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ABSTRACT

With the quick development of construction material and computer technology, many super
long-span bridges are currently being built all over the world. This trend of increasing the main
span length of long-span bridges further increases their vibration periods, making them even more
vulnerable to wind actions especially in typhoon prone regions owing to their high flexibility and
low structural damping. After the failure of Tacoma Narrows bridge, the bridge engineers mainly
focused on the wind-induced vibration of cable-supported bridges under strong winds. In this
context, they developed several linear analytical frameworks to perform the buffeting analysis of
line-like structures in frequency- and time-domain, primarily based on the assumption of two-
dimensional stationary flow, in which the aerodynamic forces are linearized at the mean displaced
position of the bridge deck. However, it has been widely recognized, based on the measurements,
that the real typhoon winds are highly non-stationary by nature, which causes the time-varying
mean response phenomenon of the bridges. Moreover, there is a hefty discrepancy between the
buffeting responses obtained from the conventional linear buffeting analysis models and the real
phenomenon of bridge vibration, which calls into question the efficacy and fidelity of the existing
linear buffeting analysis frameworks. Therefore, the guarantee of bridge safety under such
extreme wind events requires accurate modelling of wind-induced effects on the bridge structures
such that the non-stationary wind fields can be incorporated accurately, in particular for the super
long-span bridges.

The main goal of this dissertation is to develop a nonlinear buffeting analysis framework to
better simulate the non-stationary wind-induced effects on long-span bridges by using the Volterra
series-based wind load model. Three novel aerodynamic wind load models are developed in this
study named Volterra FD, Hybrid Volterra FD, and Volterra ANN models. In the case of the
Volterra FD model, the buffeting and self-excited forces on a bridge deck are first formulated in
time-domain in terms of indicial functions (IFs) by using the Volterra series of second-order. Then,
the first- and second-order Volterra kernels are identified through the experimental data of flutter
derivatives and static force coefficients measured at zero angle of attack. Subsequently, the non-
stationary turbulent wind fields are generated around the bridge based on the evolutionary power
spectral density (EPSD) of measured data of typhoon-induced wind speed. At last, the wind loads
based on the Volterra FD model are calculated numerically while considering the effect of non-
stationary winds.

Since the wind forces on a bridge deck are very sensitive to the angle of attack showing a
nonlinear function of the angle of attack, even a small change in turbulence may cause a
significant change in the effective angle of attack due to bridge motions and wind fluctuations.

Therefore, the aerodynamic nonlinearities arising from varying angles of attack, large flow
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separations at large angle of attack, non-stationary wind, and nonlinear fluid memory effects may
not be neglected. Following it, the Volterra FD model is extended to the Hybrid Volterra FD model
to incorporate the effect of varying angles of attack on the flutter derivatives and static force
coefficients at low- and high-frequency ranges. First, the effective angle of attack is divided into
low- (large scale) and high-frequency (small scale) components corresponding to the frequencies
lower and higher than a cut-off frequency (e.g., the fundamental frequency of the first mode).
Accordingly, the wind forces are also separated into low- and high-frequency components. The
low-frequency component of the nonlinear wind forces is modelled by using the QS model in
which the low-frequency component of effective angle of attack, and static force coefficients
measured at the statically deformed position of the bridge deck are used. The high-frequency
component of nonlinear acrodynamic forces are further divided into the nonlinear buffeting and
self-excited forces, which are modelled by employing the Volterra FD model while considering
the effects of angle-varying static force coefficients, amplitude-dependency of flutter derivatives,
non-stationary winds, and nonlinear fluid memory in the wind load modeling.

In the case of the Volterra ANN model, the first- and second-order Volterra kernels are
identified by using the Artificial Neural Network (ANN) technique instead of using experimental
data of FDs. For that, a Time-delayed Neural Network (TDNN) is designed for modeling the
nonlinear aerodynamic forces on the bridge deck. The network is trained, tested, and validated
based on the measured wind speed as input and measured bridge displacement as output to extract
the synaptic weights of the neurons. These weights are then used to estimate the first- and second-
order Volterra kernels.

Based on all three proposed aerodynamic models, the wind loads are calculated and applied
to a real full-scale suspension bridge model to demonstrate the effectiveness of the proposed
nonlinear framework. The dynamic analysis results show a good agreement in the simulation of
typhoon-induced buffeting response of the bridge deck. Moreover, the simulation results of the
proposed framework are also compared with the measurement response of the bridge as well as
the buffeting responses obtained from the existing aerodynamic models to elucidate the efficiency
of the proposed framework. The newly developed Volterra model can effectively investigate the
change in bridge aerodynamics induced by time-varying transient and non-stationary winds. The
work of this dissertation can by useful for the modification of current wind design guidelines for

the flexible super long-span bridges subjected to typhoon-induced non-stationary winds.
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CHAPTER 1: INTRODUCTION

Wind-induced oscillations are one of the major threats to the safety, fatigue life, and comfort
of the long-span bridges. Wind effects on such large and flexible civil infrastructures have
received considerable attention after the failure of the Tacoma Narrows bridge in 1940. Preventing
wind-induced vibrations on the slender structures with low damping such as suspension and cable-
stayed bridges is a challenging task for bridge engineers. Many such structures suffer from
unexpected behaviors caused by wind-related phenomena, such as buffeting, flutter, vortex
shedding, and cable vibrations. The wind velocities in the atmospheric boundary layer (ABL) can
be characterized as synoptic (e.g., Monsoon winds) and non-synoptic (e.g., typhoons,
thunderstorm downbursts, and tornadoes). While significant efforts have been made on the
synoptic wind-induced effects on long-span bridges over the last many decades, the main goal of
this dissertation is to develop an efficient framework for performing the nonlinear buffeting
analysis of long-span bridges under the typhoon-induced non-stationary winds. The work of this
dissertation can be useful for revising the current wind design guidelines for the super long-span

bridges in the typhoon prone areas.

1.1 Motivation of dissertation

It is widely recognized that the long-span bridges existing along the coastline areas are prone
to suffering from the extreme winds spawned by typhoons/hurricanes. Owing to climate change
and global warming, the intensity of such extreme wind events is increasing yearly all over the
world, causing severe damages to the civil infrastructures and costing an immense portion of the
budget on their maintenance. For example, the Akashi-Kaikyo bridge, located at central-west of
Japan, was struck by a typhoon, numbered as 2018TY20, in 2018 and the bridge experienced a
large lateral vibration of around 8 m which called for the costly bridge maintenance. Recently,
one of the biggest typhoons Hagibis, numbered as 2019TY 19, and an earthquake hit East Japan
simultaneously in October 2019, damaging the infrastructures especially slender bridges very
badly and calling into question their safety and serviceability. Currently, most of the long-span
bridges having main span length over 1000 m in the world are located in the coastline area to
cross the straits and rivers and in the mountainous area to overpass the deep valleys. Therefore,
they can be frequently attacked by the non-stationary winds.

In the viewpoint of the plans for the construction of several super long-span bridges all over
the world, it is important to investigate:

1. how well the existing buffeting analysis theory applies to long-span bridges already
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constructed in the typhoon prone regions,

2. how to regenerate the real phenomenon of time-varying buffeting response of long-span
bridges subjected to typhoon-induced non-stationary winds,

3.  how to consider the aerodynamic and aeroelastic nonlinearities existing in the wind-bridge
interaction arising from the varying angle of attack, nonlinear fluid memory and the non-
proportional relationship between measured wind speed and bridge motion accurately and

4. to what extent the existing aerodynamic wind load models are capable of simulating the real
typhoon-induced vibration of the bridge.

As a matter of fact, the design wind velocities with relatively large return periods are
generally controlled by the extreme wind events of transient nature such as typhoons/tornados,
which stresses the paramount importance of considering the non-stationary wind effects in the
modeling of wind loads on bridges. However, the current design guidelines and existing analytical
frameworks for long-span bridges are only limited to the constant-line/synoptic/stationary winds
of the neutral ABL. Therefore, it is essential to develop an efficient framework for performing the
nonlinear buffeting analysis to interrogate the non-stationary wind effects on long-span bridges,
where the accurate modeling of the non-stationary winds (characteristics of wind inputs), the
transient aerodynamics (from non-stationary wind inputs to load outputs), and aerodynamic

nonlinearities (from wind-bridge interaction) are critically important.

1.2 Scope and objectives of dissertation

In this dissertation, an efficient nonlinear buffeting analysis framework to better understand
the aerodynamic nonlinearity and non-stationary wind-induced effects on long-span bridges is
developed, where the underlying mechanism of the change in bridge aerodynamics induced by
time-varying winds is investigated during the development of a novel wind load model by using
the concept of Volterra series. Based on the developed analysis framework, the typhoon-induced
buffeting response of the long-span bridges can be simulated accurately including the effects of
nonlinear fluid memory and aerodynamic nonlinearity. The main goal of this thesis is achieved
through the accomplishment of a number of objectives which are herein listed:

1. Development of a nonlinear wind load model in terms of indicial functions (IFs) by using
Volterra series for the prediction of buffeting response of long-span bridges under non-
stationary winds because, generally, the conventional nonlinear wind load models cannot
fully characterize the aerodynamic nonlinearity existing in the wind-bridge interaction
system, thus a more advanced nonlinear aerodynamic wind load model is needed,

2. Development of a numerical procedure for the identification of IFs by developing the

relationship between the experimentally determined amplitude-dependent flutter derivatives
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and IFs, and by mapping the nonlinear relationship between wind speed as input and
measured bridge displacement as output through the synaptic weights of neurons via
Artificial Neural Network (ANN). An ANN-based unsteady aerodynamic model served as a
novel reduced-order wind load model for the bridge deck,

3. Evaluation of the applicability of the existing aerodynamic load models when calculating
the buffeting and self-excited forces generated under realistic bridge oscillations, and
assessment of the aerodynamic response for each aerodynamic model,

4. Investigation of the presence of aerodynamic and aeroelastic nonlinearities existing in wind-
bridge interaction by introducing higher-order Volterra kernels,

5. Investigation of how non-stationary winds and aerodynamic nonlinearities affect the
buffeting response of long-span bridges,

6. Validation of quasi-steady assumption in the design of long-span bridges under the real
typhoon-induced non-stationary winds,

7.  Development of an efficient and reliable approach for simulating the artificial non-stationary
wind fields around the bridge based on the measurement data of typhoon winds,

8. Comparison of the effects of non-synoptic and synoptic winds on the dynamic response of
long-span bridges,

The summary of the scope and objectives of this dissertation are systematically shown in

Figure (1-1).
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1.3 Research methodology

In this dissertation, the time history data of typhoon wind speed is obtained from bridge
monitoring authority. The wind speed raw data is decomposed in order to get time-varying mean
wind speed based on the empirical mode decomposition (EMD) method. The remaining
fluctuating wind speed is used to obtain the evolutionary power spectral density (EPSD) in the
time-frequency-domain. Based on this EPSD, the non-stationary wind fields are generated around
the bridge by extending the conventional spectral theory to accommodate the EPSD matrix at
discrete nodes on the bridge deck with the help of the 2-dimensional uniform grid approach. After
the detailed investigation of the existing aerodynamic load models, a novel and efficient nonlinear
wind load model is developed in terms of IFs by using the Volterra series and QS theory. The
static wind loads are computed by using time-varying mean wind speed instead of constant mean
wind speed. In the case of buffeting and self-excited loads on the bridge deck, the aerodynamic
and aeroelastic IFs are identified through the experimental and ANN techniques. First, static and
buffeting loads are applied to the bridge deck in a three-dimensional (3D) manner. As a result, the
bridge exhibits a 3D response which is utilized as a feedback system to evaluate the motion-
dependent self-excited forces on the bridge deck. These motion-dependent forces are applied
separately on the bridge deck in order to compute the buffeting response of the bridge accurately.

The layout of the proposed framework is illustrated in Figure (1-2).

1.4 Contribution of the present work

The overall ambition of this thesis is to contribute to the advancement of the buffeting
analysis by providing insights into the extension of the conventional analytical wind model to a
Volterra series-based nonlinear wind load model which could capture the aerodynamic
nonlinearity and nonlinear fluid memory effects, and could also simulate the real phenomenon of
time-varying mean response of the bridge under typhoon-induced non-stationary winds. In other
words, in this research work, a nonlinear framework for the buffeting analysis of flexible bridges
under the non-stationary winds is developed, validated, and applied to a real full-scale bridge. The
original scientific results and contributions of this dissertation are briefly summarized below:

1. Development of a novel nonlinear framework, consisting of 3D wind load models, for
performing the buffeting analysis under typhoon-induced non-stationary winds,

2. Development of a generalized framework for the identification of IFs from the experimental
data of flutter derivatives (FDs), which could simulate the aerodynamic loads accurately,

Development of a numerical procedure for the identification of IFs by using ANN approach,

4. Development of a computational framework for the analysis of long-span bridges under non-
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stationary wind actions based on the finite element method,
5. The study on the following effects on the buffeting response of long-span bridges:
e  Effects of aerodynamic and aeroelastic nonlinearities,
e  Effects of stationary and non-stationary winds,
e  Effects of linear and nonlinear fluid memory,
6. Further development and validation of wind load models in time-domain for the computation

of unsteady wind loads on the bridge deck,
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Figure 1-2 Layout of general calculation procedure for buffeting analysis

1.5 Organization of thesis

The amount of research work focusing on the regeneration of the real phenomenon of time-
varying buffeting response of the bridge under non-stationary winds is lower than its counterpart
of constant mean buffeting response under stationary winds. Hitherto, the wind turbulence
statistics represent large uncertainties in the prediction of buffeting response of long-span cable-
supported structures. To contribute to reduce the uncertainties, this thesis makes an effort to
develop a nonlinear scheme to simulate the accurate buffeting response of the bridges closer to

the real measurement data of bridge displacements induced by the typhoon winds. Apart from the
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Chapter 1 which is the introduction, each chapter is devoted to one step towards the development

of buffeting analysis framework while progressing ahead logically. A brief breakdown of the

thesis is as follows:

Chapter 2 — Literature review
A review of the prominent literature in the study of buffeting is presented in this chapter.
Also, the development of the understanding of the buffeting phenomenon is included and
how this has allowed relevant theory to progress. In addition to that, a brief overview of the
comparison of the existing aerodynamic load models is also given.

Chapter 3 — Volterra series-based wind load model
In this chapter, the buffeting and self-excited forces on the bridge deck are formulated in
terms of indicial response functions by extending the conventional linear unsteady (LU)
model to a Volterra-series based wind load model.

Chapter 4 — Identification of Volterra kernels
Volterra kernels are identified in this chapter by utilizing two approaches: the first approach
is based on the experimentally determined flutter derivatives and the second approach is
based on ANN. An understanding of these approaches will be beneficial for the advancement
and discussion of the buffeting theory of bridges.

Chapter 5 — Simulation of non-stationary wind fields
This chapter concentrates on a simulation technique to generate the non-stationary wind
fields around the bridge by incorporating the EPSD matrix into the conventional spectral
theory based on the measured wind speed data of typhoon events, i.e., TY9807 and
2018TY20 in Japan.

Chapter 6 — Numerical example
This chapter presents a numerical example of a real full-scale bridge on which the proposed
framework is tested. The efficacy of the proposed wind load model is checked by comparing
its simulation results with the measurement response of the bridge. Special attention is paid
on any similarities/dissimilarities existing between the conventional aerodynamic models
and the proposed wind load model.

Chapter 7 — Conclusions and future directions
The concluding chapter comprises a summary of the dissertation and concluding remarks
regarding the efficiency of proposed Volterra series-based wind load model. Furthermore,
the key points of the future research work, an extension of the present research work, are

also included in this chapter.



CHAPTER 2: LITERATURE REVIEW

This chapter entails the literature review of previous research works related to the buffeting
analysis of long-span bridges subjected to turbulent winds. Various aerodynamic load models are
reviewed and compared in order to address the questions on their assumption, complexity,
suitability, and applicability. The design of a structure usually entails the use of mathematical
models to duplicate the full-scale structural behavior and natural events that may possibly happen
during the structure’s lifetime. For long-span bridges, the wind-induced vibrations can be the
governing criteria at the design stage. Thereby, the reliable mathematical models are
indispensable to predict the vibrations of various structural components such as the deck, cables,
and towers, in terms of their aerostatic, aeroelastic, and buffeting displacements. In this chapter,
a brief literature review is first presented to throw the light on the ongoing advancements in the
field of buffeting analysis from past to present. Then, the sources and forms of different
aerodynamic load models are re-examined, which are usually used to analyse the response of
long-span bridges subjected to the gusty winds. At last, the benefits of IFs and Volterra series in

the modelling of aerodynamic wind loads on the bridge deck are discussed.

2.1 Introduction

Several civil engineering infrastructures such as long-span bridges, tall masts, and overhead
power lines conform to a slender, elongated, and line-like form (Davenport 1962). Such structures
are particularly vulnerable to wind loading. Thereby, the wind-induced oscillations commonly
represent the leading criterion in the design of long-span bridges, which demands accurate
modelling of the wind forces generated on the bridge deck due to the incoming wind flow. The
interaction between wind flow and bridge deck can be interpreted as the trading of energy between
them to provide the insight of damping effects on the structure. At low wind speed, the wind flow,
and hence the wind force somehow acts as a damper to provide the positive aerodynamic damping
for the structure. However, up to a certain high wind speed, which depends on the geometric shape
of the deck and, the flow will feed energy significantly to the structure and quickly reduce the
aerodynamic damping to zero or negative value to make the structure divergently oscillate. This
is the critical condition of the flutter instability of the bridge deck, which would result in
destructive failures of bridges as evidenced in the case of the Tacoma Narrows bridge in 1940.

Therefore, in flutter prediction, only the self-excited force is necessary for the analysis
because the focal point is the critical point of instability or critical wind speed. On the other hand,

the buffeting analysis needs considering both kinds of forces, self-excited and buffeting, to
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analyse the random vibration of the bridge deck in a wide range of wind speed before the critical
flutter wind speed. In Figure (2-1), it can be seen that there exists an interaction between these
two forces when the feedback from self-excited force modifies the buffeting force (or vice versa).
However, this interaction seems to be insignificant, and hence can be ignored. More discussions
and formal formulations of this interaction can be found in (Scanlan 1993). Under the linearized
assumption for the action of the aerodynamic force on the bridge deck, which has been widely
accepted so far in bridge analysis, the external force (F,,;) is considered as the superposition of
the wind forces, neglecting any possible interaction between them. The dashed line in Figure (2-
1) depicts the linearized assumption of superposition law, indicating the self-excited force directly
applying to structure i.e., Mii+ Ku = Fy; + F, + F,,, where Fg; is the static force; Fj is
buffeting force vector; F;, is self-excited force vector; M and K are the mass and stiffness
matrices of the structural system, respectively, and i and u are the acceleration and
displacement vectors, respectively. The mean wind speed is responsible for the static forces acting
on the structural components. The most important force out of static forces is the drag force acting
on the bridge deck, towers, and main cables. The static forces produce large stresses in all
structural components and are one of the most important factors considered during the design of

super long-span bridges. For this reason, it is chiefly important to attain the low drag forces on

the bridge decks: a requirement that has led the development of streamlined box girders.

Tgrbulence Buffeting Structure Response
wind speed force

Self-excited
force

Figure 2-1 Aerodynamic and aeroelastic relationship between wind and structural vibration

2.2 Advances in buffeting analysis from past to present

The wind tunnel test-based models for the slender structures have been used in different
forms since the late 1930s, and the progress continued in this field; however, the issues regarding
the flutter and buffeting in long-span bridges under turbulent wind are complex and require
recourse to wind tunnel models. The bridge flutter is generally a separated-flow phenomenon in
which a single torsional mode becomes unstable and drives the system towards the excessive

oscillations, whereas the buffeting problem occurs during exposure to natural wind, which
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generally has both a mean velocity and random, turbulent velocity components, the rms value of
the latter occasionally ranging as high as 20% of the mean (Scanlan 1978). Thus, the natural wind
may pose both the stability and the buffeting problems simultaneously in the prototype bridge.

Since the 1960s, many methods for predicting buffeting response of long-span bridges have
been proposed in both frequency- and time-domain. Several contributions, in the beginning, to
the wind-bridge interaction problem are indicated by Davenport (1961; 1962a; 1962b; 1966). The
developments in the analysis for the aerodynamic response of long-span bridges to turbulent
winds also owe much to studies of the buffeting and flutter of aircraft (Scanlan 1951; Bisplinghoff
et al. 1962). Forces acting on the bluff bodies like long-span bridge decks have been explicated
by analytical and theoretical approaches, which are influenced by similar formulations as those
of two-dimensional airfoil theory. The most conventional method is the admittance single mode
method proposed by Davenport (1962), which is based on the quasi-steady assumption used for
the formulation of aerodynamic forces on the line-like structures. Simiu and Scanlan (1996)
further developed another single mode method while considering the effect of aeroelastic forces.
In spite of their simplicity, these methods are unsuitable for the modern long-span bridges from
the point of view of analysing the coupled buffeting responses.

With the advancement in computational capacity, numerous efforts have been made to solve
the buffeting problem in time-domain by several methods. The bridge engineers mainly focused
on the time-domain analysis of buffeting response, particularly of low-frequency structures such
as suspension bridges. Relative velocity by Miyata et al. (1995) and Rational Functions by
Boonyapinyo et al. (1997) are typical among others. Jain et al. (1996) also proposed a multi-mode
method in frequency-domain. These methods consider the effects of aerodynamic and structural
couplings simultaneously. Jakobsen et al. (2001) also developed a time-domain method for
calculation of dynamic response of line-like structures subjected to the buffeting forces by
combining the simulated wind speed time history to a quasi-steady load model and a finite element
algorithm. The major reason for this is that the alternative approach of a mode-by-mode method
(frequency-domain analysis approach) demands linearity in the loading assumption as well as in
structural behavior, which is a limitation in the design guidelines under serviceability limit state
but not under ultimate limit state.

In the time-domain computational procedure, nonlinear load effects can be included to
provide a better understanding for the evaluation of the safety margin under extreme load events.
Extensive comparisons between the frequency-domain and time-domain analyses based on the
quasi-steady (QS) and linear unsteady (LU) models are conducted in (Petrini et al. 2007; Salvatori
et al. 2007; Lazzari 2005). Diana et al. (2008) developed a novel concept of modelling the
aerodynamic forces based on the hysteresis behavior of the aerodynamic force and moment

coefficients with respect to the dynamic angle of attack for different reduced wind speeds. The
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aim was to develop a rheological element that can easily capture the unsymmetrical nonlinear
hysteresis. The model was based on many independent mechanical oscillators in a parallel
configuration, whose coefficients are attained with the help of aerodynamic force transfer
functions.

In Wu and Kareem (2011), a non-parametric model was developed based on the Artificial
Neural Network (ANN), an input-output black box modelling technique, in order to describe the
hysteretic behavior. Although promising results are elucidated for the coupled gust-induced and
motion-induced forces, the model was still not applied for the computation of the buffeting
response of a real full-scale bridge structure. Nevertheless, the same idea of ANN was used by
Wu and Kareem (2013) for approximating the aerodynamic hysteresis with respect to the angle
of attack in the modified hybrid model. To further examine the aerodynamic nonlinearities, Wu
and Kareem (2015) used the Volterra series and associated Volterra kernels to simulate the
nonlinear dynamical system with the fading memory concept. Using Volterra series, the nonlinear
dynamical system is modelled as an infinite sum of multidimensional convolution integrals of
increasing order, which correlates to the unsteady aerodynamic forces on the bridge deck. The
accuracy of the Volterra series-based aerodynamic model is highly dependent on the accurate
identification of the Volterra kernels. Further comparison of the modelling techniques and relevant
discussions can be seen in (Scanlan 1993; Chen and Kareem 2002; Wu and Kareem 2013). The

layout of advances in buffeting analysis from past to present is shown in Figure (2-2).
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Figure 2-2 The advances in buffeting analysis from past to present
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2.3 Existing aerodynamic wind load models

The wind-bridge interaction is a 3D complex phenomenon. Nevertheless, most of the
aerodynamic wind load models are developed for 2D bridge section models, which are then
applied to a 3D bridge to simulate the actual response of the bridge structure. In this context, there
is a famous saying of Professor Scanlan (1987) that “It is true to state that no mathematical model,
even a fully three-dimensional one, can duplicate real bridge behavior completely”. Keeping it in
mind, it is relevant to review some of the comparative analyses which have been performed in the
field of semi-analytical aerodynamic modeling. The semi-analytical models formulate the
aerodynamic forces using a set of mathematical equations, partially based on airfoil theory, and
aerodynamic coefficient accounting for the wind-bridge interaction of a bridge deck. The
significant discrepancies between the models instigate from the underlying physical assumptions
used during the modelling phase. With these hypothetical assumptions, the semi-analytical
models yield a simple formulation of the aerodynamic forces, which can neglect or account for
certain factors such as aerodynamic nonlinearity, fading fluid memory, and aerodynamic
coupling. A comprehensive review paper on various aerodynamic models can be found in
(Kavrakov et al. 2017; Kavrakov et al. 2019), in which different categories of aerodynamic
models are made based on their complexity and comparability. To shed some light on the impact
of the underlying assumptions on the accuracy of aerodynamic modelling, some other studies
regarding the comparison of different aerodynamic models have been done over the years
(Scanlan 1978(1); 1978(1l); Davenport 1962; Diana et al. 1993, Diana et al. 2010; Chen and
Kareem 2001; Wu and Kareem 2013). Therein, it is shown that aerodynamic assumptions can
significantly influence the structural response to wind actions.

