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Abstract: The significance of long-span bridges being susceptible to wind-induced vibrations and the
need for evaluating their aerodynamic performance is the focus of this study. The main emphasis
is on experimental methods for assessing the bridges’ aerodynamic stability, using sectional model
tests with the free vibration technique. The dynamic properties of the model are determined from the
measured response, using various system identification methods, including the modified Ibrahim
time domain (MITD) and iterative least squares (ILS) for two-degree-of-freedom systems and the
logarithmic decrement method (LDM) and the Hilbert transform method (HTM) for single-degree-
of-freedom (SDOF) systems. A new dynamic testing setup was designed to facilitate single-degree-
of-freedom (heave and pitch) and coupled two-degree-of-freedom (2DOF) motion in a wind tunnel
section model. The vertical and torsional stiffnesses of the model were adjusted with elastic springs.
A Great Belt Bridge section model was selected for testing due to its streamlined aerodynamic shape.
The direct and crossflow derivatives were extracted from the measured response using the system
identification methods mentioned. Additionally, analytical studies and numerical computational
fluid dynamics simulations were conducted to validate the experimental results. The study found
that HTM is most effective in SDOF due to its ability to extract both damping and frequency from the
nonlinear response, whereas the MITD method is faster in converging system parameters in 2DOF
system tests. The experimental and numerical results are comparable to the flat plate, which confirms
the streamlined behavior of the Great Belt section from an aerodynamic perspective.

Keywords: long-span bridges; flutter derivatives; system identification methods; wind tunnel test;
free vibration test; computational fluid dynamics

1. Introduction

Long-span bridges play a crucial role in civil engineering and are considered major
engineering feats. Since the construction of the Brooklyn Bridge in 1883, the design of
modern suspension bridges has greatly advanced. The span length of suspension bridges
rapidly increased from 486 m for the Brooklyn Bridge to 1067 m for the George Washington
Bridge in 1931 and up to 1991 m for the Akashi Kaikyo Bridge in 1998 [1,2]. The design of
these bridges is constantly advancing along with the materials of construction [3], allowing
engineers to construct longer, slender, and more flexible structures [4]. However, the flexible
nature of these structures requires precise assessments of their aerodynamic properties
for stability and safety [5]. For example, pipeline suspension bridges, used for water, oil,
or gas transportation, can be highly sensitive to wind due to their narrowness, lightness,
and flexibility [6]. In addition, non-engineering defects can also contribute to the failure of
reinforced structures [7].

Wind-induced vibrations on long-span bridges are a complex phenomenon that can
cause significant structural damage if not properly addressed. During construction, these
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bridges are especially vulnerable as the main cables are hung from the bridge towers
and are not supported by a stiffening girder, leading to low rigidity and sensitivity to
wind excitations [8,9]. This has been demonstrated by several bridges in China that
experienced large-amplitude, wind-induced vibrations during construction, posing a risk
to both structures and workers. Substructure failures, such as in piles, also cause numerous
bridge failures [10], and it is crucial to understand the importance of predicting appropriate
pile displacement responses in linear elastic soil systems [11,12].

Historically, wind loads have been treated as static, but they can cause structural
resonance [13]. Vibrations caused by the wind’s interaction with the bridge’s structure
can excite resonant frequencies, leading to excessive motion. This can result in fatigue
damage, cracking, and even collapse if left unmitigated. Engineers employ various tech-
niques, such as aerodynamic shaping, dampers, and tuned mass dampers, to reduce
wind-induced vibrations on long-span bridges. Aerodynamic measures are commonly
used to enhance the wind-induced vibration performance of bridges. Some nondestructive
testing methodologies, such as magnetic flux leakage, can also be employed to detect
early damage in long-span bridges [14]. Wind tunnel tests are frequently conducted to
study the performance of these measures. Sectional model tests with large-scale ratios
are often used to measure aerodynamic coefficients, analyze vortex-induced vibrations
(VIVs), and investigate two-degree-of-freedom flutter [15]. The effects of handrails and
wind-fairing guide vanes on bridge aerodynamics can also be studied through sectional
model tests. Full-bridge aeroelastic model tests can accurately simulate the multi-order
modal responses and wind-induced vibrations of the bridge in actual atmospheric bound-
ary conditions [16]. Tests have shown that suitable wind fairing can improve flutter stability
and reduce VIV response [17,18].

The collapse of the Tacoma Narrows Bridge in 1940 is a famous example of wind-
induced vibrations on a long-span bridge [19]. These vibrations can manifest as flutter, gal-
loping, VIVs, or random buffeting. Flutter and VIVs are the primary forms of wind-induced
instability vibrations that pose the greatest threat to the safety of long-span bridges [20].
The bridge’s collapse was due to aeroelastic flutter, which was caused by the wind’s inter-
action with the bridge’s structure. Flutter can lead to structural collapse after amplitude
divergence, while VIVs cause bending or torsional single-mode vibrations that affect driver
and pedestrian comfort. During the construction of the Old Tacoma Narrows Bridge, VIVs
were present and transformed into flutter just prior to the bridge’s collapse.

Ref. [21] notes that, in the early 2000s, engineers found that the Sydney Harbor Bridge
was experiencing excessive wind-induced vibrations and installed tuned mass dampers to
address the issue. These devices reduce vibrations by absorbing energy [21]. The Millau
Viaduct in France, with a main span of 2460 m, underwent extensive wind tunnel testing
and numerical simulations to evaluate its aerodynamic performance. The Tower Bridge in
London recently underwent a renovation, which included the installation of wind sensors
and a weather station to monitor wind conditions and optimize the bridge’s operation and
maintenance. The Akashi Kaikyo Bridge in Japan also underwent full aeroelastic model
testing using a big boundary layer wind tunnel, which helped engineers develop design
considerations for wind effects on the bridge [22]. These examples indicate a strong need
for comprehensive aerodynamic model testing especially when additive manufacturing is
prevailing in the bridge industry [23].

