and 
quantify turbulent flow characteristics. One of the main effects of blocks on the flow regime is the 
reduction of wind speed due to blockage. The amount of blockage is related to the spacing between the 
blocks. More spacing leads to smaller blockage and vice versa. As a result roughly 10-30% blockage 
was observed depending on the block spacing from 1-10 times the block depth. Therefore, it is 
important to consider this reduction and quantify it for correct determination of turbulent flow 
parameters. The results for setup 2 shown in Figure 4 & 5 are for free stream wind speed (U∞) of 
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100ms-1 in longitudinal direction. The resulting mean wind speed (Umean) at the location of bridge 
section comes to be 88ms-1. The point where turbulent flow parameters stabilize was decided as the 
location of the section (i.e. 0) with respect to the location of blocks (i.e. -150).  

 
                (a)       (b) 
Figure 5: (a) Turbulence intensity in longitudinal direction; (Top) Distribution over the area, (Bottom) 
values along the centreline. (b) Turbulence intensity in vertical direction; (Top) Distribution over the 
area, (Bottom) values along the centreline. (▬ ▬ block location, ― ― intended section location) 
 

 
Figure 6: Spectra of fluctuating component of flow in vertical direction at the location of bridge 
section for different block setups (U=100ms-1). 
It was found from the study that the turbulence level is directly related with the size of the blocks. 
Decreasing the size will decrease the turbulence intensity but increases computational effort. From 
Figure 5, it can be seen that the turbulence intensity at the location of the section is equals to 0.13 
whereas in Figure 1, according to Eurocode, the turbulence intensity ranges roughly from 0.10 to 0.43. 
The results for mean wind speeds and the turbulence intensities for 4 different setups used in this study 
are shown in Table 2. In Figure 4 & 5 selected part from the simulation domain is shown. The figures 
show that the flow fluctuations are more near and around the location of the blocks and as the flow 
moves away from the blocks, fluctuations decreases and stabilizes. Figure 6 shows the frequency 
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spectra of the fluctuating component of the flow in vertical direction. There is distinct difference 
between the dominant frequencies for different setups which shows that the size and spacing of blocks 
has considerable effect on the frequency characteristics of flow. 

2.3 Simulation of Bridge Section in Uniform Flow  

The section of the bridge was supported on springs and was allowed to move under the influence of 
flow in two degrees of freedom corresponding to its first bending and first torsional mode of vibrations. 
The simulations were performed at different wind speeds, the resulting amplitudes were recorded 
along with the other parameters and the flutter limit was determined. Figure 7 shows the bridge section 
in uniform flow and the vortex stream from the section on the downstream side of the section. 

 
Figure 7: Instantaneous view of particle stream; bridge section in a uniform flow. 

2.4 Simulation of Bridge Section in Turbulent Flow  

The same section of the bridge was modelled along with 4 block setups. The generated turbulence 
from the blocks on the upstream of section travelled to the section and it received the modified flow 
regime.  The response of the section was recorded for different wind speeds and the flutter limit was 
determined. Figure 8 shows the bridge section in turbulent flow. The figure demonstrates qualitatively 
the interaction of eddies in the incident flow with the vortex shedding process over the body surface.  

 
Figure 8: Instantaneous view of particle stream; bridge section in a turbulent flow. 

3 Results 

Two dimensional numerical simulations were performed on a section of Lillebӕlt suspension bridge. 
The simulations were run for uniform flow first and the flutter limit was found to be 101ms-1. The 
same section was then used for different turbulent flow conditions. The simulations were run at 
various wind speeds and the flutter limits were determined. Figure 9 shows that cases with low 
turbulent intensity have no considerable effect on the flutter limit; however, for larger turbulent 
intensities the effect is significant. This shows that for the terrain categories, with smaller surface 
roughness, will have less effect on the flutter limit and uniform flow conditions can be considered. 
However, for rough terrains, considering only uniform flow could give unsafe results.  

It can be visualized in Figure 9 that in a uniform flow, in general, the maximum dynamic amplitudes 
(hdyn.) for the section increases with the increase in wind speed. In turbulent flow, the amplitudes are 
generally higher and before critical limit, the phenomenon of buffeting can be observed but flutter 
limits are different. It is also to be noted that the increase in amplitudes due to turbulence depends on 
the amount of turbulence and frequency characteristics of the flow. The summary of resulting flutter 
limits is presented in Table 3 and the maximum response amplitudes are shown in Figure 9. 
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Table 3: Critical flutter limits in uniform flow and in different turbulent flow conditions. 

 Uniform flow Setup 1 Setup 2 Setup 3 Setup 4 

Uflutter (ms-1) 101.0 95.6 100.6 92.0 100.6 
Iu / Iw  (-) - 0.320 / 0.342 0.126 / 0.130 0.260 / 0.270 0.176 / 0.172 

 

 
Figure 9: Maximum dynamic response amplitudes of bridge section with changing wind speed in 
uniform flow and in different turbulent flow conditions. 

4 Conclusions 

The approach presented here was to represent the turbulent flow in the numerical simulations, which is 
subject to 2D limitations. However, it has been shown to provide bases for capturing a 2D 
approximation of 3D wind flow. The approach can also provide engineers with the insight into the 
complex aerodynamic and aeroelastic phenomena. Turbulent flow was studied and modelled with the 
help of different geometrical shapes in CFD simulations and the flow characteristics were quantified. 
An example is presented for the case of a suspension bridge considering different situations of 
turbulent flow. The flutter limits of the bridge were computed in uniform as well as in turbulent flow 
and the resulting effects of turbulence on the flutter limits were quantified for several cases of interest. 
The comparison was made for amplitudes of the bridge section in a uniform and in turbulent flow 
situations. It is shown that the free stream turbulence can have a substantial and systematic effect on 
the amplitudes and the flutter limit. The approach is computationally feasible and very similar to the 
accepted approach in the wind tunnel tests, but it is important to meet the requirements of the 
atmospheric wind flow characteristics. The approach can also be used to study other phenomena, such 
as Vortex-induced Vibrations, to have a better understanding of turbulent flow interaction.  
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