In this section, a brief review of some contemporary aerodynamic models is presented. The
eight different existing semi-analytical models in the time-domain are investigated including
steady (S), linear steady (LS), quasi-steady (QS), linearized quasi-steady (LQS), corrected quasi-
steady (CQS), mode-by-mode (MBM), linear unsteady (LU) and hybrid nonlinear (HNL) models.
Conventionally, the wind-bridge interaction is treated as a 2D coupled problem of a bridge deck
immersed in a fluid with a constant air density p and a width B as shown in Figure (2-3) in
which U,.; denotes the relative wind velocity; ¢ is the dynamic angle of attack; L(t) is the lift
force; M(t) is the pitching moment; u(t) is the longitudinal fluctuating wind, w(t) is the
vertical fluctuating wind, and U represents the mean wind speed which is assumed to be constant
for the stationary process over a certain averaging time period. This assumption is common in
most of the aerodynamic models for the design of structures (Davenport 1962; Simiu and Scanlan
1996). However, in the case of typhoons and other extreme wind events, such an assumption is

no more valid. The deck with width B is assumed to be rigid and is supported by the vertical
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spring with stiffness kj and rotational spring with stiffness k,, allowing the vertical and
rotational displacements denoted by h and a, respectively. Congruently, the bridge deck has the
inertial mass of m; and moment of inertia of I,, while the structural damping of the system is
included by the vertical and rotational damping coefficients denoted by ¢, and c,, respectively.
The equation of motion (EOM) of the wind-bridge interaction is defined in Eq. (2.1). The
subsequent subsections focus on the existing aerodynamic wind load models for the bridge deck.
mph + cyh + kph = L(t) (2.1a)
1,08 + cqd + ko = M(t) (2.1b)

Figure 2-3 Coupled wind-structure interaction system for semi-analytical models

2.3.1 Steady model, S

This model computes the aerodynamic forces generated on a 2D bridge deck such as:

L(t) = F, cos(¢) — Fp sin(¢) (2.2a)
1
M(t) = EPUrzezBZCM(aeff) (2.2b)
1 (2.32)
Fp = EPUrZezBCD (tesr)
(2.3b)

1
Fp=- EPU'rZelBCL(aeff)

Urer = V(U + u)? + w? (2.3¢)
aeff = Uy + ¢ (23d)
(2.3¢)

w
= t —
¢ = arc an(U+ )

u

where arr is the effective angle of attack; ¢ is the dynamic angle of attack induced by the
bridge deck motions and wind fluctuations (herein the term “effective angle of attack” means that
only the deck motions are responsible for generation of the angle of attack), and «a; is the static
angle of attack identified at an equilibrium position. Cp, C; and C, denote the static force
coefficients for the drag, lift, and pitching moment, respectively. These coefficients are obtained
from the wind tunnel tests under steady flow conditions or computational fluid dynamics (CFD)
simulations under the laminar flow conditions, and depend on the angle of attack, generally in a

nonlinear manner.
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2.3.2 Linear steady model, LS
The linear steady (LS) model is also valid for 2D problems, which is obtained by the
linearizing Eq. (2.2) at the equilibrium position of the angle of attack and neglecting the higher-

order terms of the velocity such as:

1 _ u w
_ __ 2 — 4 —
L(t) = 2pU B [CL + 2C, i + (C] + Cp) U] (2.4a)

1 _ u w
_ = _ij2p2 e 1
M) =5 pUB [CM + 200 5+ Ciy U] (2.4b)

where C;, = Cy(ag), Cp = Cp(as) and Cp = Cy(a;) depend on ag, and C/, C, and Cy,

are the first derivatives of C;, Cp and Cj;, respectively.

2.3.3 Quasi-steady model, OS

The quasi-steady theory has a preponderant role in the aeroelastic and aerodynamic analysis
frameworks, which explicates the aerodynamic load through a static nonlinear relationship
between the incoming wind flow and wind-induced forces on a structure. It was first used to
model the onset mechanism of galloping, where the unsteady aerodynamic forces exerted on a
vibrating structure were modelled by using the steady-state coefficients (Parkinson and Brooks
1961). This model is based on the assumption that in each time-step, the forces due to the wind-
bridge interaction are the same as in an equivalent steady-state at infinite time. Hence, the rise
time of the wind forces is assumed to be instantaneous and the fluid memory effects are not taken
into account. The major advantage of this model is to consider the nonlinearity. However, no fluid
memory effects are taken in account in the QS theory. Consequently, the QS theory is only
appropriate if the time required by the incoming wind flow to pass around the structure and to be
convected far enough downstream is less than the time taken by the structure to react to the
disturbances occurred in the surrounding flow. Henceforth, the QS theory is usually used for the
low-frequency structures (or equivalently for the high reduced velocity).

Based on the QS theory, the aerodynamic lift and torsional moment per unit span length of

the bridge deck can be expressed in reference to (Kovacs et al. 1992; Miyata et al. 1995) such as:

L(t) = F, cos(¢) — Fp sin(¢) (2.52)

M(E) = 3 U2 B Cu(aur) (2.5b)
where

Fp = %pufelBCD(aeff) (2.6a)

1 (2.6b)
2
Fp=- EpUrelBCL(aeff)
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- . (2.60)
Uper = \/(U +uw)? + (w+ h+mBa)?

(w +h+ mlBo'z) (2.6¢)
¢ = arctan | ———
U+u

where m, coefficient stipulates the position of the aerodynamic center which tells about a
resultant point, where all components of the self-excited forces act, arising due to the rotational
DOF. In other words, it stipulates an equivalent point at which there is an equivalent vertical
velocity due to the angular displacement as the self-excited forces depend on the vertical velocity
of the bridge deck. This point is valid for an equivalent quasi-steady state, which is generally

identified based on the flutter derivatives.

2.3.4 Linear quasi-steady model, LOS

Among all, the simplest model is the LQS model which is linear and does not incorporate
the unsteadiness of the aerodynamic forces. This model is developed by linearizing the QS model
at the static equilibrium position to compute the wind-induced aerodynamic/aeroelastic forces.

Based on the LQS model, the lift, drag, and torsional coefficients are expressed as:

Craers) = Crlag) + (@ + P)Cila, (2.7a)
CD(aeff) = CD(as) + ((X + ¢)C[’)|a5 (27b)
Cu((tesr) = Cylas) + (@ + P)Cilq, (2.7¢)

After the simplification, the lift force and pitching moment per unit span length of the bridge deck

in the global bridge coordinates can be expressed as:

1 _, u , w , fl+m1Bd ,
L(t) = —EIDU B CL+2CLﬁ+(CL+CD)ﬁ+(CL+CD)T+CLa (2.82)
1 _ u w h+m,Ba
M) = 5 pUB? [cM + 20 5+ Cin gy + Gy Tl + C,(,,a] (2.8b)

2.3.5 Corrected quasi-steady model, COS

A clear shortcoming of the QS model is that it cannot consider the unsteady fluid memory
effects. In order to improve this model, a CQS model has been proposed where a modified
coefficient is introduced by Diana et al. (1993) to account for the unsteady effects while retaining
the effects of nonlinearity on the dynamic response. According to the CQS model, static wind
force coefficients are modified as Cj(aeff) = Cj(as) + G (aess) for j €{D,L, M}, where C;

denotes a corrected nonlinear static wind force coefficient evaluated as follows:

Cy(aesy) = f Ky (@)Ch(@)da (2.9a)
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Cr(ctesys) =J- eKL*(a)CL’(a)da (2.9b)

S

Cir(aesr) =f eK,(j,(a)C,(,,(a)da (2.9¢)

where K;* denotes the frequency-dependent correction coefficient identified from dynamic tests.
Alternatively, K;* can be identified from the FDs at different angles of attack as follows:
_K?P; . K?H; i K243

K * R JR—— R
D r o L 1 M ’
CD CL CM

(2.9d)

2.3.6 Linear unsteady model, LU

The linear unsteady (LU) model is based on the conventional convolution theory in which
the output of a linear system is related to its output through an impulse response function. In the
bridge aerodynamics, Davenport and Scanlan introduced an efficient way to treat unsteadiness by
including the linear frequency-dependent coefficients (Davenport 1962; Scanlan 1978(I); Scanlan
1978(1I)). The self-excited forces are then defined as a linear function of the vibration and its
frequency content, including the aerodynamic coupling terms between the modes. The buffeting
forces are also upgraded by introducing the linear frequency-dependent coefficients between the

wind fluctuations and forces, which are known as aerodynamic admittance functions as:

1 _ u w
Dy = 5pU2B [26oxou g + (€5 = C)Xow 7 (2.10a)
1 _ u w
Ly = =5 pU?B [2Cux0 5 + (€} + Codituw | (2.10b)
1 _ u w
My = 5 pU2B? |2Cu it =+ Ciaonw ﬁ] (2.10c)

where xj, (K) and x;, (K) for j € {D, L, M} are the acrodynamic admittance functions that
are proposed to consider the unsteady effects of incoming wind fluctuations. This model neglects
the aerodynamic nonlinearity; nevertheless, it takes the linear fluid memory effects into account.
The buffeting and self-excited forces in frequency-domain are usually approximated using
aerodynamic admittances and flutter derivatives, respectively, whereas the buffeting forces

induced by the turbulent winds in time-domain are expressed as:

u(t —1)

W(t —-17)

t
1 _ .
Ly(t) = _EPUZB C,+ ZCLflpLu(T) dt
0
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where Y (t) represents the aerodynamic unit-step response to buffeting forces (also known as
aerodynamic indicial response function), and ¢(t) represents the aeroelastic unit-step response
to self-excited forces (also known as aeroelastic indicial response function), which are determined
from the aerodynamic transfer functions and FDs, respectively. The formulation of the LU model

will be discussed in detail in Chapter 3.

2.3.7 Mode-by-mode Model, MBM

The mode-by-mode model neglects the aerodynamic coupling between structural modes. It
is conventionally used for the buffeting analysis in frequency-domain due to its simplicity. The
simplification in the MBM model is to neglect the coupling between structural modes on the
aerodynamic side. For a 3D system, the cross-terms between the vertical and torsional degrees of

freedom (DOFs) in Eq. (2.11) are ignored; henceforth, the MBM model is developed as follows:

L,(t) = —%pUZB c, +chf¢Lu(r)”(t_T) dr
(2.12a)
F (G + q’){ f P T f $1i(®) h(t_” }]
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2.3.8 Hybrid nonlinear model, HNL

Recently, numerous aerodynamic models have been established including the fluid memory
effects, which are based on the aerodynamic hysteretic behavior (Diana et al. 2008; Diana et al.
2010). The incentive of the hybrid nonlinear (HNL) model is to employ the benefits of LU and
QS models for different range of reduced wind speeds. The bridge response and wind spectrum
are separated into the low- and high-frequency components. The HNL model is introduced based
on the idea that the effect of fluid memory is insignificant at low reduced frequency and the
nonlinearity dominates the aerodynamic forces, while for high reduced frequencies, the effect of
fluid memory is significant. The effective angle of attack is also split into a low- and high-
frequency components, denoted as aéff and agff, respectively. The low-frequency component
of the force is modelled by using the QS model, resulting in a low-frequency effective angle of
attack. On the other hand, a conventional convolution-based LU model is employed to compute
the high-frequency component of the buffeting and self-excited forces on a bridge deck by
linearizing the wind forces at low-frequency component of effective angle of attack (Chen and
Kareem 2003). The total nonlinear aerodynamic force is then computed as follows:

F = F(aes) = Fag) + - — a1, % alys (2.13)
=F' +FL + F} =F® + F1Y

where F@S is the nonlinear aerodynamic force due to the low-frequency components of wind

FLU s the force

speed fluctuations and bridge deck motions calculated by using Eq. (2.5) and
due to the high-frequency components of wind speed fluctuations and bridge motions computed

by Eq. (2.11). The formulation of Diana et al. (2013) is employed in the following form:

w! + Al + m;Ba' + nlwl)

— 2.14
U+ ul—pt ( )

abp=as+al+ arctan(

where n, is introduced to account for the phase lag between the wind fluctuations and the quasi-
steady aerodynamic force. The HNL model possesses the benefit of nonlinearity of QS model in
the high reduced wind speed range, and since the unsteady characteristics are unique for the low
reduced wind speed range, the LU model is used to capture the fluid memory effects. The cut-off

frequency is selected based on the natural frequency of 1* mode of bridge (Wu and Kareem 2013).
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2.4 Benefits of indicial response functions and Volterra series

The buffeting response of long-span bridges subjected to turbulent winds is a complex
interaction of aerodynamic loading and coupled structural motion (Scanlan 1990), which can be
simulated through a sophisticated aerodynamic model in time-domain. The most appropriate way
to model for buffeting force in time-domain is through indicial functions (IFs), which has been
pointed out by Scanlan (1984; 1993) because IFs can model the changing of bridge aerodynamics
under turbulent winds. There are two types of IFs: (1) IFs represent the development of forces
due to a step-change in the bridge deck motion also known as Wagner-type indicial functions and
(2) IFs represent the development of forces due to a sharp-edged gust of wind turbulence also
known as Kussner-type indicial functions. In other words, the Wagner function gives the response
to a unit angle of attack change and the Kussner function, conversely, provides the aerodynamic
response to a unit sharp gust.

Time-domain models also offer other advantages. For example, the combination of self-
excited and buffeting forces is straightforward, and the along-span wind coherence can be easily
considered. Once the time-domain analysis is followed, the advantages of using IFs are as follows:
e  An accurate description of aerodynamic characteristics and the possibility of obtaining the

unsteady wind loads on a structure undergoing arbitrary small motions,

e A unified formulation of the acrodynamics of long-span bridges,

e  The expressions for IFs can be derived or approximated in various ways via analytical,
computational fluid dynamics, or experimental methods,

e  The effect of wake (which quasi-steady theory does not consider) is considered in IFs which
can significantly affect and alter the flutter conditions,

e IFs have the nature of time-domain so that the formulation of aerodynamic forces will be
straightforwardly expressed without any transformation technique,

e  Using IFs will eliminate the limitations due to the quasi-static model so that the well-known
lag of buffeting forces behind the incident wind turbulence can be included,

e  The explicit expressions of aerodynamic forces by IFs in time-domain make it easy to
directly solve the dynamic equation of motion of the three-dimensional model of a bridge,

Some other useful notes on indicial functions are as follows:

e  For incompressible flows, the unsteady aeroelastic lift and twist moment are expressed in
the frequency- and time-domain via the use of the Theodorsen’s and Wagner functions
respectively; these functions play the roles of aeroelastic IFs,

e  For incompressible flows, the unsteady aerodynamic lift and twist moment are expressed in
the frequency- and time-domain via the use of the Sears’ and Kussner functions respectively;

these functions play the roles of aerodynamic IFs,
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Wagner determined the indicial response for a thin airfoil in an incompressible flow as a
function that tends asymptotically to unity and starts at a value of 0.5 for s = 0, explicating
that half of the change in circulatory lift is obtained at the initial instant,

Kussner determined the indicial response for a thin airfoil in incompressible flow as a
function that tends asymptotically to unity and starts at 0 for s = 0,

IFs of a bridge deck must originally be obtained from the flutter derivatives in any event as
suggested by Scanlan (1993),

Often a working hypothesis is suggested that IFs calculated from flutter derivatives for self-
excited forces do not differ much from IFs calculated from admittance functions for
buffeting forces. Some discussions are also available on the point that IFs for buffeting and
self-excited forces are the same based on the assumption that vertical gust wind component
and vertical bridge response component yield the same aerodynamic loads on a bridge deck
(e.g., Tubino 2005). However, this assumption is not valid in the case of a real bridge deck.
Hence, IFs for self-excited forces are particularly different from those for buffeting forces,
Admittance functions, similar to flutter derivatives, are expressed as a function of the
reduced frequency and can be measured in the wind tunnel. Otherwise, if wind tunnel test
data is not available, a reference aerodynamic admittance function can be used, even if
theoretically defined only for a thin-airfoil, i.e. the Sear’s function (}(K)) for the
identification of aerodynamic IFs,

To model the aerodynamic nonlinearities, the Volterra series serves as one of the best

mathematical tools for the nonlinear dynamic systems. The following keynotes are interesting to

state herein about the Volterra theory:

A rigorous mathematical framework and provides a quantitative description of the dynamics,
Provides the means of evaluation for the dynamic nonlinearity of a system,

Scalable to arbitrary nonlinear orders,

Non-Gaussian white noise input can be used,

Serves as a non-parametric model because it does not need any prior knowledge about the
system and no assumption is required,

Robustness to noise and interference,

Easily extensible to accommodate multiple-inputs and multiple-outputs,

Volterra kernel size can be kept at tractable levels,

Ubiquitous and significant nonlinearities of the dynamic systems can be modelled accurately
while linear approaches fail to capture nonlinearities and do not reach the required accuracy,
Contrary to the Taylor series which is only limited to the static nonlinear systems
experiencing the steady flow problems, the Volterra series can model the dynamic nonlinear

systems subjected to the unsteady flow such as:
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y(t) = ag + a;x + azx? + - (2.15)
If x is replaced by [ h(t)x(t —7)dt in the Taylor series for a single-input single-output
(SISO) system, Eq. (2.15) becomes,

y(t) =ay+ a4 f h(D)x(t—1)dTt + a, f f h(z)h(t)x(t — t)x(t — 75) dtdTy + -+ (2.16)

in which h denotes the impulse response function. Eq. (2.16) is a simplified form of the Volterra
series of increasing order. An extensive discussion about the formulation of the Volterra series

and its application to aerodynamic load modelling is presented in Chapter 3.
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CHAPTER 3: VOLTERRA SERIES-BASED WIND LOAD MODEL

This chapter focuses on the development of wind load models in time-domain based on the
Volterra series including the buffeting and self-excited forces on a bluff body. More specifically,
the transient nature of the typhoon wind and its effects on the aerodynamic response of the bridge
are modelled while considering the effects of nonlinear fluid memory arising from the past history
of incoming wind flow and deck motion at two different time-scales, and aerodynamic
nonlinearities arising from the dependency of aerodynamic forces on the effective angle of attack
and large flow separation at a high angle of attack. For that, two schemes based on the Volterra
series are herein proposed for modeling the buffeting forces on a bridge deck: (1) Volterra FD
model (2) Hybrid Volterra FD model.

In the case of the scheme (1), a whole gamut of frequencies of wind speed fluctuation
components (both longitudinal and vertical) and bridge deck motion components (lateral, vertical,
and torsional) are used. With that, a conventional linear unsteady (LU) buffeting force model is
extended to a nonlinear unsteady (NLU) buffeting force model by using the Volterra series to
account for the nonlinear fluid memory effects as well as the aerodynamic nonlinearities existing
in the non-proportional wind-bridge interaction. The aerodynamic nonlinearity in the scheme (1)
is expressed in terms of higher-order IFs also called higher-order Volterra kernels interchangeably,
which are identified at zero angle of attack of wind. The corresponding static force coefficients
utilized in this scheme are measured at zero angle of attack. The effects of non-synoptic winds on
the bridge aerodynamics are also incorporated in the Volterra FD model in terms of time-varying
mean wind speed. Congruently, an LU-based self-excited force model in time-domain is extended
to an NLU-based self-excited force model through the Volterra series by considering the higher-
order aeroelastic Volterra kernels. Finally, both the Volterra FD-based buffeting and self-excited
force models are combined to develop a unified formulation of the Volterra series-based wind
load model which can simulate the effects of nonlinear fluid memory effects, non-synoptic wind
effects as well as the aerodynamic and aeroelastic nonlinearity effects on the bridge deck response
concurrently.

In the case of the scheme (2), the wind speed fluctuating components (both longitudinal and
vertical), as well as the bridge motion components (lateral, vertical, and torsional), are separated
into low- and high-frequency components based on a cut-off frequency. The low-frequency
components of aerodynamic forces are modelled based on low-frequency components of wind
speed fluctuations and bridge motions using QS model due to its high reduced velocity and ability
to incorporate the nonlinearity arising from the angle-varying static force coefficients, whereas

the high-frequency components of buffeting forces are modelled using the Volterra FD model in
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which the Volterra kernels are identified from FDs determined at varying angles of attack of wind.
The effects of non-synoptic winds on the bridge deck response are also incorporated in the low-
and high-frequency components of buffeting forces in the scheme (2). The results highlighted the
importance of extending the existing LU model to an NLU wind load model. Results also showed
the modeling of effects of non-synoptic winds on the structural response as well as amplitude-
dependency of IFs. The presented wind load modeling schemes can provide a straightforward
physical explanation on the underlying mechanism of changing the bridge aerodynamics due to
the transient effects of time-varying wind speed. This study may facilitate the bridge engineers to
design super long-span bridges accurately by considering the non-synoptic wind loads and,

aerodynamic and aeroelastic nonlinearities existing in the wind-bridge interaction.

3.1 Introduction

Non-stationary wind events, like typhoons, impact violently on the civil infrastructures in
ABL, that may cause a large number of fatalities and big economic losses. Compared with the
vertical structures like high-rise buildings, the long-span bridges have a large propensity to be
attacked by the non-stationary winds. It is observed that the thin-section bridges in coastline areas
are prone to typhoons which possess strong non-stationary characteristics. Actually, it is probable
that the design wind speeds in those areas are controlled by typhoons of transient nature, which
highlights the paramount importance of non-stationary consideration in the modeling of wind
loads on long-span bridges. Generally, the stationary winds are characterized by the constant mean
wind speed, whereas the non-stationary winds elucidate the time-varying mean wind speed
behavior that generates the transient response (Xu and Chen 2004). Therefore, a comprehensive
understanding of non-synoptic wind effects on changing the bridge aerodynamics is essential to
predict the buffeting response accurately. For that, the time-domain simulations are performed
these days because time-domain approaches not only provide the benefit of combining different
types of loads and can consider the nonlinearities but also provide the only way to reproduce the
bridge response to typhoon winds with time-varying mean characteristics.

Most of the current researches focusing on the non-stationary wind effects on the civil
infrastructures fully depend on the conventionally determined aerodynamic coefficients from
wind tunnel tests under the stationary wind conditions (Chen 2008; Chen 2015; Cao and Sarkar
2015). In other words, the current wind design guidelines mainly emphasize on the stationary
winds, whereas the actual phenomenon of typhoon winds show the non-stationary behavior, and
hence the associated aerodynamic parameters are often disregarded, which calls into question the
applicability of the conventional existing aerodynamic load models (Kwon and Kareem 2009;

Chen 2015). Moreover, the lack of experimental studies in the past also raised questions on the
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accuracy of modeling the time-varying transient effects of non-stationary winds on the buffeting
response of the bridges, and it is therefore difficult to judge the contribution from the gust-induced
aerodynamic effects to the dynamic response (Chay and Letchford 2002; Letchford and Chay
2002; Cao et al. 2015). Moreover, the amalgamation of the motion-induced aeroelastic effects in
the buffeting forces is very challenging owing to the limitations of the wind tunnel test facilities.

To circumvent this limitation, Kwon and Kareem (2009) offered a novel theoretical scheme
for wind load effects on infrastructures based on the gust front factor which is capable to
effectively investigate the transient aerodynamics. The results obtained in their study aimed to
develop the analysis framework based on gust front factor for transient wind load effects on
infrastructures. Specifically, the efforts were made to investigate the effects of transient behavior
on the aeroelastic and aerodynamic characteristics based on a long-span bridge under artificial
downburst winds. For that, the semi-empirical linear model in time-domain was used to analyse
the aerodynamic and aeroelastic forces on the long-span bridge under downburst events and its
equivalent stationary winds. The presented approach highlights the fundamental mechanism of
the change in bridge aerodynamics brought about by the time-varying effects and offered new
insights to explore the non-stationary wind effects on the bridges.

Besides the non-stationary wind effects on the bridge response, the wind-bridge interaction
is a fade memory system and exhibits a nonlinear behavior aerodynamically. A main source of
this nonlinearity existing in bridge aerodynamics is owing to the flow separation around the bridge
deck because the wind flow around deck cannot accommodate the abrupt changes in the deck
profile. Other reasons of the aerodynamic nonlinearities can be visualized in various point of
views i.e., amplitude/frequency dependency of aeroelastic and aerodynamic forces, non-
proportional and nonlinear relationship between wind speed and bridge dynamic response and
hysteretic nature of aerodynamic forces against angles of attack (Wu et al. 2013).