The Great Belt Bridge, which connects the Danish islands of Funen and Zealand, is
a three-span suspension bridge and one of the longest bridges in the world. Suspension
bridges are the most efficient form of long-span bridges because of their low stiffness,
but they also become more flexible with increasing span and have prominent dynamic
problems [24]. Wind tunnel testing is the best option for checking the aerodynamics and
aeroelasticity of long-span bridges and can be classified into three types: sectional model
testing, taut strip model testing, and full aeroelastic model testing. In this research, a section
of the Great Belt Bridge has been selected as a reference to perform wind tunnel testing due
to its streamlined aerodynamic shape. A novel testing setup is designed, which facilitates a
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single-degree-of-freedom (heave and pitch) and coupled two-degree-of-freedom motion to
a wind tunnel section model. The direct and cross-flutter derivatives are obtained from
the measured data using several system identification methods, including the Hilbert
transform method, the logarithmic decrement method, the iterative least squares method,
and the modified Ibrahim time domain method. Furthermore, an analytical study along
with numerical computational fluid dynamic simulations are also performed to validate
the experimental results.

2. Aerodynamic Phenomena

Aeroelastic or aerodynamic phenomena occur due to interactions between wind and
structure. When a structure vibrates in response to an oncoming flow, it changes the flow
pattern, which, in turn, affects the structural vibrations. The aerodynamic behavior of
long-span bridges can be classified into two groups based on the magnitude of vibrations
under wind action: limited amplitude and divergent amplitude.

2.1. Limited Amplitude Phenomena

These phenomena occur at a restricted range of wind speeds, and this group en-
compasses buffeting, vortex-induced vibrations (VIV), rain–wind-induced vibrations, and
wake-induced vibrations, which cause discomfort in serviceability, increase internal stresses,
and may lead to fatigue in the bridge structure.

2.1.1. Vortex-Induced Vibrations (VIVs)

Vortex-induced vibrations (VIV) are motions experienced by structures due to their
interaction with the flow, caused by vortex shedding in the wake. This leads to fluctuating
pressures on the structure’s surface, causing oscillations perpendicular to the flow direction.
The frequency of these vortices depends on flow velocity, the shape of the body, and fluid
viscosity. Lock-in, a phenomenon in long-span bridges, occurs when the vortex shedding
frequency aligns with one of the bridge’s natural frequencies, leading to strong, sustained
oscillations for a specific wind-speed range. Past examples of bridges experiencing VIVs
include the Great Belt Bridge, the Trans-Tokyo Bay Highway, the Niteroi Bridge, the
Volgograd Bridge, and the Arches of Alconetar bridge during the construction [25–28].

2.1.2. Buffeting

The buffeting response of a long-span bridge is a random vibration caused by the
fluctuating pressure resulting from the natural turbulence in the oncoming wind. If it
occurs due to the wake of the structure on the upstream side, it is referred to as wake
buffeting. The buffeting response of the bridge depends on its natural frequencies, the
shape of the deck, and the turbulence intensity. The structural response from buffeting
increases monotonically with an increase in wind speed.

2.2. Divergent Amplitude Phenomena

The divergent amplitude of a structure is caused by self-excited forces from wind–
structure interactions. If the input energy from the wind is less than the energy dissipated by
the structure, the amplitudes will decrease. However, if damping is insufficient, amplitudes
will increase and could result in failure. The wind speed that triggers the diverging motion
is called the critical wind speed.

2.2.1. Classical Flutter

Classical flutter is a two-degree-of-freedom aerodynamic instability where vertical and
torsional modes couple in flow-driven unstable oscillations with energy transfer between
the modes. It is also known as 2DOF flutter or coupled flutter. Energy transfer only
occurs when the contributing degree of freedom has the same frequency, also known as the
flutter frequency.
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2.2.2. Galloping

Galloping is a single-degree-of-freedom (SDOF) aerodynamic instability where the
aerodynamic damping in the crosswind direction becomes negative, causing large trans-
verse amplitudes. It is also referred to as “crosswind galloping”, “translational galloping”,
or “bending flutter”. Slender structures with large depth-to-width ratios are more prone to
hard galloping, while those with smaller ratios have a higher likelihood of soft galloping.

2.2.3. Torsional Flutter

Torsional flutter is a single-degree-of-freedom (SDOF) aerodynamic instability in
rotational motion, also referred to as “rotational galloping”. It occurs when the effective
damping (mechanical and aerodynamic) of the structure in torsional motion becomes zero.
Long-span bridges with a broad deck cross-section are more susceptible to torsional flutter,
while bridges with streamlined deck sections tend to exhibit classical flutter.

2.2.4. Torsional Divergence

Torsional divergence, also known as static-type instability, is linked to the torsional
stiffness of a structure. It occurs when the combined stiffness of the structure and its
aerodynamics reaches zero, usually at high wind speeds, and is considered the ultimate
limit state.

3. Methods of Aerodynamic Analysis

The aerodynamic analysis of a bridge can be performed by using experimental meth-
ods (wind tunnel test), analytical methods (Theodorsen theory), and by using numerical
methods (computational fluid dynamics).

3.1. Wind Tunnel Testing

Wind tunnel tests are very important in bridge response investigations and designs.
The scaling of structural and flow properties using nondimensional parameters such as
the Froude number, the Reynolds number, and the Strouhal number is applied in model
and experimental designs. Notable long-span bridges such as Stonecutters Bridge, the
Great Belt Bridge, and Akashi Kaikyo Bridge underwent extensive wind tunnel tests during
design [29]. There are three types of models used for these tests depending on the type of
tests, costs, and time constraints. Section model testing is used in current research, and it
involves testing a scaled cross-section of the bridge’s main section. Section model tests are
more conservative in predicting bridge instabilities and can be used in the early design
stage to identify the best aerodynamic cross-sectional shape. Taut-strip models are simpler
than full aeroelastic models. They consist of a bridge deck connected to two parallel taut
wires in the wind tunnel section. This approach is less expensive and can target several
modes and the 3D structure of turbulence. Full 3D models are scaled replicas of actual
bridges, including all structural details. Full aeroelastic models are typically used as a final
check for a bridge’s aerodynamic characteristics due to their high cost.

