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Abstract

The main categories of wind effects on long span bridge decks are buffeting, flutter, vortex-
induced vibrations (VIV) which are often critical for the safety and serviceability of the
structure. With the rapid increase of bridge spans, research on controlling wind-induced
vibrations of long span bridges has been a problem of great concern.The developments of
vibration control theories have led to the wide use of tuned mass dampers (TMDs) which has
been proven to be effective for suppressing these vibrations both analytically and
experimentally. Fire incidents are also of special interest in the stability and safety of long
span bridges due to significant role of the complex phenomenon through triple interaction
between the deck with the incoming wind flow and the thermal boundary of the surrounding

air.

This work begins with analyzing the buffeting response and flutter instability of three
dimensional computational structural dynamics (CSD) models of a cable stayed bridge due to
strong wind excitations using ABAQUS finite element commercial software. Optimization
and global sensitivity analysis are utilized to target the vertical and torsional vibrations of the
segmental deck through considering three aerodynamic parameters (wind attack angle, deck
streamlined length and viscous damping of the stay cables). The numerical simulations results
in conjunction with the frequency analysis results emphasized the existence of these
vibrations and further theoretical studies are possible with a high level of accuracy. Model
validation is performed by comparing the results of lift and moment coefficients between the
created CSD models and two benchmarks from the literature (flat plate theory) and flat plate
by (Xavier and co-authors) which resulted in very good agreements between them. Optimum
values of the parameters have been identified. Global sensitivity analysis based on Monte
Carlo sampling method was utilized to formulate the surrogate models and calculate the
sensitivity indices. The rational effect and the role of each parameter on the aerodynamic
stability of the structure were calculated and efficient insight has been constructed for the

stability of the long span bridge.

2D computational fluid dynamics (CFD) models of the decks are created with the support of
MATLAB codes to simulate and analyze the vortex shedding and VIV of the deck. Three
aerodynamic parameters (wind speed, deck streamlined length and dynamic viscosity of the
air) are dedicated to study their effects on the kinetic energy of the system and the vortices
shapes and patterns. Two benchmarks from the literature (Von Karman) and (Dyrbye and
Hansen) are used to validate the numerical simulations of the vortex shedding for the CFD

models. A good consent between the results was detected. Latin hypercube experimental



method is dedicated to generate the surrogate models for the kinetic energy of the system and
the generated lift forces. Variance based sensitivity analysis is utilized to calculate the main
sensitivity indices and the interaction orders for each parameter. The kinetic energy approach
performed very well in revealing the rational effect and the role of each parameter in the

generation of vortex shedding and predicting the early VIV and the critical wind speed.

Both one-way fluid-structure interaction (one-way FSI) simulations and two-way fluid-
structure interaction (two-way FSI) co-simulations for the 2D models of the deck are executed
to calculate the shedding frequencies for the associated wind speeds in the lock-in region in
addition to the lift and drag coefficients. Validation is executed with the results of (Simiu and
Scanlan) and the results of flat plate theory compiled by (Munson and co-authors)
respectively. High levels of agreements between all the results were detected. A decrease in
the critical wind speed and the shedding frequencies considering (two-way FSI) was
identified compared to those obtained in the (one-way FSI). The results from the (two-way
FSI) approach predicted appreciable decrease in the lift and drag forces as well as prediction
of earlier VIV for lower critical wind speeds and lock-in regions which exist at lower natural
frequencies of the system. These conclusions help the designers to efficiently plan and

consider for the design and safety of the long span bridge before and after construction.

Multiple tuned mass dampers (MTMDs) system has been applied in the three dimensional
CSD models of the cable stayed bridge to analyze their control efficiency in suppressing both
wind -induced vertical and torsional vibrations of the deck by optimizing three design
parameters (mass ratio, frequency ratio and damping ratio) for the (TMDs) supporting on
actual field data and minimax optimization technique in addition to MATLAB codes and Fast
Fourier Transform technique. The optimum values of each parameter were identified and
validated with two benchmarks from the literature, first with (Wang and co-authors) and then
with (Lin and co-authors). The validation procedure detected a good agreement between the
results. Box-Behnken experimental method is dedicated to formulate the surrogate models to
represent the control efficiency of the vertical and torsional vibrations. Sobol's sensitivity
indices are calculated for the design parameters in addition to their interaction orders. The
optimization results revealed better performance of the MTMDs in controlling both the
vertical and the torsional vibrations for higher mode shapes. Furthermore, the calculated
rational effect of each design parameter facilitates to increase the control efficiency of the
MTMDs in conjunction with the support of the surrogate models which simplifies the process

of analysis for vibration control to a great extent.

A novel structural modification approach has been adopted to eliminate the early coupling

between the bending and torsional mode shapes of the cable stayed bridge. Two lateral steel



beams are added to the middle span of the structure. Frequency analysis is dedicated to obtain
the natural frequencies of the first eight mode shapes of vibrations before and after the
structural modification. Numerical simulations of wind excitations are conducted for the 3D
model of the cable stayed bridge. Both vertical and torsional displacements are calculated at
the mid span of the deck to analyze the bending and the torsional stiffness of the system
before and after the structural modification. The results of the frequency analysis after
applying lateral steel beams declared that the coupling between the vertical and torsional
mode shapes of vibrations has been removed to larger natural frequencies magnitudes and

higher rare critical wind speeds with a high factor of safety.

