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Abstract

Aerodynamic stability and buffeting response due to turbulent wind have a
fundamental importance for long-span bridge design. However, there are no
benchmark cases that can be used as a reference estimate for an independent
validation of the numerical methods and theoretical approximations.
Therefore, the IABSE Task Group 3.1 proposal is to fill this gap by defining
a reasonably well predicted set case for the response to wind of long-span
bridges, both in terms of aerodynamic stability and buffeting. Specifically, a
statistical analysis was performed on the numerical results collected by the
task group participants, who used their own methodology and tools (either in
time domain and/or frequency domain) to predict the bridge stability to
flutter and buffeting response to wind, sharing the same input data (wind
conditions, bridge structural properties, and deck aerodynamic coefficients).
The benchmark results presented in this paper can be used as a point of
reference for other numerical codes, and they include the onset of flutter
speed, damping ratio variation with mean wind speed and the root mean
square of the displacements as a function of mean wind speed, power
spectral density values, and time histories of displacements.

Keywords: benchmark; aeroelasticity; flutter; buffeting; long-span bridge;
validation; simulation

Introduction

Numerical tools are fundamental in
the design of long-span bridges. Stab-
ility, comfort, fatigue and structural
strength of long-span bridges are
indeed quantified through numerical
simulations of the expected behaviour
of the structure, using approaches
based on aerodynamic coefficients
measured in wind tunnels and by struc-
tural Finite Element Method (FEM)
numerical models. Different theoreti-
cal approximations and numerical
models have been developed during
the last 60 years to simulate the
response of bridges to turbulent wind.
The aerodynamics of the bridge deck
is the predominant element in the
bridge response to wind.1–3 The theor-
etical approximations are based on

extensions to the quasi-steady theory
through the application of aerody-
namic coefficients (steady-state coeffi-
cients and motional aerodynamic
derivatives also known as flutter
derivatives). The numerical appli-
cation of this theory may vary to a
great extent since deck flutter deriva-
tives vary depending on reduced vel-
ocity, mean angle of attack and
amplitude of motion, subject to
various theoretical interpretations.
Aerodynamic nonlinearity may also
be taken into account, which adds
further complexity to the problem.
However, this is beyond the scope of
this article.

Approaches working in the frequency
domain4–8 are widely used where the
dynamic responses to turbulent winds

are predicted based on wind velocity
reference spectra, with key parameters
being mean wind speed, turbulence
intensity and spatial correlation. The
numerical models developed in the
time domain9,10 have greater complex-
ity in implementing the reduced vel-
ocity dependency of the aerodynamic
forces but have the advantage being
able to consider transient contri-
butions and time-varying wind scen-
arios,11,12 with the possibility of also
reproducing the aerodynamic13–22 and
structural nonlinearities. Bridge
response near flutter instability or
transient wind gusts cannot be simu-
lated through frequency domain
approaches because the transient
response of the system is neglected.
For this reason, the peak values of
the bridge aeroelastic response
cannot be well reproduced for wind
speeds approaching instability.

Peak values cannot be estimated
directly by frequency domain simu-
lations, which rely on results from
statistical signal analysis. Time
domain approaches are able to input
directly the response time histories
required for full statistical esti-
mations including peak values, with
a heavier requirement in the repro-
duction of a given wind scenario that
has to be described through the rep-
etition of the numerical simulations
using a sufficient number of possible
wind velocity time histories. The
aerodynamic stability is usually eval-
uated by solving the generalized
state equation comprising mass,
damping and stiffness matrices devel-
oped in the frequency domain or in
the time domain approaches includ-
ing the equivalent effects of the
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aerodynamic forces through a linear-
ized approach.

Both frequency domain approaches
and time domain approaches are com-
monly used by the industrial and
research groups that are internation-
ally involved in bridge design, where
almost everyone adopts their own
originally developed methodology
and tools. Owing to the variety of
implementation, it is not uncommon
for the interpretation and comparison
of results to be difficult at times. For
this reason, the authors of this article
decided to join in the IABSE Task
Group 3.1 (extended name: “Super-
Long-Span Bridge Aerodynamics”)
to investigate the level of uncertainty
and comparability of the results pro-
duced by their various theoretical
interpretations and numerical simu-
lations. It should be noted that the
comparisons in this article are
restricted to the implementation of
similar theoretical approximations
and not directly to results obtained
either experimentally or from full-
scale observation.

The aim of the task group is to design a
validation procedure for numerical
models that simulate the aeroelastic
response of a full bridge. The reference
values provided by the benchmark
were achieved by analysing the
output of state-of-the-art numerical
procedures.