3.2. Theodorsen Theory for Flat Plate

The Theodorsen [30] approach for flutter analysis uses potential flow theory and is
based on the idea that, for a thin airfoil in an incompressible flow, lift (FL) and moment
(FM) are linear functions of displacement (h) and rotation (α), and their first derivatives
are shown in Figure 1. This approach is only valid for streamlined cross-sections and does
not depend on the shape of the body. Theodorsen considered a flat plate exposed to an
oncoming flow undergoing small harmonic oscillations in the vertical (h) and rotation (α)
values at a distance, “ab”, from its center.
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3.3. Numerical Methods

Numerical methods, including computational fluid dynamics (CFD) and computa-
tional wind engineering (CWE), are growing in popularity due to recent advancements in
computer modeling and analysis techniques. While wind tunnel tests are still considered
reliable, they have restrictions in terms of cost and time; on the other hand, numerical
methods cannot fully capture the physical characteristics of fluid interactions. CFD solves
the flow equations at discrete points, while CWE applies CFD to study wind engineering
problems, especially bluff body aerodynamics. Common flow discretization methods
include the finite element method (FEM), the finite volume method (FVM), the discrete
vortex method (DVM), and the boundary element method (BEM).

4. System Identification Methods

System identification is the process of determining the fundamental dynamic parame-
ters of a mathematical model based on measured input and output data. The choice of a
system identification method is contingent on the particular problem, making a universal
method for flutter derivative extraction impractical. In this study, the logarithmic decre-
ment method (LDM), the Hilbert transform method (HTM), the modified Ibrahim time
domain (MITD) method, and the iterative least squares (ILS) method are implemented for
the identification of parameters in an SDOF system, while only ILS and MITD are used for
a 2DOF system.

4.1. Logarithmic Decrement Method (LDM)

The logarithmic decrement method is a simple and widely used technique for deter-
mining the damping coefficient from a free vibration decay response. The log-decrement
(δ) is defined as the logarithmic ratio between two consecutive peak amplitudes (xn and
xn+j) in the free decay response, corresponding to the times tn and tn+j, as shown in Figure 2.
The log-decrement can be expressed as

δ =
1
j

ln
xn

xn+j
=

2πξ√
1− ξ
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4.2. Hilbert Transform Method (HTM)

HTM is a well-known approach to identifying modal damping and the frequency of
the SDOF of a system. The Hilbert transform is a linear time domain transformation that
allows for a complex-valued representation of the analytical signal. The Hilbert transform,
∼
x(t), of a signal, x(t), can be represented as

H[x(t)] =
∼
x(t) =

1
π

∫ ∞

−∞

x(τ)
t− τ

dτ

The analytical signal X(t) is

X(t) = x(t) + j
∼
x(t), (j = −1)

4.3. Iterative Least Squares (ILS)

Iterative least squares is a system identification method developed by Chowdhury
and Sarkar [32] to extract flutter derivatives from free vibration tests. The fundamental
idea behind this method is to obtain system matrix A using a state–space model from noise-
corrupted time histories. Considering the two-degree-of-freedom system, the state–space
model can be expressed as

.
X = AX


.
h
.
α
..
h
..
α

 =

[
0 I

−Ke f f −Me f f

]
h
α
.
h
.
α

; I =
[

1 0
0 1

]
; 0 =

[
0 0
0 0

]

Matrix A is a square matrix of the order 2n × 2n, where n is the number of degrees
of freedom in the system. Matrix A can be identified if the acceleration, velocity, and
displacement time histories are recorded for n degrees of freedom. The ILS method is
preferred over other system identification methods due to its simplicity, as it does not
require time shift parameters and directly identifies the system matrix without solving
eigenvalue problems, reducing mathematical complexities. A flowchart of the ILS algorithm
is shown in Figure 3.
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4.4. Modified Ibrahim Time Domain (MITD) Method

The MITD method, developed by Sarkar [34], is used to obtain flutter derivatives
from bridge section free vibration wind tunnel tests. The equation of motion for the linear
dynamic system can be written as

M
..
X(t) + C

.
X(t) + KX(t) = F(t)

The current study aims to extract flutter derivatives in smooth flow conditions and
considers any turbulence as additional noise. The modified Ibrahim time domain method
uses the initial parameters determined by the ITD method. The MITD method can clean the
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noise-corrupted signal through an iterative process, and it accurately identifies the system
parameters. A flowchart of the MITD algorithm is shown in Figure 4.
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5. Experimental Program

The wind tunnel facility at Bauhaus-Universität Weimar was used to perform the
free vibration tests for both the SDOF and 2DOF tests. The Great Belt Bridge, shown
below in Figure 5, was chosen as a reference as it is a well-studied cross-section in bridge
aerodynamics [35,36]. This bridge is one of the world’s longest and a notable engineering
feat in Danish history, featuring a continuous girder without expansion joints. It connects
the two Danish islands of Funen and Zealand with a main span of 1624 m and two side
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spans of 535 m each, helping to limit movement due to traffic and wind. The basic data and
structural properties of the Great Belt Bridge are provided in Table 1, below. Some general
arrangements of the bridge are shown in Figure 5.
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by eleven cross-sectional diaphragms. It was fitted with elliptical endplates to prevent 
aerodynamic end effects and maintain two-dimensional flow during testing. The section 
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geometric scale. Nonstructural details were not included in the model. The bridge cross-
section and skeleton of the bridge deck model are shown in Figure 6. 
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Table 1. Structural properties of the Great Belt Bridge [37].

