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Abstract

The need to overcome obstacles on very long distances typically implies the design of streamlined
bridge decks. The slenderness and lightness that characterize these structures make them sensitive
to dynamic problems and special care must be put in the design against the wind action. Dealing
with this aspect, many difficulties are encountered in the wind description and in the computation

of the bridge response, making the definition of reliable numerical codes a fundamental issue.

Nowadays, numerical models for the design of long-span bridges are mainly linearized models
carried out both in frequency and time domain. However, some non-linear models can be found
in the time domain. These models are, in fact, more appropriate to describe all the complex aspects
related to the aerodynamic forces generated by the high fluctuations of the angle of attack.
Unfortunately, such models are strongly limited by their applicability range since they would be
more appropriate only to describe the non-linearities associated with the low frequency
fluctuations of the incoming wind turbulence. An attempt to also consider the non-linear
contributions of the high frequencies is presented in this thesis where a new numerical approach

based on the definition of rheological models has been proposed.

Specific wind tunnel tests have been carried out in order to better understand the non-linearities
present in the definition of aerodynamic forces. The placing of a scaled train over a rigid sectional
model deck allows us to magnify these non-linear effects, thus enabling us to propose an alternative

numerical model able to describe these non-linearities.

The wind-tunnel tests were performed at Politecnico di Milano and were part of an international
benchmark project conducted by the Politecnico di Milano and promoted by the International

Association for Bridge and Structural Engineering (IABSE).
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Introduction

The study of wind action on long-span bridges represents a difficult task due to various aspects
both related to the complexity of the wind-structure interaction and to the random nature of the
wind phenomena. The high slenderness that characterizes these structures makes them very
sensitive to wind buffeting dynamic action that might induce large oscillations in the response of
the bridge. These significant bridge motions can even be the cause of the fluid-structure interaction
phenomena, referred to as aeroelastic phenomena. These effects occur when the motion —
displacements and velocities - of the considered structure is such as to modify, in a significant
way, the flow field and the pressure induced by the wind. Aeroelasticity might also introduce
energy in the system, decreasing the overall stiffness and/or damping of the structure thus

producing critical conditions of incipient instability.

Various methods for buffeting analysis of long-span bridges have been developed in the last
decades both in frequency (A. Jain 1996), (N.N. Minh 1999) and time domain (X. Chen 2003),
(S. B. G. Diana 11-15 July 2005), (D. R. G. Diana 2013). However, universities and companies
interested in the study of these problems have written their own in-house codes without any
information from reliable databases. In absence of a direct numerical comparison, the validation
of numerical methods represents a crucial problem. Many difficulties are in fact encountered due
to the lack of exhaustive full-scale measurements on existing bridges and to the complexity in the
scaling of full aeroelastic models in wind tunnel tests. Moreover, it must be considered that these
validation techniques present high financial costs. Under this context, a common interest in the
definition of reliable numerical standards for bridge buffeting analysis has spread among the wind
engineering community at the global level. Recently, in November 2016, the International
Association of Bridge and Structural Engineering (IABSE) has launched an international
benchmark project in this field. Many participants — including universities and engineering

companies — joined in, demonstrating the great amount of interest in this topic. Models based on

1



different methodologies have been gathered by the work group members. The presented codes
work either in the time or in the frequency domain. Politecnico di Milano (PoliMi; Milan, Italy)
participates in the project as leader member nominating professor G. Diana as chairman of the
work group. Historically, PoliMi has focused on the definition of time domain methods (F. R. G.
Diana 2008), (D. R. G. Diana 2010) able to capture the non-linearities connected to wind-bridge
interaction. Considering this scenario, this thesis studies the experimental evidence of such non-
linearities, and proposes a new numerical model based on these results intended to be an

alternative to the one currently present in the PoliMi database.