The Task Group (TG) decided to set
up a benchmark procedure that con-
sists of multiple steps with an increas-
ing level of complexity. A detailed
description of the benchmark structure
and the results of previous steps can be
found in Ref. [12]. For each step the
same input data were used and
shared among all the participants, and
the results obtained through different
methodologies were analysed to
define reference values giving a base-
line for the validation of theoretical
methods and numerical procedures.

TG members were asked to use their
own consolidated methodology to
simulate bridge behaviour starting
from input data provided in a format
typical of bridge aeroelasticity appli-
cations: geometry, modal data for the
structural dynamics (modal mass, fre-
quency, damping, mode shape), wind
field characteristics, aerodynamic
static coefficients and flutter deriva-
tives defined for different wind angles
of attack and speed range.

It was expected that the frequency
domain approaches would result in
similar prediction performances while
more differences were expected from
the time domain methods. For time
domain simulations, several ways to
reproduce the aerodynamic force
dependency on wind velocity and
angle of attack are proposed in the lit-
erature: convolution integral, band
superposition, rheologic models, Vol-
terra methods, Gaussian processes,
and others.14,15,17–21,23,24

While time domain methods are often
used in literature to study nonlineari-
ties of aerodynamic forces due to
large variation of the wind angle of
attack induced by turbulence and
large deck rotations, the framework
of the TG3.1 benchmark only con-
siders the linear approaches, which
are generally adopted by bridge
designers since their mathematical
model complexity25 is deemed suffi-
cient in practice. The only nonlinear
effects considered in this benchmark
are the static variation of the bridge
deck rotation due to the mean wind
loading, and the dependence on the
reduced velocity of the aeroelastic
coefficients.

The goal of TG3.1 is not to examine
the details of the different method-
ologies and implementations, which
are reported in Refs. [4,5,14,21,26–
47], but rather to provide aerodynamic
response predictions that can be used
to define a benchmark, the assumption
being that all the implemented
methods have been calibrated against
other methods and experiments,
being widely used and applied to
many different cases, hence all the
results could be considered reliable
and able to provide values with low
dispersion, taking also into account
that the benchmark participants are
recognized experts in the field.

For full-bridge response analysis, a
closed form solution cannot be formu-
lated and therefore this working group
believes that a sufficiently robust bench-
mark can only be inferred from the
comparison of the available results.
Relying on and the number of TG3.1
participants and their qualifications, it
is assumed that the state-of-the-art is
properly represented for the proposed
activities and that the results presented
depict what is nowadays achievable by
the current state of knowledge.

The output of the work of TG3.1 is
published for everyone who seeks a
benchmark for comparison and vali-
dation of their future methodologies
and numerical codes.

In this article, the Storebælt East
Bridge in Denmark has been selected
as representative of a typical long-
span bridge.48 The structural dynamics
is defined through a modal approach
using the first 12 eigenmodes obtained
by finite element analysis during
design of the bridge to form the
bridge numerical model.49 Aerody-
namic and aeroelastic forces acting on
the deck alone are considered, neglect-
ing the wind and dynamic action of the
towers, the main cable and hangers.

Compared to the previous steps of this
study,1,2 where only the deck cross
section was considered, the present
activity introduces additional com-
plexity as the wind and the corre-
sponding aerodynamic force
correlation along the bridge are to be
reproduced and the complete
dynamic response of the bridge has to
be taken into account.

Stability and buffeting are computed
for two conditions: “Step A” of the
benchmark assumes no static defor-
mation of the bridge due to the
average wind. “Step B” includes non-
linear static deformation of the bridge.

A set of aerodynamic static coeffi-
cients and flutter derivatives (Scanlan
derivatives) was adopted from a
similar single box bridge deck. They
represent, compared to the infor-
mation available for the Storebælt
East Bridge, a more recent and com-
plete data set in terms of reduced vel-
ocity range and mean angles of attack.

For consistency, the analytical Daven-
port aerodynamic admittance func-
tion2 is used to define aerodynamic
buffeting forces, considering both the
along wind u and vertical w com-
ponents of turbulence.

The input data provided to all TG
3.1 contributors are described in
Section 2 and can be downloaded
from the online supplemental data.
The output results used in the bench-
mark are described and compared in
Section 3. The base parameters defin-
ing the current study problem are
given below, while the full set of
input data and the study results are
provided in the online supplemental
data.
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Stability and Buffeting
Analysis

Steps A and B

As stated above, the analysis in this
article is divided into two steps, called
A and B, as follows.

(a) Step A does not consider the static
deflection of the bridge, and
flutter derivatives and admittance
functions are taken at zero-
degree angle of attack for all the
deck sections.