Finally, thermal fluid-structure interaction (TFSI) and coupled thermal-stress analysis are
utilized to identify the effects of transient and steady state heat-transfer on the VIV and
fatigue of the deck due to fire incidents. Numerical simulations of TFSI models of the deck
are dedicated to calculate the lift and drag forces in addition to determining the lock-in
regions once using FSI models and another using TFSI models. Vorticity and thermal fields
of three fire scenarios are simulated and analyzed. The benchmark of (Simiu and Scanlan) is
used to validate the TFSI models, where a good agreement was manifested between the two
results. Extended finite element method (XFEM) is adopted to create 3D models of the cable
stayed bridge to simulate the fatigue of the deck considering three fire scenarios. The
benchmark of (Choi and Shin) is used to validate the damaged models of the deck in which a
good coincide was seen between them. The results revealed that the TFSI models and the
coupled thermal-stress models are significant in detecting earlier vortex induced vibration and
lock-in regions in addition to predicting damages and fatigue of the deck and identifying the
role of wind-induced vibrations in speeding up the damage generation and the collapse of the

structure in critical situations.
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Chapter 1

Introduction

1.1 Background

Long span bridges are vulnerable to many types of vibrations when subjected to wind
buffeting action due to their slenderness, high flexibility, low structural damping and
lightweight. Therefore their safety and serviceability are often critical due to wind-induced
vibrations. Buffeting action is a type of vibration motion induced by turbulent wind. The
natural wind is not steady but has a turbulent characteristic, so the wind fluctuations in the
vertical and horizontal directions are random in space, and thus the wind pressures along the
bridges are random in time and space. The coupled mode of vibrations which is resulting
from the deck-stay cables interaction at lower modes of vibrations is dominant and critical
case.The buffeting responses of the long span bridges increase and become more notable
when increasing the bridge span and the deck width. The internal forces and the
displacements resulted from buffeting responses are growing more apparent when the wind
speed is high. As a result many serious effects are arising such as fatigue of the structural
components and in critical cases result in the failure of the structure. The Tacoma incident is
the best example case of a wind induced failure. However significant numbers of bridges have
experienced extreme responses which were of sufficiently large amplitudes to be considered
at serious condition. Aerodynamic effect is the most important aspect of this type of vibration
and the greatest aecrodynamic effect is caused by flutter. The flutter stability of bridge
structures is due to the critical wind speed. When flutter occurs, the wind forces change
continuously due to structural displacements, while the wind alters the stiffness and structural
damping of the system. When the free span of a bridge increases, the aerodynamic instability
increases. The critical wind speed would step down due to the resulting reduced torsional
stiffness particularly and the reduced bending stiffness. When the structural damping becomes
very low, a small oscillation would be amplified until the structural failure [Simiu and
Scanlan, 1996; Diana et al., 1998; Lin et al., 2000; Chen et al., 2001; Chen and Cai, 2003;
Chen et al., 2004; Valdebenito and Aparicio, 2006; Al-Assaf, 2006; Ubertini, 2008; Starossek
and Aslan, 2008; Janjic, 2010; Kwon, 2010; Patil, 2010; Van Vu. et al., 2011; Keerthana et
al., 2011; Kvamstad, 2011; Odden and Skyvulstad, 2012; Huang et al., 2012; Qin et al., 2013;
Mohammadi, 2013; Flamand et al., 2014; Xu, 2013; Xie et al., 2014; Xu et al., 2014].

When the aeroelastic interaction between the wind and the long span bridges is generated, the

flutter and the torsional instabilities can take place at certain wind speeds. The vibrational
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response of long span bridges is affected by many structural characteristics like mass,
stiffness and energy dissipation mechanisms [Ding and Lee, 2000; Man, 2004; He et al.,
2008; Ge and Xiang, 2008; Vairo, 2010; Zhang Xi, 2012; Shin et al., 2014]. Recently many
slender long span bridges have been constructed without taking in consideration the both the
bending and torsional stiffness, which resulted in wide displacements especially at the mid
span of the deck with probabilities of aeroelastic instability and structural failure. The extra
sensitivity of long span cable supported bridges due to wind excitation is related to the very
low structural damping in the coupled modes of vibrations widely below 1% and even less
than this value in the vibration modes associated with cable vibrations. Flutter and torsional
instabilities force limits on the length increase of long span cable supported bridges which can
be avoided by better aerodynamic design of the deck or by the use of vibration control
methods [Jones and Spartz, 1990; Pacheco et al., 1993; Cheng, 1999; Su et al., 2003; Fujino
et al., 2010; Wang et al., 2013; Phan and Nguyen, 2013; Xiong et al., 2014; Preumont et al.,
2015; Kusano, 2015; Haque, 2015; Bakis et al., 2016].

Vortex induced vibration (VIV) which is one of the wind-induced vibrations, is
predominantly decisive for the security and serviceability of these structures. The segmental
bridge decks are being selected supporting on many factors like structural and economic
characteristics, where the essential shape of the deck is not requisite to be aerodynamically
efficient optimally. Due to this fact, long span bridges are overwhelmingly undergo VIV
[Frandsen, 2004; Sarwar and Ishihara, 2010; Wu and Kareem, 2012; Fujino and Siringoringo,
2013]. Several research studies on the geometries and the vortex shedding mechanisms from
bluff bodies have been conducted. Presently the deck cross sections are designed between
bluff bodies and streamlined, for example the Tsing Lung Bridge in Hong Kong. The wind
flow in the wake region of a bluff body such as segmental bridge decks is described by
vortices which are shed from its trailing edge continuously at a particular frequency, where
they are often attributed to Karman vortices. The shape and the pattern of the vortices are
occasionally referred to Karman Street [Kiviluoma, 2001; Nicoli, 2008; Edvardsen, 2010;
Patil, 2010; Asyikin, 2012; Dahl, 2013]. These vortices are shed from the bridge deck
continuously regardless of the wind speed magnitude. The shedding eddies have frequencies
varying linearly with the wind speed since the Strouhal number is stable mostly. When the
shedding frequency is matching the frequency of particular mode of vibration of the structure,
either vertical or torsional, the resonance might occur as a result the lock-in of the bridge
oscillation starts. Within particular limits and if the wind speed continues to increase, the
shedding frequency of the vortices keeps unaltered. This situation is named synchronization
domain. In a certain case where the ambit of the wind velocities is wide, this might cause

fatigue, discomforts or failure depending on the oscillations amplitude [Zhang et al., 2004;