Structural Parameter Symbol Value

Total span lspan 2694 m
Deck width B 31 m
Deck depth D 4.4 m
Mass M 22.74 t/m
Mass moment of inertia I 2.47 × 103 tm2/m
First vertical frequency fh 0.10 Hz
First torsional frequency fa 0.78 Hz

5.1. Bridge Section Model for Wind Tunnel Test

The reference section for the study was made from aircraft plywood and reinforced
by eleven cross-sectional diaphragms. It was fitted with elliptical endplates to prevent
aerodynamic end effects and maintain two-dimensional flow during testing. The section
model had a length of 1.2 m, a width of 0.31 m, and a depth of 0.044 m, with a 1:100
geometric scale. Nonstructural details were not included in the model. The bridge cross-
section and skeleton of the bridge deck model are shown in Figure 6.
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characteristics to determine sampling positions, but they do not consider load cases or 
actual structural responses, which can lead to errors [40]. The initial stage of model 
updating to acquire the real structural response necessitates a well-designed sensor 
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vibration test setup was designed to achieve vertical (h), torsional (α), and coupled motion 
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Figure 6. (a) Great Belt Bridge deck cross-section; (b) skeleton of the bridge deck model.

5.2. Bauhaus-Universität Weimar Wind Tunnel Facility

The free vibration tests were carried out in the wind tunnel facility at the Bauhaus-
Universität Weimar. Figure 7 shows the 3D model of the wind tunnel facility at Bauhaus-
Universität Weimar. The tunnel is a closed-loop and low-speed-type wind tunnel. This
wind tunnel has a test section size capacity of 2.5 × 1.3 × 0.8 m (length × width × height).
The allowable wind speed range is 1–30 m/s, and the provided degree of turbulence
is 0.5% in the case of the closed measuring section and 0.8% in the case of the open
measuring section.
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5.3. Free Vibration Test Setup Arrangement

The proper design and arrangement of the test setup are very important to achieve the
desired motion. Conventional methods for sensor placement use structural characteristics
to determine sampling positions, but they do not consider load cases or actual structural
responses, which can lead to errors [40]. The initial stage of model updating to acquire the
real structural response necessitates a well-designed sensor network with a suitable sensor
arrangement [41]. In this research work, a novel free vibration test setup was designed to
achieve vertical (h), torsional (α), and coupled motion in the section model. Figure 8 shows
the 3D model of the test setup arrangement.
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The test setup consists of a bridge section model with a T-shaped bar, “4”, fixed
to an extended longitudinal bar using bolts. The assembly is supported vertically by
eight external elastic springs, “2”, and we can control its torsional frequency by adjusting
the spring spacing. Two vertical bars with brakes,
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, on either side allow for vertical
adjustments and restrict motion along the longitudinal and wind directions. These rods
also restrict the bridge deck motion along the longitudinal axis, r, as well as along the wind
direction, p, as illustrated in Figure 9. The torsional adjustments are performed using the
ball-bearing assembly, as shown in detail ª. There are four electromagnets, “3”, attached
to the corners of the rig,
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, to precisely achieve controlled release conditions (h 6= 0 and α

6= 0). To record the vertical and torsional motion time histories, two sensors, “S1” and “S2”,
are attached to the transversal rod. Precise control of the initial conditions is important to
avoid nonrepresentative free-decay motion, and initial conditions are determined by the
desired degrees of freedom to be excited by the top of the form:

(h 6= 0, α = 0; h = 0, α 6= 0; h 6= 0, α 6= 0).
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Figure 9. Possible-degree-of-freedoms of the system, where h = vertical displacement, α = rotation,
p = displacement along the wind direction (restricted), r = horizontal displacement (restricted), and
ro = rocking of section model (restricted).

5.4. Test Setup Assembly
5.4.1. Single-Degree-of-Freedom Assembly

The SDOF torsional motion was triggered by restricting the vertical DOF (h = 0)
using brakes, as shown in Figure 10. A circular ball bearing connected to the section
axis via a solid circular shaft and an adjustable steel plate controlled the torsional fixity.
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The four elastic springs connected to the transversal bar produced the oscillatory motion.
One electromagnet was inverted on either side of the section to maintain proper initial
torsional displacement. Pure vertical motion was generated by removing the brakes
and fully tightening the plate, restricting the torsional DOF (α = 0). The initial vertical
displacement was controlled by equalizing all magnets. A misalignment of the top and
bottom horizontal supporting frames disturbed the smooth movement of the vertical
bearings, causing additional noise. Adjusting the top and bottom connection of the vertical
bars with washers was the solution.
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5.4.2. Two-Degree-of-Freedom Assembly

Two-degree-of-freedom tests were conducted using two testing arrangements. In
Setup 1, as shown in Figure 11a, all components from the SDOF vertical and torsional
tests were used. The 2DOF motion was achieved by removing the restraints for both
DOFs. This setup had the disadvantage of additional noise from the vertical bearings,
but this was improved by greasing the vertical bearings and bars before the experiment.
In Setup 2, as shown in Figure 11b, the vertical bars and torsional and vertical bearing
assemblies were removed to eliminate the issue of additional noise from vertical bearings
but introduced unwanted motions such as rocking of section, ro; horizontal displacement, r;
and displacement, p, along the wind direction, as shown in Figure 9.
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6. Experimental Procedure

The following procedure was adopted for the free vibration test:
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Repeat the procedure for each experiment. The rotation angle is measured before
releasing the section at higher wind speeds; the section experiences static aerodynamic
moment, which can cause deflection in the section.

7. Signal Processing:
7.1. Single-Degree-of-Freedom Acceleration Response

Signal conditioning was applied before analyzing the deck response with the SID
algorithm to extract useful information and reduce noise. The deck response was recorded
as an acceleration time history using accelerometers at the ends of the bars, but the recorded
response had a lot of noise, including system noise and mechanical noise from wind tunnel
vibrations at high speeds. Figure 12 shows the deck response for SDOF heave and pitch at
wind speeds of 0 m/s and 10 m/s.
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Figure 12. Recorded response of SDOF pitch: (a) raw acceleration time history at U = 0 m/s; (b) raw
acceleration time history at U = 10 m/s.