What is intended in this thesis is to study the significant effects of non-linearities through an
experimental campaign of a modified sectional model of an actual bridge. An alternative model
that is an extension of the current band superposition method (D. R. G. Diana 2013) is proposed.
The analytical formulation of the new model is given in a linearized context. The rheological
models (RM) able to describe the transfer functions of self-excited and buffeting forces in the time
domain are explained. With this new model, the response of the deck is obtained by means of a
“one-shot” integration able to describe the static deflection, the low frequency (LF) response, and

the high frequency (HF') response. In brief, the following aspects are considered:

- Definition of a non-linear QST able to describe the LF deck response.

- Definition of the RM linearized contributions — for both flutter derivatives and admittance
functions — able to describe the HF response. In this case, the RM is provided with a new
formulation since the QST is already considered.

- The HF response is modulated by the LF one, avoiding the direct superposition of the

two.

The main advantage of the new numerical method consists in that a band separation of the wind
excitation into LF and HF components (and the response of the deck to each input frequency

band) is avoided; and that the non-linearities are intended to be captured correctly.



Chapter 1 presents the general background and the theoretical framework which are at the base
of the problem of wind actions on bridges. The aerodynamic forces are, in fact, complex to model

as they show a dependency on the deck motion (@), the wind angle of attack (&) and on the
reduced velocity (V'):
0 O ofuhi fuy

The identification of the functions that define the aerodynamic forces requires a series of specific
wind tunnel tests. Since the aerodynamic forces are defined at a sectional level, a bridge deck rigid
sectional model is employed. A previous experimental campaign (A. Pellegri 2017) studied the
aerodynamic behavior of the deck sectional model of the Yavuz Sultan Selim Bridge, also known
as the Third Bosphorus Bridge (BB3). Since the non-linearities of the aerodynamic forces are
studied in this thesis, an obstacle shaped as a scaled train was added to the BB3 sectional model
in order to move away from a stream-lined body to a resemble a bluff body. As it will be studied
in Chapter 3, the presence of the scaled train leads to an increased non-linear relationship
between "O and &, reason for which a new numerical model that accounts for these non-linearities
is needed. Chapter 3 shows the experimental setup, executed in the PoliMi wind tunnel facility
(http://www.wintunnel.polimi.it /facility n.d.) and tests that allow for the aerodynamic

characterization of the BB3 sectional model with a train.

Finally, some general considerations are also provided as possible guidelines for future analyses.



Chapter 1

Wind Actions on Bridges

1.1 Introduction

In this first chapter, an overview of the definition of the non-linear aerodynamic forces on a generic
bridge section is presented. Likewise, the flutter derivatives and aerodynamic admittance functions
notations are given. Reference is made to long-span bridges, which are the object of study of this
this dissertation, and which are slender structures prone to receive a strong impact of wind action.
Figure 1.1 displays the Yavuz Sultan Selim Bridge or Third Bosphorus Bridge, whose cross section

is studied in the present thesis.

Figure 1.1. The Yavuz Sultan Selim Bridge, or Third Bosphorus Bridge (BB3).



1.1.1 Main Aspects of wind-bridge interaction

In order to understand the different problems related to the wind action on bridges, it is necessary
to define the aerodynamic forces. When a 3D structure is exposed to an air flow, three force and
three moment components can be generally considered. However, since bridges are extended only
in one predominant direction, the primary concern regards its behavior when wind comes
perpendicular to its longitudinal axis. In consequence, the 6 aerodynamic actions are reduced to
3 essential actions: lift force (F), drag force (Fp) and pitching moment (M) which are depicted

in Figure 1.2.

Az

Figure 1.2. Aerodynamic forces in a generic deck section.

The most sensitive part of the bridge to the wind action is its deck. Both the static and dynamic
behavior of the bridge actually depend upon the deck aerodynamics The aerodynamic forces to
the generic bridge section, reported in Figure 1.2, are complex to model as they show a dependence
on the deck motion (i), the wind angle of attack (a) and on the reduced velocity (V"): (F. C.