(b) Step B, instead, considers the
dependence of the aerodynamic
derivatives upon the nonlinear
static deck rotation.

In this article, the input data for the
benchmark are reported as follows:
structural data in Section 2.2, and
incoming turbulent wind and aerody-
namic forces in Sections 2.3 and 2.4,
respectively.

Structural Data

The bridge is modelled by applying the
modal approach considering the first
12 eigenmodes of vibration obtained
by an eigenvalue–eigenvector analysis.
Natural frequencies, generalized
masses and modal damping are
reported in Table 1.

The considered set of 12 modes
includes the first two torsional modes,
the first mode having the antinode at
mid-span and the second mode with a
node at mid-span. Seven vertical
modes and three lateral modes are
also included. These mode shapes
were used by all participants. As an
example, Fig. 1 shows the first and
second vertical and torsional modes.

The modal approach with 12 modes
was used to compute the dynamic
response to the wind turbulence (buf-
feting). The same modal basis was
also used to find an approximate
static deflection induced by the mean
wind loading, considering the non-
linear dependence upon the mean
angle of attack.

Incoming Turbulent Wind

Themean wind speedU, and the along-
wind and the vertical components
(u and w) of the wind turbulence are
considered in the simulations.

Four mean wind speed scenarios are
considered to compare results with an
increasing level of aerodynamic coup-
ling up to a wind speed close to the
flutter instability. Table 2 reports
power spectral densities as a function
of the frequency f and other par-
ameters of turbulence. The cross-
power spectrum Suw(f ) of the incom-
ing turbulence has been set to zero,
since it does not strongly affect the
response of the bridge.50 Additionally,
the spatial coherence of u or w at two
different points P and Q is defined as

Lii= exp −
2

������������������������
(CixDx)2+ (CizDz)2

√
f

UP+UQ

⎛
⎝

⎞
⎠

(1)

where i=uor w, Cux= 10, Cuz= 10,
Cwx= 6.50, Cwz=3, Dz= zP−zQ and
Dx=xP−xQ.

Moreover, for each mean wind speed,
ten time histories of turbulent wind
velocities were generated in the 90 sec-
tions reported with red lines in Fig. 2,
using the same wind characteristics, to
allow the application of the time
domain approaches. Each time history
is 10 minutes long with a sampling fre-
quency of 20 Hz. For the 45 m/s case,
longer time histories of 1 h duration
are also provided to account for the
low frequency contributions.

A harmonic superposition method is
used for the generation of the time his-
tories.51–53 The method used for the
wind generation was selected for con-
venience: the investigation of the
wind field generation problem is not
a task of the benchmark, and it is
beyond the scope of this study. Ten
time histories for each mean wind
speed were generated every 30 m
along the deck and were distributed
to all the participants. These time his-
tories are also available in the online
supplemental data.

Aerodynamic Forces

The aerodynamic forces and moment
are defined following the currently
adopted theoretical models where the
aerodynamic forces are a function of
turbulence and of the deck motion
and are defined by the static aerody-
namic coefficients, the aerodynamic
admittance function and the flutter

No. Mode
Frequency

(Hz)
Generalized modal mass

(kg)
Damping ratio, ξ

(%)

1 Horizontal 1 0.0521 1.7424 e + 07 0.3

2 Vertical 1 0.0839 1.8231 e + 07 0.3

3 Vertical 2 0.0998 1.6682 e + 07 0.3

4 Horizontal 2 0.1179 1.8981 e + 07 0.3

5 Vertical 3 0.1317 1.2559 e + 07 0.3

6 Vertical 4 0.1345 2.1215 e + 07 0.3

7 Vertical 5 0.1827 1.7402 e + 07 0.3

8 Horizontal 3 0.1866 2.4313 e + 07 0.3

9 Torsional 1 0.2784 1.6827e + 09 0.3

10 Vertical 6 0.2815 1.6538 e + 07 0.3

11 Torsional 2 0.3833 1.9232e + 09 0.3

12 Vertical 7 0.3975 1.7269e + 07 0.3

Table 1: Modal parameters

Fig. 1: Lateral (in m), vertical (in m), and
torsional (in degrees) components of
selected modal shapes
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derivatives identified around different
static angles of attack of the deck.
For simplicity, aerodynamic forces are
considered only on the deck as men-
tioned previously.

In this benchmark, the aerodynamic
data are taken from wind tunnel tests
on the Yavuz Sultan Selim Bridge
deck (Third Bosphorus Bridge)
without windscreens.54 The sign con-
ventions for aerodynamic forces, deck
displacements and wind velocity com-
ponents are shown in Fig. 3.