1.1 Background

Diana et al., 2006; Irwin, 2008; Fariduzzaman et al., 2008; Zhang, 2012; Flamand et al.,
2013; Belloli et al., 2014; Grouthier et al., 2014]. Various shapes and patterns of vortex
shedding exist. These depend on the shape of the deck, diverse vortex shedding mechanisms
and Reynolds number (Re). The vortex shedding mechanism might be totally different relying
on the shape of the deck cross section. The main reason of VIV in a long span bridge is
referred to structural low damping and structural slenderness. This truth is approved in the
case of Rio-Niteroi Bridge in Rio de Janeiro which has manifested vortex shedding vibrations
even at weak wind speed of 14 m/s, where this event was not counted for in the design stage.
VIV can be reduced through selecting suitable cross sections and shapes for bridge decks
[Blackburn and Henderson, 1996; Schewe and Larsen, 1998; Larsen and Walther, 1998; Xie
et al., 2011; Lopes et al., 2006; Tang et al., 2008; Chen et al., 2014]. The aerodynamic
behavior and the damping of the bridge decks are affected and altered by the vortex shedding
pattern and the shape of the vortices. As a result, the deck reaction is affected. The vortex
shedding pattern and the shape of the vortices are affected by the frequency and the amplitude
of the oscillations. Hence, the study of the vortices shape and the vortex shedding pattern
helps to comprehend the relationship between the vortex shedding patterns and the structural
response at various Reynolds numbers [Bosch and Dhall, 2008; Liu ef al., 2012; Corriols and

Morgenthal, 2012; Bosman, 2012; Abdi ef al., 2012; Hansen et al., 2013, Borna et al., 2013].

VIV is a strong fluid-structure interaction (FSI) phenomenon. The application of FSI concept
in the vibration of long span bridges is a sensitive and important step in understanding the
actual behavior of the structure during vibration resulted from a wind excitation. The VIV of
the deck is a type of vibration results from the FSI between the wind and the deck of the
bridge. When a bridge deck is excited by a wind, it starts to oscillate in the in-line and the
cross-flow directions. The in-line oscillation often takes place at twice the frequency of the
cross-flow oscillation, and it is very small compared to the cross-flow oscillation. Therefore it
is not important in the majority of the engineering applications. When the cross-flow
oscillation amplitude of the deck is large enough, the FSI enhances and increases the strength
of the vortices or the mean drag forces on the deck. In the same time, the motion of the deck
will alter the phase, sequence and the vortices pattern in the wake region. The application of
fluid-structure coupling using numerical simulations is a complicated problem. It does result
in arising difficulties related to the fluid and the structure simulations in addition to coupling
of these two systems which is a hard process. These difficulties resulted from the coupling
process depends highly on the physical properties of the problem which is under simulation
[Simiu and Scanlan, 1996; Selvam et al., 1998; Dowell and Hall 2001; Onate and Garcia,
2001; Frandsen, 2004; Liaw, 2005; Chakrabarti, 2005; Vazquez, 2007; Badia and Codina,
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2007; Forster, 2007; Bourdier, 2008; Farshidianfar and Zanganeh, 2009; Razzaq et al., 2010;
Schmucker ef al., 2010; Peng and Chen, 2012; Raja, 2012; Sarkic, 2014].

Fast increase of bridge spans led to undertake research on controlling wind-induced vibration
in long span bridges. Many research efforts have been done to improve aerodynamic
stabilities and to suppress excessive buffeting vibrations in long span bridges both at the
construction and at service time. The solution for the buffeting and flutter vibrations control
in long-span bridges is mainly related to the use of passive devices, dynamic energy absorbers
such as tuned mass dampers (TMDs), which have been studied to mitigate serious dynamic
buffeting vibration or to enhance the flutter stability of long span bridges. These control
devices that are called dynamic energy absorbers, dissipate external energy through supplying
damping to the designated mode shapes of vibrations [Lin et al., 1999; Din and Lee, 2000;
Pourzeynali and Esteki, 2009; Chen, 2010]. Increasing the lengths of the bridge span and
adopting slender decks tend to make the frequencies of the mode shapes of vibrations close to
each other, which results in increasing the modal coupling effects via aero-elastic effects in
strong wind cases. The effects of modal coupling resulted from a strong wind may lead to a
significant additional component to the buffeting vibration of each certain mode, compared
with the modal coupling effects resulted from a weak wind. There is a limitation imposed on
the application of TMD because it is effective in suppressing vibrations in one mode only,
usually it is the first mode. Furthermore, a TMD is efficient in a narrow frequency range only,
this exactly when it is tuned to a certain natural frequency of the structural system and it
doesn't act efficiently if the system manifests many narrow natural frequencies [Tang, 1997;

Kubo, 2004; Starossek and Aslan, 2007; Ubertini et al., 2015].

The application of thermal fluid-structure interaction (TFSI) is very important regarding the
safety and stability of long span due to fire incidents. It enables a profound analysis about
triple interaction between the bridge deck, forthcoming wind and the thermal boundary of the
air. Regarding TFSI, in Addition to the fluid domain and the structural domain, a thermal
domain is considered. Many environmental thermal effects such as fire, solar radiation and
the air temperature have significant impact on bridges. The continuous change of
temperatures in their structural elements may result in nonlinear thermal stresses that affect
their performance significantly. Generally, fire incidents are caused by smashing of vehicles
and combust of fuel on or under the bridges. The variation in the structural temperature and
its distribution in bridges lead to displacements, deformations, potentially extreme stresses,
cracks and in serious cases of fire might lead to structural collapse. Fires that are originated
by gasoline are considered most dangerous than building fires because they are distinguished

by a rapid heating rate and very high temperature. Regarding these types of fires, very high
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temperatures will be acquired during the first few minutes [Baba ef al., 1988; Potgieter and
Gamble, 1989; Bennetts and Moinuddin, 2009; Paya-Zaforteza and Garlock, 2012; Garlock et
al., 2012; Grilli et al., 2012; Zhou and Y1, 2013; Peris-Sayol et al., 2014; Braxtan et al., 2015;
Zhou et al., 2016; Kodur and Agrawal, 2016; Schumacher, 2016]. A bridge fire took place in
Birmingham, USA in 2002 due to collide of a diesel tanker with one of the Piers. The fire
finished after 45 minutes of burning 142,000 liters of diesel approximately. The location of
the fire was under the bridge and a part was unexposed. Due to non-regular exposure, the
bridge collapsed partially. The MacArthur Maze Bridge in USA in 2007, partially failed due
to truck incident with one of the support columns resulted in combustion of 32, 600 liters of
gasoline for more than two hours [Choi, 2008; Giuliani et al., 2012; Wright ef al., 2013; Alos-
Moya et al., 2014].