G. Diana 1991)

nO nO _‘I"_\I" F[i)z ( 1_ 1 )



The reduced velocity V" and the angle of attack & are the main keywords to understand the wind

interaction, and are described in the following:

9 The reduced velocity is defined as:

Y. (1-2)

It represents the ratio between the period Y pX Qassociated to the deck’s oscillation and
the time 07w needed by a fluid particle to move through the deck width B. A conjugate
parameter can be defined as the inverse of the reduced velocity V' called the reduced
frequency [

"Q0

w

(1-3)
The frequency f in the reduced frequency expression can also represent (in case that the

turbulence effect is considered) the frequency of fluctuation of the wind turbulence spectrum.

1 The angle of attack is defined with respect to a reference axis (Figure 1.4) as:

0AT L & 0=
It represents the angle between the incoming flow and the deck’s position. If small
displacements and velocities (of the deck) are considered, equation (1-4) is linearized as:
0 g 0 —

T T e o (1-5)

B; is furtherly defined.
Problems related to the wind action on a bridge can be distinguished into static and dynamic:

9 Static problems are related to the static loads exerted by the average wind speed. Such
loads are function of the angle of attack a.
1 Dynamic problems are related to the turbulence of the incoming wind and to the

aerodynamic forces (equation (1-1)) and is also referred to as the aeroelastic problem.



Static Problem

The average wind speed produces a static load that acts on all the components of the bridge. For
very long bridges, the load applied on the deck is the most important. In the case of suspended
bridges, the loads on the deck are transferred through the hangers to the main cables and to the
top of the towers, thus producing a very high bending moment that has a strong impact on the
tower and on the overall bridge design. In consequence, drag on the deck is one of the parameters

that must be minimized for long-span bridges.

For the sake of the analysis, the crucial aspect of the static problem stands in the definition of
the configuration of static equilibrium, around which it is possible to linearize the aerodynamic
forces. In practice, what really matters is the static rotation of the deck g that determines the
aerodynamic parameters that must be used to describe the aeroelastic phenomena and the forces

due to the turbulence of the incoming wind.

Aeroelastic Problems

w(t)r  v(t)

1.7 V+u(t)
>

<

Figure 1.3. Wind turbulence components.

The incoming wind is characterized by turbulent components in three directions, u(t), v(t) and
w(t) (Figure 1.3), to be added to the average wind velocity . Equation (1-5) shows that turbulence
components have an impact on the definition of the wind angle of attack and consequently on the
aerodynamic forces, that, therefore, change randomly in time. This variation of the aerodynamic
forces produces a bridge motion induced by turbulence, called buffeting. If the deck or any part
of the bridge is moving with a given velocity in the wind flow, the forces applied to the body are
functions of the relative velocity V.. of the incoming wind with respect to the body and the same

expressions can be applied introducing V.. instead of V.



As observed in equation (1-4) and in Figure 1.4, the motion of the bridge and its position have
an effect on the angle of attack a. More specifically, the rotation of the deck g and the deck
velocities & and —concur in the definition of &. The body motion has therefore an impact on the
aerodynamic forces. Depending on the shape of the deck, if the motion-dependent - also called
self-excited - aerodynamic forces act in favor of the motion, they introduce energy in the system
and the oscillations magnitude is amplified. In other words, in such situation the bridge becomes
unstable. Different kinds of instability can be identified: one degree of freedom instability in the
vertical or torsional mode, or two degrees of freedom instability, which results from the coupling

of vertical and torsional motions. The second type of instability is also known as flutter instability.

As it will be discussed in Section 1.2, self-excited forces can be seen as equivalent damping and
stiffness terms that modify the structural properties of the bridge. Typically, long-span bridges

behave in the following way:

1 At zero wind speed the overall damping is due only to the structural part (usually
structural damping assumes values of about 3-5%q).

1 As the wind speed increases, the contribution of the aerodynamic forces becomes very
important and the overall damping becomes slightly higher.

1 A further increase in wind speed causes a reduction in the overall damping. The wind

speed at which the overall damping becomes negative is defined as the flutter velocity.