Chen and Kareem (2001, 2003) presented a time-domain analysis framework for predicting
the nonlinear response of long-span bridges under turbulent winds. The nonlinear unsteady forces
are formulated on the basis of the static wind force coefficient, admittance functions, flutter
derivatives, and their spatial correlations at different angles of attack. In their framework, the
aerodynamic forces are separated into low- and high-frequency components at a suitable cut-off
frequency based on the low- and high-frequency components of effective angle of attack. The
low-frequency components of aerodynamic forces are modelled as a nonlinear function of the
effective angle of attack using the QS model, whereas high-frequency component of aerodynamic
forces is linearized at the low-frequency component of effective angle of attack and then modelled
using conventional LU model. This combination of QS and LU models is famously known as
hybrid nonlinear (HNL) wind load model. Further discussions regarding the aerodynamic

modeling are presented in the subsequent sections.
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3.2 Volterra series

The mathematician Vito Volterra (Volterra 1959) used a series of convolution-like
expressions to define the input-output relationship of nonlinear time-invariant (NLTI) systems.
The Volterra theory is of great importance because many real systems with a fading memory can
be analysed using this approach. Fading memory is physically a meaningful concept. Instinctively,
a dynamical system has fading memory if two input signals, which are close in the recent past,
but not essentially close in the remote past, yield outputs which are close. For the dynamic systems,
fading memory is related to the concept of a unique steady-state. This implies that a wide range
of nonlinear systems can be approximated by the Volterra series representation with some
reasonable assumptions. According to the Volterra series, the output of a continuous SISO,
nonlinear time-invariant (NLTI), causal and fading memory system is related to the input signal

through the multidimensional infinite convolution integrals of increasing order such as:

y(@) = ho + f hy(t)u(t — 7,)dt + f f hy (q, T)u(t — t)u(t — rp)drdry + -
"o o o e (3.1)
+ f f f h (Tq, T v, TOU(t — TU(t — T3) o u(t — T,)dT,d T, ... AT,
where y(t) is the response of an nth-order system, which depends on multiple copies of the
input and is the sum of the first-, second-, ..., nth-order convolution-like expressions. The
functions hq, h,, ..., h, are called the first-, second-, ..., nth-order Volterra kernels; u(t —

7;) is the lagged input to the system and h is the zeroth-order Volterra kernel. The zeroth-order
Volterra kernel shows the zero-input response of the dynamical system, whereas the first-order
Volterra kernel signifies the linear response of the dynamical system to a single impulse input.
The higher-order kernels are the system multidimensional impulse responses characterizing the
temporal effects in the nonlinear dynamics, which measure the relative influence of a previous
input on the current response. Figure (3-1) shows the Volterra series model of an NLTI-SISO

system. Eq. (3.1) can also be written in a compact form such as:

(e n

y(t) =hy + Z f J hp(Tq, Tg) ooy Tp) X ﬂu(t —1,)dtdt, ... dT, 3.2)
n=0 —co —0 i=1

Eq. (3.2) is similar to the finite impulse response (FIR) filter model except for the only difference
of an additional constant term hg. It has been verified that the stability of dynamical systems
represented by the Volterra series can be guaranteed if the Volterra kernels satisfy the following

condition:

(oo}

© n
f f |h,(Tq, Tas s T | ndrn <owo,n=12,.. (3.3)
o i=1

—00

Note that the nth-order Volterra kernels are symmetric by nature with respect to any
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permutation of the arguments (74, ..., T,) (Paula et al. 2019). From the system causality, it results
that the kernel h,(7q,...,T,) is zero if any 7; < 0, thereby leading the lower limits of the
integrals in Eq. (3.2) to be equal to zero. The causality theory also implies that the system response
does not depend on future input values, making it possible to replace the upper limit of the
integrals by . Moreover, for any practical model, the maximum kernel order P of system

nonlinearity according to Boyd and Chua (1985), and the memory length 7 must be finite.

i=1

p t t n
y(t) = hy + ZJ- J-hn('[l,'[z, vy Tp) X l_[u(t —1)dtdt, ... dT, (3.4)
0

n=1g

It is possible to compute the continuous-time convolution integral numerically, but it is more
efficient to represent the system in discrete-time and replace the integrals with summations. The

is true for Volterra series, which can be represented in discrete time as:

y[t] = hy + Z(At)" Z Z B [Ta, o Ty Jult — 7]~ ult — 7] (3.5)

71=0 ™T=0

where y[k] and u[k] are the inputs and outputs of the system. Notice that Eq. (3.5) can easily be

derived by discretizing the convolution integral of Eq. (3.4), and hence called a convolution sum.

ho

> hy (1)

u(t)

A,

ha (71, 72) ] {3 y(t) R

* hp (T4, -, Ty)

Figure 3-1 The Volterra series model of an NLTI-SISO system

As a matter of fact, the wind-bridge interaction system is a real example of an NLTT system
involving the multi-input multi-output (MIMO) recording signals. Thus, it requires many input
and output signals to make a complex Volterra series-based model involving the several direct
and cross Volterra kernels. The procedures for determining these Volterra kernels will be discussed
in Chapter 4 in detail. In general, a coupled problem of nonlinear wind-bridge interaction entails
a 3D bridge model immersed in a non-stationary, unsteady and turbulent wind flow with a
constant air density experiencing the wind loads of complex nature, which cause the three-
dimensional motion of the bridge structure as shown in Figure (3-2). Since the wind-bridge

interaction is a complex phenomenon, the overall quality of the bridge design significantly
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depends on the accuracy of the wind load model. Because of the complex nature, the wind loads
on the bridge deck in time-domain can be decomposed into three time-varying components i.e.,

static, buffeting, and self-excited components, which are presented in the subsequent sections.
3.3 Time-varying mean static wind load model

The time-varying mean static lift force L (t), drag force Dy (t) and pitching moment

Mg, (t) acting on the bridge deck with unit span length and width B is expressed as:

| — _
Le(t) = EPUtu(t)ZBCL(a(t))
1
Dy () = Epr(t)ZBCD(&(t)) (3.6)

1
Mst(t) = Epr(t)ZBZCM((Y(t))

where a@(t) and U,,(t) are the time-varying mean angle of attack and wind speed, respectively.
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Figure 3-2 Motion of bridge deck and wind force components

3.4 Linear unsteady wind load model

The buffeting forces on the bridge deck in time-domain are conventionally formulated based
on the linear convolution theory in which the output of a linear time-invariant (LTI) system is
expressed through a linear convolution of the input signal and IF. Based on this model, if a unit-
step gust or motion is introduced to the system, the resultant aerodynamic forces will have a rise
time and attain their quasi-steady value asymptotically. That rise time is also called the fluid
memory which accounts for the unsteadiness of the system. Moreover, this model also assumes
that the variation of effective angle of attack is small enough that aerodynamic forces can be
linearized at the statically deformed position and that the variation of FDs is negligible. The

formulation of linear buffeting forces using the LU model is shown in the subsequent subsections.
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3.4.1 Formulation of linear buffeting force

Suppose that lift force is induced by a suddenly applied constant gust given by Eq. (3.7).

1
L(t) = EpU(t)ZBw(t)CL(a(t)) (3.7

where L, is total lift force including static lift force (but excluding self-excited lift force); U(t)
is time-varying wind speed equal to the sum of the mean value of 10 min wind speed time-history
(U) and longitudinal fluctuating wind speed (u), and 1(t) is the aerodynamic IF which describes
the unsteady aerodynamic forces on a bridge deck caused by a gust. Expansion of Eq. (3.7) yields
Eq. (3.8), in which u, and w, are constant gusts; the first term indicates the static part of lift
force and the second term is the buffeting part which is the point of interest here. If gust is of an
arbitrary velocity distribution applied to the bridge deck then lift force becomes a convolution,
involving the derivative of aerodynamic IF as described by Eq. (3.9), in which L, (t) is linear
buffeting lift force, and v, and ), are the derivatives of first-order acrodynamic IFs
representing the non-dimensional lift forces generated by the longitudinal and vertical fluctuating
wind speeds i.e., u and w on the bridge deck, respectively. With the change of integral variables
in Eq. (3.9) i.e., T = t — ¢ and integrating it by parts, Eq. (3.10) can be obtained. Applying the
differentiation property of convolution, the arguments of integral variables can be interchanged
as shown in Eq. (3.11). Similarly, the buffeting pitching moment and buffeting drag force can
also be formulated as shown in Eqgs. (3.12) and (3.13), respectively. Thus, a general expression
for the linear buffeting forces can be formulated as shown in Eq. (3.14), in which @, denotes the
buffeting force on the bridge deck; the parameters g, and ¥, are zero-order aerodynamic
IFs elucidating the static response, and ngu and l,[)QW are the derivatives of first-order
aerodynamic IFs. These parameters are well-known Kussner functions in the airfoil theory,
simulating the linear effects of the sudden action of u and w on the growth of buffeting force (Qp)

on the bridge deck. Note that Eq. (3.14) will be multiplied by the deck width B to find the moment.

L(t) = 2pU BC, + pU2 [ZCL 2 (E) + (Cp + )2 w(t) Lo e (CD + CL)z/)(t)] (3.8)

L) = 3 p0%B |2 ( f wLu(rf)”“_ )do>+(cp+cL)< f ¢Lw(a>w(t_")da>‘ (3.9)

o
Lu(®) = 5 pU?B (mu(t) f Pt —r)@dr>

(3.10)

F G+ CD (wm(t>—+ [t -7 )]
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+(CQ){¢QW(0) St)+ f poW(T)W(t—r) TH

3.4.2 Formulation of linear self-excited force
Let us consider an abrupt step-change in the angle of attack (an incremental change in «),

the lift force also undergoes an abrupt transient change expressed by:
1 _
L(s) =§pUzBC,fa0¢(s) (3.15)

where s is non-dimensional time equal to Ut/B, and ¢(s) is aeroelastic IF. The Eq. (3.15)
points out that the lift force, instead of self-generating immediately, undergoes a transient growth
process, which makes it unsteady by nature. Under the small arbitrary motion of the bridge deck,
the growth in lift force, due to the simultaneous occurrence of all three components of motion

(p, h, @), can be expressed in terms of convolution integral assuming a linear superposition rule.
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P ”(0)

f(l)LpH(S —0) d + f(l),_hw(s —0)
e (3.16)
+ fd)m,(s - a)a’(a)da]

1 _
L. (s) = E,DUZBCZI,

where p''(0) and h''(0) are the second derivatives of lateral and vertical vibrations,
respectively; a'(o) is the first derivative of torsional vibration, and ¢q  , (Qse =
Lge,Mge, Dge; z = p'"',h", a") is the aeroelastic IF representing the transient evolutionary feature
of self-excited force (Qg.) due to the displacement (z). The negative sign of the lower limit of
integral shows the history of bridge deck motion. With the change of integral variables in Eq.
(3.16)i.e., T=5s—o0 and do = —drt, Eq. (3.17) is obtained.

" _ h'' —
Lee(s) = 3 p2BC f b @D ar f b @D
(3.17)
0
+I¢Lar(r)a'(s—r)drl
Integrating Eq. (3.17) by parts and simplifying it gives,
- h'
Loe(s) = 3 pUPBCY | 10 (0) P2 fqb @2 ar 1 g0
" (3.18)
j(f’Lh’(T) i )dT+¢La(0)a(s) +j¢La(T)a(S_T)dTl

Taking the first derivative of s yields ds = Udt/B. As a result of converting the p’,h’ and «
from s-domain into real time-domain, Eq. (3.18) yields Eq. (3.20).

P_d _dp P g MR (3.19)
B Bds Udt U B T '

1 _ h
Le(®) = 308G | 41,0 T + f b5 e+ 4,00

(3.20)
-1)

f d)Lh(T) dt + ¢ (0)a(t) + f Pro(alt - T)dT]

Similarly, the linear self-excited pitching moment and drag force on the bridge deck can be
formulated as shown in Egs. (3.21) and (3.22). A generalized form of the linear self-excited forces
is shown in Eq. (3.23), in which Q. represents D,., Ls, and Mg, forces acting on the bridge

deck, and p, h and a are the derivative of lateral, derivative of vertical and torsional

displacements with respect to t. The parameters ¢y, g, and ¢, are the zero-order
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aeroelastic IFs, whereas (;[)Qﬁ, ‘ith and (f)Qa are the derivatives of first-order aeroelastic IFs.
According to the airfoil theory, these parameters are known as Wagner functions, simulating the

linear effects of deck motions on the growth of self-excited force (Qs,).

se(t) - —PUZBZCM l(pMp(O) p( ) f‘pMp(T) )dT + ¢Mh(O)Q
(3.21)
9
f DD e 4 e @) + f due(Dar(t - 1)4
1 _ A(t
Do) = 5pBC) l%p(mp(_) + f b0 2 @) 4 91012
(3.22)
C h- -
+ [ o @520 + 90 + [ ot —r)(dr)‘
0 0
h
Q1) = 5 pT?BC, l%p(O)p( ) f ¢Q,,(r)p(t Dt + ¢ (0) (f)
(3.23)

-7

f Don @D e 4 g @ao) + f PoaDalt - r)dr]

3.5 Nonlinear unsteady wind load model (Scheme 1)

In order to improve the capability of the LU model, a Volterra series-based nonlinear model,
called Volterra FD model, has been proposed to consider the aerodynamic nonlinearity and
nonlinear fluid memory effects. In this model, the output of an NLTI system is described through
the input signal and multidimensional infinite convolution integrals of Volterra kernels. The
consideration of nonlinearity arising from the flow separation and nonlinear fluid memory effects
expressed in two time-scales is carried out by introducing the higher-order terms called Volterra
kernels. With this strategy, the formulations of buffeting and self-excited forces (Egs. (3.14),
(3.23)) can be extended to new formulations by adding higher-order Volterra kernels. To avoid
the high computational effort, the Volterra series is curtailed up to second-order kernel based on
the idea that wind-bridge interaction system is weakly nonlinear without any issue of convergence
(Wu et al. 2013). The second-order kernels are reminiscent of nonlinear IFs; therefore, these both

will be called interchangeably in the subsequent subsections.
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3.5.1 Formulation of nonlinear and non-stationary buffeting forces
The nonlinear aerodynamic buffeting forces exerting on a three-dimensional bridge
immersed in the non-stationary turbulent winds can be simulated successfully using the NLU

model based on the Volterra series written in Eq. (3.24).

u(t—1)

0 (0) = 5T (B |26, {wgum) it f Vou (1) s + f f Yo (11,7

w(t — ’[)
Uw(t) (3.24)

u(t —t)u(t — )
x —2
Utv (t)

dT1dT2} + (CQ) {¢Qw(0) T 00 fpow( ) ——

t t t t
, w(t —tw(t —1,) .
+0fofszWW(rl,rz) U_:,,Z(t) z drydt, + zbfofthuW(rl,rz)

o ult —t)w(t —15) dTld‘Ez}]

Ue' ()
1 2CqPoul0] Cowowl0] < (2CoPoulk]
Qoln] = 5o In]?B [{(—U_w[n] )u[n] " (—U_w[n] )w[n]} ¥ LZO (—U—W[n] )
i+ (U {Z N
k=0 tv k1=0 kp=0 wln
v (3.25)
xuln—kiuln—k,] + <M)W[n—kl] wn — k,]
k1=0kz=0 Ug[n]
23y (Cebemltolel) g - kﬂH
k7=0kz=0 ¢

where the parameters nguu, 1[)QWW, and ¢Quw are the nonlinear aerodynamic IFs (second-
order Volterra kernels) simulating the nonlinear behavior of buffeting forces (Qp) due to the
coupled effects of gust components on the bridge deck. Moreover, the parameters IIJQuu, IIJQWW
and l[)QuW represent the direct and cross second-order kernels of Volterra series, respectively.
The non-stationary wind effects are also considered in the formulation of nonlinear buffeting
forces by introducing the time-varying mean wind speed. It is important to note here that first and
second-order IFs used in the Volterra FD model (scheme 1) are assumed to be identified at zero
angle of attack just the same as in the case of the LU model in order to compare the simulation
results of LU and Volterra FD models. Similarly, the expressions for nonlinear buffeting drag
force and pitching moment can be formulated by the Volterra series expansion. A general
expression for the nonlinear typhoon-induced buffeting forces is shown in Eq. (3.25) in a discrete

form. Particularly, Eq. (3.25) will be multiplied by B in order to find the pitching moment.
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3.5.2 Formulation of nonlinear and non-stationary self-excited forces

The nonlinear self-excited forces, similar to nonlinear buffeting forces, can be simulated
with the help of second-order Volterra series consisting of 21 terms of second-order aeroelastic
IFs in an integrated form as shown in Eq. (3.26). All kinds of possibilities of coupled terms are
considered and combined into one unified form. This unified form has taken into account the
direct as well as cross second-order Volterra kernels which could capture the nonlinear features
of wind-bridge aeroelasticity. In Eq. (3.26), the second-order kernels (say ¢;;) will be the direct
and cross kernels if i =) and i # j, respectively, where i and j represent input signals. A

general expression for the nonlinear self-excited forces is shown in Eq. (3.27) in a discrete form.

p(®) h(t)

1
Qse(O) = EpUtv(t)zBCL’ [{¢Qp(0) WO) + Pon(0) 7=~ NO) + ¢Qa(0)a(t)}

{j-¢0p(r) e J’¢Qh( ) o dr+—j'¢ga(r)a(t—-r)dr}

tt -
i pt—1 )p(t —1,) )
+{!!¢wﬂﬁﬁﬁ = zdnﬁé+!!¢wﬂnﬂﬁ
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h(t —_ Tl )h(t ) dTldTZ + f f (anzx(Tl' Tz)a(t - Tl)a(t - T2)dT1dT2
Utv (t) 00

tt -
. t— t — )
+2 bf Of ¢Qua(T1, 1-2) u( %?t() T2 ) dTldTZ + 2 f f d)Quh(Tl' ‘[2)

00

(3.26)
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u(t 0 )h(t %) dr;dt, + 2 f f d)Qu,j(‘rl,rz) ut - l)zp(t —72) dtidt,
Utv (t) 00 Utv (t)
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00 v

00

t t
. wit—1)p(t—1
dt,dt, + fod)QWﬁ(Tl’TZ) ( ;)zp( z )d‘tld‘tz
Utv (t)

w(t —1,)h(t —1,)
X —
Utv (t)

tt ) tt
. t— h(t —
+2ff¢0ah(f1'fz) o %(t() dT1dT2 fod’Qazi(Tl'Tz)
00 00

a(t — 1)p(t — 1) s h(t = ))p(t —13)
X T dtydr, +2ff¢Qh-z,(‘tl,‘rz) U_wz(t) dTldTZ}]

3.5.3 Unified formulation
Eq. (3.28) shows a general nonlinear formulation of non-stationary buffeting forces

including the effects of self-excited forces on a bridge deck. This formulation consists of the linear
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(first-order) and nonlinear (second-order) aerodynamic and aeroelastic kernels including the
coupled effects between deck motions and turbulence on a bridge deck, in which all kinds of
possibilities of coupled terms are considered and combined into one unified form. This unified
form has also considered the second-order direct and cross kernels, which could capture the
symmetric and asymmetric nonlinear features of bridge aerodynamics and aeroelasticity. For
instance, d’in’ ql')Lh and ¢, denote the first-order aeroelastic kernels, and ‘»{’inriv ({[’th and
®rae represent the second-order direct aeroelastic kernels. The remaining nine parameters in Eq.
(3.28) denote the second-order cross aeroelastic kernels, which simulate the aeroelastic
nonlinearity existing in wind-bridge interaction and encode the important information about
intermodulation between input signals. The incorporation of cross kernels in the Volterra model
is essential to represent the internal nonlinear couplings of the system when simultaneous inputs
are applied. By counting all permutations and combinations, it can be observed that a second-
order Volterra model consisting of five inputs has (5! + 21)/5! 2! = 21 Volterra kernels and the
total number of flops scale with M? (where M is the memory length).

— ;10 0]\ .
Qseln] =%puw[n]23a3 [{(‘pip[ ]) [n] + <¢Q“[ ])h[nl +¢Qa[01a(t)}

Utv[n] Utv[ ]
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+{Z @Qp[{n Jyin- +Z<(£Qh[n1]> noh +Z(¢Q“ 1) el - k}
k=0 tv k=0 tv
¢Q [klr kz] ¢th kl: k]
{ZZ( 2pp L ) )[n — k] p[n — k, +ZZ< Ui )
0 k=0 =0 k=0
M M
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M M . M M .
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The Eq. (3.28) can further be expressed in a condensed form for the sake of brevity such as shown
in Eq. (3.29).

Qsr = Qvoiterra Fp (t: Co (as), C(’g (as =0),u,w,p, h,a, IF,(t), IF, (T4, Tz)) (3.29)
where IF; and IF, indicate the first- and second-order Volterra kernels. The block diagram of

the Volterra FD model is shown in Figure (3-3).
3.6 Nonlinear unsteady wind load model (Scheme 2)

For the bridge sections with aerodynamic forces that highly sensitive to the angle of attack, the
aerodynamic nonlinearities not only arise due to nonlinear fluid memory effects that have already
been incorporated in the Volterra FD model, but also partly due to the dependency of aerodynamic

forces on the varying angles of attack. Following it, the nonlinear buffeting forces on the bridge
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deck in scheme 2 can be modelled as a nonlinear function of the varying angles of attack with
properly defined static force coefficients which also depend on the varying angles of attack. With
that, the effective angle of attack is further divided into low-frequency (large-scale) and high-
frequency (small-scale) components corresponding to the frequencies lower and higher than a
cut-off frequency i.e., the lowest natural frequency of the bridge structure such as:

opr = alPW(t) + ap/d" () (3.30)

' Yor(0)v(8) Buffeting force!

: Input _ model 1

v=uw

I

I

|

1

e e g AN = = t)=hpa

: é Self-excited :

! ¢ force model
1 |

! 1

| Input :

! .

x=hpa

I

I

I

I

I

I

X U2, | Output
: Input |
I ES
Vol —] VanY
1x i N
Low-freq. atan(
comp. of v : ol =l w! a Lowiroa
S -freq.
Wind speed : {1} QS model \
v e = — = —
_ ! , Yop (0 v () High-freq. :
=uww : Input . 0 Buffeting model;
1 pov(T) 1
High-freq. : W L?\t’)v-'zeq' comp.
comp. of U: of bridge motion

+» x(t) = h,p,a

High-freq. comp.
of bridge motion

Figure 3-4 Block diagram of the Hybrid Volterra FD model
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where aé‘}‘}’(t) and ag;“]qfh(t) show the low-frequency (including static angle of attack, a ) and
high-frequency components of the effective angle of attack, respectively. Congruently, the
nonlinear buffeting forces are also demarcated into corresponding low-frequency and high-
frequency components. The low-frequency component of the nonlinear buffeting forces is
modelled as a nonlinear function of the low-frequency component of the effective angle of attack
by using the QS model presented in Chapter 2 as a 2D model. Here, the QS model is extended to
a 3D model including drag force effects. Conversely, the high-frequency component of the
nonlinear buffeting forces is modelled by using the Volterra FD model presented as a scheme 1
approach with the modification in the aerodynamic parameters. Instead of identifying IFs at zero
angle of attack and identifying static force coefficients at the statically deformed position of the
bridge deck (which have been assumed in the case of Volterra FD model), the Hybrid Volterra
FD model considers the identification of IFs at varying angles of attack as well as the
identification of static force coefficients at the low-frequency component of effective angle of
attack. The concept of nonlinear IFs offers a general framework to simulate nonlinear
aerodynamics. With that strategy, the nonlinear aerodynamic forces on a bridge deck can be

generalized as:

w low' hlow' plow' dlow)

QBF = QBF(t' aeff, u,w, p, h, o, IF]_, IFz) = QQS(t' aé‘}“}'}, ulo
+Qoiterra rp (¢, aéz}\}/, CQ (aélzl])“}})' C(’l ((ZS (33 1)

— high high jhigh high . high
- O)JFl(gvarying't)'IFZ(evaryingrflrfz)'u g W g 'h g D g ,a g )

, W

where superscripts low and high mean the low-frequency and high-frequency components. The
low-frequency component of aerodynamic forces can be expressed using the QS model due to
high value of the reduced velocity as the following nonlinear form (including static components):

Low (8) = F{*" cos(¢') — Fp™ sin(¢'") — Ly (t)

DYW(t) = F{°% sin(¢"") + F}*" cos(¢p'")—Dy, (t) (3.32)

MY (t) = Fip" —Mg (t)
where

1 1 1

FoY = _EPUrZelBCL(aé?}V)i Fp" = EPUrzelBCD(“é?fv}/): Fip” = EPUEeIBZCM(atl;])“})

UZy = (Tpy + ulo” — plow)2 4 (woW + Rlo¥ 4 m, Balow)’ (3.33)
wiow 4 plow 4 mlelow)

Utv + ulow — plow

alft = as + plov; 9l = arctan(

The high-frequency components of aerodynamic forces can be expressed by using Eq. (3.28) of
Volterra FD model by replacing the parameters Cy(as), Co(as = 0), u, w, p, h, a, IF;(t),
IF,(14,7;) in Eq. (3.28) with Co(al}f), Colas = 0), IFy(Oyparying: t), 1F2(Bvarying T1,72)-
uhigh yhigh = phigh = phigh = ghigh reshectively. The block diagram of the Hybrid Volterra FD
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model is shown in Figure (3-4). The practical application of Volterra FD and Hybrid Volterra FD

models to a real full-scale bridge will be presented in Chapter 5.
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CHAPTER 4: IDENTIFICATION OF VOLTERRA KERNELS

This chapter discusses the methods for the identification of Volterra kernels adopted in this
dissertation. Two methods herein are employed based on the experimental and simulation
approaches. The experimental approach entails the experimental data of flutter derivatives (FDs),
obtained from the wind tunnel test at varying angles of attack, to build the relationships between
IFs and FDs, whereas the simulation approach is adopted based on a nonparametric modeling
technique called Artificial Neural Network (ANN) which uses the set of inputs and outputs to
develop the nonlinear relationship with the help of associated synaptic weights. The IFs are
expressed mathematically as an exponential function whose unknown parameters are determined
by fitting the experimental data of FDs in a nonlinear least square manner. The FDs of a cross-
section of the Akashi-Kaikyo bridge is taken from previous researchers at various angles of attack.
The time-varying effects of non-synoptic winds are also considered in the exponential formulation
of IFs. In the case of the experimental method, the first-order kernels are identified from the FDs
for different angles of attack which, whereas the second-order kernels are identified by using the
nonlinear system identification technique. For that, a Wiener model-based filter is designed by
using the measurement data of wind speed and displacement of the bridge deck to envisage the
type and level of nonlinearity existing in wind-bridge interaction. Conversely, in the case of the
simulation method, a Time-delay Neural Network (TDNN) is adopted to develop a second-order
aerodynamic model for wind loads, which is then compared with the Volterra series-based wind
load model (presented in Chapter 3) and corresponding terms are equated to extract the first- and
second-order Volterra kernels in terms of unknown parameters of the TDNN. For that, the
measurement data of wind speed and bridge displacement are used to train the TDNN consisting
of an input layer, hidden layer and output layer. The results highlighted the importance of using
TDNN over the experimental method in terms of reduced-order modeling because the second-
order kernels can be identified by TDNN with tremendously reduced computational effort. These
methods may also help the designer to design long-span bridges accurately by considering the

nonlinearity and non-stationary wind effects on the buffeting response of the bridge deck.
4.1 Introduction

Volterra series provides a suitable mathematical explanation of nonlinear dynamical systems
through multidimensional convolution integrals, each related with a kernel function. These
higher-order kernels can be idealized as extensions of the linear impulse response to

multidimensions. Classical identification of Volterra kernels involves the exciting system with a
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series of steps or impulses of various orders. Its application to weakly nonlinear aerodynamic and
aeroelastic systems is well established (Silva 1997; Raveh 2000; Raveh 2001). The synthesis of
Volterra kernels can be a computational resource-intensive procedure, especially when it comes
to higher-order kernels and representation of stronger nonlinearities. Also, the proper
identification of the cross-coupled terms, existing when multiple DOFs of a nonlinear dynamical
system are excited simultaneously, represents another problem regarding the application of
Volterra based reduced-order modeling (ROMs) (Silva 2005).