Figure 4 defines the steady drag, lift and
moment coefficient per unit length as
functions of the angle of attack a:

FD

FL

M

⎧⎨
⎩

⎫⎬
⎭

ST

= 1
2
rU2B

CD(a)
CL(a)
BCM(a)

⎡
⎣

⎤
⎦ (2)

where B is the deck chord (B = 31 m),
U the mean wind velocity and r is the
air density. CD, CL, CM are, respect-
ively, the drag, lift and moment static
coefficients in wind coordinates.

The aeroelastic forces (motion-depen-
dent or self-excited forces), Fse, are
here defined through the flutter
derivatives reported below in the
POLIMI formulation,55 which has the
advantage that flutter derivatives,
defined in this way, converge to the
quasi-steady theory (QST) values for
reduced velocities U∗ = U/fB greater

than 10–15 (coefficients in the classical
Scanlan formulation have also been
distributed to participants):

Dse = 1
2
rU2B

−p∗1
ż
U

− p∗2
Bu̇
U

+ p∗3u+ · · ·
2p3

U∗2
p∗4

z
B
− p∗5

ẏ
U

+ 2p3

U∗2
p∗6

y
B

⎛
⎜⎜⎝

⎞
⎟⎟⎠

(3)

Lse = 1
2
rU2B

−h∗1
ż
U

− h∗2
Bu̇
U

+ h∗3u+ · · ·
2p3

U∗2
h∗4

z
B
− h∗5

ẏ
U

+ 2p3

U∗2
h∗6

y
B

⎛
⎜⎜⎝

⎞
⎟⎟⎠
(4)

Mse = 1
2
rU2B2

−a∗1
ż
U

− a∗2
Bu̇
U

+ a∗3u+ · · ·
2p3

U∗2
a∗4

z
B
− a∗5

ẏ
U

+ 2p3

U∗2
a∗6

y
B

⎛
⎜⎜⎝

⎞
⎟⎟⎠

(5)

where y, z, u and ẏ, ż, u̇ are the
lateral, vertical and torsional displace-
ments, and velocities. The eight flutter
derivatives coefficients
(a∗1, a∗2, a∗3, a∗4, h

∗
1, h∗2, h

∗
3, h

∗
4) are

provided at five mean angles of
attack: ±4°, ±2° and 0° in the reduced
velocity range 1 <U∗ < 17, where f is
the motion frequency. These flutter
derivatives are reported in Fig. 5. The
flutter derivatives not measured in
the wind tunnel test, p∗1−6, a

∗
5−6, h

∗
5−6,

are derived from quasi-steady aerody-
namic theory (QST)56,57 to complete
the full set of aerodynamic coefficients.

Fig. 3: Sign conventions

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

Air density r = 1.22 kg/m3

Turbulence intensity Iu = su

U
= 0.10; Iw = sw

U
= 0.05

Integral length scale xLu = 200m; xLw = 20 m

u and w spectra

f · Su(f )
s2
u

=
4

f xLu

U

( )

1+ 70.8
f xLu

U

( )2
[ ] 5/6

f · Sw(f )
s2
w

=
4

f xLw

U

( )
1+ 755.2

f xLw

U

( )2
( )

1+ 283.2
f xLw

U

( )2
[ ] 11/6

Suw(f ) = 0

Table 2: Incoming wind characteristics

Fig. 2: Position of the 90 sections at deck
level along the bridge axis (red lines)

Fig. 4: Static aerodynamic coefficients as a
function of the angle of attack

4 Scientific Paper Structural Engineering International 2022



These flutter derivatives are reported
in Table 3.

These flutter derivatives have been
extracted experimentally from rigid
sectional models in a wind tunnel at a
discrete number of reduced velocities
requiring an interpolation and/or
extrapolation to simulate conditions
where experimental data are not avail-
able.58 The same level of complexity is
kept on purpose in the benchmark pro-
cedure, considering the data interp-
olation as part of the source of
uncertainties.