Noise affects the response more at high wind speeds due to increased wind tunnel
vibrations. The initial cycles contain extra modes due to the catapult effect. The pitch
response at zero wind speed shows clean harmonics after the initial cycles, but the heave
response has noise even at zero wind speed, possibly caused by friction in the bearings.
The response was resampled, normalized, and conditioned by removing the mean and
applying a lowpass filter at 10 Hz and a Butterworth band pass at 2 Hz and 6 Hz to remove
noise and produce clean time histories. The dominant heave frequency was 3 Hz, and the
pitch was 5 Hz, with high-frequency noise at 40 Hz. The filtered response of the heave and
pitch motion is shown in Figure 13. The signal conditioning produced clean and smooth
time histories that were used to identify SDOF parameters for heave and pitch motions.

7.2. Single-Degree-of-Freedom Displacement Response

The system parameters were also identified using the displacement response, as the
system was released from a known initial displacement that was easily identifiable from the
response. The displacement response was obtained by integrating the filtered acceleration
data twice and removing DC components and numerically generated noise with detrending
and filtering at each step. The initial displacement values for vertical and torsional degrees
of freedom can be found from the initial data points of the time histories, as shown in
Figure 14.
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7.3. Two-Degree-of-Freedom Acceleration Response

The 2DOF acceleration response was obtained using the same sensor setup as the SDOF
tests, allowing the bridge section to oscillate in both vertical and torsional DOF. Two setups
were prepared for 2DOF experiments, and two testing arrangements were considered to
record the coupled motion. The first arrangement was with initial displacement in the
vertical DOF (called “vertical-dominant coupled motion”), and the second was with initial
displacement in the torsional DOF (called “torsional-dominant coupled motion”). The
acceleration responses for the 2DOF tests for both vertical- and torsional-dominant motions
are shown in Figure 15. The response dampened faster at 10 m/s wind speed than at 0 m/s
due to added aerodynamic damping from the wind flow on the section.

The FFTs of the vertical- and torsional-dominant motions are plotted in Figure 16
in which red circle shows the peak value. The vertical-dominant motion has more noise
contributions compared with the torsional-dominant motion. At 10 m/s, the high-frequency
noise overshadowed the vertical-dominant frequency.
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Similarly, vertical- and torsional-dominant responses from Setup 2 are shown in
Figure 17. The corresponding frequency spectrum is shown in Figure 18 in which red circle
shows the peak value.
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(b) vertical response at U = 10 m/s; (c) torsional response at U = 0 m/s; (d) torsional response at
U = 10 m/s.

The vertical-dominant response from Setup 1 was more affected by noise than Setup 2,
indicating that the vertical bearings were a major source of noise. The torsional-dominant re-
sponses from both setups were less affected by noise. The vertical- and torsional-dominant
responses from Setup 1 decayed regularly, while those from Setup 2 decayed irregularly,
possibly due to the presence of unrestricted rocking motion. The frequency spectrum
analysis of Setup 2 responses showed three dominant modes at 0 m/s wind speed, with
the frequency of 3.202 Hz representing the vertical mode, 5.04 Hz the torsional mode,
and 4.41 Hz the unrestricted motion, which was more prominent in the vertical dominant
response. The FFT of the torsional-dominant response from Setup 1 showed no contribution
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from the vertical mode, while the FFT of the torsional dominant response from Setup 2
showed a small peak representing the vertical frequency.

7.4. Two-Degree-of-Freedom Displacement Responses

The system identification methods for 2DOF require displacement responses. The
raw responses were converted to displacement by first filtering out high-frequency noise
and then integrating twice. The dominant frequencies for vertical and torsional responses
were 3.01 Hz and 5.02 Hz, respectively, for Setup 1 and 3.202 Hz and 5.04 Hz, respectively,
for Setup 2. A band-pass filter with lower and upper cut-off limits of 2 Hz and 6 Hz was
used. Vertical displacement was obtained by averaging the two sensors, while torsional
displacement was based on the sensor position. For Setup 1, the extracted vertical and tor-
sional displacement responses from the vertical-dominant coupled response are presented
in Figure 19, and the torsional-dominant responses are in Figure 20. Similar responses were
generated for Setup 2.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 17 of 29 
 

decayed irregularly, possibly due to the presence of unrestricted rocking motion. The 
frequency spectrum analysis of Setup 2 responses showed three dominant modes at 0 m/s 
wind speed, with the frequency of 3.202 Hz representing the vertical mode, 5.04 Hz the 
torsional mode, and 4.41 Hz the unrestricted motion, which was more prominent in the 
vertical dominant response. The FFT of the torsional-dominant response from Setup 1 
showed no contribution from the vertical mode, while the FFT of the torsional dominant 
response from Setup 2 showed a small peak representing the vertical frequency. 

7.4. Two-Degree-of-Freedom Displacement Responses 
The system identification methods for 2DOF require displacement responses. The 

raw responses were converted to displacement by first filtering out high-frequency noise 
and then integrating twice. The dominant frequencies for vertical and torsional responses 
were 3.01 Hz and 5.02 Hz, respectively, for Setup 1 and 3.202 Hz and 5.04 Hz, respectively, 
for Setup 2. A band-pass filter with lower and upper cut-off limits of 2 Hz and 6 Hz was 
used. Vertical displacement was obtained by averaging the two sensors, while torsional 
displacement was based on the sensor position. For Setup 1, the extracted vertical and 
torsional displacement responses from the vertical-dominant coupled response are 
presented in Figure 19, and the torsional-dominant responses are in Figure 20. Similar 
responses were generated for Setup 2. 

  
(a) (b) 

  
(c) (d) 

Figure 19. Vertical-dominant coupled responses from Setup 1: (a) vertical displacement at U = 0 m/s; 
(b) vertical displacement at U = 10 m/s; (c) torsional displacement at U = 0 m/s; (d) torsional 
displacement at U = 10 m/s. 