Generally, the Volterra kernels are identified by either experiment or numerical simulation.
However, the accurate identification of IFs is critical and a tricky task when applying to a
nonlinear system for the generation of an efficient, robust, and nonlinear model. As a matter of
fact, IFs can be identified in both time- and frequency-domains. In the former, IFs are found by
imposing an instantaneous change to a system state variable (angle of attack of wind flow),
whereas, in the latter, [Fs are derived from the FDs at varying angles of attack. According to the
airfoil theory, the evolutionary growth of the aerodynamic forces in time-domain is described by
the convolution integral of time-dependent functions representing the response of an airfoil
section to the step-change of an aerodynamic input. The time-dependent function herein refers to
a step-function excitation which means the excitation that grows abruptly from the initial state to
a state with a certain stable value. Farsani et al. (2014) evaluated the aerodynamic response of a
bridge deck due to a step-change and calculated the FDs from sinusoidal oscillations.

Some discussions are also available on the point that IFs for buffeting and self-excited forces
are the same based on the assumption that vertical gust wind component and vertical bridge
response component yield the same aerodynamic loads on a bridge deck (e.g., Tubino, 2005).
However, this assumption is not valid in the case of a real bridge deck. Hence, IFs for self-excited
forces are particularly different from those for buffeting forces. Several authors have also pointed
out that only one IF is not enough to describe the self-excited forces on the bluff bodies (e.g.,
@iseth et al. 2011). Costa et al. (2007) used different IFs to simulate the self-excited and buffeting
forces in time-domain for a 2D sectional model of the bridge while ignoring the drag-like IFs for
a three-dimensional (3D) bridge problem. A critical step in indicial modelling is the identification
of IF coefficients. This is usually done via the minimization of an error function, in order to fit
FDs. A nonlinear least-square method is proposed by Scanlan et al. (1974). A scheme, based on
the Levenberg—Marquardt method, is also adopted by Caracoglia and Jones (2003a, 2003b), and
applied to different bridge deck cross-sections, considering the Scanlan’s formulation of self-
excited forces. Costa and Borri (2006) also estimated sets of IF coefficients for rectangular cross-
sections by time-domain simulations and compared with the experimental data.

In recent years, some researchers (Wu and Kareem 2013; Paula et al. 2019; Lin and Ng 2018)

have presented some other useful techniques for the identification of higher-order kernels based
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on the correlation analysis and scheme and neural network. Paula et. al. (2018) proposed a method
for the assessment of Volterra kernels based on artificial neural networks. The relation between
the Volterra kernels and the internal parameters of a TDNN is studied and explored for the
application of reduced-order modeling of nonlinear aerodynamic loads. In this dissertation, both
the experimental and simulation methods are adopted to extract the first- and second-order

Volterra kernels which are presented in the subsequent sections.
4.2 Experimental technique

In this method, the aerodynamic and aeroelastic IFs are identified by using the experimental
data of FDs of the bridge deck considering the amplitude-dependency of FDs on the angle of
attack. The main idea is to transform the frequency-dependent FDs measured in frequency-
domain into the equivalent frequency-independent IFs identified in time-domain. The following

exponential function is used to express the aerodynamic and aeroelastic IFs mathematically:

N —
IF(t, Uy (D) = ag — Z o exp <—bj Uth(T) t)

j=1
where ay, a; and b; are the frequency-free IF coefficients to be evaluated such that b; = 0;

4.1

and N is the functional groups of exponential form that can be seen as a cascade filter, modelling
the unsteady bridge aerodynamics. For a streamlined body immersed in two-dimensional flow,
N equal to 2 is usually appropriate, whereas N > 3 is normally suitable for a bluff body like
bridge deck (Caracoglia and Jones 2003b; Jones 1939). a, is taken as 1.0 to normalize IF as it
represents the static state of the system. Moreover, IFs coefficients depend on the angle of attack
of wind i.e., IF shows the significant overshooting behavior at a large angle of attack. The
representation of IF shown in Eq. (4.1) was first used by Wagner (1925) for a thin airfoil, and
Theodorsen (1935) utilized it for a flat plate. Later, Jones (1940) adopted it to present the excellent
approximations to Wagner and Kussner functions for formulating the aeroelastic and
aerodynamic IFs for a thin airfoil immersed in a two-dimensional flow as shown in Egs. (4.2) and
(4.3), respectively:

Pwagner(s) =1 —0.165 exp(—0.0455s) — 0.355 exp(—0.3s) 4.2)
Wiussner (8) = 1 — 0.236 exp(—0.058s) — 0.513 exp(—0.364s) — 0.171exp (—2.425) (4.3)
where s denotes the non-dimensional time equal to Ut/B. However, Jones proposed the same
functions for each component of gust-induced and motion-induced vibrations, which is not true
in the case of a bluff body. Therefore, IF should be different for each component of the gust,
motion, and their coupling for a real bridge deck. Using the experimental approach, the
aerodynamic and aeroelastic IFs are identified directly by fitting the FDs in a nonlinear least-

square manner as described in (Caracoglia and Jones 2003b; Costa and Borri 2006). For that, the
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wind static force coefficients and experimental data of FDs are taken from (Katsuchi et al. 1998;
Xu, 2014) for the Akashi-Kaikyo bridge deck section shown in Figure (4-1). The static force
coefficients at the varying angles of incidence for this section are also shown in Figure (4-2). A
full set of 18 FDs (H;, P/, Aj, where i =1, ...,6) at varying angles of attack from -4° to +3° is
used for three-dimensional modelling of wind loads based on aerodynamic and aeroelastic IFs,
which not only depends on time but also the bridge motion as suggested by Wu and Kareem
(2013). Figure (4-3) shows the experimental results of 18 FDs at zero angle of attack. For the sake
of illustration, only variations of A;, A, and Hj are considered in the nonlinear buffeting
analysis framework as shown in Figures (4-4)—(4-6). Experimental data indicates that A3, A}

and H, are highly sensitive to the angle of attack for this section.

i 35.5m i

14 m

Figure 4-1 Cross-section of the Akashi-Kaikyo bridge deck

Static Coeflicients

a1 L
Angle of Attack (deg)

Figure 4-2 Static force coefficients for the Akashi-Kaikyo bridge

_ 41 -



3 T T T T T
L * * -
;) _e_Hl H4
- =M * * -1
= -6-+H2 H5 x4 |
* *
-9 +H3 /4 +H6 _
-12 L
0 5 30
1 I -
- 0'5'+A2*x10 AFx10 iy
0'_\7_A3*/4 ——A >} 7
05 1 1 1 1 1
0 5 10 15 20 25 30
Ured=U/fB
1 T T T T T
* *
oH™° P P, e ——F——% %% s -
:: A Pz* PS* o——o—6—" © © © © © o—o
i Vet i
-1 P3* P6* M Y 5 < o N
2 T 1 1 1 1 )
0 5 10 15 20 25 30
UredzU/fB

Figure 4-3 Flutter derivatives of the Akashi-Kaikyo bridge deck
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Figure 4-6 Flutter derivative A} at varying angles of attack for the Akashi-Kaikyo bridge deck

To identify the IFs of the deck section at a certain angle of attack, the relationships are first
established between IFs and frequency-dependent functions by using FDs. The following pairs of

FDs are used to establish these relationships for each component of gust-induced and motion-
induced vibrations: Ypy(Py, Py), Ypw(Ps, Ps), Wiu(Hs, Hg), Wiw(Hi, Ha), Yuu(4s, Ag),
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I/)MW(A?[, AZ)a ¢Lh(H]>.k> HZ) ) ¢Mh(A;> AZ) ) (I)Dh(P;a Pg) s ¢La(H;= H;) s d)Ma(A;a A;) s
$pa(Pz, P3), ¢rp(Hs, Hg) , dup(As, Ag), dpp(Pi, Py). The subsequent subsections will
discuss the formulation of these relationships for the identification of aerodynamic and aeroelastic

IFs through the experiment.

4.2.1 Relationship between IFs and FDs for identification of aerodynamic IFs

For the identification of aerodynamic IFs, the relationship between IFs and FDs of the bridge
deck are formulated with the help of (1) buffeting force model in frequency-domain (2) self-
excited force model proposed by Scanlan (1990; 1993) and (3) Fourier transformation of linear
unsteady buffeting load model derived in chapter 3.
(1) Frequency-dependent buffeting force model

For turbulence intensities of wind in ABL, and for turbulence components with frequencies
that are of interest in practice, it may be assumed that the squares and products of velocity
fluctuations u and w are negligible with respect to the square of mean velocity U. Following

it, the expression for lift force in frequency-domain can be written as:
1 _ u w
I 2 _ "y —
L, =5pU*B |2c, 5+ G+ ) U] (4.4)

Owing to the frequency-dependence of buffeting forces at high-reduced frequency, Eq. (4.4) is
only valid up to the first approximation of forces. The insufficiency can be observed through the
frequency-domain approach by estimating the attendant response due to a sinusoidally acting
vertical or horizontal component of the fluctuating wind speed. By putting the transfer function
separately to both components, the Fourier transform of the buffeting force is expressed as:

1 _ u w
Ly = 5p0B (2Cutu g+ €5 + CDuw ) (4.5)

Similarly, buffeting drag force and pitching moment can be formulated such as:

1 _ u w

Dy =5 pU?B (200200 g5+ (€5 = C)ow ) (4.6)
1 _ u w

My = 5 pU?B? (2G5 + (Cidtonw ) (47)

where Xiu. Xiw»> Xpu»> Xpw»> Xmu and X, are the aerodynamic force transfer functions
between fluctuating wind speeds and buffeting forces. These are functions of frequency, which
depend on the deck configuration. The absolute magnitudes of these functions are also known as
the aerodynamic admittance functions which express the transfer functions between the turbulent
wind components and aerodynamic forces. In the quasi-steady formulation, the admittance

functions take the value of unity. Writing Egs. (4.5), (4.6) and (4.7) into a matrix form:



2Cxw (Cp+ CDX1w
2CpXpu (Cp — C)xpw
2CyxmuB CuXuwB

Ly 1
{Db} = pU?B (4.8)
M,

Qs =

(2) Scanlan’s self-excited force model
The self-excited forces result from the oscillation between fluid and deck oscillation.

Scanlan (1990; 1993) proposed a model for self-excited forces such as:

1 1T * h * Ba * * h * p * p
Lee(K) = 5 pU*B [KH1 5+ KH—+ K*Hja + K*Hj = + KH; 5+ K2H; E] (4.9)
1 1T * p * Ba * * p * h * h
Dse(K) =5pU°B [KP1 o+ KPE—+ K*Pja + K*P{ - + KP; -+ K2P; E] (4.10)
Myo(K) = 5 pU°B [KAl 7+ KAy —+ K*Aza + K*Ay 2+ KA 5+ KZAGE] (4.11)

where K is defined as the reduced frequency of oscillations equal to wB/U (which is further
equal to 27/U,.q). Ignoring terms related to @ and ¢ in Egs. (4.9), (4.10) and (4.11) because
there are only two components of the velocity of wind in Eq. (4.8) i.e., horizontal, and vertical,
and there is not a rotational wind velocity component. Therefore, the terms related to a and «
in Egs. (4.9), (4.10) and (4.11) can be ignored. For instance, the self-excited lift force without
terms related to « and & is shown in Eq. (4.12). For the sake of Fourier transformation, putting
h=h/iw and p =p/iw in Eq. (4.12) yields Eq. (4.13), which after further simplification
becomes Eq. (4.14) such as:

1 T [ * h * h * p * p
L (K) = EpUZB _KH15+K2H4§+KH55+K2H6 E] (4.12)
L (K) = EpUZB _KHl T iKH; 7 + KH; T iKH; ﬁ] (4.13)
1 | e o P o h
L. (K) = SpU*B K(H: — ng‘)ﬁ + K(Hf — lHZ)ﬁ (4.14)

Similarly, self-excited drag force and pitching moment in frequency-domain can also be

formulated such as:

1 WP R
Dse(K) =5 pU*B [K(Pf — PG+ KPS = lpﬁ)ﬁ] (4.15)

1 _ ; h
M, (K) = EpUZBZ [K(A§ —iA%) % + K(A; —iAY) ﬁ] (4.16)

Writing Egs. (4.14), (4.15) and (4.16) into a matrix form:
L)) K(H; —iH)  K(H; — iH})
Dy(K) ¢ = EpUZB K(Pf —iPy)  K(P:—iP})

K(AL —iA)B  K(A —iA3)B

(4.17)

M, (K)

Q=S
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(3) Fourier transformation of the linear unsteady buffeting load model

Referring to Chapter 3 and taking the Fourier transform of Egs. (3.11), (3.12) and (3.13)

yields:
1 _ - K - K
Ly(K) = 5 pU*B [ZCL (01 + 50} 52 4 (o + € [ + m}%] (4.18)
1 _ - K - K
Dy(K) = 5pUB [ch (0000 + D} 24 (G~ ) [ ) + m}%} (4.19)
1, - yu(K) , - w(K)
My(K) = 5 pUB [sz {11 (0) + Py} =5~ + i {own (0) + wMW}T] (4.20)
Writing Egs. (4.18), (4.19) and (4.20) into a matrix form such as:
LE) | @) Gt 0D W + i) i)
Dy(K) ¢ =5 pU%B| 26y {pu(®) +bouf (€5~ C) {ow(®) +¥ou |}, iy (4.21)
Mb (K) R ' - —_
2Cy {au(0) + Yo} B iy {Yurw () + 9} B |UT

By comparing the corresponding elements of Egs. (4.8), (4.17) and (4.21), the relationship
functions can be obtained such as:
Element (1,1)

260X = K(H; = iHE) = 26, {11, (0) + ) (4.22)
- K
S X = Yru(0) + P, = E(Hg — iHg) (422b)
L
Element (1,2)
(Co + Ciaw = K(H; = iH;) = (Cp + ) {10 (0) + by} (4.23a)
o X = Wi (0) + Py = ooy D) (4.23b)
Element (2,1)
2Coxpu = K(P; = iP{) = 2Cp {pu (0) + o } (4.24)
- K
“ Xpu = Ypu(0) + Pp, = T(Pl* —iP) (4.24b)
D
Element (2,2)
(Cb = C)tow = K(Ps = iPE) = (Ch = C1) {¥ow(0) + Ppu} (4.253)
o Xow = Ypw(0) + Ppy, = =) (Ps — iPg) (4.25b)
D
Element (3,1)
2Cu B = BK (A5 = i4%) = 2Cy {1 (0) + Wy | B (4.26a)
- K
S Xmu = P (0) + Ppgy = E(Ag — IA%) (426b)
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Element (3,2)
Cinxonw B = BK (A} = iA3) = Ciy {11 (0) + Py} B (4.27a)

- K
Xmw = lpMW(O) + lpr = C_/ (AI - lAfl—) (427b)
M

in which 1/; denotes the Fourier transformation of the first derivative of aerodynamic IF. This

can be calculated by taking the first derivative of Eq. (4.1), followed by the Fourier

transformation, which upon further simplification yields the generalized form of 1/; such as:

N
PY(s) = Z a;b; exp(—b;s) (4.28a)
j=1
FT (1[1(5)) = falble‘blse‘““ds (4.28b)
N —00
T ajbjz . a]b]
Y = 2, (b].z e iK e (4.28¢)
Thus, the expression for ¥(0) + 1) can be shown explicitly as follows:
N N
1 ajbjz . ajbj
PO+ =1 ; a + 2. (bf K e (4.29)

in which (0) 4+ 1(s) is a complex number and its real part is equivalent to the real part of
Sears’ functions, denoted by S(K), as shown in Eq. (4.30). In the theory of airfoil, Sears’ function
is the lift admittance function i.e., the frequency-based transfer function which relates the vertical
fluctuations owing to turbulent winds to the lift force and pitching moment experienced by the
bridge. Usually, Sears’ function is determined by combining the Bessel functions of first kind and
Theodorsen’s complex circulation function. Following it, the relationships are established
between aerodynamic IFs and Sears’ functions using FDs by means of Fourier-integral

superposition of the linear results for simple harmonic motion as pointed out by Garrick (Garrick,

1938) such as:
S(K) = x(K) = CUDJo(K) — i, (K)] + i/, (K) (4.30a)
= F(K) +iGg(K) = inww(s)e'ists (4.30b)
0

where J,(K) and J;(K) represent the Bessel functions of first kind with v equal to 0 and 1;

Fs(K) and Gg(K) indicate the real and imaginary parts of S(K), respectively, and C(K) is the

Theodorsen’s circulatory complex function consisting of a real part denoted by Fr,(K) and a

complex part denoted by G, (K). In the case of a thin airfoil, C(K) is usually determined from

the Hankel functions of second kind (ngz) where v=0,1) such as:
HP(K)

C(K) = Fra(HO + iGrn(K) = H® (K) + iH® (K)

(4.30¢)

Since the mechanism of generation of the aeroelastic forces due to bridge motion is different
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from the generation of the buffeting forces due to wind turbulence, these forces can be
characterized in terms of different functions, i.e., the Wagner function and Kussner function in
the time-domain, and the Theodorsen’s function and Sears’ function in the frequency-domain. As
a matter of fact, Wagner and Kussner functions in the time-domain are the counterparts of the
Theodorsen’s and Sears’ functions in the frequency-domain, respectively and the Fourier
synthesis is helpful to show the strong duality between frequency- and time-domain functions.
Figure (4-7) shows the comparison of Theodorsen’s and Sears’ functions in frequency-domain,
and the comparison of the Wagner and Kussner functions in time-domain, respectively. As a
function of 1/K, as shown in Figure (4-7a), the imaginary part of Theodorsen’s function dies out
for 1/K tending to infinity (low-frequency regime), while the real part of Theodorsen’s function
starts at 0.5 and approaches unity, i.e., the quasi-stationary behavior. On the other hand, the
imaginary part of Sears’ function shows sinusoidal behavior and disappears for infinity value of
1/K, whereas the real part of Sears’ function starts at 0 and approaches unity asymptotically as a
function of 1/K. In Figure (4-7b), the Wagner and Kussner functions start at 0.5 and 1.0,
respectively, both of which asymptotically approach unity as a function of s. The subsequent
subsections will present the development of the relationships between IFs and FDs for the

identification of aerodynamic and aeroelastic IFs.
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Figure 4-7 Comparison of unsteady aerodynamic force functions for airfoil section

By separating the real and imaginary parts from Eq. (4.29):

N N
a;b?
Fs(K) =1 —Zaj +Z(b2]+]1<2> (4.31a)
=1 =
N
a;b;K
Gs(K) = —Z <b2’+’1@> (4.31b)
j=1 M

The problem of finding the indicial function coefficients (a; and bj) requires the
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simultaneous solutions of Egs. (4.31a) and (4.31b) such that the extrema of relationships between
IFs and FDs yield a minimum squared-error function. Eq. (4.32) shows the extremum of the
relationship derived from the Eq. (4.22b) by using the principle of the sum of squares of residuals.
A Levenberg-Marquart optimization algorithm is used to optimize these extrema in a nonlinear
least square manner to find the aerodynamic IF coefficients. This algorithm computes the least
absolute residuals such that the IF coefficients fit the Fg(K) and Gg(K) simultaneously. Figure
(4-8) presents the verification results from the application of the optimization technique described,
for each of six aerodynamic IFs to be sought. They are visualized, after optimization, by means
of the corresponding real and imaginary parts of Sears’ functions as shown in Figure (4-8).
Similarly, the extrema of relationships between IFs and FDs for other terms shown in Eq. (4.23)

to Eq. (4.27) can also be written as:

m m r 2 2
Fs,  H: ~Gs,, H;
- E2 (a.,b;) = mi Z L _ 15 ) L _ e 432
mlan1 2.(a;, b;) = min 2 < X a2c K 2C, (4.32)
m 2 2
Fg —Gs Hj
minZE2 a;, b; =minz < tw _ ) +( Lw _ . 433
- LW( J ]) = (CD + CL) Kl (CD + CL) ( )
m 2
. . [ (Fs Py —Gs Py
(o) =n | Ki“—m) R @50
=1
Fs Gs P;
m1nZE a;, b; mlnz < bw _ ( bw _ o 4.35
Dw( ] ) | Kl (CD _ CL) ( b= CL) ( )
mor 2
F. G
minz EZ.(a;, b)) = mlnz < S;’” °C ) ( Smu _ C ) (4.36)
=1 =1Ly M M
m [ 2 2
F A} G A,
minz EZ,(a, b)) = minz < ZWW ) ( Smw _ ) (4.37)
=1 =1Ly
2 T . .
ol ‘ | ) 4 /¢ 900900
éo\\h_‘e¢¢AAAA o . §_‘2/__~
g UK P42 222 & EEEEEEEEE 7 VAR N
— Neo-=T .'._ 2 " .‘.
Sl g0 i O
E i ¢ Fip, Pl e G (7] 5_2_ ¢ Fsp Pl e G, 7] _
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Figure 4-8 The real and imaginary parts of Sears’ functions between aerodynamic wind loads
(D: drag, L:liftand M: moment) and fluctuating wind speeds (u: longitudinal and w: vertical)

and their optimization for aerodynamic IFs at zero angle of attack of Akashi-Kaikyo bridge deck

4.2.2 Relationship between IFs and FDs for identification of aeroelastic IFs

For the identification of aeroelastic IFs, the relationship between aeroelastic IFs and FDs of
the bridge deck are formulated by comparing (1) Fourier transformation of linear self-excited load
model derived in Chapter 3 and (2) self-excited force model proposed by Scanlan (1990; 1993).
(1) Fourier transformation of the linear unsteady self-excited load model

Referring to Chapter 3 and taking the Fourier transform of Eq. (3.18) yields the self-excited

lift force in frequency-domain such as:

Lee(K) = %pUZBC,: [(¢LP’(O) +FT (¢’Lp’)) @ + (¢Lh’(0) + FT(¢’Lh1))$

(4.38)
+ (b1a(0) + FT(¢",,)) a(K)]
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where FT denotes the Fourier transformation. By replacing p'(K) and h'(K) by iKp(K)
and iKh(K), respectively yields the following expressions:

1 iKp(K
Le(K) = 5 pU?B [CL’ (¢Lp,(o) +FT (¢’Lp,)) % + ¢, (o () + FT(¢" )
(4.39)
 IKh(K))

B

+ G ($10(0) + FT(9,,)) ()]

Similarly, self-excited drag force and pitching moment can also be determined as follows:

1 _ iKp(K
Dy () = 5 pU*B [C[) (¢Dp,(o) +FT (¢’Dp,)) % + Ch (b (0) + FT(9' 1))
(4.40)
iKh(K
x - zg Dy (60a(0) + FT(¢',,)) a(K)]
1 _ iKp(K
Mo (K) = 5 pU?B? [654 (bur @ + 77 (9,,,,)) K
(4.41)
iKh(K
+ Ciy (burnr (0) + FT(¢' ) % + Ciy (da(0) + FT(¢',,,)) a(K)]
Writing Eqgs. (4.39), (4.40) and (4.41) into a matrix form:
{LSB(K)} 1 _
Dyo(K) ¢ = 5 pU?B
Mo (K)
If G (b @+ FT(¢,))iK G (S @+ FT(9,)) iK€ ($1(0) +FT(81,,)) 1| () (442)
Ch (Bopr @) + FT (95,) )i Ch (S0 + FT(@ 5 )) iK€ (900 (0) + FT(¢,,)) iﬁj
chng (¢W(0) +FT (qb’Mp,)) ik BCly (o (0) + FT(¢',1,) ) iK  BCiy (bua(0) + FT(gb’Ma))] o