Section 2.4.3 studies the above behavior for the cross section of the BB3 with a scaled train, which

is the object of study of this thesis.

The prediction of the buffeting response to turbulent wind is generally secondary to the question
of aerodynamic stability. However, when the bridge is proved to be stable, the bridge response to
wind gusts is important for the design of the superstructure and the assessment of the user comfort
by predicting the acceleration levels. Moreover, the large vibrations reached by the structure may
give rise to fatigue problems. Vibration amplitudes associated with buffeting can be controlled by

increasing the aerodynamic damping or equivalently, by increasing the stability of the bridge.



From this point of view, it is important to have a high critical flutter velocity not only to be
conservative on stability conditions, but also to increase the aerodynamic damping so as to reduce

the turbulence-induced motions.

1.2 Definition of Aerodynamic Forces

Different analytical approaches are available to model the aerodynamic behavior of bridges. In
the following, reference is made to a single isolated deck section of length L with three degrees of
freedom: the horizontal displacement y, the vertical displacement z, and the rotation g An

illustration of the problem is depicted in Figure 1.4.

vrel 2 WA ; w
TV ;i Bé
V+u -y

Figure 1.4. Aerodynamic forces on a generic deck section and its sign conventions.

1.2.1 Quasi-steady Theory

The quasi-steady theory (QST) is the most suitable approach to better understand the physics of
the aeroelastic problem (M. F. G. Diana 1995), (F. C. G. Diana 1991). The QST well reproduces
the aerodynamic forces on a deck for high values of the reduced velocity V'>15. High reduced

velocity means that the time needed by a particle to cross the body is very small compared to the



period of oscillation of the body. Hence, the QST assumes that the aerodynamic forces acting on
the bridge deck are not influenced by the frequency of the deck’s motion. Consequently, the QST
allows to match the aerodynamic forces to the static forces measured on still sectional models via

static tests in the wind tunnel (furtherly discussed in Section 2.4.1), and are expressed as:

) c 0d O | (1-6)
O c 0d O | (1-7)
b go T (1-8)

Where r is the air density, V. is the relative wind velocity, B is the deck width, L is the length
of the generic bridge deck, a is the angle of attack and Cp(a), Ci(a), Cu(a) are respectively the

drag, lift and moment aerodynamic coefficients.

In accordance to Figure 1.4, the square of the relative velocity V.. can be expressed as follows:
W w o0 W 0 a o6 — (1-9)

And the angle of attack & was previously defined by equation (1-5).

The equations of motion of the deck written in its degrees of freedom y, z and @ are:

d w i Qo 0O OATO0 "OO0FETl (1-10)
dda ia Qd O 0O0FT TOAIO (1-11)
OoO— i — 0Q— 0 ¥ (1-12)

Where m,, and Iy are the effective inertias of the deck for the horizontal, vertical and torsional

degrees of freedom, r,.qare the effective viscous damping, and k, .4 the effective stiffness.



Figure 1.5. Elastically suspended deck section.

Substituting equation (1-9) into equations (1-6)-(1-7)-(1-8), the equations of motion are rewritten

as:

6616 Q0 "60b 6 & 0 &6 — 61 AIO 61 OET (113

66 16 Q@ 2600 6 & 0 ¢ 6 — 61 OB 61 ATO (114
o Pas e
O—I—Q—Zouwow 60 a 6 — O | (1-15)

The reference body dimensions Bj,..qcontain information of the flutter derivatives (Section 1.2.3)
and are aimed at ‘correcting’ the quasi-steady approach by introducing a slight dependence of
aerodynamic forces at on the reduced velocity V'. Hence, the above formulation is referred to as

Corrected Quasi-steady Theory (QSTC).

Introducing the displacement vector:

@
© G

The equation of motion of the system may be written employing a matrix formulation:

0 0 Y® 0 o 'O o (1-16)

~  O0fw . .
Where w 070 contains the turbulence components of the wind speed.