The buffeting forces Fbuff per unit
length due to incoming turbulent
wind components u and w are defined
in the frequency domain through aero-
dynamic admittance functions:

F̂D

F̂L

M̂

⎧⎨
⎩

⎫⎬
⎭

buff

= 1
2
rUB

x∗Du x∗Dw
x∗Lu x∗Lw

B x∗Mu B x∗Mw

⎡
⎣

⎤
⎦

× û(f )
ŵ(f )

{ }
(6)

where the symbol ˆ represents the
Fourier transform, and x∗ are the aero-
dynamic admittance functions. The
x∗ functions depend on the mean
angle of attack, and they are defined
using the quasi-steady values weighted
by the Davenport aerodynamic admit-
tance function A(U∗) as

x∗Du = 2CD A(U∗)
x∗Lu = 2CL A(U∗)
x∗Mu = 2CM A(U∗)

x∗Dw = (KD − CL)A(U∗)
x∗Lw = (KL + CD) A(U∗)

x∗Mw = KM A(U∗)

(7)

where KD, KL and KM are the slopes
of the static coefficients (in rad−1),
andA(U∗) is a real function dependent
on the reduced velocity (Davenport
aerodynamic admittance):

A(U∗) = 2

7
U∗

( )2

7
U∗ − 1+ e−7/U∗

( )

(8)

Other admittance functions are avail-
able in the literature (e.g. Ref. [59]).

Fig. 5: Lift and moment flutter derivatives as a function of reduced velocity U*, for several
mean angles of attack. The markers at U* = 20 indicate the quasi-steady values of the
coefficients

a = −4◦ a = −2◦ a = 0◦ a = +2◦ a = +4◦

a∗5 0.068 0.155 0.240 0.326 0.406

a∗6 0.0 0.0 0.0 0.0 0.0

h∗5 −0.989 −0.701 −0.412 −0.105 0.236

h∗6 0.0 0.0 0.0 0.0 0.0

p∗1 0.061 0.070 0.055 0.099 0.265

p∗2 0.061 0.070 0.055 0.099 0.265

p∗3 −0.434 −0.280 −0.151 0.047 0.383

p∗4 0.0 0.0 0.0 0.0 0.0

p∗5 0.132 0.108 0.093 0.088 0.102

p∗6 0.0 0.0 0.0 0.0 0.0

Table 3: Drag and lateral flutter derivative values based on QST, for several angles of attack
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Benchmark Results

In this section, only a selected part of
the study results is presented, while
for those interested in comparing
their own results in details, a complete
set is provided in the online sup-
plemental data.

In the analysis of the results, each con-
tribution is defined anonymously by a
number that is kept constant through-
out the article. It should also be
noted that there is no correspondence
between the number assigned to each
contribution and the order of the list
of authors. For each benchmark
result, a reference value, and a cri-
terion for assessment/validation are
given.

Aeroelastic Stability in Smooth
Flow for Step A

Figure 6 shows a plot of the flutter
critical wind speeds predicted by
different TG members for Step A, for
a total of 13 contributions. In this
case, the procedure to define a refer-
ence and acceptance criterion is as
follows.

1. The mean m∗ and the standard devi-
ation s∗ of all data is computed (in
this case, 13 values).

2. The values outside the range
m∗ + s∗ are arbitrarily considered
outlier data (in this case contri-
bution 5, 8 and 15), and they are
excluded for the definition of the
reference value.

3. A reference mean value m (69.8 m/
s) is computed excluding the
outlier data and taken as reference.

4. If the error between a contribution
and the reference is less than
1MAX = 2%, the numerical pro-
cedure that produced the number
is deemed to be sufficiently accu-
rate (in this case 1MAX = 2% is
chosen arbitrarily by the TG).

For eight contributions in the fre-
quency domain, Fig. 7 and Table 4
also show the trend of the total
damping ratio (structural plus aerody-
namic) as a function of the mean
wind speed, for the mode that shows
flutter instability (torsional branch). j
is defined as the ratio between the
real part of the eigenvalue changed
in sign and magnitude. Even though
the spread of the flutter speed par-
ameter is small, larger differences
can be noted in some of the
contributions.

It is worth noting, as an example, that
contributions 19 and 22, which fall in
the acceptance band of flutter wind
speed, show a completely different
trend of damping in the wind speed
range between 45 and 65 m/s, exhibit-
ing larger damping values.

As highlighted in Ref. [1], this evi-
dence emphasises that considering
only flutter speed is not sufficient to
validate numerical procedures, and
also the damping ratio as a function
of the mean wind speed has to be com-
pared with reference data. On the
other hand, contribution 15, which
underpredicts the flutter wind speed
and is treated as an outlier, is also
underpredicting the trend of the
damping ratio.

In this case, the predicted range of
values were obtained applying the fol-
lowing procedure.

1. Five significant wind speeds are
selected (15, 30, 45, 60 and 68 m/
s). These speed values are chosen
to define the trend of the damping
well.

2. For each of these wind speeds, out-
liers are arbitrarily identified using
the m∗ + s∗ criterion defined
previously.

3. A reference mean value mi is com-
puted for every speed i, excluding
the outliers (contributions 15, 19
and 22), and reported as a black
cross marker in Fig. 7.