  
(a) (b) 

Figure 19. Vertical-dominant coupled responses from Setup 1: (a) vertical displacement at U = 0 m/s;
(b) vertical displacement at U = 10 m/s; (c) torsional displacement at U = 0 m/s; (d) torsional
displacement at U = 10 m/s.
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Figure 20. Torsional=dominant coupled responses from Setup 1: (a) vertical displacement at
U = 0 m/s; (b) vertical displacement at U = 10 m/s; (c) torsional displacement at U = 0 m/s;
(d) torsional displacement at U = 10 m/s.

8. Results and Discussions
Identification of Stiffness and Damping

The stiffness of SDOF was determined after extracting the frequency and by using
the expression Kh = mw2

h for heave and Kα = mw2
α for pitch. The damping values were

obtained using the logarithmic decrement method (LDM), the exponential decay curve
fitting method, and the Hilbert transform method for both the heave and pitch responses, as
shown in Figure 21. For the heave response, a good agreement can be observed between the
polynomial fit of the exponential decay curve and the Hilbert transform. On the contrary, a
better match can be seen between the Hilbert transform and the LDM values in the case of
the pitch. The corresponding frequency values of the HT are presented in Figure 22.
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Figure 21. Damping values: (―) Hilbert transform method, (O) polynomial fit of the exponential 
decay curve fitting method, (∆) polynomial fit of logarithmic decrement method. (a) Heave 
response; (b) pitch response. 

  
(a) (b) 

Figure 22. Frequency values: (―) Hilbert transform method, (O) frequency obtained through FFT 
of filtered acceleration response. (a) Heave response; (b) pitch response. 
Figure 22. Frequency values: (—) Hilbert transform method, (O) frequency obtained through FFT of
filtered acceleration response. (a) Heave response; (b) pitch response.
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9. Identification of Flutter Derivatives from SDOF Tests

The flutter derivatives for vertical (H∗1 and H∗4 ) and torsional (A∗2 and A∗3) DOFs were
extracted from the SDOF heave and pitch vibration responses. The basic experimental
parameters used for SDOF testing and the calculation of flutter derivatives are listed in
Table 2. The initial displacements given in the vertical and torsional DOFs were h0 = 4 cm
and α0 = 5◦, respectively. The required mechanical and effective system parameters were
obtained from wind-off and wind-on responses. The obtained direct flutter derivatives are
plotted in Figures 23 and 24. Additionally, these derivatives are compared with the flat
plate derivatives and the derivatives obtained from the selected wind tunnel studies [2,42]
on the Great Belt section. It is important to mention that the derivates obtained from the
literature are manually digitized and, therefore, subject to uncertainties.

Table 2. Experimental parameters for wind-off case from SDOF test.

B
(m)

mh
(kg)

Iα

(kgm2)
fh
(Hz)

fα

(Hz)
ρ *
kg/m3

ξh
(%)

ξα

(%)

Logarithmic Decrement Method
0.31 4.348 0.0906 3.022 5.028 1.145 2.208 0.738
Exponential Curve Decay Method
0.31 4.348 0.0906 3.022 5.028 1.145 2.216 0.567
Hilbert Transform Method
0.31 4.348 0.0906 3.021 5.030 1.145 2.670 0.698

* Air density is at 22.5◦, 0.976 bars, and 40.4% relative humidity.
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Figure 23. Aerodynamics derivatives of Great Belt section: (•) polynomial fit of exponential decay
curve, (H) Hilbert transform method, (•) polynomial fit of logarithmic decrement method, (�) wind
tunnel test [42], (∆) wind tunnel test [2], (− −) water channel tests, (—) flat plate by Theodorsen.
(a) H∗1 ; (b) H∗4 ; (c) A∗2 ; (d) A∗3 .
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Figure 24. Aerodynamics derivatives of Great Belt Section: (•) modified Ibrahim time domain
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9.1. Flutter Derivatives Using the Hilbert Transform Method, Logarithmic Decrement Method, and
Exponential Decay Curve Method

The derivatives obtained using Hilbert transform and logarithmic decrement methods
and by using the polynomial fit of exponential decay curve are shown in Figure 23. The
H∗1 derivative does not show good agreement with the reference experimental results but
shows quite good agreement with the flat plate at low reduced wind speeds, whereas
A∗2 illustrates a good correspondence with the reference experimental results. Overall,
both derivatives ( H∗1 , A∗2

)
, computed from different methods, demonstrate a similar trend.

Additionally, A∗3 and H∗4 derivatives obtained from HTM show close correspondence with
the reference experimental values. The A∗2 and A∗3 have similar results in all three methods
but have a shift in values when compared with the flat plate by Theodorsen.

9.2. Flutter Derivatives Using the MITB and ILS Methods

The derivatives obtained using the modified Ibrahim transform and ILS methods are
shown in Figure 24. The accuracy of the derivatives and effectiveness of different methods
can be improved by performing repeated wind tunnel tests. A good agreement can be seen
between the coefficients obtained using the MITD and ILS methods. These derivatives also
show good correspondence with the theoretical and reference experimental results. The H∗4
values show a large scatter after a reduced velocity of 10 m/s, which can be related to the
different stiffness and frequency values.

10. Identification of Flutter Derivatives from 2DOF Tests

All eight flutter derivatives were calculated using the MITD and ILS method in two
configurations (Setup 1 and Setup 2). The parameters used to compute the derivatives
from the 2DOF tests are listed in Table 3. The wind speed was calculated using the still-air
heaving frequency, and heave and torsional frequencies were used to calculate heave-
and torsion-dependent derivatives, respectively. The initial conditions imposed on Setup
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1 and Setup 2 vertically and torsionally were h0 = 4 cm and α0 = 5◦ and h0 = 2 cm and
α0 = 3◦, respectively.

Table 3. Experimental parameters for wind-off case from 2DOF tests.