This equation represents a non-linear formulation, given both the motion and turbulence
dependency of aerodynamic forces, to reproduce the bridge response to the incoming turbulent

wind excitation at high reduced velocity values (V'>15).

1.2.2 Linearized theory

The aeroelastic problem can be simplified by considering the linear formulation of the aerodynamic
forces, acting on a generic section of the bridge deck. It is to be recalled that the aerodynamic
forces are a non-linear function of the bridge motion, of the mean wind speed and of the turbulent

wind velocity components:
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By assuming the hypothesis of small variations of the parameters w @ and _(I) a linearization

formulation can be performed around the static equilibrium configuration ¢, &, and @ :

@ m
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The static equilibrium position @ is computed by solving the corresponding static non-linear

problem:
0o O o (1-17)
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Subsequently, the linear expression of the aerodynamic forces acting on the generic section of the

bridge deck is:
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Considering the QSTC formulation of the aerodynamic forces:
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performing a change of coordinates in which only the dynamic part of the oscillations is considered:
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linearizing the aerodynamic coefficients:
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and linearizing the following terms as well:
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the linearized expressions of the aerodynamic forces are:
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Thus, developing the above expressions and neglecting the second order terms:
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The static and dynamic parts of the aerodynamic forces can be separated and rewritten in a

matrix formulation:
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The dynamic component 'O of the aerodynamic forces can be written in a compact notation:

O i o © (1-40)



are called

(1-41)
(1-42)

Where "O are called the self-excited forces originated due to the deck motion and "O

the buffeting forces related to the incoming wind turbulence:

. s
_<
ISt

O 0

0 6
In which °Y and 0 are the equivalent damping and stiffness matrices due to the
linearized aerodynamic forces:
cO 0 0 0 0
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And 0 is the aerodynamic admittance matrix that multiplied by g)gives the buffeting forces:
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=7 gd ¢6 U 6 (1-45)
' ou

s
S o

Finally, the linear aerodynamic forces are substituted into the equations of motion of the system

(equation (1-16)):
0 Y Y ®» O 0 © 0O W (1-46)
In which the contribution of the static forces 'O j is cancelled out with the static deflection
U w as computed in equation (1-17), and where 0 , Y ,and U are the structural diagonal
matrices of the generic section:
a T 7 i mom QN nom
0 m & mh Y mi mh 0 T Q m
m m O ™ T m o Q
matrices provided by the linearized QSTC do not depend

It should be noted that 0 and O
on the reduced velocity but depend on the mean wind speed instead. Hence, the dependence of

on the mean wind speed implies that the natural frequencies of the bridge will change with
in absence of incoming wind. Likewise, the

0
respect to those computed from 0 and 0



dependence of Y on the mean wind speed means that the overall damping is modified. Extra-
diagonal terms in Y and 0 represent, coupling terms. The coupling introduced between
the different degrees of freedom depend on the values of the aerodynamic coefficients of the deck
section and on the mean wind speed. At certain mean wind speed values, the Y and 0

matrices can be modified in such a way that 1 d.o.f. or 2 d.o.f. instability may take place.

1.2.3 Flutter derivatives and aerodynamic admittance functions

The hypothesis in which the quasi-steady theory is based, i.e. that the aeroelastic forces acting on
the bridge deck are not influenced by the frequency of the deck motion, is its major limitation. It
implies that the QST is valid only for high reduced velocities V’, or commonly low frequency
fluctuations. As a result, the formulation exposed does not depend on the reduced velocity V.
This is evident in the fact that the aerodynamic coefficients Cp 1 n depend on the angle of attack
a only. To extend the formulation to the low values of reduced velocities, or, equivalently, high
frequency oscillations, V* dependent parameters called flutter derivatives and aerodynamic
admittance functions are introduced in the formulation of the self-excited and buffeting forces,
respectively. These are transfer functions measured over sectional models in the wind tunnel for
different angles of attack (F. R. G. Diana 2004). The identification of the flutter derivatives and
the aerodynamic admittance functions for the BB3 sectional model with a train is exposed in

section 2.4.
Flutter Derivatives

Different conventions from different authors for the flutter derivatives are used. The “PoliM7

notation” (Zasso 1996) is employed in this thesis and expresses the self-excited forces as follows:
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where:

1 Z

- w —_—
- N are the flutter derivatives for the drag force (i=1,...,6).
- "Q are the flutter derivatives for the lift force (i=1,...,6).