1.2 State of The Art

The up to date studies regarding wind-induced vibrations and especially the aerodynamic
stability of long span cable supported bridges have covered the effect of many aerodynamic
parameters on the overall structural damping which is responsible of the safety and
serviceability of the structure. Theoretical analysis using finite element method and
experimental analysis utilizing wind tunnel test have been adopted to enhance the design of
the structure against this problem in particular the deck. But the vibration problem in these
structures has not been solved totally. It is has been proofed that the coupled mode of
vibrations is the dominant which is resulting from the deck-stay cables interaction at lower

modes of vibrations due to associated and nearby wind excitations.

The previous studies were mostly supporting on the results of Reynolds number (Re) and
Strouhal number (St) to analyze the VIV of the deck and in the same time without considering
important parameters that have uncertain effects on this type of vibration. The influence of the
(FSD) in the analysis of VIV has achieved important and active results but it still needs to be
thoroughly studied, in addition to its role on predicting the lock-in phenomena and critical

wind speed.

The most of previous researches have studied the application of active and passive devices to
control vibrations in the long span bridges such as multiple tuned mass dampers (MTMDs) to
optimize the design parameters considering the first lower natural frequencies of the long
span bridges, in the same time the performance of the MTMDs system is still limited and

hasn't controlled the horizontal, vertical and torsional vibrations of the deck totally.

Up to date researches have concentrated on the heat- transfer in the structural elements of

bridges and analyzed their failure due to fire incidents and thermal environmental effects.
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Numerical simulations were utilized to model the actual damaged members of the bridges
supporting on standard temperature-time curve of Eurocodel. These researches haven’t
covered the effect of transient heat-transfer due to fire incidents on the behavior of long span
bridges during wind excitations regarding VIV and lock-in phenomenon. They haven’t
considered the thermal effect mechanism on the generation of lock-in phenomena in addition
to the role of thermal effects in speeding up the fatigue and failure of the bridge along with

the incoming critical wind speeds.

1.3 Literature Review

Previous studies in the field of wind-induced vibrations have been conducted to study the
problem theoretically and practically so that to identify the solutions to control or at least to
suppress the vibrations and eliminate their serious effects on the performance and safety of
the long span bridges. The following is a short summary of many studies and the findings of

the previous works.

[Ma et al., 2010] investigated the aerodynamic behavior of the Sutong Bridge. They
presented the main results of wind tunnel tests on a sectional model and the full aeroelastic
models of the Sutong Bridge. They discovered that both the lift and moment coefficients are
increasing from (-1 to 0.5) and (-0.2 to 0.1) respectively with the increase of the turbulent
wind attack angle between (-10° to 10°). [Xavier et al., 2015] studied experimentally the
effect of wind attack angle on the generation of lift and drag forces and pitching moment in a
flat plate with multiple aspect ratios excited by a turbulent wind in the wind tunnel test. The
results of the lift and the moment coefficients were supported on the range of wind attack
angle between (0 to 90°). The lift coefficient and moment coefficient values were (-0.12 to
0.01) and (-0.01 to 0.01) respectively, which is an indicator that increasing the wind attack
angle will increase the generated lift force and moment in the flat plate. [Abdel-Aziz and
Attia, 2008] conducted numerical analysis on four bridge deck sections using ANSYS
software, they calculated the effect of wind attack angle on the lift and moment coefficients
for the bridge deck section. The range of turbulent wind attack angle was between (-10° to
10°), in the other hand the calculated lift coefficient was (-0.65 to 0.2) and the calculated
moment coefficient was (-0.065 to 0.1). The results affirm the increase of lift force and

pitching moment in the bridge deck model.

An analytical study concerning the stability of the vortex patterns in a wake of a stationary
rectangular cylinderical body was carried out by Von Karman and Rubach, 1911. Based on

the two dimensional potential flow theory and assuming that the fluid is irrotational except in
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concentrated vortices, it was shown that the vortex pattern is stable, if the vortices are
organized in unsymmetrical double row pattern. [Dyrbye and Hansen, 1999] have derived the
vortex shedding frequency of a non-vibrating bluff body where the time between the vortices
at each side is equal to the distance divided by the speed of the vortices. The distance between
the vortices must be proportional to the width of the body.

[Munson et al., 2002] studied the character of the drag coefficient as a function of Reynolds
number for objects with various degrees of streamlining, from a flat plate normal to the
upstream flow to a flat plate parallel to the flow (two-dimensional), where this value is related
to the cross flow oscillation of the body. They calculated the value of the drag coefficient for
a flat plate parallel to the flow which is simulating the bridge deck subjected to a wind flow,

this value's range was (0.08-0.0075) for the Reynolds number range ( 0.2*10° - 2.3*10°).