(2) Scanlan’s self-excited force model
By replacing h, p and & by iwh, iwp and iwa, respectively in Egs. (4.9), (4.10) and
(4.11) yields the following expressions:

1 h
Le(K) = 5 pU%B [KZ(iH{‘  HY) 2+ KRGH + HYa + K2(H + H;)%] (4.43)
_1 20:pr P 204 D . 20D W h
Dso(K) = 5 pUB |K2(iP; + P{) g+ K2(iP; + P+ K2(iP; + P & (4.44)
1 h
Mo (K) = > pU° B [KZ(iA’{ A+ KOG + A+ K245 + A7) %] (4.45)

Writing Eqgs. (4.43), (4.44) and (4.45) into a matrix form:
Lee(K)) 4 K?(iHs + Hg)  K*(iH{ + H;)  K?(iH; + H3)
Dse(K) ¢ =5 pUB| K*(iPy +P)  K*(iPs +Pg)  K*(iP; + P3)

BKZ2(iAt + Ay) BK?(iA; + A}) BKZ%(i4; + AY)

(4.46)
Mg (K)

RW| >

By comparing the corresponding terms of Eqgs. (4.42) and (4.46), the relationships between
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FDs and aeroelastic IFs can be obtained such as:
Element (1,1)

KCHE = i) = ¢ (41,0 @) + FT (97,,,) (4.47)
Element (1,2)

K(H; = iH) = ] (¢ (0) + FT(9',,)) (4.48)
Element (1,3)

K(H; — iH3) = ] ($12(0) + FT(¢',,)) (4.49)
Element (2,1)

KGP; = B) = Ch (60 ) + FT (¢5,,)) (4.50)
Element (2,2)

KP; = iPg) = Cp (¢ (0) + FT(¢ ) (4.51)
Element (2,3)

KP; = iP}) = Cp (¢0a(0) + FT(¢',,)) (4.52)
Element (3,1)

K (A3 = i45) = Gy (D (O + FT (60 ) (4.53)
Element (3,2)

K43 — i43) = Ciy (Gaanr (0) + FT(¢',)) (4.54)
Element (3,2)

K (43— i43) = Ciy (wa(0) + FT(¢",,,)) (4.55)

in which FT(¢") denotes the Fourier transformation of the first derivative of aeroelastic IF. This
can be calculated by taking the first derivative of Eq. (4.1), followed by the Fourier
transformation, which upon further simplification yields the generalized form of FT(¢"). Similar
to the case of aerodynamic IF, the expression for ¢(0) + FT(¢') can be shown explicitly in

terms of indicial response function coefficients such as:
N

. Gb;
$(0) + FT($) = 1—;% +Z<b2 el +1<2) (4.562)
N N a
Fn(K)=1- ) a+ Z (bz ]+]1<2> (4.56b)
j=1 =1
N
_ %@K

Eq. (4.57) shows the extremum of the relationships between IFs and FDs derived from the
Eq. (4.48) by using the principle of the sum of squares of residuals. Similarly, the expressions for

the extremums of other sets of aeroelastic IFs are developed as shown in Egs. (4.57)—(4.65). In
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order to find the aeroelastic IF coefficients, the extremums of relationship functions are optimized
by Levenberg-Marquart optimization algorithm such that they yield a minimum squared-error
function and aeroelastic IF coefficients fit the Fr,(K) and G, (K) simultaneously. Figure (4-
9) presents the verification results from the application of the optimization technique described,
for each of the nine aeroelastic IFs to be sought. They are visualized, after optimization, by means

of the corresponding real and imaginary parts of the Theodorsen’s functions.

Frage  H\" | (~Gragyw  H3\’
mlnz E}(a, b)) = mlnz ( K, Cl + Ko (4.57)
Frmw A1\ | (~Graw A3\
mlnz E} (@, b)) = mlnz K Cl, + k& C, (4.58)
m 2 2
F. I -G A
minz E},(a;, b)) = minz Dionl 25y (Thenl o (4.59)
K, Cp K, Cp
=1 1=1
Frp H; —Grp Hy
in Y E2 (a;,b;) = mi Z Thia T2\ (THThie T8 '
mlnz Z.(aj,b;) = min < K, C X o (4.60)
EZq(aj, by Frie _43)", (ZOrnme _ 43) 4.61
mlnz Ze(a, b)) = mln T + K C, (4.61)

minz E3.(aj,bj) = min

Frnp P;)Z (—GmD P;)Z
@ _2) 4(—Ra_2 4.62
; < Kl CD Kl CD ( )

=1
m 2 2
Frp H Grny,y H
. 2 Lp 5 Lp 6
mln; E? /(aj,b;) = min < T C_1:> + ( K C—L,> (4.63)
m 2 2
Frp, A Grny, A
. 2 Mp 5 Mp 6
mlnlzl: E} /(a,b;) = min < K E) + < K E) (4.64)
m 2 2
Frnpy P} —Grnp, P}
: 2 Dp 1 Dp 4
mln; ED (a], b ) min Tl - C-[,)) + <T - C_é) (465)

4.2.3 Optimization results of aerodynamic and aeroelastic IF coefficients

The optimization results of unknown coefficients (a; and b;) of aerodynamic and
aeroelastic IFs are listed in Table 4-1. The coefficients of determination denoted by R?, in
addition to the root-mean square error (RMSE) normalized by the maximum value, are also
computed for each component of motion-induced vibration as given in Table 4-1. The curve
representing Pc and P¢ in Figure (4-9a) show the experimental data with apparently good
accuracy of rational function approximation i.e., R?> of 0.745 and 0.992 for P and P¢
derivatives, respectively. These derivatives are responsible for generating ¢, which shows the
transient nature (short rise time) as compared to the one proposed by Jones approximation to
Wagner function as shown in Figure (4-10a). On the other hand, the fitting curves of P, and P;

derivatives shown in Figure (4-9b) exhibit relatively better results for P, than P3, which
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indicates that it is difficult to approximate P, than P; derivatives simultaneously in the
frequency range covered by the experimental data. Moreover, the [Fs coefficients extracted from
P; than P3 derivatives, which are responsible for ¢, indicates that low value of b; and high
value g; result in an IF with a long rise time, such that a very long time series of IF is required

before attaining the steady-state solution.
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Figure 4-9 The real and imaginary parts of Theodorsen’s functions between aeroelastic wind
loads (D: drag, L:liftand M:moment) and deck motions (h: vertical, p:lateral and «a: torsional)

and their optimizations for aeroelastic IFs at zero angle of attack of Akashi-Kaikyo bridge deck

Similarly, the identification analysis of aerodynamic IFs shows that N=3 is necessary to
characterize the behavior of the Akashi-Kaikyo bridge aerodynamically since no convergence to
a stable solution is obtained with N < 3. The fitting curves of Fg and Ggs for almost all
aerodynamic IFs tend to approach quasi-stationary behavior (the feature of a streamlined body)
when 1/K increases. These results seem to be adequate and reliable as the optimized Fg and G
are in good correspondence with the experimental data of FDs. The results of aerodynamic IF
coefficients are also tabulated in Table 4-1 along with the coefficient of determination (R?) and
RMSE normalized by the maximum value. Figure (4-11) shows the comparison of aerodynamic
IFs of the Akashi-Kaikyo bridge and Kussner function of an airfoil. For the drag-related function,
the analysis shows that ¥p,,, ¥, and Y,,, illustrate the overshooting features in a short time

period as compared to Kussner function. This discrepancy is owing to the fact that the Akashi-
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Table 4-1 Coefficient of determination, R?, and normalized RMSE for aerodynamic and

aeroelastic IF coefficients fitted to FDs at 0 angle of attack for the Akashi-Kaikyo bridge deck

IF FD R? | RMSE | a, b, a, b, as b,

P; | 0.968 | 0.057
Ypu 0.2 | 055 | 200 | 053 | 275 | 0.505
P; | 0.855 | 0.300

Pg 0.390 | 1.000

Vow 1.158 | 2.863 | -3.92 | 0.70 | 0.883 | 8.32
P: | 0998 | 0.252
H: - 0.295

Vi 7282 | 0.642 | -8.767 | 0.663 | 16.79 | 0.625
H; - 0.391
H; | 0995 | 0.060

Vi 0.860 | 1.00 | -0.60 | 0.10 | -0.15 | 1.40
H; | 0979 | 0.116
P - 0.306

Yt -7.315 | 0.698 | -8.793 | 0.688 | 16.856 | 0.663
A - 0.444
A | 0994 | 0.052

Vntw 0.85 | 1.00 | 025 | 125 | 0.65 | 0.05

A 0.983 | 0.093

P: 0.745 | 0.049
bpn’ -3.386 | 0.6528 | 1.473 | 6.026 0.00 0.00
Pg 0.992 | 0.050

pP; 0.340 | 1.000
bpa 7.00 13.00 | 10.00 0.80 | -12.50 | 0.08
P 0.909 | 0.115

P; | 0.805 | 0.366
boy’ 1620 | 125 | -35.00 | 0.57 | 20.00 | 0.04
P; | 0952 | 0359

Hj 0.904 | 0.050
brn -0.70 1.20 -0.82 1.40 1.70 2.20
Hj 0.963 | 0.024

H, 0.809 | 0.143

Pra 240 | 19.13 | 090 | 3.10 | 0.00 | 0.00
Hi | 0992 | 0.157
H: - 0.190

by’ -5.749 | 0373 | -5.758 | 0.379 | 12.481 | 0.347
H; - 0.012
AT | 0933 | 0.017

Do’ 030 | 400 | 020 | 015 | 0.0 | 0.00

A, 0.992 | 0.003

A, 0.464 | 0.160

500 | 3.00 | 1450 | 8.80 | 1.90 | 0.60
Pia Ay | 0990 | 0.139
AL ] 0.017

Purp’ 25734 | 0.349 | -5.792 | 0351 | 12.506 | 0.323
AL ] 0.009
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Figure 4-10 Comparison of first-order aeroelastic IFs of the Akashi-Kaikyo bridge deck and

Wagner function of the airfoil at zero angle of attack

Kaikyo bridge deck behaves like a strongly bluff body in the case of buffeting force produced by
the vertical fluctuation wind speed. On the other hand, the aerodynamic IFs (yp,, ¥, and
W) exhibit the same behavior and/or evolving trend as of Kussner function, which indicates
that the effect of longitudinal fluctuating wind speed component (1) in producing the
overshooting phenomenon is relatively low as compared to the w in the case of example bridge.
The comparison shown in Figure (4-11) also indicates that Kussner function starts from zero and
approaches unity as s tends to be infinity, whereas aerodynamic IFs start from different unique
values; however, each of them approaches unity asymptotically showing the stationary and
steady-state behavior of a linear time-variant (LTI) system. Since the FDs are functions of the
varying angles of attack, IFs might be different for a different set of FDs at different angles of
attack. For instance, A5 is very sensitive to the variation in the angle of attack, thereby the IFs
related to A5 derivative i.e., ¢, shows different behavior at a different angle of incidence as

shown in Figure (4-12).
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Figure 4-11 Comparison of first-order aerodynamic IFs of the Akashi-Kaikyo bridge deck and

Kussner function of airfoil at zero angle of attack

Based on Eq. (3.28), the total response of the NLTI-MIMO system to multidimensional
inputs can be obtained if the Volterra kernels up to second-order are known. However, it is not
easy to identify the second-order Volterra kernels directly. These second-order kernels can be
estimated by idealizing the NLTI-MIMO system as an equivalent block-oriented Wiener model
as shown in Figure (4-13) in which h(*) denotes a stable linear dynamical block; g(-) denotes
a static nonlinear block (memoryless function), and z(t) is the intermediate state of the system.
Then, the second-order kernels can be identified from the parameter estimation of each block
using a suitable output static nonlinearity estimator i.e., polynomial function. Following it, a
nonlinear system identification technique is employed based on the Wiener model to investigate
the relationship between wind speed and bridge response. A second-order polynomial is used
since it represents the nonlinear input-output relationship with high accuracy. Thus, the second-
order Volterra kernels are computed based on the premise that the order p Volterra kernel of a
Wiener system is proportional to the product of p copies of the first-order kernel of its linear

element multiplied by the coefficient of a polynomial function raised to power p such as:
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Figure 4-12 The effect of amplitude-dependency of FDs on the indicial response of first-order
IFs of the Akashi-Kaikyo bridge deck at varying angles of attack

[Fgy,x,(T1,T2) = €3 (IFQx1 (71) X [Fyy, (Tz)) (4.66)
where ¢, denotes the coefficient of polynomial term raised to power 2; x; and x, represent
the two copies of inputs (fluctuating component of wind speed and/or bridge deck motion), and
Q denotes the output (drag, lift, and pitching moment). The diagonals of each of the second-order
kernels (IFyy, x,) will be proportional to the first-order IF of the linear subsystem. In addition to
that, the effect of U, in the oncoming wind flow on first-and second-order kernels is also taken
into account by extending [F(t) to IF (t, U_w(‘[)), where T is a time scale representing the
change in wind-bridge interaction system under non-stationary winds, whereas ¢ shows a time
scale in the convection of flow wake describing the fading effects of fluid memory (Hao and Wu
2011). The examples of two second-order kernels (Y and @pqq) are shown in Figure (4-
14). These bi-dimensional kernels simulate the effects of aerodynamic and aeroelastic

nonlinearities on the buffeting response of the bridge.
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Figure 4-13 Block-structured Wiener model of an NLTI-SISO system

(a) Aerodynamic

(b) Aeroelastic

Figure 4-14 Second-order kernels of the Akashi-Kaikyo bridge from experimental data
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4.3 Artificial Neural Network technique

Artificial Neural Network (ANN) is a nonlinear function approximation tool that can be used
to model complex relationships between the input and output of a system. ANNSs can be classified
based on the type of network architecture, type of connectivity between neurons and the number
of layers in the network. The relationship between Volterra models and feedforward multilayer
neural networks has been previously studied in a rudimentary manner, and various methods have
been proposed for the estimation of Volterra kernels. Wray and Green (1994) introduced a method
to calculate Volterra kernels through ANN by training a time-delay feedforward network. This
method proposes a generalized expression in terms of the internal parameters of the network
equivalent to a Volterra series to identify the higher-order Volterra kernels. Recently, Paula et al.
(2019) applied the ANN technique to aerodynamic systems and identified the direct and cross
Volterra kernels up to third-order. In this research, a feedforward type Time-delay Neural Network
(TDNN) is adopted to derive the equations for the nonlinear dynamic system of wind-bridge
interaction by treating it as a MIMO system. The architecture of the network is shown in Figure
(4-15). The network consists of an input layer comprising q + Z?zl M; units of input (where g
is the number of inputs and M is time-delay per input), a hidden layer with N neurons, and an
output layer containing f output units. The input units are assembled into groups corresponding
to each input, r; (for i = 1,2,...,q). Each group contains M;+1 time-delayed samples of ith-
input. The lines connecting the ith-input unit and jth-neuron carries a synaptic weight denoted
by w;(k) where the index k represents the incremental time-delay of inputs. The value of k
starts from zero in each group and goes up to M;. The connecting links between jth-neuron and
fth-output are weighted by amounts ¢;s. Such a TDNN applies to a system with g inputs and

f outputs. The weighted sum over time-delayed input units is expressed as:

xj[n] = iiz w[k]ri[n — k] (4.67)

where x; is the weighted sum in all degrees of freedom representing the convolution of the input
signal (r;) with a finite impulse response (w;;) for a tapped-delay network, and M; is the
measure of memory length of inputs. The basic function of a neuron is to process the weighted
sum with a nonlinear activation function (¢(*)). A bias (b;) is also attached with each neuron to
calibrate synaptic weights associated with each neuron. A typical sigmoidal activation function
given by a hyperbolic tangent function is used. The Taylor series expansion of the activation
function around the bias yields an equivalent polynomial expression such as:

N o
tanh@ (b, ;)
¢;(x; +bij) = Z Z T (4.68)

j=1d=0
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where tanh(® shows the dth derivative of tanh and b, ; 1s the bias on each neuron in the hidden
layer. Expansion of Eq. (4.68) yields Eq. (4.69) such as:

N
(pj(xj + blj) — Z( an 0|( 11)x]p 4 an ( 11)x-1 4 an ( 11)
Jj=1 )

2
1 j 21

(4.69)

tanh® (b, ;)
+ ijs + ... )

where tanh(®, tanh®, tanh® and tanh® are the zeroth, first, second and third derivative of

the tangent hyperbolic function. Eq. (4.69) can be re-written as:

Outputs

w[n],w[n—-1],...

afn], an - 1], . E’*:Z% e (O———te ]|

General expression Lf O
ri[nl, ri[n — 1], .., 1y [n — M;] 1/ Nneurons f outputs

| Y J L actlv:ytanSLg} L actw:vpurellnj

Input Layer Hidden Layer Output Layer

Figure 4-15 The architecture of TDNN with multiple inputs and multiple outputs

N
9j(x; + byj) = Z(aw‘x}) +ayjxf + ayx) + agix} + ) (4.70)
=1

where agj,a,4j,a,jand az; are the coefficients of polynomial expansion. The calculation of
these coefficients requires the determination of the derivatives of tangent hyperbolic functions
which can be obtained analytically. By putting the values of x; and a,; in Eq. (4.70), the
activation function can be determined analytically. As wind-bridge interaction is considered to be
a weakly nonlinear dynamic system, an equation of activation function can be truncated up to
second-order without any issue of convergency (Wu et al. 2013) such as shown in Eq. (4.71). In
addition to that, output neurons have linear activation functions, as it is usual for function fitting
problems (Paula et al. 2019). A bias of b, is also attached to each output unit in the output layer
accounting for the adjustment of output along with the weighted sum of the inputs to the neuron.
Thus, the expression for outputs, denoted by Qf, can be formulated by linear combination of

nonlinear activation function and synaptic weights (¢;5) linking the jth-neuron with fth-output
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along with the biases associated with each output as written in Eq. (4.72). Insertion of Eq. (4.71)
into Eq. (4.72) yields the generalized formulation of non-stationary buffeting forces considering

the aerodynamic and aeroelastic nonlinearities up to second-order as shown in Eq. (4.73).

N N q M;
(pj(xj + blj) = Z agj + Zalj (ZZwu[k]ri[n — k])
j=1 j=1

i=1 k=0
4.71)
N q M; 2
D ay | D) wylknin - k]
=1 i=1 k=0
1 [ N
=
1 [ N q M; N
Q¢[n] = EpU_W[n]ZB by + Z CirQoj + Z (Z (Z CifQqj Wij [k]> ri[n — k])
| j=1 i=1 \k=0 \j=1
(4.73)

q q Mi, M, N
+ Z Z (Z Z (Z CirQaj wilj[kl]wizj[kz]) 1, [n—kqlr,[n — kﬂ)‘

i1=1i3=1 \k1=0 kp=0 \ j=1

In this research, a second-order coupled nonlinear system with five inputs [u, w, a, h, p]
and three outputs [M, L, D] is idealized to elucidate the salient features of kernel identification
through TDNN. Following it, Eq. (4.73) can be extended to a nonlinear and non-stationary
aerodynamic wind load model by incorporating the five inputs and three outputs as shown in Eq.
(4.74), where the terms in parenthesis denote the first-and second-order Volterra kernels (direct
and cross). This formulation also considers the aeroelastic effects and the effects of coupling of
deck motions and turbulent wind components. Figure (4-16) shows the block diagram of Eq.
(4.74), which is named as the Volterra ANN model in this dissertation. It is important to note here
that Eq. (4.74) is reminiscent and equivalent to Eq. (3.28); therefore, the corresponding terms
shown by the curly brackets in both equations are equated, and first- and second-order IFs are
expressed in terms of neural network parameters as shown in Egs. (4.75a)—(4.75u) . Note that,

e  Eq. (4.75a) shows the zeroth-order kernel of Volterra model;

o  Egs. (4.75b)—(4.75f) represent the first-order kernels of Volterra model;

e  Egs. (4.75g)—(4.75k) represent the direct second-order kernels of Volterra model;
e  Egs. (4.751)—(4.75u) represent the cross second-order kernels of Volterra model;

To estimate these parameters, a feedforward TDNN with M = 100 time-delays per input and
N = 10 neurons is trained with the Bayesian regularization algorithm, and the regularization

scheme is performed within the Levenberg Marquardt optimization algorithm. It constrains the
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magnitudes of network parameters to yield a smoother response, to prevent the overfitting, and to
enhance the generalization properties. The stopping criterion considers the convergence of mean-

squared error (MSE) between the predicted and numerically simulated outputs.

Q¢[n] = %pU_w[n]zB [bzf + Z Cifao; + {Z ((Z Cifay; wu,-[k])u[n —kl+ <Z Cifay; wwj[k])w[n — k]

j=1 k=0 j=1 =1
+ (Z Gif @1 waj[k]> afn — k] + (Z Ciptyj wh,-[k]> hln — k] + <Z Cray; wm[k])p[n _ k])}
Jj=1 j=1 =1
{Z Z ((Z CjfQgj Wyj [k1]wuj[k2]>u[n — kqJuln — k,] + (Z Ciray; wwj[kl]wwj[k2]> wln —k,]
0 k720 =

xwln - k] + <Z Gz wa}-[kl]wa}-[kz]> afn— k] aln - k] + <Z Grzy Whj[kllwhj[kz]) il k]

j=1 j=1

X h[n —k,] + (Z CifQzj Wm[kﬂwﬁj[kz])?[n —kJpln — k] + 2 <Z CifQyj wuj[kl]wwj[k2]> un —ky]

j=1 j=1

N . (4.74)
xwn—ky]+2 <Z Cifay; wuj[kl]waj[k2]>u[n —kla[n—k,]+2 <Z Gy wyjlkqJwy [k ) uln — k4]
Jj=1 j=1
x h[n —k,] +2 (Z Cipayj wyslkylwy;lk, )u[n — kpln —k,] + 2 <Z Gz wyslkyJwry;lk, ])w[n — k4]
L &
x aln — k] +2 (Z Giraz) wwj[kl]whj[k2]> win — kyJh[n — k] + 2 (Z Giraz) wwj[kl]wﬁj[kz])w[n — k]
=1 j=1
X pln =] +2 (Z Gy sl Y e ]) afn = kyJhln k] (Z Graz) waj[kllw,-,,-[kz]> afn— k]
j=1 Jj=1
xp[n— k] + 2( Cjay; wislkqJwy ik, ]>h[n Iy 1p[n — k,) >}]
=
26Q¢Qu [O] Célpow[o] Cé‘l’Qh[O] CQ¢Qp 0]
= — + C} 0] + == + =b,r+ ) cjra 4.75a
Upy[n] Up[n] 090al0l Ugyn] Upy[n] 2 z I ( )
N
Copoulk]
T[u] Zl CirQqj Wyj [k] (475b)
]=
. N
CoPowlk]
T[‘:l] = ;ij‘hj wy; k] (4.75¢)
N
C(IQ(i)Qa[k] = Z Ciray; Wejlk] (4.75d)
=1
. N
CoPonlkl
T ; Cirarj wijlk] (4.75¢)
. N
Codoplkl
711—“][1;] = ;ijau wy i [K] (4.75%)
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Figure (4-17) depicts the comparison between the real bridge vibration and predicted signals
after completion of the TDNN training, generalization testing, and validation. The training and
testing results demonstrate that the neural network provides a good match to the real vibration of
the bridge deck under typhoon-induced non-stationary winds. The validation results highlight the
network performance in predicting the signals different from those used for training. Such results

ensure that the TDNN satisfactorily represents the MIMO system.
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Figure 4-19 Second-order kernels of Akashi-Kaikyo bridge via ANN

The next step is to extract the Volterra kernels from the TDNN internal parameters. Egs.
(4.75a)—(4.75u) are utilized to determine aerodynamic and aeroelastic IFs up to second-order
through the neural network approach. Figure (4-18) shows the first-order direct kernels related to
each input signal in which the asymmetry of the system can be observed from the differences
between kernels. Figure (4-19) presents two second-order Volterra kernels (e and @peq) as
an example. The identified second-order direct and cross kernels also indicate the asymmetry of

the system. Once the Volterra kernels are identified, they can be used as a reduced order model
(ROM) to predict the system dynamics.
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CHAPTER 5: SIMULATION OF NON-STATIONARY WIND
FIELDS

This chapter focuses on the simulation of artificial non-stationary wind fields around the
bridge site. The conventional buffeting analysis is performed based on the assumption of
stationary and gaussian winds. However, typhoon-induced winds are highly non-synoptic and
need to be modelled and analysed as a non-stationary process. In this chapter, the non-stationary
wind field is simulated based on the typhoon data of wind speed time history by extending the
conventional power spectral density (PSD) method to the evolutionary power spectral density
(EPSD) approach. Two typhoon events herein are considered in order to study the transient effects
of non-synoptic winds on the buffeting response of the bridge. First, the measured data of
typhoon-induced wind speed time-history is divided into wind records of each 10 min time-history.
Then, the stationarity test is performed by using the mean of wind records based on the reverse
arrangement (RA) test to separate the non-stationary and stationary wind records. The time-
varying mean wind speed is extracted from each wind record based on the empirical mode
decomposition (EMD) method. Subsequently, the EPSD is evaluated for a 10 min wind record
involving the maximum wind speed at the center of the main span of the bridge. Owing to the
lack of measured data of wind speed time-history at each node of the bridge deck, the measured
EPSD at the center node of the main span is assumed to be uniform along the bridge length. At
last, based on this assumption, the non-stationary longitudinal fluctuating wind speed is simulated
by using an unconditional simulation technique which utilizes the EPSD instead of conventional
PSD in the simulation algorithm. The effect of coherence between wind fluctuations along the
bridge length is also taken into account in the wind simulation. The results of this simulation can
be used to compute the non-stationary wind loads on the bridge deck, which can produce the time-
varying buffeting response. Simulation results also showed that the conventional PSD theory
cannot deal with the non-stationary features existing in the real typhoon-induced non-synoptic
winds; therefore, an extension of the spectral theory to the evolutionary power spectral theory is

indispensable to predict the buffeting response of long-span bridges accurately.
5.1 Introduction

Air movement generated by the atmospheric pressure difference at various areas of the earth
produces the global wind circulations. Air movement usually includes different temporal and
spatial scales which may enlarge tremendously and form the cyclones. Tropical cyclones are

intense cyclonic storms, usually occur over the tropical oceans, especially in late summer and
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early autumn. These cyclones are named differently in different parts of the world i.e., hurricane
in the Caribbean, cyclones in off the northwest coast of Australia, and typhoons in the South China
Sea. In general, a fully mature typhoon has a three-dimensional vortex structure, with a horizontal
dimension for several hundred kilometers and a vertical dimension of the order of ten kilometers.
The central part of a typhoon is known as the eye which comprises relatively cloudless and
quiescent air and the extreme winds occur just outside the eye wall, showing different wind
characteristics as compared to monsoons and gales.

