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1 Abstract 
This paper is part of a series of publications aimed at the divulgation of the results of the 3-step benchmark 
proposed by the IABSE Task Group 3.1 to define reference results for the validation of the software that 
simulate the aeroelastic stability and the response to the turbulent wind of super-long span bridges. Step 1 is 
a numerical comparison of different numerical models both a sectional model (Step 1.1) and a full bridge (Step 
1.2) are studied. Step 2 will be the comparison of predicted results and experimental tests in wind tunnel. Step 
3 will be a comparison against full scale measurements. 

The results of Step 1.1 related to the response of a sectional model were presented to the last IABSE 
Symposium in Nantes 2018. In this paper, the results of Step 1.2 related to the response long-span full bridge 
are presented in this paper both in terms of aeroelastic stability and buffeting response, comparing the results 
coming from several TG members. 

Keywords: benchmark; aeroelasticity; flutter; buffeting; long-span bridge. 
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2 Introduction
The objective of the IABSE Task Group 3.1 (TG) is the 
definition of a standard procedure for validating the 
software programs for the solution of the bridge 
response to the incoming turbulent wind (see 
[1][2]). 

For this purpose, a 3-step benchmark was 
proposed, and it was started in 2017. The Step 1 of 
the benchmark is a numerical comparison of 
different solution methods, with the same inputs: 
critical flutter speed and buffeting response of both 
a sectional model and a full bridge are studied. Step 
2 will be the comparison of predicted results and 
wind tunnel experimental tests, and Step 3 will be 
of comparisons against full scale measurements. 

Step 1 consists of two sub-steps. In Step 1.1 the 
numerical response of 2/3 degree-of-freedom 
(DOF) simple sectional model is considered. The 
results are discussed in [2]. In Step 1.2 a full bridge 
model and a multi-correlated wind field are 
considered. 

In this paper, the main results of Step 1.2 will be 
presented, highlighting critical issues and the main 
differences arisen during the comparison of the 
results. 

The results presented are intended to be a 
reference for the validation of software programs 
that solves for wind response of bridges. An 
extended and complete report with Step 1 results 
will be issued in the near future. 

3 Benchmark: Step 1.2 

 Step 1.2 Cases 
Step 1.2 was conceived to analyze two sub-cases 
with increasing complexity: 

a) Step 1.2a studies the stability and the 
buffeting response of a real full bridge 
forced by a turbulent wind field, where the 
horizontal and vertical components of wind 
velocity change in time and space (along 
the bridge axis). The Storebælt bridge 
structure is considered, using a modal 
approach to compute the dynamic 
response. Experimental aerodynamic 
coefficients at 0-degree angle of attack are 

used to simplify the analysis, since for this 
case no static deflection is considered. 

b) Step 1.2b introduces additional complexity 
with respect to 1.2a: both the static 
deflection of the bridge and the 
dependency of the experimental 
aerodynamic coefficients upon the angle of 
attack are considered.  

In this paper, selected key results of Step 1.1a-b are 
presented. 

 Input for the analysis Step 1.2 

3.2.1 Structural data 

Modal parameters of the first 12 modes of the 
bridge (mass, frequency and damping ratio) are 
reported in Table 1. The modal shapes of the deck 
are available and not reported here for brevity. 

Table 1. Modal parameters 
# Mode Frequency 

[Hz] 
Damping 

 [-]  

1 horizontal 1 0.0521 0.3% 

2 vertical 1 0.0839 0.3% 

3 vertical 2 0.0998 0.3% 

4 horizontal 2 0.1179 0.3% 

5 vertical 3 0.1317 0.3% 

6 vertical 4 0.1345 0.3% 

7 vertical 5 0.1827 0.3% 

8 horizontal 3 0.1866 0.3% 

9 torsional 1 0.2784 0.3% 

10 vertical 6 0.2815 0.3% 

11 torsional 2 0.3833 0.3% 

12 vertical 7 0.3975 0.3% 

3.2.2 Incoming turbulent wind 

The characteristics of the simulated wind (along 
wind component u and vertical component w) are 
reported in Table 2. From these characteristics ten 
time series of 10-min turbulent wind were 
generated using a spectral approach for time 
domain simulations (e.g. [4]). The employed wind 
generator was selected for convenience whereas 
the investigation of wind and wind field generation 
problem is beyond the scope of this study. The time 
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histories of the vertical component and of the 
horizontal component are provided to all the 
participants. Each time history is 10 minutes long 
with a sampling frequency of 20 Hz. 

The space coherence between u or w at two 
different points P and Q is: 

   (1) 

where or , , , 
, ,  and .  

The wind is discretized through 90 sections. Figure 
1 shows the full bridge in blue and the 90 wind 
sections with red lines. Each wind section is 30 m 
long (about 1 deck chord B=31 m). 

Table 2. Incoming wind characteristics 
Wind 

speeds  U = 15, 30, 45, 60, 75 m/s 

Air density  1.22 kg/m3 

Turbulence 
intensity 0.10u
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Figure 1. Full bridge and wind sections 

3.2.3 Aerodynamic forces 

Aerodynamic forces are applied only to the deck, to 
simplify the benchmark. The sign conventions for 
forces and displacements are shown in Figure 2 . 

 
Figure 2. Sign conventions 

The aerodynamic forces are modelled with the 
classical approach based on a linearized model of 
the fluid-structure interaction around a steady 
configuration of the bridge, which depends on the 
mean wind speed [2]. 