- @ are the flutter derivatives for the pitching moment (i=1,...,6).

Flutter derivatives have the same meaning of the equivalent aerodynamic stiffness and damping
matrices presented in the linearized QST in section 1.2.2. Recalling equation (1-41), the U  and

'Y can be written with the flutter derivatives as follows:
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The 0 and Y matrix coefficients expressed with the flutter derivatives can be compared to
those written with the QSTC. At high values of V', the experimental stiffness and damping
matrices should converge to those obtained through the QSTC. Thanks to this relationship, it is
possible to obtain an expression for the length parameters By, ,q of the QSTC, by dividing the
third column of the QSTC aeroelastic damping matrix over the third column of the experimental

aeroelastic damping matrix. More precisely:

o) —0h 06 —06h 6 0 (1-52)
At high values of V', the following relationships should hold:
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- Flutter derivatives (3
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Aerodynamic Admittance Functions

Experimental expressions functions can also be identified in the wind tunnel for the formulation
of buffeting forces. The turbulence wind components vector (_I)is multiplied by these experimental
functions, called aerodynamic admittance functions, to obtain the buffeting forces on the generic

deck section. Hence, buffeting forces are expressed as:
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Where ... @ are the complex admittance functions and are represented by amplitude and phase,
thus: ... s.9Q . As an example, the buffeting forces considering only the vertical wind

turbulence component w are expressed as:
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Aerodynamic admittance functions have the same meaning as the aerodynamic admittance matrix

0 presented in sectionl.2.2.



1.3 Band superposition approach

A short overview on the main aspects of the Band Superposition (BS) approach developed at
Polimi (D. R. G. Diana 2013) is presented here in order to understand the starting point of the
new non-linear method presented in this thesis. It will be seen that non-linear aerodynamic forces
can be seen as a low frequency contribution modeled by a non-linear QST and as a high frequency

contribution modelled by several rheological models.

The Band Superposition approach was developed following the consideration that even if the
bridge deck aerodynamics is dependent on the amplitude of the fluctuations of the angle of attack
a and on the reduced velocity V', it is possible to separate the low frequency (LF) response of the

bridge to turbulent wind from the high frequency (HF) response.

The separation of the LF response from the HF response is reasonable since these two regions

show different characteristics. The features of the LF response are as follows:

- The aerodynamic forces show a small dependence on the reduced velocity V™ at high V*
values (equivalent to LF), while they depend in greater measure on the angle of attack.
As an example to support this statement, Figure 1.6 reports the trend of the unsteady
aerodynamic moment coefficients (flutter derivatives for torsional motion) as a function of
the reduced velocity, for different angles of attack.

- Large variations of the instantaneous angle of attack are mainly related to the fluctuation
of the wind velocity components w and u, since small oscillations of the bridge are expected
for stable aerodynamic solutions. These variations are caused by the large turbulent scales
present in the atmospheric turbulent wind. The large turbulent structures that are able to
generate fluctuations of the angle of attack that could be effective on the bridge deck are,
in fact, those having large length scale (usually several times larger than the deck chord)

and long time scale (low frequency).
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Figure 1.6. Flutter derivatives &3 (a) and &3 (b) of the BB3 section without a train and of a flat

plate (Theodorsen’s theory) vs. V' for 5 angles of attack (A. Pellegri 2017).

The features of the HF response are the following:



- The aerodynamic forces show large dependence both on the reduced velocity (at low V’
values) and on the mean angle of attack.