Many researchers have studied the application of TMD system in long span bridges. [Jain et
al., 1998] analyzed the effects of modal damping on bridge performance of aero-elasticity. It
was found that supplemental damping provided through appropriate external dampers could
certainly increase the flutter stability and reduce the buffeting response of long span bridges.
[Nobuto et al., 1988] made a study on flutter control using a couple of TMDs, and the
numerical example indicated its efficiency. On this basis, a more advanced parametric study
was performed by [Gu et al.,1998] through a theoretical analysis and a wind tunnel test on the
Tiger-gate Bridge model. [Lin ef al., 2000] studied the effect of TMD system in the reduction
of torsional and vertical responses of suspension bridges subjected to wind loading. The
important parameters involved are the natural frequency ratio and the mass ratio of damping
device to the structure. They used a TMD system with two degrees of freedom, vertical and
torsional. They obtained a TMD mass ratio of 2 % for getting a reduction of 25 % and 33 %
in vertical and torsional responses of the bridges, respectively. Considerable effort has been
directed towards the reduction of the mass ratio to an acceptable level, say less than 1%.
Weight penalty and precise tuning of frequency are major considerations in their application.
[Wang et al., 2014] studied the optimum control of buffeting displacement in the Sutong
Bridge using multiple tuned mass dampers (MTMDs). They discovered that the mass ratio
and damping ratio parameters have a significant effect in controlling the vertical vibration of
the deck. They obtained a mass ratio of 2% reduces 29% and a damping ratio of 3% reduces
27.5% of the vertical response of the Sutong Bridge [Kubo, 2004; Yang, 2008; Pourzeynali
and Esteki, 2009; Chen, 2010]. Since the structural damping of long span bridges is very low,
the applications of dashpots and frictional dampers have become an important need to
increase the damping of the structure against multiple types of vibrations, such as tuned mass
damper (TMD) which are mechanical dampers are modally tuned and applied at critical

locations in the long span bridges to increase the structural damping of the structure [Petersen,
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2001]. Sealed tuned liquid column gas damper is another device used to increase the
structural damping of long span bridges which is consisted of gas spring effect consideration
especially when the vibrations are occurring in low frequency range [Ziegler and Amiri,
2013]. Electromechanical actuator bearing energy conversion characteristics is another
innovative device is used to damp the vibrations in long span bridges. The work of this device
is similar to piezoelectric device, where efficient design of this device can lead to optimally

damping vibrations of the system and energy harvesting abilities [Caruso ef al., 2009].

[Dotreppe et al., 2006] used the developed SAFIR code at the University of Liege to
implement numerical analysis for the collapse of Vivegnis Bridge. The incident happened
when a fire broke out due to explosion of a gas pipe. A room temperature was considered to
generate their model so that to validate it with the measurements. They performed a transient
heat-transfer structural analysis supporting on the hydrocarbon temperature-time data of
Eurocodel-1-2. The mode of failure and the time needed in the numerical simulation
exhibited a good agreement with the actual data of the bridge collapse. [Kodur ef al., 2013]
discussed the effects of fire incident on a bridge. They stated that the fire effect on bridges
girder requires especial modeling as compared to the effect of fire on a building beam. They
considered the data for the variation of heat-transfer parameters along the depth of the beam.
The analysis of the results showed that when the girder depth increases, the web, flange and
the slab of the girder are subject to lower radiation effects. [Zhou et al., 2016] searched the
temperature distribution of the Humber suspension Bridge in UK. They utilized numerical
simulation for the box girder in addition to field measurements by considering multiple wind
velocity to determine the thermal initial boundary conditions. They performed a transient
heat-transfer and they investigated the vertical and horizontal temperature differences for the
box girder. Then results of the temperature data at different regions and different times were
in good agreement with the measured data, where a significant result was detected for the

horizontal temperature variation in the box girder.

1.4 Aim and Objectives of Work

The work in this dissertation aims to:

1- Applying proficient numerical modeling methodologies to study and analyze the effect of
wind-induced vibrations in a cable stayed bridge and to assess the behavior of the structure
under the excitations of critical wind speeds and lock-in phenomenon which is responsible of
generating many types of vibrations, aerodynamic instabilities and seriously affecting the

safety and serviceability of the structural system by considering both computational structural
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dynamics (CSD) and computational fluid dynamics (CFD) models in addition to fluid-

structure interaction (FSI) concept in the numerical simulations.

2- Constructing surrogate models for the responses of the cable stayed bridge regarding
vertical and torsional vibrations of the segmental deck by the support of many active and
famous methods of sampling methods which help the designers and researchers to predict the
response of the system against all types of wind-induced vibrations easily and rapidly to a
great extent of accuracy by considering the global effects of many aerodynamic parameters

that are directly and indirectly involve in the process.

3- Predicting the role and rational effect of each utilized aerodynamic parameter on the
structural response which can be used to verify the results from the experimental analysis
from wind tunnel test by adopting regression analysis and variance-based global sensitivity

analysis.

4- Optimizing the control efficiency of the multiple tuned mass dampers (MTMDs) system
which is used to suppress and accommodate the vertical and torsional vibrations of the
segmental deck by the use of minimax technique and Sobol’s sensitivity indices considering

three design parameters of TMDs.

5- Modifying the design of the segmental deck and the structural system so that to eliminate
the danger of early coupling between the vertical and torsional mode shapes which has been
proofed to be the reason beyond the negative structural damping and the possible collapse of

the structure in critical wind speed situations.

6- Identifying the effect of fire incidents on the VIV and early lock-in phenomenon in
addition to the detection of damages and fatigue of the segmental deck. Also to find out the
coupled role of both wind-induced vibrations and fire scenarios on earlier damage generation
and collapse of the structure by considering both transient heat-transfer and steady state heat-
transfer through utilizing thermal fluid-structure interaction (TFSI) concept and coupled
thermal-stress analysis in addition to extended finite element method (XFEM) analysis for

crack propagation.

1.5 Methodology

To achieve the mentioned objectives, this work comprises of various stages.

1-Initially, 3D models of a long span cable stayed bridge are created using ABAQUS finite
element software. A strong wind with a speed of 47 m/s and duration of 30 seconds is

dedicated for numerical simulations. The wind fluctuation data is adopted supporting on exact
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field data from the literature. Then mesh convergence analysis is conducted to identify the
most suitable and accurate models. Frequency analysis is performed and the first eight mode
shapes of vibrations in the range of (0.242 -0.813) Hz are utilized to identify the dominant
mode shapes of vibrations. Optimization of three aerodynamic parameters (wind attack angle,
deck streamlined length and stay cables viscous damping) is conducted to calculate the
optimum values regarding suppression of vertical and torsional vibrations of the segmental
deck. Validation is performed supporting on the benchmark of flat plate theory for lift
coefficient and the benchmark of flat plate model by Xavier and co-authors for moment
coefficient. Global sensitivity analysis supporting on Monte Carlo sampling method is
conducted to calculate the sensitivity indices of each parameter to find out the role and
rational effect of each parameter in suppressing the deck vibrations, where surrogate models
are constructed and convergence process for the number of samples used in the analysis is

performed.