It is widely recognized that the long-span bridges built in the typhoon prone regions are
inevitably vulnerable to typhoon-induced non-synoptic winds. These structures must be designed
to resist such typhoon winds during their service lives. In the current design practice, the
assumption of stationary wind flow is often made in the wind simulation for performing the
buffeting analysis of bridges. The assumption of stationary processes may not be valid for extreme
wind events such as typhoons, downbursts, and tornados because of their vortex or convective
origins. Therefore, the response analysis of bridges under such extreme winds is a challenging
issue and needs advanced research, which requires the accurate measurement of typhoon-induced
winds in ABL. However, in many cases, there are only limited field measurement data available
at a bridge site and the precise estimation of typhoon wind characteristics at the bridge site cannot
be performed. To circumvent this limitation, many researchers (Chow 1970; Vickery and Twisdale
1995; Meng et al. 1995) investigated the modelling of typhoon wind fields based on different
simulation techniques i.e., the Monte Carlo simulation method, along with the typhoon wind field
model and statistical distributions of wind data to predict the design wind speeds for bridges.

Generally, the non-stationary winds are characterized by time-varying spectra instead of
constant mean spectra. Numerous methods have been developed to explain time-varying spectra,
such as evolutionary spectra (Priestley 1965), short-time Fourier transform (Zhan et al. 2006),
and empirical mode decomposition-based spectra (Haung et al. 2016). Among all these
approaches, the evolutionary power spectral density (EPSD) function explicates the evolution of
the frequency content in the frequency- and time-domain and known as an extension of the power
spectra density to the non-stationary process. Specifically, it facilitates the simulation of non-
stationary processes by the spectral representation method (SRM) and the analysis of structural
response under the non-stationary wind. In that context, Xu and Chen (2004) characterized
typhoon wind as a time-varying mean wind speed plus stationary fluctuating component. Hu et
al. (2011) further characterized typhoon wind as the time-varying mean wind speed plus non-
stationary fluctuating component featured by EPSD. Peng et al. (2018) examined the effect of
time-varying coherence on the alongwind tall building response by EPSD-based time-varying
coherence function. The research presented that time-varying coherence function may cause a

larger response as compared to the corresponding time-invariant coherence function.
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5.2 Description of typhoon events

In this research, two typhoons are considered including (1) TY9807 and (2) 2018TY20. The
data of these typhoons were measured by the anemometers installed at the main span of the

Akashi-Kaikyo bridge. The descriptions of both typhoons are given in the subsequent subsections.

5.2.1 Typhoon TY9807

On September 24, 1998, a typhoon, known as TY9807, hit Akashi-Kaikyo bridge, west-
central Japan between 11:53~16:31. The wind speed time history data of typhoon is recorded
continuously for more than 4 hours by a set of few anemometers positioned along the bridge
length just above the deck level as a part of the investigation done by Honshu-Shikoku Bridge
Authority (2001). The mean and maximum wind speeds recorded by anemometers at the center
of the main span were 32 m/s and 40 m/s for a 10 min duration, respectively, both of which were
recorded at a height of 108 m above sea level. All anemometers were attached to the light poles
of the bridge at a height of 8 m from bridge girder to avoid the disturbance of the incoming wind
flow due to the bridge deck. Figure (5-1) shows the configuration of sensors on the Akashi-Kaikyo
bridge. The sampling frequency was 20 Hz. As wind data was recorded only at a few locations, it
is not enough to simulate the buffeting response of the bridge accurately. Therefore, wind speed
time-history recorded at the center of the main span of the bridge is used in this research for the

simulation of artificial non-stationary wind fields of TY9807 for the entire bridge.

Kobe n : Awaji Island
1A

o}
1A 2P 3P 4A

@ Seismometer A Thermometer ¢ Anemometer

O Accelerometer B GPS V Displacement

<© Velocity gauge O Gauge

Figure 5-1 Akashi-Kaikyo bridge monitoring system and locations of 7-anemometers on deck

5.2.2 Typhoon 2018TY20

In 2018, another big typhoon, known as 2018TY20, hit Akashi-Kaikyo bridge that started at
2:21 p.m. on August 23" and ended at 7:33 a.m. on August 24", The maximum wind speed
recorded by anemometer at the center of the main span was 51 m/s for a 10 min duration with a

sampling frequency of 20 Hz. Owing to the limited number of anemometers installed along the
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bridge deck, the wind speed time history data recorded at the center of main is used to simulate

the non-stationary wind speed time history of 2018TY20 for the entire bridge.

5.3 Reverse arrangement test to check the stationarity of wind field

To bifurcate the wind records into stationary and non-stationary categories, the stationarity
test is conducted on each 10 min wind record by employing a reverse arrangement (RA) test as
proposed by Bendat and Piersol (2010). The RA test involves calculating the number of times,
beginning with the first data point x; in the digitized input signal x;, that each subsequent point
(%2, X3, ...,xy)1s less than x;. Each such inequality count is called as a reverse arrangement. In
other words, this test provides an evaluation of randomness and is useful to elucidate the
underlying trends in wind data. The wind record is considered as stationary in the desired level of
significance if the number of runs falls within the acceptance range, otherwise, it is treated as non-

stationary. A general definition of reversals is as follows:

_ 1, ifxi > Xj
hyj = {0, otherwise (5.1a)
Then,
N-1
Reversal = Z 4 (5.1b)
i=1
where
N
A= z hij (5.1¢c)
j=it+1

If the sequence of N observations is independent observations of the same random variable, then
the number of reversals is also a random variable, with mean i, ¢persq; and variance Opepersar

values as follows:

N(N - 1)

u =
reversal 4

(5.2a)

NN +5)(N — 1)
Oreversal — 72

(5.2b)

The RA test results of 5 anemometers installed at the main span of the bridge are presented
in Figure (5-2) for typhoon TY9807, which shows that the wind records between 12:43~15:41
failed to be within the 5% of bound limits, whereas the wind records in the beginning and at the
end show a stationary behavior. The stationarity test results of anemometer P3 is also shown in
Figure (5-3), which indicates that the reversals for the measurement data of 10 min wind records
in the time range of 11:53~12:43 are equal to lower bound value i.e., zero explicating that the

wind records are strongly stationary in this time range, whereas the wind records between
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12:43~15:41 failed to be within the 5% of bound limits elucidating that the wind records are

strongly non-stationary in this time range after which the wind records again exhibit the stationary

behavior. Similarly, the stationarity test is performed on typhoon 2018TY20 by dividing the full

data of wind speed time history into 10 min wind records. The mean of each 10 min wind record

is calculated, and the RA test is performed accordingly. Figure (5-4) shows the RA test results of

anemometer P3 for typhoon 2018TY20, which indicates that the wind exhibits non-stationary

behavior between 17:07~5:07, whereas it shows the stationary nature in the beginning and at the

end of typhoon 2018TY20.
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P3 (6] o o o X X X X X X X X X X X X X X X X X 0 o (6] O O
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Figure 5-2 Stationarity test on 10 min recordings of TY9807
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Figure 5-3 Stationarity test of anemometer P3 on 10 min wind records of TY9807
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Figure 5-4 Stationarity test of anemometer P3 on 10 min wind records of 2018TY20
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5.4 Empirical mode decomposition

It is a normal practice to decompose the wind speed time history into its mean and fluctuating
components by considering a certain averaging time interval for performing the buffeting analysis.
The constant mean wind speed is simply calculated through the arithmetic to mean for a 10 min
duration, whereas the time-varying mean wind speed is evaluated by applying an empirical mode
decomposition (EMD) method developed by Huang et al. (1998). The EMD mainly extracts the
time-varying mean wind speed from the recorded wind speed data. According to the EMD method,
the filtered lowest-frequency wind component signifies the time-varying mean, and the
summation of the remaining filtered wind components denotes the fluctuating component (Haung
et al. 2016; Xu and Chen 2004). Alternatively, using the EMD, any complicated time history can
be decomposed into a finite number of intrinsic mode functions (IMF) using the sifting process.
This decomposition is valid to the nonlinear and non-stationary processes. To perform the sifting
process, the following steps are usually utilized (Huang et al. 1998; Rilling et al. 2003):

1. Find local maxima and minima for a non-stationary wind speed time history U(t) to
construct the upper and lower envelopes denoted by s,(t) and s_(t), respectively by
using a cubic spline line.

2. The mean of the two envelopes is then calculated for ith iteration denoted by my ;(t),
My (€) = [5,(6) + s_(0)] (5.3)

3. The difference between the original time history and the mean value is called the first IMF,
denoted by ¢, (t), if it satisfies the two conditions: (i) within the data range, the number of
extrema and the number of zero-crossings are equal or differ by one only; (ii) at any point,
the mean value of the envelope represented by the local maxima and the envelope
represented by the local minima is zero.

4. The resulting IMF denotes a simple oscillatory mode as a counterpart to the simple harmonic
function, but it is quite general and adopts a Hilbert transform. The difference between U(t)
and c,(t) is treated as a new time history and subjected to the same sifting process, giving
the second IMF, c,(t). The EMD procedure continues until the residual becomes less than
a predetermined value of consequence, or the residual becomes a monotonic function. In
general, the time-varying mean can be expressed as the sum of the last a few IMFs plus the
final residual. The original time history U(t), containing the sinusoidal waves with different

amplitudes and frequency values, is finally expressed as the sum of the IMFs plus the final

residual:
N

Ut) = Z G() +7(t)y (5.4)
=1
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where N is the number of IMF components and 7(t)y is the final residual which is defined as
the time-varying mean wind speed U, (t) with frequency contents less than 1/600 Hz. The
flowchart of EMD is shown in Figure (5-5).

Based on that, the wind speed time history of typhoon TY9807 is divided into 10 min wind
records between 11:53~16:31. The maximum wind speed was observed during 14:13~14:23 at
the center of main span of the bridge. Figure (5-6) shows the full wind speed time history of
typhoon TY9807 along with the constant and time-varying means based on the averaging time of
10 min. Typhoon TY9807 reached its peak wind speed at 14:23 after which it dropped transiently.
Figure (5-7) also highlights missing data around 14:53 due to the malfunction of the structural
health monitoring (SHM) system. The wind record between 14:13~14:23 is also shown in Figure
(5-7), indicating the constant mean of 32 m/s and time-varying mean in the range of 30.5 m/s to
36 m/s. Congruently, the time-varying mean wind speed is extracted from the original non-
stationary wind speed time-history of typhoon 2018TY20 by using the EMD method. Figure (5-
8) shows the wind speed time history of 2018TY20 as well as the constant and time-varying
means measured based on the averaging time of 10 min, which elucidates that the constant mean
remains the same, whereas time-varying mean changes continuously during an interval of 10 min
wind. The maximum wind speed of typhoon 2018TY20 was recorded to be 51 m/s between
23:17~23:27 on August 23" as shown in Figure (5-9).

Original data

"le
<

Final upper and
lower envelopes,

54(8), 5_()
,

Calculate mean of
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(=i+1 [a®=c1®-m® | fe=k+1)

| () =U® - |

Figure 5-5 Flowchart of empirical mode decomposition estimation process
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Figure 5-7 10 min wind record of typhoon TY9807 between 14:13~14:23
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Figure 5-8 Wind speed time-history of typhoon 2018TY20 at the center of main span of bridge
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Figure 5-9 10 min wind record of typhoon 2018TY20 between 23:17~23:27
5.5 Evolutionary power spectral density analysis

After the decomposition and characterization of the wind records, the remaining fluctuating
wind speed may still have time-varying characteristics of wind turbulence. Therefore, u(t) is
represented by a zero-mean oscillatory process that admits the representation (Priestly 1965;
Priestly and Tong 1973).

+00

u(t) = f A(w, t)e'*tdZ(w) (5.5)
0
where Z(w) is a zero-mean gaussian orthogonal increment process having the properties as:

0 for w # '
So(w)dw for w = '

EldZ(w)dZ ()] = { (5.6)

koo

where the superscript denotes the complex conjugate and Sy(w)dw is the variance of the
increment process. The auto evolutionary power spectral density (EPSD) of fluctuating wind
component u(t) is computed in time-frequency-domain at the time instant ¢t by following the
procedure presented in (Hu et al. 2013; Priestley 1965) such as:

Suu(@, 1) = [A(w, )[*Sp(w) (5.7)
where A(w,t) is a slowly varying function with time; Sy(w) is the one-sided auto power
spectrum, and S,,,,(w, t) is the one-sided auto evolutionary power spectrum. First, the essence
of Priestley’s EPSD method is to perform a generalized linear transformation on the interesting
data at a specific frequency by means of a filter function gy (7). Then, the other weight-function
Wi (t) is used to smooth the estimated values for neighboring values of ¢ in order to decrease
the estimation error. Clearly, this method is restricted to the uncertainty principle and the selection
of filter and weighting functions will have an influence on the estimated results. To compute the
auto EPSD from the measurement data of typhoon-induced wind speed, the filter and weight

functions are calculated by using the following expressions:

~ 77 -



_f17@Vhm) |71 <h
gn(7) = {0 It| > h (5.8)
Wi (t) = {UT" =7 (5.9)
0, otherwise

where the window lengths are chosen as h =2.3s and T’ = 46s. The step-by-step procedure of

the algorithm used for the computation of auto measured EPSD is shown in Figure (5-10).

Original data, U(t)

After EMD, u(t)

:

Choose filter function, g, (7) &
window function, W,/ (t)

Choose parameters h & T’

}

Y = conv(gy, FT (u(t)))

;

Suu = conv(W 1, abs(Y))
!

Measured EPSD

Figure 5-10 Flowchart of evolutionary power spectrum density computational process

After computation of the measured auto EPSD, the non-stationary wind characteristics such
as time-varying variance ¢;2(t) and time-varying turbulence intensity I, (t) are evaluated using

the following expressions:

o2(t) = f Sl 0w (5.10)
0
1,(t) = VU_””((:)) (5.11)

In order to simulate the non-stationary longitudinal fluctuating wind speed, the time-varying
integral length scale L, (t) is required, which is computed by using the measured auto EPSD.
For that, the von-Karman longitudinal spectrum is extended to the evolutionary von-Karman
longitudinal spectrum involving Uy, (t), oZ(t) and L,(t). By inserting the measured auto
EPSD, U,(t) and ¢2(t) into the evolutionary von-Karman spectrum formula for longitudinal

direction, L, (t) can be obtained by solving an implicit equation as shown in Eq. (5.12).
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4L, (t)

Suu(w, 1) _ i U—tv(t)
a2(t) 2 . (5.12)
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Figure 5-13 EPSD of longitudinal fluctuating wind speed of typhoon TY9807 between
14:13~14:23 at the center of the main span of the Akashi-Kaikyo bridge

Figures (5-11) and (5-12) show the time-varying turbulence intensity and time-varying
longitudinal integral length scale, respectively for typhoon TY9807 between 14:13~14:23. The
maximum turbulence intensity and longitudinal integral length scale are found to be around 0.18
and 400 m, respectively for 10 min time interval. Subsequently, the time-varying turbulence
intensity, time-varying mean wind speed, and time-varying integral length scale are used to find

the estimated EPSD by using von-Karman expression shown in Eq. (5.12). This estimated EPSD
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is compared with the measured EPSD and good correspondence between both EPSDs is observed
as shown in Figure (5-13(a) and (b)), where only spectral contents between 0 to 10 Hz are shown.
It is observed that the maximum spectral values appear in between 300 to 400 seconds and the
overall variation trends are consistent. This variation can also be observed in between 300 to 400
seconds in Figures (5-11) and (5-12), where turbulence intensity and integral length scale are
maximum and minimum, respectively.

Similarly, the time-varying turbulence intensity and time-varying longitudinal integral
length scales are computed for typhoon 2018TY?20 by using time-varying mean wind speed and
results are plotted in Figures (5-14) and (5-15). The estimated EPSD of 2018TY20 is also
compared with the measured EPSD as shown in Figure (5-16), highlighting the regeneration of

spectral density features of wind fluctuation in frequency- and time-domain.
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Figure 5-16 EPSD of longitudinal fluctuating wind speed of typhoon 2018TY20 between
23:17~23:27 at the center of main span of Akashi-Kaikyo bridge
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5.6 Generation of artificial longitudinal and vertical wind fluctuations

The artificial non-stationary wind field is simulated based on the assumption that the
estimated EPSD remains uniform along the length of the bridge deck. The wind history is
generated through an unconditional simulation technique by extending the SRM to accommodate
the EPSD matrix of non-stationary processes. For that, the main and side spans of the Akashi-
Kaikyo bridge are divided into segments of equal lengths at the deck level such that the center of
each segment receives a 10 min record of typhoon-induced wind speed time history as shown in
Figure (5-17). Likewise, the towers and cables are also divided into segments for the generation

of a wind field using wind speed profile constructed by the Power law.

M{rﬂmmc
~—1 . 5 ‘'%e 11 16° 17 o

Figure 5-17 Distribution of nodes on which wind forces are acting

The vertical fluctuating wind speed on the bridge deck is simulated as an ergodic, Gaussian,
and stationary process by using the vertical power spectrum proposed by von-Karman as shown
in Eq. (5.9). In the case of tower and cables, both longitudinal and vertical wind components are
generated as stationary processes as it is assumed that towers and cables only receive drag forces

of stationary nature.

4L, L,
Suw (@) 17[1 +755(5%) |
oz  2m WL % (5.13)
[1 + 283 (—zﬂzv_,) ]

where S,,,, (w) is the power spectrum density of vertical fluctuating wind component and L,,
is the vertical integral length scale. Generally, the coherence function of multivariate non-
stationary process shows time-varying characteristics. Nevertheless, due to the lack of
measurement data of multivariate non-stationary excitations and suitable time-varying coherence
models, the time-invariant coherence model, which is suitable for the stationary process, has been
widely adopted to model the multivariate non-stationary wind generation and compute the
attendant structural response (Davenport 1961; Peng et al. 2017). For instance, Chen and
Letchford (2004) used the time-invariant Davenport coherence function to model non-stationary
downbursts and computed the non-stationary response of a cantilevered structure. Chen (2008)

developed an analytical framework for estimating the alongwind response of a tall building to
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non-stationary winds based on Davenport coherence model. Similarly, Kwon and Kareem (2009)
proposed a concept of the gust-front factor based on the Davenport coherence function to estimate
the equivalent static wind loads on the structures to gust-front winds. Also, Solari (2016) utilized
the Davenport time-invariant coherence model to develop the thunderstorm-based response
spectrum method. Following it, the coherence function used in the stationary wind model is herein
adopted for the non-stationary wind model with the assumption that coherence is the only function
of frequency and does not vary with time according to the Priestley’s EPSD theory (Priestley

1965). Based on the coherence function, cross EPSD is determined as:

Spp,xlxz (w,t) = \/Spp,xl (w, t)Spp,xz (w,t) Yop,x1x, (w) (5 14)

where symbol p denotes either u or w; Sy, (w,t) and Spy », (W, t) are the auto EPSDs of

D,:X2
wind speed fluctuations at two discrete nodes x; and x,, respectively; Spp x, x,(@,t) is the
cross EPSD of wind speed fluctuations between x; and x,, and Vpp .y x,(w) denotes the
coherence function between x; and x,, which is determined by using Devenport’s exponential
formulation such as:

wAx

Ypp,x1x, (w) =exp (_k ﬁ) (515)

where Ax denotes the distance between two nodes under consideration; k is the decay
coefficient (taken as 8) and U is the constant mean wind speed for 10 min time interval.
Moreover, the cross-spectrum of uand w (Syw,x,x,) is ignored in this study due to its minor
effects on bridge response. Figure (5-18) shows the coherence function of wind speed time history
data of five different anemometers, installed on the main span of the bridge, analysed under
typhoon TY9807. It is observed that coherence of fluctuating wind speed between two points
decreases as frequency increases. It is also noted that the coherence function starts from unity at
zero frequency for all cases which shows that the wind speed time histories at all nodes correspond
and correlate to one another completely. Finally, the artificial non-stationary fluctuating winds

are generated by the following expression:
M N

Usim(t) = ZZVZA@Ri(wk,t)COS((L)kt +1/)ki) (516)

i=1k=1

where Vg, (t) is the wind speed time history simulation containing M component processes
whose ith component admits the spectral representation; wy, is the uniformly spaced sequence
of circular frequencies with the step Aw which can be calculated as w;, = kAw for k =
0,1, ... ,N; Aw is the ratio of the cut-off frequency to the prescribed number of segments N;
Py 1s the random phase angle distributed uniformly over the range from 0 to 2m; R;(wy,t) is
the ith column of the matrix R(wy,t) obtained by the Cholesky decomposition of the EPSD

matrix (consisting of auto and cross EPSD components) satisfying the Cholesky decomposition
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transpose criteria. The flowchart of the simulation of non-stationary wind fields is presented in
Figure (5-19). The artificial turbulent wind speed time histories of TY9807 and 2018TY20 at the

center node of the main span of the Akashi-Kaikyo bridge are also shown in Figures (5-17) and
(5-18), respectively.
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Figure 5-18 Spatial coherence of measurement data of wind speed time-history under typhoon

TY9807 spanwise between 14:13~14:23
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Figure 5-19 Flowchart of unconditional simulation technique for the generation of non-

stationary wind field around the bridge site
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Figure 5-20 Simulated wind speed of typhoon TY9807 at 32 m/s with time-varying

characteristics at the center of main span of the Akashi-Kaikyo bridge
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Figure 5-21 Simulated wind speed of typhoon 2018TY20 at 42 m/s with time-varying

characteristics at the center of main span of Akashi-Kaikyo bridge

In order to check the accuracy of wind field simulation, the target power spectral densities
of longitudinal and vertical fluctuating wind components given by von-Karman are compared
with the simulation results, which indicates that the time-domain simulation corresponds very

well with the target spectra as shown in Figure (5-22).
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Figure 5-22 Assigned and simulated wind spectra for typhoon TY9807 at 32 m/s
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Figure 5-23 Wind inputs on the Akashi-Kaikyo bridge under typhoon TY9807 at spanwise

locations

5.7 Wind-bridge interaction

After the simulation of non-stationary wind fields around the bridge site, the wind inputs are
idealized to be applied on the span-wise locations of the bridge deck simultaneously such that

each node receives a 10 min wind speed time history. The schematic diagram of the Akashi-
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Kaikyo bridge and its corresponding wind speed time histories along the bridge deck during these
two typhoon events are shown in Figures (5-23) and (5-24). It is shown that both events have
time-varying characteristics, i.e., the wind speed increases and then decreases within a short time
duration. As a result, the bridge starts vibrating about the time-varying mean while retaining its

short-term fluid memory in the wake of flow separation owing to its bluff body.

U tu (m/s)

Figure 5-24 Wind inputs on the Akashi-Kaikyo bridge deck under typhoon 2018TY20 at

spanwise locations
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CHAPTER 6: NUMERICAL EXAMPLE

This chapter presents a numerical example of a real full-scale bridge on which the proposed
framework is tested and validated. For that, the wind loads on the bridge deck are calculated in
three-dimensional fashion using an FD-based Volterra model, named herein as Volterra FD model,
a coalition of QS and Volterra FD models, named herein as Hybrid Volterra FD model, and an
ANN-based Volterra model, named herein as Volterra ANN model, under typhoon events TY9807
and 2018TY20. The buffeting analyses are performed based on the Volterra FD, Hybrid Volterra
FD, and Volterra ANN models as well as the existing aerodynamic models i.e., linear unsteady
(LU) and hybrid nonlinear (HNL) models under typhoon wind speeds. For that, a finite element
model (FEM) of the example bridge is first developed. Then, the aerostatic analysis is performed
in order to examine the effects of the constant and time-varying mean wind speeds on the
aerostatic response of the bridge. Subsequently, the eigenvalue analysis is performed to
investigate the modal characteristics i.e., eigenmodes and natural frequencies of the bridge. At
last, the time history dynamic analyses are performed based on the Volterra FD, Hybrid Volterra
FD, and Volterra ANN models, and results are compared with the measurement data of the bridge
displacement. Additionally, the buffeting analyses are also performed based on different existing
aerodynamic load models, presented in Chapter 2, and comparison is made between the proposed
and existing aerodynamic load models in terms of root-mean square (RMS) of fluctuating part of
the buffeting response and relative errors in RMS.