- The fluctuations of the HF wind velocity components w and u are characterized by small
turbulence length scales with respect to the deck chord length. This produces a flow field

variation around the deck section that does not contribute to the global angle of attack.

The previous considerations imply that, when large fluctuations of the angle of attack & occur, in
the LF range, a linear modelling of the aerodynamic forces is not appropriate in presence of strong
non-linear dependence of the forces on this parameter. In this case, a time domain approach, such
as the QST, able to consider the force dependence on large fluctuations of the angle of attack a

but not on the reduced velocity V", is appropriate.

In the BS approach, a corrected quasi-steady theory is applied in order to take anyways into
account that even at very low frequencies (or equivalently, at very high V") the aerodynamic
terms are slightly different from what is obtained using the aerodynamic coefficients because of
the rate of change of the angle of attack. This is the so-called QSTC approach and was presented
earlier in Section 1.2.3. On the other hand, in the HF range, when small fluctuations of the angle
of attack are produced by the wind velocity fluctuations, the aerodynamic forces should be
subjected only to the reduced velocity dependency, if they were dependent just on the constant

mean angle of attack.

The basic hypothesis of the BS approach is that the mean angle of attack, perceived by the deck
in the definition of the aerodynamic force components acting in the HF range, is not only the
static mean value but is also related to the fluctuation that takes place at LF with high amplitudes
(perceived as static region for the HF terms). Hence, the method suggests that the HF
aerodynamic forces are related to the instantaneous angle of attack computed considering the LF
deck response and wind spectrum and not to the static mean angle of attack. Consequently, the

unsteady HF aerodynamic forces can be expressed as follows:



If it is now considered that the fluctuations of the instantaneous angle of attack in the HF range
are small, this means that the problem may be modelled using a linearization of the aerodynamic
forces evaluated around the LF instantaneous angle of attack a. Under this assumption, it is
possible to model the aerodynamic forces in the HF range by means of the aerodynamic transfer
functions that are commonly expressed in bridge aerodynamics through the flutter derivatives
coefficients (section 1.2.3), measured by means of wind tunnel tests at different reduced velocities
and different mean angles of attack. In this case, being the linear problem considered around a
slowly varying solution, represented by the low frequency fluctuation of the angle of attack, the
response of the bridge deck is modelled applying, at each time step, the aerodynamic transfer

function correspondent to the instantaneous value of the LF angle of attack.

In conclusion, if the BS hypothesis holds, the bridge deck response to turbulent wind might be
computed by dividing the problem into two parts: a nonlinear problem at LF modelled using a
QSTC approach, and a non-linear problem at HF modelled using a modulation of the aerodynamic

transfer functions performed on the basis of the LF fluctuation of the angle of attack.

Moreover, the BS approach exploits rheological models (RM) to contemporary reproduce the
reduced velocity V' and the angle of attack @& dependence in time domain on the whole HF band
without asking for a HF band decomposition. The developed RM, adopted for the HF band
response, is a mechanical model that is made by a group of mechanical elements (masses, springs
and dashpots) whose response to a deformation, proportional to the fluctuation of the angle of
attack, produces a force that represents the aerodynamic load acting on the deck. The
identification of the parameters of the single mechanical element in this case is based on the
information contained in the flutter derivatives and aerodynamic admittance function coefficients

measured at different mean angles of attack and different reduced velocity.

The basic algorithm of the BS approach proposed by PoliMi (D. R. G. Diana 2013) is reported in

Figure 1.7 in which three main steps are highlighted:



LF — HF range threshold definition: Identification of a threshold for separating the wind
bands, solution of the LF deck response by means of a non-linear corrected QST and
solution of the HF deck response by introducing the rheological models. The threshold
separating the LF range from the HF range must be defined in terms of reduced velocity
V" or reduced frequency f. The threshold delimits the region, at high reduced velocity,
where the flutter derivatives coefficients and the aerodynamic admittance function
coefficients show a small dependence on the reduced velocity. Once the V' threshold is
defined, it can be used to separate the wind spectrum into two bands.