4. The result is deemed to be pre-
dicted well if two conditions are
met simultaneously:

(a) for each wind speed con-
sidered, the maximum error
between the reference mi and
the contribution at that wind
speed should be less than
1MAX = 20%;

(b) the average error, considering
all the wind speeds, should be
less than 1mean = 10%.

Predicted values out of the rangeU* <
1 andU* > 17 are not to be considered,
since a reference extrapolation
method has not been defined by the
TG 3.1 members and these results
cannot be defined well by the
benchmark.

As an example, for Contribution 15,
the procedure applies as follows.

1. For each wind speed selected, the
relative error between the contri-
bution and mi is computed. The
numerical absolute values of (ξ-μ)/
μ are, for the 5 considered wind
speeds, 8.5, 11.8, 12.8, 11.4 and
94.9%.

2. The maximum relative error, 94.9%
at 68 m/s, should be lower than
1MAX = 20%, and thus the con-
dition (a) is not satisfied.

3. The average error is equal to
27.9% , and therefore the condition
(b) is also not satisfied (the average

Fig. 6: Flutter critical wind speed results
from different programmes of the TG

Fig. 7: Total damping ratio of the unstable
1st torsional mode as a function of mean
wind speed

15 m/s 30 m/s 45 m/s 60 m/s 68 m/s

ξ Μ 0.008 0.014 0.019 0.015 0.004

σ/μ (%) 5.62 4.61 0.96 5.65 17.04

Table 4: Estimated values and spread of the total damping trend
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error should be lower than
1mean = 10%).

Table 4 reports the reference mean
value mi and the standard deviation
ratio si/mi, computed using the contri-
butions, deemed not to be outliers, for
each wind speed selected. The stan-
dard deviation ratio is approximately
constant with the exception of that at
68 m/s, at which, however, the refer-
ence mean value approaches zero
since the flutter instability condition
is almost reached.

Buffeting Response in Turbulent
Flow for Step A

The standard deviation (STD) values
of the lateral (y), vertical (z) and tor-
sional (zeq) displacement at mid-span
increasing the mean wind speed are
reported in Figs. 8–10. The torsional
values are expressed in equivalent dis-
placement of the deck leading edge as
Zeq = (B/2)u.

Each figure reports the estimated
value as a black cross marker and the
contributions that fit within the arbi-
trary outlier analysis are plotted on
the right of the reference in orange.
On the other hand, the contributions
discarded are plotted on the left in
grey. In this case, the criterion was
the same as the damping trend with
thresholds 1MAX = 10% and
1mean = 10%. In the computation of
1MAX and 1mean, the values at 15 m/s
are not considered for the STD plots,
since they are characterised by a
small amplitude of motion deemed
negligible in the design of long-span
bridges. It is worth pointing out that
the contributions, in both orange and
grey, still refer to the selected wind
speeds (i.e. 15, 30, 45 and 60 m/s)
even if they are plotted slightly to the
side, in order to improve the readabil-
ity of the plots.

Results coming from both time
domain (TD) and frequency domain
(FD) methods are presented. Both
TD and FD results show a similar
trend and spread. Time domain
results (TD) represent the average of
the values obtained using the ten ran-
domly produced wind velocity time
histories.

Figures 11 through 13 show for com-
pleteness the same kind of results for
the deck section at the quarter-span
station of the main span.

Table 5 reports the reference mean
value mi and the standard deviation
ratio si/mi for each selected wind
speed at both mid- and quarter-span.
Also in this case, the standard devi-
ation ratio results are almost constant
and lower than the 10% for each dis-
placement at the wind speeds con-
sidered. The only exception occurs at
15 m/s for the lateral (y) displacement,
at which, however, the mean is very
close to zero and thus the value of
si/mi is less significant.

In addition to the STD trends versus
wind speed, additional comparisons
can be made for the buffeting
response: for FD methods, the com-
parison of PSDs; for TD methods, the
comparison of time histories.

As an example, Figs. 14 and 15 report
the power spectral densities (PSDs)
of the vertical displacement at mid-
span and of the torsional displacement
at quarter-span at 45 m/s computed in
the frequency domain. For this case,
an estimated value is given and
plotted as a continuous black line.
The usual criterion is adopted with
1MAX = 30% and 1mean = 10%, but in
this case the deviations between the
reference and each contribution are

Fig. 8: STD of lateral displacement at mid-
span versus mean wind speed

Fig. 9: STD of vertical displacement at mid-
span versus mean wind speed

Fig. 10: STD of equivalent torsional dis-
placement at mid-span versus mean wind
speed

Fig. 11: STD of lateral displacement at
quarter-span versus mean wind speed

Fig. 12: STD of vertical displacement at
quarter-span versus mean wind speed

Fig. 13: STD of equivalent torsional dis-
placement at quarter-span versus mean
wind speed
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computed over a range of frequencies
where PSD values are significant and
inside the range where the flutter
derivatives are defined. In the legends
of Figs. 14 and 15, the STD value for
each contribution obtained by numeri-
cal integration of the PSD is also
reported: these values are the same
as those reported in the corresponding
plots in Figs. 9 and 13.