The results of buffeting analyses are used to check the efficacy and applicability of the
proposed framework to predict the buffeting response of long-span bridges subjected to non-
synoptic winds accurately. It is also observed that all three non-stationary and nonlinear Volterra
models produce the buffeting responses around the time-varying mean wind response, whereas
the existing aerodynamic models estimate the buffeting response around the constant mean wind
response. Simulation results also show that the conventional LU and HNL models, based on the
assumptions of stationary and linear fluid memory effects, cannot regenerate the real phenomenon
of buffeting response of the bridges under typhoon winds; therefore, in this dissertation, the
Volterra series-based buffeting analysis framework is suggested because of its efficiency and

ability to consider the effects of the nonlinear fluid memory and aerodynamic nonlinearity.

6.1 Introduction

The accurate estimation of the dynamic response of nonlinear structures is of paramount

importance for the safe design of long-span bridges under typhoon winds. The wind-bridge
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interaction under turbulent wind is a complex phenomenon and is demonstrated by several
methods. In the past, traditional frequency-domain approaches were used to find the wind-induced
response of bridges (Katsuchi et al. 1998; Katsuchi et al. 1999). These frequency-domain
approaches are generally limited to the linear structures excited by stationary winds. To avoid this
restriction, several researchers proposed the time-domain methods for the buffeting analysis of
bridges (e.g., Chen and Kareem 2001; Chen and Kareem 2011; Ding and Lee 2000; Costa et al.
2007). For instance, Chen and Kareem (2001) presented the time-domain analysis framework for
predicting the nonlinear response of long-span bridges under turbulent winds by separating the
effective angle of attack into low- and high-frequency components. They modelled the low-
frequency component of aerodynamic forces by the QS model, whereas the high-frequency
component of aerodynamic forces is modeled by the LU model using impulse response functions.
The time-domain methods not only provide the benefit of combining different types of loads and
can consider the nonlinearities but also provide the only way to reproduce the transient nature of
the bridge. That is the reason why the temporal simulations are increasingly performed. Besides
this, in the last few decades, the numerical approaches based on computation fluid dynamics
(CFD) have also received significant attention (Ge and Xiang 2008).

In the case of bridge decks, the wind-bridge interaction is usually simulated by wind tunnel
tests or semi-analytical models based on the theory of aeroelasticity, accompanied by wind tunnel
tests (Scanlan 1978(I); Scanlan 1978(1l); Davenport 1962; Diana et al. 1993; Chen and Kareem
2002). The semi-analytical aerodynamic models are on the basis of the analytical solutions from
the flat-plate aerodynamics. These analytical models simulate the complex unsteady behavior of
bluff bodies subjected to high winds by modifying the aerodynamic coefficients obtained from
the wind tunnel experiments. Two main assumptions, under which semi-analytical approaches are
based, are the quasi-steady and linear unsteady. In the case of former assumption, the fluid
memory is ignored, and aerodynamic nonlinearity is considered. In the latter assumption, the
unsteady aerodynamic forces are separated into static, self-excited, and buffeting forces while
considering the fluid memory effects to reveal the complex nature of bluff body aerodynamics in
a linear manner. Wu and Kareem (2013) carried out a detailed analysis of the fundamental
assumptions for the long-span bridge deck section. They determined that the fluid memory is one
of the major factors affecting the aerodynamic response significantly.

Nevertheless, they did not stipulate whether it was the fluid memory effect of the buffeting
or that of the self-excited forces that influenced the total response. Kavrakov et al. (2017)
examined various formulations of buffeting and self-excited forces in time-domain by comparing
the dynamic response of a multi-span cable-stayed bridge during the critical erection condition.
They studied the aerodynamic models from a perspective of model complexity and compared the

effect of the aerodynamic parameters utilized in the aerodynamic models, such as aerodynamic
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damping and stiffness, aerodynamic nonlinearity, fluid memory, and aerodynamic coupling on the
bridge response.

Besides the fluid memory effects, the aerodynamic nonlinearity has also a considerable
impact on the buffeting response of the bridge, especially at high wind speed. Currently, only a
few studies are available to model the aerodynamic and aeroelastic nonlinearities existing in wind-
bridge interaction in addition to non-stationary effects. One of such studies includes a hybrid
nonlinear model developed by Diana et al. (2008) which is based on the hysteretic nature of wind
force on the bridge. Recently, Wu and Kareem (2013) also proposed a nonlinear scheme to model
aerodynamic nonlinearity through the Volterra series of higher-order. However, this nonlinear
model has not been verified on a real full-scale bridge model subjected to real typhoon winds,
which calls into question its efficiency and applicability in the simulation of real bridge response.

In this research, the wind loads are modelled based on Volterra series under non-stationary
winds by considering the higher-order fluid memory effects arising from wind-bridge interaction
and aerodynamic nonlinearity effects due to the varying angle of incidence, amplitude-
dependency of static wind force coefficients, flutter derivatives, and aerodynamic admittance
functions, and non-proportional relationship between wind speed and bridge motion. The
buffeting analysis results obtained from the proposed Volterra model are compared with the
measurement response of the bridge. The eight different existing semi-analytical models in the
time-domain, including steady (S), linear steady (LS), quasi-steady (QS), linearized quasi-steady
(LQS), corrected quasi-steady (CQS), linear unsteady (LU) and hybrid nonlinear (HNL) models,
are also compared with the measurement response in order to check the efficiency of existing
aerodynamic models. The simulation results exhibit that the proposed Volterra FD, Hybrid
Volterra FD, and Volterra ANN models can regenerate the real phenomenon of buffeting response

of a long-span bridge around the time-varying response under non-stationary winds.

6.2 Description of bridge

The Akashi-Kaikyo bridge is one of the world’s longest suspension bridges in west-central
Japan having a main span of 1991 m and two side spans of 960 m each. The height and width of
its stiffening truss girder are 14 m and 35.5 m, respectively, linking the city of Kobe with Iwaya
on Awaji Island. It crosses the Akashi-Strait (Akashi-Kaikyo in Japanese) as a part of the Honshu-
Shikoku Highway. It was completed in 1998. The height of the main towers is 282.8 m above the
sea level and 297.3 m up to the top of the cables. The bridge can expand due to the thermal effects
up to 2 m over a day. The bridge was designed to withstand extreme winds up to 80 m/s,
earthquakes up to a magnitude of 8.5, and torrent sea currents. The mesmerizing view of the

majesty Akashi-Kaikyo bridge is shown in Figure (6-1).
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Figure 6-2 Finite element model of the Akashi-Kaikyo bridge and its deck cross-section

6.3 Finite element model

A 3D finite element model of Akashi-Kaikyo bridge is developed by using the commercial
FE package ABAQUS (2014) in reference to the modelling technique used by Boonyapiyo et. al
(1999). The FE model of the bridge along with its cross-section of truss deck is shown in Figure
(6-2). The main stiffening girder and towers are simulated by spatial Timoshenko beam elements
with six degrees of freedom (DOFs) at each node. The main cables, hangers and stay cables are
simulated by 3D linear elastic truss elements with three DOF at each node. To ensure the 3D effect,
the connection of shear center-to-hanger is assumed to be rigid link with very high stiffness. All
masses are lumped to the gravity nodes of stiff deck including the polar moment of inertia and on
main cable-hanger connection nodes. Since the mass center and the shear center of most girders
do not coincide, they are also connected by a rigid link as shown in Figure (6-3). Both ends of the
girder are coupled with the towers in a way that allows one end to move in the longitudinal
direction. It is important to achieve the correct static state of a suspension bridge before modal

and dynamic analysis for accurate results. The material properties and all characteristics of the
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elements are determined according to the related design codes and the effect of geometric
nonlinearity is also included in static analysis for the initial balanced state of the bridge by
checking the NLGEOM option in ABAQUS. The deck and towers are coupled in 3DOF. The
bottom of both towers and back cables are fixed at bases while ignoring the soil-structure
interaction. The sectional and material properties of the Akashi-Kaikyo bridge are shown in Table

6-1 and Table 6-2, respectively.

6.4 Eigenvalue analysis of bridge

The eigenvalue analysis of the Akashi-Kaikyo bridge is performed to investigate its modal
characteristics i.e., natural frequencies and mode shapes. First fifty eigenmodes are extracted in
the frequency range from 0.040 Hz (1st mode) to 0.40 Hz (50th mode). According to this analysis,
the first lateral symmetric mode occurs at 0.04 Hz, followed by a symmetric vertical mode at
0.0645 Hz. In addition to that, the first symmetric torsional mode occurs at 0.147 Hz. The
fundamental eigenvalues and frequencies of the bridge are similar to those identified by the
previous researchers (Boonyapiyo et. al 1999; Miyata et al. 2017). Figure (6-4) illustrates the
significant eigenmodes of the bridge along with its natural frequencies, eigenvalues, and nature
of the model. The eigenvalue analysis results elucidate that the first mode of Akashi-Kaikyo
bridge is dominated in the lateral direction which contributes maximum in the lateral buffeting
response, whereas the contribution of the second mode is maximum in the vertical buffeting

response.

Node j

Main cable 960,))- N
Node i=Mass

‘ Node i=Mass & inertia

SI>
°

Figure 6-3 Finite element model of the Akashi-Kaikyo bridge deck along with the connected

hangers and the main suspension cable
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Table 6-1 Sectional properties of the Akashi-Kaikyo bridge

Item Central and side spans

Cross-section | Max. plate thick | 38mm

(General) Class HT780

. Cross-section | Area 0.412m?
Stiffening truss

of deck at the | I11 20.188m*

center of 122 129.81m*

main span J 18.407m*

o $5.23mmX 127wireX290strand

Composition

2 cables (36830 wires/cable)

Sectional area 7882¢cm?
Main cable -
Diameter 1001.78mm
Max. tension force 64961tf
Allow. stress 82kgf/mm? (837MPa)
Max. sectional area 0.0115m?
Hanger Max. diameter 121mm
Max. tension force 1055.4tf
Height of tower (H) T.P. + 297m (approx.)
Sectional dimension (LXW) 14.8m — 10mXx6.6m
Thickness & class of plate Base 50mm Top 40mm SM570
Tower Area 3.224m?
Cross-section
I11 17.04m*
of tower at the
, 122 47.5m*
height of H/2
J 23.64m*

Note: [11 and 122 are the moment of inertias about lateral and vertical directions of the bridge,

whereas J is the polar moment of inertia of the bridge

Table 6-2 Material properties of the Akashi-Kaikyo bridge

Structural member Modelled as Elastic properties

Cable Truss E=203GPa

Hanger Truss E=140GPa

Deck (girder) Beam E=210GPa, G=807GPa, v=0.3
Tower Beam E=210GPa, G=807GPa, v=0.3
shear center -to-mass center Rigid link E, G=0

shear center-to-hanger Rigid link E, G=0
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Figure 6-4 Mode shapes and natural frequencies of the Akashi-Kaikyo bridge
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6.5 Computation of wind loads

Wind loads are computed in three parts i.e., time-varying static, buffeting, and self-excited
forces. To compute the time-varying mean static forces, Eq. (3.6) is used considering the static
wind force coefficients which depend on the effective angle of attack i.e., Co(@esr), Where
Q: D, L, M. The angle-varying static force coefficients utilized for the computation of time-varying
static forces on the bridge deck are shown in Figure (4-2). The buffeting forces on the bridge deck
are computed by employing various aerodynamic wind load models. Each model behaves
differently based on the involved assumptions and limitations. For instance, the wind loads in the
case of the Hybrid Volterra FD model are computed in the low- and high-frequency ranges
separately. The demarcation between low- and high-frequency ranges is decided based on the cut-
off frequency (which is the first mode natural frequency of the bridge for this case). For the low-
frequency range, the QS model is adopted due to the high reduced velocity and its ability to take
into account the static nonlinearity and self-excited force effects. The parameters used in the QS
model for the low-frequency range are the low-frequency component of the effective angle of
attack (aé‘}‘}’), low-frequency components of wind speed fluctuations (both u!°" and w'%),
low-frequency components of the bridge vibration components (p'°%, A" and @'°"), and low-
frequency components of effective angle-varying static forces coefficients (i.e., Cy (aé‘}‘}’), where
Q: L, D, M). Figure (6-5) illustrates the PSDs of low-frequency components of wind fluctuations
demarcated at the cut-off frequency (0.04 Hz) in which the high-frequency components are
removed by the Equiripple Lowpass filter.

Conversely, for the high-frequency range, a second-order Volterra FD model is employed to
compute the buffeting and self-excited loads on the bridge deck numerically considering the high-
high

frequency components of wind speed fluctuations (both u and w™9") high-frequency

components of the bridge vibration components (p™9", A9 and a™9M) low-frequency
components of effective angle-varying static forces coefficients, and amplitude-dependent IFs
identified from FDs at varying angles of attack. Using these parameters, three-dimensional time-
varying static forces and nonlinear buffering forces are first computed, acting on each node of the
bridge deck by considering the 10 min records of wind speed time history. In the case of main
cables and towers, only drag forces are calculated based on the quasi-steady model by using the
static drag force coefficients of 0.7 and 1.8 for the main cables and towers, respectively. To
compute the nonlinear self-excited forces on the bridge deck, three components of the bridge
response (p, h and ) are extracted from ABAQUS as a result of the preliminary modal analysis
performed under time-varying static and nonlinear buffeting forces only. Like a feedback system,
the effects of nonlinear self-excited forces on the bridge response are considered by applying them

to the bridge deck directly. Thus, there is a total of nine force components at the high-frequency
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range and three force components at low-frequency range acting upon each node of the bridge
deck in the case of the proposed Hybrid Volterra FD model. The aerodynamic forces generated at

low- and high-frequency ranges for the typhoon TY9807 by Hybrid Volterra FD model are shown
in Figure (6-6) and Figure (6-7), respectively.
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Figure 6-5 Power spectral density of low-frequency components of wind fluctuations at 32 m/s
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Figure 6-6 Low-frequency components of wind forces on the bridge deck computed by the

Hybrid Volterra FD model under typhoon TY9807
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Figure 6-7 High-frequency components of buffeting forces on the bridge deck computed by the
Hybrid Volterra FD model under typhoon TY9807

In the case of the Volterra FD model, the wind fluctuation and bridge motion components
for the whole gamut of frequencies (from low to high) are considered to calculate the buffeting
and self-excited forces on the bridge deck. The static force coefficients determined at a statically
deformed position of the bridge deck (i.e., Cy(as)) and IFs identified at zero angle of attack are
used in this model. On the other hand, the Volterra ANN model does not require static force
coefficients or FDs to estimate [Fs. In fact, the Volterra ANN model computes all components of
wind loads based on the synaptic weights of activated neurons which captures the nonlinear
aerodynamic features of the nonlinear input-output relationship existing in wind-bridge
interaction. It is important to note here that the non-stationary wind effects are considered in the
wind load calculations by all three proposed models using Up,(t) and EPSD.

After the calculation of wind loads, each load component is applied to the bridge model as
anodal load as shown in Figure (6-3), and dynamic modal analysis is performed in time-domain.
It is noted that the geometric nonlinearities in the structural characteristics are already
incorporated in the modeling. For linear structures, modal analysis method can be utilized to take

advantage from the reduction in computational cost afforded by limiting the number of
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eigenmodes. The spatial correlation in buffeting forces at different nodes of the bridge is assumed
to be the same as the corresponding wind fluctuations (Chen and Kareem 2001). To perform the
buffeting analysis in time-domain, following parameters are used: (1) a critical damping fraction
of 0.003 for all eigenmodes (2) the analysis is performed in two steps (i) transient step which is
simulated for 60 sec time period considering the constant mean static wind forces on the bridge
deck to simulate the initial condition of vibration for the bridge (ii) modal step which is simulated
for 600 seconds time period considering the static and buffeting components of wind forces
(including self-excited forces) having a time increment size of 0.05 sec (3) the attendant buffeting
response of the bridge deck is obtained from 60th sec to 660th sec. This approach was also
practiced by (Boonyapinyo et al. 1999).
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Figure 6-8 Aerostatic response of the deck of Akashi-Kaikyo bridge under different values of
mean wind speeds including typhoon TY9807 (32 m/s) and 2018TY20 (42 m/s)
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6.6 Aerostatic analysis

The nonlinear aerostatic analysis is performed based on the simple static wind model to
investigate the effects due to the transient features of typhoon events on the aerostatic behavior
of the bridge. The comparison of the mean values of bridge deck lateral, vertical, and torsional
displacements at various mean wind speeds including the typhoon events TY9807 (32 m/s) and
2018TY20 (42 m/s) along the spanwise locations are plotted in Figure (6-8). The maximum
displacement occurs at the center of the main span of the bridge deck. Moreover, the displacement

increases proportionally with the square of wind velocity according to the Euler’s beam theory.
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Figure 6-9 The effects of constant and time-varying mean wind speeds on the static response of

the Akashi-Kaikyo bridge under typhoon TY9807
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Figure (6-9) shows a comparison between the effects of constant mean and time-varying
mean wind speeds on the three-dimensional aerostatic response at the center node of main span
of the bridge under typhoon TY9807. The time-varying mean wind speed causes the time-varying
response of the bridge deck. The time-varying mean lateral displacement varies from 4.65 m to
5.54 m, whereas the constant mean lateral displacement is computed to be 4.88 m for 10 min time
interval as shown in Figure (6.9a). The time-varying mean vertical displacement also shows
similar behavior and varies about the corresponding time-invariant response obtained from the
stationary constant mean wind speed as shown in Figure (6-9b). In the case of torsional
displacement, both constant and time-varying mean responses show anti-clockwise angular
motion, and it is interesting to note that the constant and time-varying means become equal at a
time instant of 382 second as shown in Figure (6-5¢). Similarly, the effects of constant and time-
varying mean wind speeds on the three-dimensional aerostatic responses of the bridge deck are
compared and investigated under typhoon 2018TY20, which elucidated that the time-varying
mean wind speed can certainly cause a high aerostatic response of the bridge deck as compared
to the constant mean wind speed. This highlights the paramount importance of adopting time-
varying mean wind speed rather than the constant mean wind speed in the design of long-span

bridges.

6.7 Buffeting analysis

The aerodynamic response of the Akashi-Kaikyo bridge deck under gusty wind conditions
is interrogated using various aerodynamic wind load models. Since each wind load model has a
unique way of formulating the aerodynamic forces; therefore, the time histories of responses
computed by all models are to be compared with the measurement data of bridge displacement.
Moreover, buffeting analysis results based on the proposed Volterra FD, Hybrid Volterra FD, and
Volterra ANN models are also compared with the measurement response to check the efficacy of
the proposed Volterra models. Figure (6-10) shows a comparison of time histories of the
calculated aerodynamic response (vertical, lateral, and torsional displacements) based on each
aerodynamic model including proposed Volterra models under typhoon TY9807 (mean wind
speed of 32 m/s). The measurement data was recorded by GPS installed at the center of main span
of the Akashi-Kaikyo bridge for the full duration of typhoon TY9807, in 1998, as a part of the
investigation done by Honshu-Shikoku Bridge Authority (2001). Based on the aerodynamic
response computed by each aerodynamic model, the following conclusions can be drawn:
1. the S model, being a 2D model, does not simulate the lateral response of the bridge. This

shows the importance of accurate modeling the drag forces on the structure. Moreover, the

S model yields a larger torsional displacement as compared to measurement data due to its
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limitations for ignoring the effects of fluid memory and self-excited motion of the bridge
deck as shown in Figure (6-10a),

the aerodynamic response based on LS model is higher than that based on S model, which
indicates that the inclusion of static nonlinearity in terms of angle-varying static force
coefficients (which are nonlinear functions of effective angle of attack) in S model reduces
the aerodynamic response especially in the case of torsional degree of freedom (DOF) for
the example bridge,

the three-dimensional aerodynamic response of the bridge based on the S model is close to
the two-dimensional QS model. However, the QS model yields better simulation results than
the S model, especially in the case of torsional displacement, which indicates that the
efficiency of QS model to capture the effects of static nonlinearity is only improved in
torsional DOF by including the self-excited motion of bridge deck. Conversely, no
significant difference is observed between S and QS models in the case of lateral and vertical
responses, which shows that the capability of 2D QS model is insufficient in vertical and
lateral DOFs for the example bridge as shown in Fig (6-10a,c),

the aerodynamic response based on QS model is smaller than that based on the LQS model
due to the linearization of QS model at the static angle of attack. This concludes that the
linearization of static force coefficients at a statically deformed position of the bridge deck
increases the aerodynamic response for this example bridge. In other words, the static
nonlinearity included in the QS model decreases the aerodynamic response as compared to
the LQS model in this case for the example bridge. Besides this, the comparison of the
responses based on the QS and LQS models reveals that the static nonlinearity (without fluid
memory effects) has significant effects on the torsional response, whereas its effect on the
vertical response is minor. The differences between the QS and LQS models are due to the
nonlinearity in the QS model arising from the dependency of static force coefficients on the
effective angle of attack as shown in Figure (6-10c,d),

the aerodynamic response based on the CQS model is larger and smaller for the torsional
and vertical responses, respectively as compared to that obtained from the QS model which
indicates that the CQS model could not improve the torsional response even after
considering the fluid memory effects at a fixed reduced frequency; however, it only improves
the vertical response to some extent. The jaggedness in the CQS model results is due to
relatively abrupt changes in the modified coefficient k; as shown in Figure (6-10e¢),

the torsional response based on the LU model is significantly lower than that based on 2D
models i.e., QS model, and closer to the measured torsional response, which indicates that
the inclusion of fluid memory effects arising from the history of motion due to wind flow

substantially improves the prediction of torsional response of the bridge. As the LU model
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is a 3D model, it also predicts the lateral response of the bridge utilizing the first-order IFs
which exhibit transient characteristics of wind effects on the structure. Moreover, the
efficiency of the LU model over 2D aerodynamic models is superior in the case of torsional
response, which highlights that the effects of fluid memory are more significant on the
torsional DOF than vertical DOF as shown in Figure (6-10f),

the vertical and torsional responses based on the LU model are larger than those based on
the HNL model, which indicates that the inclusion of aerodynamic nonlinearity in the HNL
model decreases the vertical and torsional displacements at 32 m/s for this example bridge.
Moreover, introducing unsteady aerodynamic damping and stiffness in the QS model, which
the HNL model uses to calculate wind forces for low-frequency range, reduces the response.
This effect is more prominent in the torsional DOF. On the other hand, the lateral response
obtained from the HNL model is larger than that obtained from the LU model. The increase
in lateral response based on HNL may also be attributed due to the influence of choosing an
appropriate cut-off frequency which is taken as the first fundamental frequency of the bridge
model in this case. Although the HNL model yields better results than the LU model, yet it
does not regenerate the time-varying behavior of the buffeting response owing to the
assumptions of the stationary flow conditions as shown in Figure (6-10g),

the aerodynamic responses based on the Volterra FD, Hybrid Volterra FD and Volterra ANN
models are close to the measurement response, which indicates that these models are suitable
for capturing the higher-order aerodynamic nonlinearity and fluid memory effects arising
from the amplitude-dependency of FDs, varying-angle static force coefficients, and history
of bridge motion due to wind interaction on 2D time-scale in this case for the example bridge
as shown in Figure (6-10h,i, j),

the aerodynamic response (both vertical and torsional) based on the Volterra FD model is
closer to the measurement displacements as compared to the LU model; however, the results
of the Volterra FD model are poorer than those of HNL model for all three-dimensional
responses as shown in Figure (6-10h). This may be due to the fact that the Volterra FD model
utilizes IFs identified at zero angle of attack while ignoring the amplitude-dependency of
FDs and static force coefficients. However, the Volterra FD model incorporates the non-
stationary wind effects on the buffeting response of the bridge, which are quite visible in the
case of lateral response as shown in Figure (6-10h),

the simulation results of the buffeting response obtained from the Hybrid Volterra FD model
are closer to the measurement data of bridge displacement as compared to the results
obtained from the Volterra FD model. There are several reasons behind it, for instance,
Hybrid Volterra FD model combines the QS model and the Volterra FD model while utilizing
their best features. In other words, the Hybrid Volterra FD model segregates the effective
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12.

13.