LF response computation: The LF response computation is performed by a QSTC
approach. LF Aerodynamic forces depend uniquely on the instantaneous LF angle of
attack, on the LF wind velocity turbulent components, and on the LF response of the

bridge deck.

O o O oM O | o f (1-60)
HF response computation: Unsteady HF aerodynamic forces are modelled in the time
domain with a rheological model whose parameters depend on the LF instantaneous angle
of attack. Self-excited and buffeting forces are modelled independently, and their effects
are summed up exploiting the superposition hypothesis. It is highlighted that HF unsteady

forces depend explicitly on the LF angle of attack, on the HF deck motion and on HF

incoming turbulence.
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Figure 1.7. Band superposition approach: Simulation flow chart.




Chapter 2

Wind Tunnel Testing

2.1 Introduction

A wind tunnel is a powerful tool used to measure wind loads over structures. It is ideally desired
to perform measurements on the full-scale structure. However, within the benchmark procedure
established by the workgroup of IABSE Task Group 3.1, the step 2 (for which this research is
part of) requires a modification on the natural frequencies of the bridge and a controlled periodical

wind velocity profile for buffeting analysis, 2 tasks that are feasible only on a wind tunnel.

Tests at the wind tunnel laboratory at Politecnico di Milano (GVPM) are performed in order to
define the parameters which allow us to compute the response of the deck section (U h'Y hand
0 ) with the numerical procedure, as well as to measure its response to a controlled wind flow
scenario. The present chapter displays in section 2.2 an insight of the characteristics of the GVPM;
in section 2.3 the experimental setup for the BB3 deck section is described; and finally, section
2.4 describes the parameters of the deck section obtained on the wind tunnel tests and the direct

measurements of the response.

2.2 Wind Tunnel Laboratory (GVPM)

GVPM is a closed-circuit type wind tunnel composed of two test rooms arranged in a vertical
layout (Figure 2.1). The lower chamber of the loop is intended for low turbulence tests. The upper
chamber, where the BB3 deck sectional model was tested, is called the Boundary Layer Test

Section and is able to reproduce the atmospheric boundary layer.



Figure 2.1. Overview of the flow circuit (http://www.wintunnel.polimi.it/facility n.d.).

The wind flow is generated by an array of 14 1.8 m diameter, 100 kW fans with a total power of
1.4 MW. They are arranged into two rows of seven 2x2 m independent cells. The fans are driven
independently allowing for a continuous control of its rotation speed in order to obtain the desired

wind speed in the test section.

The Boundary Layer Test Section is aimed at testing civil structure scaled models. The
atmospheric boundary layer of different terrain conditions can be used by employing different
configurations of spires and surface roughness elements. The latter, however, was not used during
the sectional tests on the deck section of the BB3. Among the technical specifications we can find

the following (http://www.wintunnel.polimi.it /facility n.d.):

- Dimensions: 13.84 m wide x 3.84 m high x 35 m long

- Maximum wind speed: 16 m/s

- Mean velocity variations in the test section: 5%

- Turbulence intensity: 2% for smooth flow conditions, Up to 35% for atmospheric boundary
layer simulations

- Turntable: 13 m diameter.



The model is set over the turntable which is a floating floor that allows for a clean model set-up
avoiding the interference of the instrumentation cable connections out of the flow. The room also
enables for the setup of upstream active or passive turbulence generators to simulate and control

a desired wind speed scenario.

POUTECNICO LK

Figure 2.2. Spires and roughness elements for the simulation of the atmospheric boundary layer

(http://www.wintunnel.polimi.it /facility n.d.).

2.3 Experimental Setup

The sectional model was arranged in two different fundamental configurations for the different

tests, they were:

- The model supported on oil dynamic actuators

- The model suspended by means of steel cables



Figure 2.3. The sectional model supported on oil dynamic actuators in the Boundary Layer Test
Section.

Figure 2.4. The sectional model suspended by means of steel cables on the Boundary Layer Test
Section.




















































































































































































































































