2- 2D-CFD models for the segmental deck of the cable stayed bridge are generated in
ABAQUS supporting on mesh convergence for the wind flow domain so that to simulate the
vortex shedding accurately. The numerical simulations of wind flow cases are with duration
of 100 seconds and 0° attack angle supporting on both non-turbulent and turbulent flow
situations by using the Spalart-Allmaras turbulence model for the latter. Kinetic energy of the
system and the shapes and patterns of the vortices are based on to detect the roles of three
aerodynamic parameters (wind speed, deck streamlined length and dynamic viscosity of the
air) on the generation of vortex shedding and VIV. The CFD models are validated using the
benchmark of Von Karman and the benchmark of Dyrbye and Hansen for vortices shapes and
patterns. Variance based sensitivity analysis is performed supporting on Latin Hypercube
sampling method to construct the surrogate models to identify the role and rational effect of
each parameter on the kinetic energy of the system and the lift forces. Convergence analysis

is conducted to identify the suitable number of samples for sensitivity analysis.

3- CFD models of the deck for one-way FSI approach and both CSD and CFD models of the
deck for two-way FSI approach are generated in ABAQUS to run co-simulations for the wind
flow with duration of 100 seconds and 0° attack angle so that to simulate and analyze the
effect of FSI on the VIV and lock-in phenomenon by targeting the lift and drag forces in
addition to kinetic energy as criteria of comparison supporting on a range of wind speed cases
falls between (1-15) m/s. Validation of the FSI models performed basing on the benchmark of
Simiu and Scanlan for lock-in phenomenon and based on the benchmark of Munson and co-

authors for the drag coefficient related to a flat plate model.
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4- 3D models of the MTMDs are created in ABAQUS and they are attached to the slab of the
segmental deck in the 3D model of the cable stayed bridge inside the hollows in three rows at
the mid span and they are distributed symmetrically in both x and z directions. The
dimensions of a single TMD is (4*4*0.24) m made of steel. A strong wind excitation with a
speed of 54 m/s with 25° attack angle supporting on field data from the literature and a
previously prepared excitation frequency is dedicated in the numerical simulations for
duration of 30 seconds. Frequency analysis is performed, and twenty mode shapes of
vibrations in the range of (0.242-1.631) Hz are considered so that to examine the control
efficiency of the MTMDs in suppressing the vertical and torsional vibrations of the deck at
higher mode shapes. Optimization of three design parameters (mass ratio, frequency ratio and
damping ratio) is conducted using minimax technique so that to identify the optimum values.
The results of the optimum values are validated using the benchmark of Wang and co-authors
regarding both mass ratio effect on the vertical vibration control efficiency and damping ratio
effect on vertical vibration control efficiency and using the benchmark of Lin and co-authors
regarding mass ratio effect on the vertical vibration control efficiency. The calculated
optimum values are utilized to start global sensitivity analysis supporting on fifteen samples
from Box-Behnken sampling method to construct the surrogate models, then the rational
effect and role of each design parameter are calculated for the vertical and torsional control

efficiencies using Sobol’s sensitivity indices.

5- In order to eliminate the early coupling between the vertical and torsional mode shapes of
vibrations, a structural modification is adopted. Two lateral steel beams with 146 m length
and cross section dimensions (10*0.5) m at the pylons location and (5*0.5) m at the mid span
are created and added to the original 3D model of the cable stayed bridge model at both sides
of the mid span. The wind speed in the numerical simulations is 54 m/s with 30 seconds
duration. Frequency analysis after modification is performed for the first eight mode shapes
of vibrations so that to compare the new mode shapes with the original mode shapes before
the structural modification. The vertical and torsional displacements of the deck due to the
wind excitations are calculated at the mid span of the deck to identify the effect of the

structural modification on the vertical and torsional vibrations control efficiency.

6- CFD and CSD models of the segmental deck are created in ABAQUS to run numerical
simulations for the TFSI analysis considering three fire scenarios (above, below and at one
side) of the deck. Standard ISO 834 fire time-temperature data is used to apply the transient
heat-transfer to a duration of 100 seconds in conjunction with wind flow analysis with a speed
of 6 m/s to simulate and analyze the vortex shedding and both the lift and drag forces and a
speed range between (1-15) m/s to simulate and analyze the lock-in phenomenon depending

on the critical scenario case detected for lift and drag forces. A comparison process is
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conducted between the results of TFSI models and FSI models so that to identify the effect of
thermal boundary of three fire scenarios on the results. Validation of the TFSI models is
performed considering the benchmark of Simiu and Scanlan for lock-in phenomenon. A
steady state heat-transfer analysis with duration of 1200 seconds is conducted to run
numerical simulations of coupled thermal-stress for the 3D model of the cable stayed bridge
with the same fire scenarios and the same standard ISO 834 fire data. Vertical, horizontal and
angular displacements are calculated at the mid span of the deck where an area of (22*20) m
of the deck is dedicated for the fired region. The damaged models including cracks and
spalling of the concrete are identified supporting on maximum principal stress through
utilizing XFEM analysis. The damaged models are validated using the benchmark of Choi

and Shin for the damaged zone of a reinforced concrete beam.

1.6 Dissertation Outline

Chapter 1, comprises of an introduction to the main subject of the dissertation and a literature
review including a short summary of many previous works in that area, in addition to the aim
and the scope of the work summarizing the targets that are planned to be achieved.
Furthermore, the methodology of the present work is outlined, and the final section is related
to the outline of the dissertation, where short descriptions about each chapter of the

dissertation are listed.