B
(m)

mh
(kg)

Iα

(kgm2)
fh
(Hz)

fα

(Hz)
ρ *
kg/m3

ξh
(%)

ξα

(%)

Test Setup 1
0.31 4.348 0.0906 3.017 5.027 1.145 1.83 0.22
Test Setup 2
0.31 3.825 0.1256 3.202 5.044 1.145 1.75 0.49

* Air density is at 22.5◦, 0.976 bars, and 40.4% relative humidity.

10.1. Flutter Derivatives from MITD Method

The flutter derivatives obtained from the MITD method used filtered acceleration data
from both Setups 1 and 2. Initially, raw acceleration data were used, but high-frequency
noise and short data length at high wind speeds caused the MITD to produce a singular
matrix, making it impossible to simulate time histories. The shifted response matrices were
calculated using a fixed time shift, and the mechanical stiffness and damping matrices
were extracted for both setups but showed non-zero off-diagonal values, which indicate a
mechanical coupling between modes, which is unexpected at zero wind speed. This could
be caused by the poor quality of the recorded data, which was shorter in the heave mode,
or by small, unmeasured vertical displacements during the pitch-dominant motion. The
extracted modal parameters, such as frequency and damping, also showed discrepancies,
indicating the recorded data are of poor quality, as shown in Figure 25. These discrepancies
can cause large errors in the flutter derivatives, making it important to accurately identify
the mechanical parameters of the system. The MITD method itself is not responsible for the
discrepancies. The mechanical stiffness and damping matrices extracted from the MITD
method for both Setup 1 and Setup 2 are presented in Table 4.
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Figure 25. System frequencies (heave (fh) and pitch (fα)) extracted from the MITD method at different 
wind speeds. (o) 𝑓ఈ , (…) 𝑓௛, (‒ ‒) 𝑓௛ lowpass-filtered signal FFT, (―) 𝑓ఈ  lowpass-filtered signal 
Figure 25. System frequencies (heave (fh) and pitch (fα)) extracted from the MITD method at dif-
ferent wind speeds. (o) fα, ( . . . ) fh, (− −) fh lowpass-filtered signal FFT, (—) fα lowpass-filtered
signal FFT. (a) heave-dominant, Setup 1; (b) pitch-dominant, Setup 1; (c) heave-dominant, Setup 2;
(d) pitch-dominant, Setup 2.



Appl. Sci. 2023, 13, 4672 22 of 29

Table 4. Mechanical system matrices for wind-off conditions from the MITD method.

Motion Stiffness Matrix Damping Matrix

Setup 1 K C

Heave-Dominant
361.09 −0.8605 0.698 −0.0421

−11.517 984.73 0.1694 0.1783

Pitch-Dominant
491.62 0.4308 0.2169 −0.0099

1036.9 9928.83 −31.79 0.1751

Setup 2 K C

Heave-Dominant
454.06 −3.61 0.2117 −0.0896

−13.63 1011.6 0.1871 0.174

Pitch-Dominant
698.76 1.078 0.9287 −0.0614

4.947 1003.8 0.1224 0.0734

The flutter derivatives obtained using the MITD method from the 2DOF test in Setup
1 are shown in Figure 26 and are compared with the wind tunnel tests of reference studies.
The results indicate that the H∗3 , A∗2 , and A∗3 fitted derivatives from both dominant motions
show good correspondence with each other. On the other hand, A∗1 , A∗4 , and H∗1 show
the same pattern but with large differences in values. H∗4 coefficient values from both
dominant motions show disagreement with each other. Overall, the fitted derivatives from
both heave- and pitch-dominant motions show well-defined patterns, and their values are
fairly close to the reference wind tunnel and water channel values.
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The flutter derivatives obtained using the MITD method from the 2DOF test for Setup 
2 are shown in Figure 27. The derivative values obtained from the heave-dominant 
motions show a large scatter as compared with the pitch-dominant motions. The large 
discrepancies can be linked to the bad quality of the recorded data that were used to 
calculate the mechanical parameters. The 𝐴ଵ∗  values from the pitch-dominant motions 
show good agreement with the experimental reference values. Overall, for Setup 2, the 
obtained derivatives from the pitch-dominant motions show a similar trend to those 
depicted by theoretical and experimental values. 
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Figure 26. Comparison of aerodynamics derivatives from 2DOF test for Setup 1. (o) Polynomial fit
from pitch using MITD method, ( . . . ) polynomial fit from heave using MITD method, (�) wind
tunnel test (Larsen et al.) [42], (∆) wind tunnel test [2], (− −) water channel tests, (—) flat plate by
Theodorsen. (a) H∗1 ; (b) A∗1 ; (c) H∗2 ; (d) A∗2 ; (e) H∗3 ; (f) A∗3 ; (g) H∗4 ; (h) A∗4 .

The flutter derivatives obtained using the MITD method from the 2DOF test for
Setup 2 are shown in Figure 27. The derivative values obtained from the heave-dominant
motions show a large scatter as compared with the pitch-dominant motions. The large
discrepancies can be linked to the bad quality of the recorded data that were used to
calculate the mechanical parameters. The A∗1 values from the pitch-dominant motions show
good agreement with the experimental reference values. Overall, for Setup 2, the obtained
derivatives from the pitch-dominant motions show a similar trend to those depicted by
theoretical and experimental values.
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10.2. Flutter Derivatives from ILS Method