For Step 1.2a/b the experimental aerodynamic 
coefficients of the Yavuz Sultan Selim Bridge (Third 
Bosphorus Bridge, BB3) without windscreens are 
considered. The experimental tests have been 
performed on a 2 degree-of-freedom sectional in 
the Politecnico di Milano wind tunnel [3]. 

The steady aerodynamic drag, lift and moment 
coefficient per unit length as functions of the angle 
of attack  are defined as: 

   (2) 

where  is the deck chord,  the mean wind 
velocity, and  the air density.  are 
respectively the drag, lift and moment static 
coefficients, reported in Figure 3. 

 
Figure 3. Static coefficients 

The aeroelastic forces (self-excited forces ) per 
unit length are defined through the flutter 

u

w
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derivatives reported below in the Polimi 
formulation:  
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In the aeroelastic forces per unit length defined 
above, *

ih are the flutter derivatives for lift force; *
ia  

are the flutter derivatives for the moment; *
ip are 

the flutter derivatives for drag force; 
is the reduced velocity, being f the vibration 

frequency.  

For Step 1.2 the flutter derivatives coefficients are 
measured with dedicated imposed motion tests on 
the rigid sectional model of BB3. The eight flutter 
derivatives ( ) are 
measured considering five mean angles of attack: -
4 deg, -2 deg, 0 deg, +2 deg, +4 deg. The flutter 
derivatives , ,  are derived from quasi 
steady theory (QST) to complete the full set of 
flutter derivatives. 

The buffeting forces per unit length due to 
incoming turbulent wind  and  are defined in 
frequency domain through the admittance 
functions: 

           (6) 

Where  is the Fourier transform of  and 
 the Fourier transform of , positive 

upwards;  are called admittance functions and 
they depend upon the reduced velocity V* and the 

mean angle of attack. The * are not measured in 
wind tunnel tests are defined using the quasi-steady 
values weighed by the Davenport function  
as: 

 

 

 

   (7) 

 

 

where *( )A V  is a real weighing function in reduced 
velocity: 

** * 7/
2*

2  7 / 1
7 /

VA V V e
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  (8) 

 

 
Figure 4. Flutter derivative coefficients 

 Required output for Step1.2 a/b 
The following results are compared for both Cases 
a) and b): 

1 Flutter stability:  
a. Critical flutter speed; 
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b. frequencies and damping as a 
function of mean wind speed. 

2 Buffeting response in turbulent flow: 
a. standard deviation of modal 

displacement as a function of mean 
wind speed; 

b. Comparison of power spectral 
densities (PSD) of midspan deck 
displacement as a function of mean 
wind speed. 

4 Results of Step 1.2 
Only a small selection of results is presented in this 
paper, while the full set of results will be presented 
at the conference and in a future work in the IABSE 
SEI journal.  

The following results for Step 1.2a are shown in the 
following: flutter speeds, root mean square (RMS) 
trend of modal displacements as a function of wind 
speed, and PSDs of vertical and torsional 
displacements at midspan. 

As explained in the previous publication [2], each 
contribution is defined anonymously by a number. 
To establish the reference result, the following 
procedure is applied:  

1. The mean *  and the standard deviation 
*  of all data is computed. 

2. The data outside * * are considered 
outlier data. 

3. The reference mean value  and standard 
deviation  are computed excluding the 
outlier data  

4. Results within are considered valid 

 Step1.2a – Flutter speed 
Figure 5 shows ten different contributions for the 
assessment of the flutter speed of the considered. 
The reference is  = 69.8 m/s and  = 0.9 m/s.  

 Step1.2a – RMS displacements 
Figure 6 shows six different contributions for the 
trend on modal RMS for the second vertical and first 
torsional mode (homologous modes). Results 
coming from both time domain (TD) and frequency 
domain (FD) methods are present. It is possible to 
notice that results are quite sparse. As an example, 

at 45 m/s, for the vertical mode is  = 0.45 and  = 
0.03; for the torsional mode is  = 8.2e-3 and  = 
1.3e-3. 

 
Figure 5. Step 1.2a Flutter critical wind speed 

results 

 

 
Figure 6. Step 1.2a RMS of the 2nd vertical and 1st 

torsional modes (homologous modes) as a function 
of wind speeds 
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 Step1.2a – PSD of physical 
displacements at midspan 

As another example of result, Figure 7 shows the 
PSD of the vertical displacement z and of the 
rotation ,  of the midspan deck section at 
45 m/s.  Looking at the differences in the rotations 
it seems that the major difference is in the estimate 
of the resonant response. Looking at the vertical 
motion, it is clear that the first two contribution 
have a low frequency content missing in the others, 
and this would not have been notice looking only at 
the std values that are similar to the others.  

 

 
Figure 7. Step 1.2a RMS of the 1st vertical and 1st 

torsional modes as a function of wind speeds 

5 Conclusions 
This paper presents first results of Step 1.2 of the 
benchmark study: even for this rather simple 
problem, noticeable differences arose during the 
result comparisons. 

Similar critical flutter velocities were predicted, 
however the trend of the RMS of the unstable 
modes as a function of the wind speed showed in 
some cases significant differences.  

Buffeting response was computed in time and 
frequency domain, and it seems that the domain of 
simulation itself does not influence the dispersion 
of results, but it is the implementation of the 
computational models. 

Removing the outliners and given the majority of 
the remaining predictions are reasonably close, the 
results within the interval  appear reasonable.  

The comparison of results of case 1.2b will allow to 
investigate 
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