A specific comparison for TD results is
proposed in Fig. 16, where the time
histories of the displacement at mid-
span for a wind speed of 45 m/s are
reported for the first wind reconstruc-
tion (seed 1) of the ten distributed.
Simulations are 10 minutes long but,
for a better visual comparison, a 60 s
window starting at 300 s is shown in
the figures.

The comparison shows good agree-
ment between all the seven available
contributions for vertical displace-
ment, while a larger discrepancy is
shown by one of the contributions in
the torsional displacement.

To have a more quantitative compari-
son between the results, some indexes
of the metrics reported in Ref. [60] are
used as comparisons for the time his-
tories, as shown in Fig. 17. The compari-
son metrics are constructed in a unified
manner using an exponential function
with a negative exponent, as follows:

M(x, y) = e−lA(x,y) (9)

where A(x, y) is the relative difference
depending on the metric considered,60

and λ is a sensitivity parameter taken
as one. The relative difference is com-
puted comparing each time history
with a reference time history assumed

equal the average of all the seven con-
tributions, reported here as dotted
black lines. The metrics considered are
as follows.

. Phase (Mf), in order to account for
the mean phase discrepancy
between the selected signal and the
reference one.

. Peak (Mp), to compare the peak
value of each time history with
respect to the reference. The peak
value of the aeroelastic response is
an important parameter for the
design of long-span bridges.

. Root mean square (Mrms) is signifi-
cant as it is closely related to the
energy content of the signals.

. Magnitude (Mm), to determine the
local amplitude discrepancies of the
time histories.

. Probability density function (Mpdf )
is useful to quantify the non-Gaus-
sian properties of the time histories.

. Frequency content (Mw) and (Mwf )
using a wavelet analysis, to
compare the energy content of two
signals in the time–frequency plane.

All the metrics are defined explicitly in
Ref. [60], which also includes openly
available MATLAB® code. The input
parameters for the comparison
metrics are given as a MATLAB
script in the online supplemental

15 m/s 30 m/s 45 m/s 60 m/s

Mid-span Y μ (m) 0.019 0.128 0.316 0.557

σ/μ (%) 19.30 5.14 2.69 4.88

Z μ (m) 0.058 0.238 0.508 0.879

σ/μ (%) 3.76 2.92 3.20 4.42

zeq μ (m) 0.009 0.051 0.150 0.417

σ/μ (%) 5.60 3.26 3.43 3.95

Quarter-span Y μ (m) 0.015 0.091 0.225 0.413

σ/μ (%) 15.86 3.56 1.58 4.24

Z μ (m) 0.078 0.296 0.563 0.880

σ/μ (%) 3.98 2.61 4.07 4.78

zeq μ (m) 0.006 0.035 0.103 0.273

σ/μ (%) 9.18 5.71 4.28 4.10

Table 5: Estimated values and spread of the accepted contributions for mid-span and
quarter-span

Fig. 14: PSD of the vertical displacement at
mid-span at 45 m/s of wind mean speed

Fig. 15: PSD of the equivalent torsional
displacement at quarter-span, at 45 m/s of
wind mean speed

Fig. 16: Time histories of the vertical dis-
placement z and of the rotation θ at mid-
span, at 45 m/s
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data. The metrics, which are reported
in the previous figures in a polar plot,
show how the vertical displacement
discrepancies are more related to
phase and peak values while the tor-
sional displacement differences
depends also on the frequency
content. For the time histories, good
agreement with respect to the refer-
ence is expected when all metrics are
above the threshold M ≥ 0.8.

As an additional comment, in the
legend of Fig. 16 the value of g is
shown, which is the ratio between the
peak and the standard deviation s of
each contribution. The value of g is
approximately three for the vertical dis-
placement and between 3 and 4.5 for the
torsional. This value is reported to high-
light that TD methods have the advan-
tage over FD methods in that they
produce values for the peak responses
directly that can be elaborated further
by means of extreme value analysis pro-
cedures61 and used for direct derivations
of design wind loads.33

Selected Results for Step B

When the effect of the mean wind
speed on the mean bridge displace-
ments is considered in the simulations,
the deck rotates changing the mean
angle of attack, and consequently the
aerodynamic derivatives should be
evaluated considering that their
values depend on the mean angle of
attack. This dependence on angle of
attack is the scope of Step B.