The ILS method computes flutter derivatives using numerically obtained displacement,
velocity, and acceleration responses. However, the properties of these responses may
differ from the actual recorded responses due to filtration. The computed mechanical
stiffness and damping matrices may also be affected. Table 5 presents the extracted system
parameters from the ILS method in wind-off conditions, which show non-zero off-diagonal
values for both heave- and pitch-dominant motions, indicating strong mechanical coupling
between both motions. The ILS algorithm failed to simulate the response for Setup 2 due to
convergence failure in matrix A or failure to identify the dominant motion in the response.
This was likely due to the system’s flexibility causing an additional mode to be excited.
Figure 28 shows all the obtained derivatives, which are compared with the theoretical and
experimental reference values. The H∗1 values from the heave-dominant motions show
very close agreement with the reference experimental values. On the contrary, H∗1 values
from the pitch-dominant motions follow the same trend, but the values are not close to the
theoretical or experimental values. The H∗2 coefficients from both motions show the same
trend, but the one from the pitch-dominant motions shows good correspondence with the
water channel values and wind tunnel values obtained by Ge et al. [2]. Similarly, the H∗3
values from both motions show the same decreasing trend as the reference values. In the
case of H∗4 , a completely opposite trend is observed compared with the reference values.
The A∗1 , A∗2 , and A∗4 values from heave-dominant motions are in close agreement with the
reference values. For the A∗2 function, a close correspondence can only be observed at low
reduced wind speeds with the reference values. In the case of pitch-dominant motion, a
good agreement can be seen for A∗3 and, similarly, for A∗2 at low reduced wind speeds. The
A∗2 values become positive for reduced velocity above six, which indicates an increase in
the damping values of the torsional motion. All the other derivatives of A∗1 and A∗4 show
complete disagreement with the reference values. Overall, the derivatives computed for the
heave-dominant response from the Setup 1 configuration show better results as compared
with the pitch-dominant motions.

Table 5. Mechanical system matrices for wind-off conditions from the ILS method.

Motion Stiffness Matrix Damping Matrix

Setup 1 K C

Heave-Dominant
−360.567 5.885 −0.8407 −0.3517

18.667 −979.77 −0.5524 −0.6884

Pitch-Dominant
−461.608 −0.7175 −3.731 0.0305

969.21 −978.34 −75.761 −0.0806
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11. Numerical Identification of Flutter Derivatives Using VXFlow

The aerodynamic derivatives of the reference object are computed through forced
vibration simulations in VXFlow. The section is driven into a heave and pitch motion with a
predefined amplitude and oscillation frequency. The aerodynamic derivatives are obtained
from the least squares fit of the lift and moment time histories. The numerical simulations
were performed with defined flow properties, grid domain size, and section properties
using the VXFlow solver. The section geometry was created and discretized into panels.
The time step was calculated based on the panel size, and a 30 s stabilization time was
added to ensure particle saturation. The simulations were run for heave and pitch motion
over a range of reduced velocities, and the results were processed using the VXPost tool.
The final computed flutter derivatives were compared to analytical flat plate values and
showed good correspondence except for A∗4 . The sign of H∗2 changed to positive at reduced
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velocities above Vr = 10, indicating classical flutter. The uncertainty in the results can be
reduced by varying the numerical parameters. All eight flutter derivatives obtained from
the CFD simulation are shown in Figure 29.
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12. Validation of the Flutter Derivatives Extracted Using the MITD, ILS, and
CFD Methods

The direct and cross-flutter derivatives are identified from SDOF and 2DOF tests using
system identification methods. Only flutter derivatives from heave-dominant motion in
Setup 1 are used because of their reasonable values. These derivatives are validated with
CFD simulation results. Direct flutter derivatives, H∗1 , H∗4 , A∗2 , and A∗3 , are computed using
ITD and MITD methods and show good agreement and clear patterns. Some discrepancies
at high reduced wind speeds are due to noise and short signals. H∗1 and H∗4 are associated
with heave and pitch motion, respectively, and show close agreement with the CFD results.
H∗3 and A∗4 values from both methods are similar and agree with the theoretical and
numerical values. H∗4 values from the MITD and ILS methods deviate due to different
frequency values. H∗2 and A∗1 are associated with coupled motion and have different values
from both methods. Both methods successfully computed flutter derivatives with some
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uncertainties that can be reduced by additional experiments. The CFD simulation results
also show good agreement with the experimental results.

13. Conclusions

This research suggests that wind tunnel tests are still reliable in investigating the
aerodynamics of long-span bridges, but the design of the experimental setup is crucial
to the results. In this study, Setup 1 achieved SDOF heave and pitch but suffered from
a lot of damping and noise. Setup 2 reduced the damping but introduced an additional
mode, affecting results. The nonlinearity of the SDOF response was due to large initial
displacements. The filtration process should be carefully considered, as a wrong filter can
remove important information. The system identification methods showed good results
except for Logarithmic-Decrement Method, with Hilbert Transform Method being the
most effective due to its capability of extracting both damping and frequency from the
nonlinear response.

Direct flutter derivatives closely match the experimental results, except for H∗4 , which
is difficult to identify accurately due to small frequency shifts at higher wind speeds. The
HTM shows a stable decreasing trend in H∗4 . Modal frequencies and system parameters
extracted using the ITD and MITD methods with Setup 1 were more reasonable than those
of Setup 2, which had an additional dominant mode, causing poor-quality responses. Setup
1 can be improved with modifications without allowing unrestricted motion. The MITD
parameter quality depends on the quality of the simulated signal. Separating heave and
pitch components improves signal and parameter quality, with MITD converging faster
than ILS in up to seven iterations versus up to eighty iterations, respectively.

The accuracy of system parameters and flutter derivatives can be improved by repeat-
ing wind tunnel tests. The flutter derivatives obtained from numerical CFD simulations
showed good agreement with the flat plate results. Despite limitations, valuable results
were still obtained from the noisy data. Overall, the experimental and numerical results are
comparable to flat plates, which confirms the streamlined behavior of the Great Belt section
from an aerodynamic perspective.

Wind tunnel tests are reliable for investigating the aerodynamics of long-span bridges,
but the experimental setup is crucial. The Hilbert transform method is effective for system
identification. The results confirm the streamlined behavior of the Great Belt section from
an aerodynamic perspective.

The accuracy of the system parameters and flutter derivatives can be improved by
repeating wind tunnel tests with multiple sensors. Techniques such as stochastic subspace
identification (SSI) and enhanced frequency domain decomposition (EFDD) could also be
utilized for the identification of modal parameters for more comparison options.
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