14.

angle of attack into low- and high-frequency components. Correspondingly, aerodynamic
forces are also separated based on the frequency components. For the low-frequency range,
aerodynamic forces are modelled by the QS model just like HNL model, whereas the Volterra
FD model is adopted for modeling the nonlinear aerodynamic forces for the high-frequency
range while considering the amplitude-dependency of FDs, higher-order fluid memory
effects and non-stationary wind effects simultaneously,

similar to the Hybrid Volterra FD model, the Volterra ANN also simulates the time-varying
behavior of lateral response of the bridge under non-stationary winds. This model shows
quite an improvement in the simulation of buffeting response, especially in the case of
vertical and lateral responses. In other words, the Volterra ANN model yields the best
simulation results of vertical and lateral responses among all aerodynamic models due to the
capability of ANN to develop the nonlinear relationships between inputs and outputs through
the associated synaptic weights carried by the activated neurons. However, a difference is
observed between the measured and simulated torsional responses in the first 200 seconds
where the amplitude of the simulated torsional response is smaller than the measured
torsional response. Moreover, this model also considers the effects of nonlinear fluid
memory and self-excited motion on the bridge deck accurately,

the aerodynamic response based on the Hybrid Volterra FD model is also close to that based
on the Volterra ANN model, which highlights that both models consider the aerodynamic
nonlinearity and nonlinear fluid memory effects accurately. Moreover, the inclusion of first-
and second-order direct- and cross-terms of Volterra kernels at varying angles of attack in
Hybrid Volterra FD and Volterra ANN models improves the simulation results,

the Hybrid Volterra FD and Volterra ANN models are capable to capture aerodynamic
nonlinearities and fluid memory effects for all frequency ranges, whereas the HNL model
captures nonlinearities for low-frequency range by using QS model and linear fluid memory
effects for the high-frequency range by using LU model. Thereby, the torsional response
based on the HNL model is higher than that based on Volterra models,

based on the comparative results, the contribution of the fluid memory effects to the
aerodynamic response is significantly higher than that of aerodynamic nonlinearity effects
for this example bridge. This comparison further indicates that the inclusion of fluid memory
effects has a significant impact on the torsional response specifically since there are large
differences between the torsional responses obtained from the 2D aerodynamic models i.e.,
S, QS, LQS models, and obtained from the Volterra FD, Hybrid Volterra FD, and Volterra
ANN models. It can also be witnessed from the larger relative difference between torsional
response calculated by 2D models and 3D proposed Volterra models as compared to the

relative difference between the vertical response,
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Figure 6-10 Time histories of the three-dimensional calculated responses based on each model:
(a) comparison of results obtained from S model and measurement response, (b) comparison of
results obtained from LS model and measurement response, (¢) comparison of results obtained
from QS model and measurement response, (d) comparison of results obtained from LQS model
and measurement response, (€) comparison of results obtained from CQS model and measurement
response, (f) comparison of results obtained from LU model and measurement response, (g)
comparison of results obtained from HNL model and measurement response, (h) comparison of

results obtained from Volterra FD model and measurement response, (i) comparison of results
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obtained from Hybrid Volterra FD model and measurement response, and (j) comparison of

results obtained from Volterra ANN model and measurement response

It is always lucrative to show the time history of random signals into frequency-domain in
order to envisage the exciting frequency contents and associated amplitude of power spectral
density (PSD) function. Following it, PSD of each component of buffeting response is plotted in
the frequency-domain through Fourier transformation by using ff# in-built function in MATLAB
(2017) for 3D aerodynamic models including the LU, HNL, Volterra FD, Hybrid Volterra FD, and
Volterra ANN models as shown in Figures (6-11)—(6-15). It is clear from the frequency-domain
analysis results that the LU and HNL models do not fit the measured lateral response spectrum
(Sp(f)) in the low-frequency range because of the assumption of stationary wind. Conversely,
Volterra FD, Hybrid Volterra FD, and Volterra ANN models fit the measured lateral response in
the low-frequency range. However, Volterra FD and Volterra ANN models show some deviations
in the high-frequency range which is not so important for long-span bridges. Moreover, the
Volterra FD, Hybrid Volterra FD, and Volterra ANN models are capable to capture the peaks of
the measured response spectra. From this comparison, it can be concluded that Hybrid Volterra
FD provides the best simulation results for lateral response spectra, whereas Volterra ANN yields
the best results for torsional and vertical response spectra as shown in Figures (6-14) and (6-15).

Based on Figure (6-10), it is obvious that these models can be divided into two groups (1)
the models which cannot take into account the fluid memory effects including the S, LS, QS and
LQS models and (2) the models which account for the fluid memory effects including the LU,
HNL, Volterra FD, Hybrid Volterra FD, and Volterra ANN models. The ability of the CQS to
reasonably account for the fluid memory effects is not assured so far. It is observed that the models
with the fluid memory yield the magnitude of buffeting response lesser than the models without
fluid memory effects, which indicates that fluid memory effects reduce the response of the bridge
deck. This is also consistent with the root-mean square (RMS) values of the simulation results for
vertical and torsional responses as shown in Figure (6-16). Based on this comparison, it is
observed that the LU model, among those models which include fluid memory effects, yields the
largest RMSs of the vertical and torsional responses, whereas the models which do not include
the fluid memory effects yield almost similar RMSs of the lateral and vertical responses of the
bridge deck under typhoon TY9807 as shown in Figure (6-16). However, some variations in
RMSs are also observed in the case of 2D models for the torsional response due to the effect of
angle-varying static force coefficients i.e., S, QS, and CQS models. The effects of aerodynamic
nonlinearity and fluid memory on the buffeting response are also investigated by comparing the
responses obtained from the LU, HNL, and Volterra models. A hefty difference is observed in the

vertical, lateral, and torsional responses obtained from all 3D wind load models.
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- 110 -



10° i
(\IA
£ 1072
o
vﬂ-
2
< 10
Measurement
--------------- Hybrid Volterra FD
10° ‘
107 107! 10°
Frequency (Hz)
(a) PSD of lateral response
10°
& 107
£
ey N I . AAM
[ i %
10°F Measurement
--------------- Hybrid Volterra FD
10°® :
107 107! 10°
Frequency (Hz)
(b) PSD of vertical response
1072 == )
Measurement . !
P Hybrid Volterra FD | ]
(\]A
50
) 6
< 10
5]
2
= 10?
10710
10 107! 10°

Frequency (Hz)

(c) PSD of torsional response

Figure 6-14 PSD comparison of measured response and simulated buffeting response using

Hybrid Volterra FD model in frequency-domain under typhoon TY9807

- 111 -



10°
(\IA
£ 1072
o
vﬂ-
2
< 10
Measurement
--------------- Volterra ANN
10° ‘
107 107! 10°
Frequency (Hz)
(a) PSD of lateral response
10° :
!
& 107 ' ;
E § (90 IR YN # |
=10 LA B !
2 i 3 ]
G :
10°F Measurement i
--------------- Volterra ANN
10°® :
107 107! 10°
Frequency (Hz)
(b) PSD of vertical response
1072 )
Measurement ,
Lo pLo Volterra ANN E
& 0 ;
50
) 6
e 10
5]
2
= 10?
10710
10 107! 10°

Frequency (Hz)

(c) PSD of torsional response

Figure 6-15 PSD comparison of measured response and simulated buffeting response using

Volterra ANN model in frequency-domain under typhoon TY9807

- 112 -



= 0.3
Q
= 171
SE 02 [ o119 o.lljsz 0~|1:66 0.|1:53 O|:|7 0,|1:|51 0.|1:51 0.142 0,;44 0.138 0134 1
Sgo01f O . o g
ZJRs!
2 0
Measure- S LS QS LQS CQsS LU HNL Volterra Hybrid Volterra
ment FD  Volterra ANN
FD
(a) RMS of vertical response
= 1
2 ~08 | 0.601 1
SE g6 | 0% 035y 0451 A A 0506 ]
= < o4 | A .A A 0.684 A
%1 S 02 0.065 0.081  0.064 0.082  0.068 |
i~ 0 A A A A A
Measure- S LS Qs LQS CQs LU HNL Volterra Hybrid Volterra
ment FD  Volterra ANN
FD
(b) RMS of lateral response
= 12
&g
g8 o 662 o s g 6939 ]
s X 41 o < 4 <o o |
a0
5% Measure- S LS QS LQS CQs LU HNL Volterra Hybrid Volterra
ment FD  Volterra ANN

(c) RMS of torsional response

FD

Figure 6-16 RMS comparison of fluctuating part of buffeting responses based on various

aerodynamic models under typhoon TY9807

Comparing the LU and HNL models in the context of nonlinearity arising from the

dependency of aerodynamic forces on the effective angle of attack, it is clear from Figure (6-16)

that the RMSs of vertical and torsional responses obtained from the HNL model are lower than

those obtained from the LU model. This indicates that the inclusion of nonlinearity reduces the

RMS of vertical and torsional responses. However, different behavior is observed in the case of
lateral response in which the HNL model shows a higher RMS than the LU model.
On the other hand, the Volterra FD model results are in between LU and HNL models

because of the reason that Volterra FD model does not divide the wind speed fluctuations and

bridge motions into low- and high-frequency ranges, instead, this model utilizes the wind speed

fluctuations and bridge motion for the entire range of frequency while considering the static force

coefficients identified at a statically deformed position of the deck as shown in Figure (6-16). The
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improvement of the Volterra FD model is mainly due to the incorporation of nonlinear fluid
memory effects in terms of second-order Volterra kernels in the LU model while keeping all other
parameters same as in LU model.

With the further modification of the Volterra FD model to Hybrid Volterra FD model by
incorporation of aerodynamic nonlinearity partly due to the nonlinear function of aerodynamic
forces with varying angles of attack, the simulation results of buffeting response are significantly
improved. This explicates that the inclusion of aerodynamic and aeroelastic nonlinearities in low-
frequency range by the QS model, the nonlinear fluid memory effects in terms of second-order
Volterra kernels identified at varying angles of attack in high-frequency range by the Volterra FD
model and non-stationary wind effects improves the numerical simulation of buffeting response
of long-span bridges under typhoon winds. This is also clear from the RMS comparison of
fluctuating part of the buffeting response in all three-dimensions for the example bridge as shown
in Figure (6-16). In short, it is reasonable to state herein that the Hybrid Volterra FD model
considers the aerodynamic nonlinearity and nonlinear fluid memory effects precisely for super
long-span cable-supported bridges subjected to the non-stationary winds.

The RMSs of the vertical and torsional displacements from LU and HNL models are higher
as compared to the Volterra ANN model for the example bridge as shown in Figure (6-16).
Comparing Volterra ANN model with Volterra FD and Hybrid Volterra FD models, it is obvious
from the RMS comparison that Volterra ANN model yields RMSs of lateral and torsional
responses closest to RMSs of measured lateral and torsional responses, which shows the
superiority of Volterra ANN model over Volterra FD and Hybrid Volterra FD models because
Volterra ANN intuitively captures the aerodynamic nonlinearity in terms of higher-order neural
memory from the non-proportional relationship of wind speed (input) and bridge deck motion
(output) while considering the effects of non-stationary winds on the bridge response.

In order to check the efficiency of the proposed Volterra models with respect to the
measurement response and existing aerodynamic models, the relative error in root-mean square
(RMS) with respect to measurement response is evaluated such as:

RMSexact - RMSsim
Error = x 100 6.1
RMSexact ( )

where RMSgy ¢t 18 the RMS of the measured response and RMSg;,,, is the RMs of the simulated
response obtained from each aerodynamic model. Figure (6-17) shows the comparison of relative
error in RMSs in simulated buffeting response based on each aerodynamic model including the
proposed Volterra FD, Hybrid Volterra FD, and Volterra ANN models with respect to the
measurement response of the Akashi-Kaikyo bridge under typhoon TY9807. The maximum
relative errors are observed in the simulation results obtained from LS and LQS models in the

case of torsional and vertical responses, respectively, whereas the S, QS, and CQS models show
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almost the same but the maximum relative errors in RMS of the torsional response of the bridge.
On the other hand, Hybrid Volterra FD and Volterra ANN models show the least relative errors
in RMSs of aerodynamic responses and exhibit the best simulation results for prediction of
buffeting response of the bridge subjected to typhoon-induced non-stationary winds. In fact,
Volterra ANN shows even better simulation results than Hybrid Volterra FD in the case of lateral
and vertical responses. This is because the ANN approach builds up the mapping of nonlinear
relationships between the incoming wind flow and bridge displacement through the synaptic
weights of the activated neurons in a nonlinear fashion. However, in the case of torsional
response, the Hybrid Volterra FD model shows better simulation results than Volterra ANN
model due to fact that Hybrid Volterra FD model considers the Volterra kernels identified from
experimental data of FDs measured at varying angles of attack, which has more impact on the
torsional DOF than vertical DOF. These results confirm the suitability and superiority of the
proposed Volterra FD model to the LU model, and proposed Hybrid Volterra FD model to the
HNL model. Moreover, these results also show a very preponderant role of first- and second-
order IFs at varying angles of attack in the nonlinear buffeting analysis of long-span bridges.
Apart from Volterra models, the HNL model is the second most suitable method to predict
the buffeting response accurately for the example bridge as shown in Figure (6-17). For the sake
of further investigation on the efficacy of the proposed Volterra models, the LU and HNL models
are treated herein as representative/reference aerodynamic models because LU and HNL models
are widely used in the field of bridge aerodynamic/aeroelasticity. A comparison is drawn for a 10
min time period of vibration history between the simulation results obtained from the LU and
HNL models and the simulation results obtained from the Volterra FD, Hybrid Volterra FD, and
Volterra ANN models under typhoon 2018TY20. The bridge exhibits a coupled 3D random
vibration phenomenon about a time-varying mean displacement of the bridge deck based on
Volterra models as shown in Figure (6-18). The bridge also shows a larger aerodynamic response
under typhoon 2018TY20 (U=42 m/s) as compared to typhoon TY9807 (U=32 m/s), which is as
expected. Owing to the lack of measurement data of bridge response under typhoon 2018TY20,
the comparison of the time history of buffeting responses obtained from Volterra FD, Hybrid
Volterra FD, and Volterra ANN models is investigated with respect to HNL and LU models in
order to envisage their practicality and suitability. In the case of lateral displacement, the LU
model produces the linear and stationary wind-induced buffeting response about a constant mean
response, whereas Volterra FD, Hybrid Volterra FD, and Volterra ANN models exhibit buffeting
response about the time-varying mean response of the bridge under non-stationary winds as
shown in Figure (6-18). In the case of vertical response, the LU, HNL, and Volterra FD models
simulate the almost same vertical response, whereas the Hybrid Volterra FD and Volterra ANN

models show different vertical responses. In the case of lateral response, all models except the

- 115 -



Volterra ANN model generate in-phase buffeting responses having different magnitudes. More
specifically, the LU, HNL, and Volterra FD models generate nearly the same in-phase buffeting
response (all three-dimensional components) of the bridge except the fact that the Volterra FD
model gives rise to a slightly higher response than that based on LU and HNL models as shown
in Figure (6-18). Regarding the torsional response, the Volterra ANN model yields a higher
torsional buffeting response as compared to other aerodynamic models at 42 m/s for this example

bridge. However, this trend may vary depending on the turbulence intensity and mean wind speed.

Figure 6-17 Error in RMS of buffeting response of the Akashi-Kaikyo bridge based on various

FD

(c) Error in RMS of torsional response

aerodynamic models under typhoon TY9807
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To further investigate the simulation results obtained from different aerodynamic models
under typhoon 2018TY?20, PSDs of the fluctuating components of simulated lateral, vertical, and
torsional displacements of the bridge are investigated in the frequency-domain as shown in Figure
(6-19). The peaks of PSDs of lateral responses obtained from the Volterra models match well with
PSD of LU and HNL models as shown in Figure (6-19); however, a difference is observed
between simulated PSDs obtained from the Hybrid Volterra model and the LU model in the low-
frequency range due to the impact of time-varying characteristics of wind speed on the simulated
response. Similarly, the PSDs of the vertical and torsional responses obtained from the Hybrid
Volterra model show large magnitude in the low-frequency range, explicating the effects of non-
stationary winds on the buffeting response of the bridge. Besides this, the frequency contents of
the eigenmodes of the Akashi-Kaikyo bridge are also captured from the PSD plots of the simulated
buffeting responses in all three-dimensions as shown in Figure (6-19) in which S denotes

symmetric; L denotes lateral; T represents torsion, and V is vertical.
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Figure 6-20 Buffeting response of the Akashi-Kaikyo bridge by nonlinear analysis based on the
Hybrid Volterra FD model at 60 m/s
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To examine the appropriateness of the proposed Volterra models at high wind speed, say 60
m/s, the nonlinear buffeting analyses are performed based on each aerodynamic model including
LU, HNL, Volterra FD, Hybrid Volterra FD, and Volterra ANN models. Figure (6-20) shows the
three-dimensional time-histories of buffeting response at the center node of the Akashi-Kaikyo
bridge obtained from the Hybrid Volterra FD model at 60 m/s. The transient effects of nonlinear
IFs identified at varying angles of attack can be visualized in the case of lateral response in
between 100 to 200 seconds where the response experiences an abrupt step-change. This is
possibly due to the flow separation in lateral DOF at high wind speed, which exerts significant
pressure on the bridge bluff deck. Figure (6-21) compares the RMS of buffeting response of the
bridge deck along the bridge length at 60 m/s calculated by LU, HNL, Volterra FD, Hybrid
Volterra FD, and Volterra ANN models. It is noted that for this specific example the analysis based
on the Hybrid Volterra FD model yields higher response as compared to other models, which
shows that buffeting response is very sensitive to the changes in the wind angle of attack. However,
the results of this example bridge regarding the effects of nonlinear aerodynamics may not simply
be extended to other bridge structures that may require preliminary examination based on their

aerodynamic and structural characteristics.
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CHAPTER 7: CONCLUSIONS AND FUTURE DIRECTIONS

The safety of the long-span bridges against wind loads is of primary concern during the
design process. Long-span bridges must be designed against non-stationary winds while
considering all kinds of structural and aerodynamic nonlinearities existing in the wind-bridge
interaction. This interaction can result in the wind loads that cause violent motion of the girder
such as flutter and buffeting. Currently, the wind tunnel test is considered to be the most effective
means of determining the aerodynamic characteristics of the newly proposed bridge sections
during the design process. However, the extent of data available from these tests is insufficient
for real typhoon-induced non-stationary winds to comprehensibly explicate the complex flow
mechanisms involved and these tests prove to be very expensive and time-consuming, in addition
the controlling of structural properties like damping, etc. is not easy. Apart from this, the nonlinear
bridge aerodynamics may become increasingly crucial issue when the aerodynamic
characteristics of a modern bridge deck exhibit significant vulnerability with respect to the
effective angle of attack and with the increase in the bridge main span length. These issues may
not be addressed by utilizing the existing aerodynamic load models due to so many assumptions
involved. This dissertation presents the development of an efficient framework for performing the
nonlinear buffeting analysis in time-domain based on the Volterra series to investigate the non-
stationary wind effects on long-span bridges. The conclusions from this thesis and possible further

directions for future work are presented in the following sections.

Concluding remarks

e It has been shown that an additional time scale in the formulation of indicial response
function is introduced to simulate the changes in bridge aerodynamics resulting from the
fluid memory effects as well as the non-stationary wind effects. The present research
explicates the physical meaning on the underlying mechanism of the changing bridge
aerodynamics owing to transient effects of typhoon-induced non-stationary winds.

e  The buffeting analyses of an example bridge subjected to the typhoon winds are presented
based on the proposed Volterra FD, Hybrid Volterra FD, and Volterra ANN models as well
as based on the existing aerodynamic wind load models. The proposed nonlinear Volterra
FD, Hybrid Volterra FD and Volterra ANN models can simulate the real phenomenon of
typhoon-induced buffeting response of long-span bridges around the time-varying mean
wind response, whereas the existing aerodynamic wind load models show the significant

errors in the simulation of buffeting response of the bridge around the constant mean wind
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response.

The time-history analysis results show that the non-stationary wind forces modify the
aerodynamics of wind-bridge interaction system and increase the mean wind response of
long-span bridges; therefore, it is important to consider the time-varying mean wind speed
induced by typhoon winds instead of straight-line constant mean wind speed in the
simulation of wind-induced buffeting response; otherwise, the wind design of the long-span
bridges may be on the unsafe side.

The traditional approach of spectral representation is not capable to explicate the time-
varying characteristics of real typhoon-induced non-stationary winds owing to its limitation
of being a frequency-domain approach, rather an evolutionary power spectral density
(EPSD) method, being a frequency- and time-domain approach, is utilized herein to generate
the artificial non-stationary wind fluctuations along the bridge deck, which also conforms
the measurement data of wind speed.

The inclusion of drag forces in the LU, HNL, Volterra FD, Hybrid Volterra FD, and Volterra
ANN models modifies the lateral buffeting response of the bridge deck significantly,
whereas the 2D aerodynamic models do not incorporate the drag forces and show almost
similar but very minute lateral buffeting response of the bridge.

The QS model considers the static nonlinear effects but fails to include nonlinear fluid
memory effects; the corrected QS model takes into account the nonlinearity effects with
linear fluid memory effects at a fixed reduced frequency; the linearized QS model considers
the linear aerodynamic effects without the fluid memory effects; the LU model considers
linear aerodynamic effects with linear fluid memory effects; hybrid model includes the
nonlinearity effects only at low-frequency range with linear fluid memory effects at high-
frequency range; the Volterra FD model considers aerodynamic nonlinearity effects in terms
of higher-order Volterra kernels with nonlinear fluid memory effects; the Hybrid Volterra FD
model takes into account the nonlinearity arising from the instantaneous angle of attack at
low-frequency range as well as the nonlinear fluid memory and aerodynamic nonlinearity
effects at the high-frequency range, and the Volterra ANN also considers the aerodynamic
nonlinearity and nonlinear fluid memory effects for a whole range of frequencies in terms of
higher-order Volterra kernels whose values are obtained based on the synaptic weights of the
activated neurons.

Although the HNL model is partly able to reproduce the nonlinear behavior of bridge
response while considering the effect of linear fluid memory in the high-frequency range,
this model cannot be considered as fully nonlinear nor fully unsteady. On the contrary, the
Volterra FD, Hybrid Volterra FD and Volterra ANN models fully characterize the bridge

aerodynamic and aeroelastic behaviors under non-stationary winds while considering
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aerodynamic and aeroelastic nonlinearities as well as the nonlinear fluid memory or unsteady
effects on the buffeting response of the bridge.

As compared to the Volterra FD model, the Hybrid Volterra FD and Volterra ANN models
yield more accurate buffeting analysis results of the example bridge because the Hybrid
Volterra FD model considers the aerodynamic nonlinearity effects both in low- and high-
frequency ranges mainly arising from the instantaneous angle of attack of wind and
amplitude-dependency of FDs, respectively. In the case of the Volterra ANN model, the ANN
technique builds the mapping of the nonlinear relationship between incoming flow as inputs
and bridge response as outputs through the associated synaptic weights carried by activated
neurons, which simulate the buffeting response with relatively high accuracy.

The effects of non-stationary winds on the buffeting response of the bridge are more
pronounced than the aerodynamic nonlinearities.

At high wind speed, i.e., 60 m/s, the Hybrid Volterra FD model produces the slightly larger
RMS of the buffeting response as compared to the LU, HNL, Volterra FD and Volterra ANN
models due to the influence of the changes in the mean angles of attack at high wind speed.
This characteristic is successfully be modelled by using the Hybrid Volterra FD model.
However, the difference in RMS results obtained from the Hybrid Volterra FD and Volterra
ANN models is not so large because these both models consider the effects of aerodynamic
nonlinearity, nonlinear fluid memory, and non-stationary winds on the buffeting response of
the bridge accurately for this example bridge. However, the results of this example bridge
may not simply be extended to other bridge structures which may require preliminary

interrogation based on their aerodynamic and structural characteristics thoroughly.

Future directions

Through the present study, the current status of the analytical methods in the field of bridge

aerodynamics was grasped. Extensions of the present study can be made in many ways. In this

research work, the effects of non-stationary winds and aerodynamic nonlinearity along with the

self-excited force effects on the buffeting response of the bridge have been clarified in the case of

a three-dimensional FE model. Based on these observations and experience in implementing the

developed aerodynamic wind load model in this dissertation, the following directions of future

research are suggested:

To perform the flutter analysis for each acrodynamic wind load model including Volterra FD,
Hybrid Volterra FD, and Volterra ANN models in order to elucidate the suitability of each
aerodynamic model for checking the flutter critical wind speeds of the long-span bridges.

To pursue the analysis of full span bridge under buffeting loads with due attention to fluid-
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structure interaction using CFD applications.

To investigate the effects of time-varying coherence function on the buffeting response of
the long-span bridges.

To try some other techniques for the identification of Volterra kernels and compare them
with the present techniques used in this dissertation for accurate outcomes.

To conduct the buffeting analysis of bridge in time-domain in the wake of a hill considering
the non-uniformity and non-stationarity of wind characteristics, i.e., time-varying mean wind
speed, evolutionary power spectral density and time-varying coherence of wake flow at the
bridge location.

To extend the proposed Volterra FD, Hybrid Volterra FD, and Volterra ANN models in order
to simulate the effects of some other extreme wind events such as tornadoes, microbursts,
and downbursts. In this case, a new framework is required to generate the tornado-induced
wind speed while considering the time-varying coherence functions and EPSD to explicate
the mechanism of tornado-structure interaction.

Current wind design guidelines in Japan suggest the 10 min averaging time to find the mean
wind speed for the calculation of bridge response based on linear, stationary, and steady-
state model. However, the real phenomenon of typhoon-induced buffeting response may
entail a different averaging time. Therefore, there is a need to optimize the best combination
of averaging time and aerodynamic parameters for long-span bridges under real typhoon

winds.
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