To examine the predicted static defor-
mations under mean wind loading
using the modal approach, Fig. 18
reports the mean deck rotation as a
function of the mean wind speed at
mid-span. All contributions are
reported in the same manner as in
the previous STD plots. The spread
of the accepted data, with respect to
the estimated mean value mi, is less
than 1% at each mean wind speed,
which underlines the good agreement
of the selected contributions (Table 6).

In general, the dependence of the
aeroelastic response upon the mean
angle of attack is important if there is
a strong dependence of the value of
the aerodynamic coefficients upon
this parameter. As an example, Figs.
19 through 21 report the STD trends
for the lateral, vertical and torsional
displacements, while the estimated
values and their spreads are reported
in Table 7. These trends can be com-
pared with those of Step A in Figs. 8
through 10, where the vertical and tor-
sional predictions are very similar,
because the relevant lift and moment
derivatives do not show an important
dependence upon the mean angle of

attack. For the lateral displacement,
however, at higher wind speeds (i.e.
at larger rotations of the deck) there
is a significant increase in the response
(about two times): this is mainly due to
the fact that x∗Dw = (KD − CL)A(V∗)
passes from x∗Dw = (0.06)A(V∗) at 0°
to x∗Dw

= (0.27)A(V∗) at 4°.

For flutter stability, there is no signifi-
cant variation of the critical speed,
compared to Step A, since for this
value the lateral drag force coefficients
are less relevant. In this case, the esti-
mated value for flutter speed is
m = 70.0 m/s with again 1MAX = 2%.

Fig. 17: Comparison metrics for the vertical displacements (left) and for the rotations (right)
at mid-span, at 45 m/s

Fig. 18: Static rotation at mid-span versus
mean wind speed

15 m/s 30 m/s 45 m/s 60 m/s

Mid-span Θ μ (deg) 0.165 0.705 1.790 3.864

σ/μ (%) 0.23 0.12 0.54 0.86

Table 6: Estimated values and spread of the deck static rotation at mid-span

Fig. 19: STD of lateral displacement at mid-
span versus mean wind speed

Fig. 20: STD of vertical displacement at
mid-span versus mean wind speed

Fig. 21: STD of equivalent torsional dis-
placement at mid-span versus mean wind
speed
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However, it should be noted that the
mid-span rotation exceeds the +4°
aerodynamic derivatives before reach-
ing the flutter speed. Therefore, par-
ticipants could either extrapolate or
directly apply the +4° derivatives
when reaching this flutter speed,
which potentially may lead to some
spread in the predictions.

Conclusions

Thanks to the joint effort of several
experts in the field of bridge design,
aerodynamics and aeroelasticity, it
was possible to set up a benchmark
case and to define a range of well esti-
mated results for the aerodynamic
stability and buffeting response of
long-span bridges. The results pre-
sented can be used by anyone to
assess and validate their own method-
ology and numerical procedures,
either in the frequency or in the time
domain. Two different sets of results
are considered, including or excluding
the dependence upon the static deck
rotation as a function of the mean
wind speed.

The following common input data is
considered: the first 12 mode shapes
and modal parameters for the
dynamic description of a suspension
bridge; the deck static aerodynamic
coefficients as a function of the mean
angle of attack; the deck aerodynamic
derivatives as a function of the
reduced velocity and of the mean
angle of attack; the deck admittance
function; the power spectra of the tur-
bulent wind field and its spatial coher-
ence functions for frequency domain
methods, and a set of time histories
of turbulent wind speeds along the
deck for time domain methods; the
values of mean wind speeds to be
investigated.

The results provided in terms of stab-
ility are the flutter onset speed and

the damping ratio variation of the tor-
sional modal branch. For the buffeting
response, the RMS of the displace-
ments as a function of mean wind
speed and the PSD values of the displa-
cements for the frequency domain are
provided. In addition, for time domain
methods, reference time histories of
displacements are given. In this article,
only key results are presented for
brevity, while all input data and
detailed calculation results are avail-
able in the online supplemental data.

For each estimated result, the authors
also present an outlier criterion,
which was arbitrarily selected based
on the available data. Without claim-
ing that a fully closed solution has
been offered, the authors believe
that, based on their best efforts, the
information given will be useful to
others in validating their method-
ologies and numerical procedures for
the wind analysis of long-span bridges.
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