Chapter 2, focuses on buffeting response and flutter instability of a cable stayed bridge model
created using ABAQUS finite element program. Numerical simulations of wind excitations
are conducted in conjunction with the frequency analysis to optimize three aerodynamic
parameters (wind attack angle, deck streamlined length and stay cables viscous damping).
Validation process is performed considering two benchmarks from the literature (flat plate
theory and flat plate by Xavier and co-authors). Optimum values of the adopted aerodynamic
parameters are being identified and discussed. Sobol’s sensitivity indices which is a method
of global sensitivity analysis is adopted to calculate the roles and rational effects of each
parameter supporting on Monte Carlo sampling method to formulate the surrogate model for

the response of the structural system for both vertical and torsional vibrations of the deck.

In Chapter 3, simulations and analysis of vortex shedding and vortex induced vibration VIV
due to wind exciattion are studied and assessed considering 2D models of segmental bridge
decks basing on kinetig energy of the system using CFD models (stationary position)
generated by ABAQUS program and with the support of MATLAB codes. Three parameters

(wind speed, deck streamlined length and dynamic viscosity of the air) are dedicated to study
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and discuss their effects on the kinetic energy of the system in addition to the shapes and
patterns of the vortices. Two benchmarks from the literature (Von Karman) and (Dyrbye and
Hansen) are considered to validate the vortex shedding aspects for the CFD models. Latin
hypercube experimental method is dedicated to generate the surrogate models for the kinetic
energy of the system and the generated lift forces. Variance based sensitivity analysis is
utilized to calculate the roles and rational effects of each parameter on the kinetig energy of
the system and the lift forces through finding the main sensitivity indices and the interaction

orders for each parameter.

In Chapter 4, deck models of a cable stayed bridge are generated in ABAQUS, once using
only CFD model (one-way fluid-structure interaction) and another by using both the CFD
model and the CSD model together (two-way fluid-structure interaction) in a co-simulation.
Shedding frequencies for the associated wind velocities in the lock-in region are calculated, in
addition to calculating the lift and the drag coefficients for the two approaches. Validation is
performed for the results with two benchmarks from the literature (lock-in phenomenon by
Simiu and Scanlan) and the (flat plate theory by Munson and co-authors). The results of the
critical wind velocity and the shedding frequencies addition to the lift and drag forces
considering both two-way and one-way approaches which are related to the prediction of

earlier VIV and lower critical wind speeds are thoroughly discussed.

In Chapter 5, optimization of three design parameters (mass ratio, frequency ratio and
damping ratio) of multiple tuned mass dampers MTMDs which are applied for the cable
stayed bridge model excited by a strong wind are studied by dedicating minimax optimization
technique. ABAQUS program is utilized to run numerical simulations with the support of
MATLAB codes and Fast Fourier Transform FFT technique. The optimum values of these
three parameters are calculated and discussed in detail. Validation of the optimum results is
being performed supporting on two benchmarks from the literature (Wang and co-authors)
and (Lin and co-authors). Box-Behnken sampling method is dedicated to formulate the
surrogate models to represent the control efficiency of the vertical and the torsional
vibrations. Sobol's sensitivity indices are calculated for each design parameter in addition to
their interaction orders to identify and detect the roles and rational effects of the design

parameters on the vertical and torsional control efficiencies of the MTMDs.

In Chapter 6, a novel structural modification approach is adopted to increase the bending and
torsional stiffness of the cable stayed bridge model generated using ABAQUS program. Two
lateral steel beams are added to the middle span of the structure. Frequency analysis is
dedicated to obtain the natural frequencies of the first eight mode shapes of vibrations before

and after the structural modification approach. Numerical simulations of wind excitation are
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conducted for the 3D model of the cable stayed bridge with duration of 30 seconds supporting
on real data of a strong wind from the literature. Both vertical and torsional displacements are
calculated at the mid span of the deck to analyze both the bending and the torsional stiffness
of the system before and after the structural modification. The results of the frequency
analysis before and after applying lateral steel beams in addition to the coupling between the

vertical and torsional mode shapes are discussed in relation with the safety of the structure.

In Chapter 7, thermal fluid structure-interaction (TFSI) and coupled thermal-stress analysis
are utilized to identify the effects of transient and steady-state heat-transfer on the vortex
induced vibration and fatigue of a segmental bridge deck due to fire incidents. Numerical
simulations of TFSI models of a segmental bridge deck are dedicated to calculate the lift and
drag forces in addition to the lock-in regions. Simiu and Scanlan benchmark is used to
validate the TFSI models. Extended finite element method (XFEM) is adopted to create 3D
models of the cable stayed bridge to simulate the fatigue of the deck due to three fire
scenarios. Choi and Shin benchmark is used to validate the damaged models of the deck in
which a good coincide was seen between them. The results revealed that TFSI models and
thermal-stress models are significant in detecting earlier vortex induced vibration and lock-in

regions in addition to predicting damages and fatigue of the deck due to fire incidents.

Chapter 8, includes the main conclusions which have been framed as a sequence of the
present work. Further research recommendations for the future are listed and detailed so that
to enhance and improve the current results through dedicating additional methods and

techniques.
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Chapter 2

Aerodynamic Stability of Long Span Bridges

2.1 Vertical and Torsional Vibrations

Three main factors are considered to be the basic supports for the buffeting responses of long
span bridges, the intensity of the wind turbulence, the natural frequencies and the shape of the
structure [Chunhua and Haifan, 2000 and Xiao et al., 2012], where long span bridges with
low natural frequencies or small deck widths are particularly exposed to flutter instability.
The combination of buffeting and flutter can be the cause of large aecrodynamic instabilities
because of high vibrations amplitude. These aerodynamic instabilities generate negative
aerodynamic damping and rapidly building up severe torsional and vertical vibrations
resulting in the collapse of the structure shortly. The safety of the cable supported long span
bridges usually is not related to buffeting, but it just causes discomfort for the users of these
types of structures and fatigue of the structural elements [Chowdhury, 2004; Sterdahl ef al.,
2008; Shuxian 2009]. Figure 2.1 shows only the vertical and the torsional motions of a bridge

deck due to buffeting, where these two types of motions are the axis of this study.
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Figure 2.1 Vertical and torsional motions of the deck
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2.2 Aerodynamic Stability Parameters

Particular care should be dedicated to flutter, where one of the main issues of the designers of
long span cable supported bridges is the collapse possibility due to tragic flutter. Efficient and
adequate information are needed for the probability of failure because of flutter, as it was the
reason of failure in Tacoma narrow Bridge in 1940. The critical wind speed resulted in this
accident was 42 mph. This critical wind speed resulted in vertical motion which was the
reason of developing tardiness between the opposite sides of the bridge providing a side to

side twisting motion.

The aerodynamic stability and modification of long span cable stayed bridge is necessary to
be sophisticated [Matsumoto et al., 1995 and Diana et al., 1998]. Up to date understanding of
bridge aerodynamic behavior and improved response prediction is a must to investigate the
acrodynamic stability plans. The importance of coupling between the modes of vibration in
the case of estimating the buffeting response, especially at situations of higher wind velocities
is an important task, and the coupling between flutter and buffeting issues has been classified
[Jain et al., 1996; Wilde and Fujino, 1998; Katsuchi et al., 1999]. Several cases of analytical
outputs of multimode flutter analyses of long span cable supported bridges mark the
complicated aerodynamic coupling due to nearly spaced natural frequencies and 3D mode
shapes. Moreover, flutter multimode coupling is not always originated by symmetric torsional

mode [Agar, 1989; Chen, 2004; Ge and Xiang, 2008].
2.2 Aerodynamic Stability Parameters

2.2.1 Wind Attack Angle

Two types of wind flows, laminar and turbulent are both the cases of dynamic vibration in
long span cable stayed bridges. The cause of buffeting is due to unsteady wind loading on the
structure because of speed fluctuation of the oncoming wind. Wind turbulence is a strong
factor that affects the aerodynamic behavior of the structure [Haan, 2000; Bartoli et al., 2008;
Xu et al., 2014; Zhang et al., 2016]. Bridge decks are subjected to large amplitudes of
vibration because of turbulent high speed winds, in which large fluctuation of immediate
angle of attack may result in aerodynamic nonlinearities that are considered to be critical for
the safety of the structure. To model both buffeting and flutter vibrations, considering the
effects of prompt angle of attack is a must, where this factor is obviously the source of high
buffeting responses of the long span cable supported bridges [Diana ef al., 1998 and Ding et
al., 2000].

17



2.2 Aerodynamic Stability Parameters

2.2.2 Deck Section

Due to increase in the length of the bridge span, these types of structures are turning more
flexible, consequently this property entails the study of bluff body aerodynamics regarding
the flutter instability of the bridge deck. The shapes of bridge decks have complex cross
sections, so wind tunnel test is an important solution to define the aerodynamic derivatives,
and it is largely important to select efficient deck models to avoid flutter instability [Scanlan,

1977; Bartoli et al., 2008; Kusano et al., 2014].

Bluff bodies, such as bridge decks are aerodynamically classified into three section types
basing on the characteristics of the wind flow created supporting on zero angle of wind attack
[Fransos, 2008 and Dahl, 2013] (see Figure 2.2).These sections are Streamlined sections such
as Messina Bridge and Normandy Bridge, Bluff sections likeTacoma Narrow Bridge and
Lions Gate Bridge and finally Semi streamlined sections for example Great Belt East Bridge

and Tatara Bridge.
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Figure 2.2 Aerodynamic characterization of a section

2.2.3 Viscous Damping of Stay Cables

The stay cables are considered the main structural elements of long span cable stayed
bridges. Due to flexible, relative small mass and highly low damping, stay cables are exposed
to large amplitude vibrations by wind excitation. These vibrations can be the cause of stay
cables fatigue and eventual decrease of their service life, [Soltane et al., 2010]. The sag of a

stay cable occurs with a catenary shape because of its weight and tensile force (Figure 2.3).

The sagging of the stay cables should be considered when a single straight cable element is
used to represent the stay cable. The tensile stiffness of the stay cable is assumed to be

elastically ideal. Furthermore, the bending stiffness, compressive and shear stiffness are
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negligible. The nonlinearity of the cable sagging can be simulated supporting on the stay

cable equivalent modulus of elasticity E., (see Equation (2.1)).

Ec
wl)? AE
1273

(2.1)

Eeq =
1+

where E., A, and [, are the effective modulus of elasticity, the cross-sectional area and the
horizontal projected length of the stay cable, respectively; w is the weight of the stay cable
per unit length; T is the tension in the stay cable. In global analysis of cable stayed bridges,
one common practice is to model each cable as a single truss element with an equivalent
modulus to allow for sag [Liu and Wang, 2012; Liu ef al., 2012; Sardesai and Desai, 2013].

The element stiffness matrix in local coordinates for such a cable element can be written as:

1 0 -1 0
AcEeg o 0o 0 o
kC_T -1 0 1 0 (2.2)
0 0 0 O

Under the excitation of a wind, the stay cable vibrates due to energy dissipation results in
damping effect of the stay cables. It is a fact that the damping of a stay cable is too low
(0.005-0.01) and its vibration cannot be avoided. Hence, instruments such as viscous dampers

with certain characteristics could be used to mitigate the vibration [Xu ef al., 2014].
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Figure 2.3 Sag of a stay cable and viscous damping

2.3 Equation of Motion

The effect of flutter implicates nonlinear aerodynamic behavior, so it has been plausible in

many examples to deal with the problem as linear analytical methods. Whereas the
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justification for this deal is that structural response is generally treated as linear elastic and
following exponentially modification of the sinusoidal oscillation. The separation between the
stable and the unstable systems is conducted by a primary condition that may be treated as to

have small amplitude to start it [Simiu and Scanlan, 1996 and Al-Assaf, 2006].

The equation of motion of a cable stayed bridge subjected to wind excitations, referred to the

global coordinate system, can be stated in a matrix form as follows:

MD(t) + CD(t) + KD(t) = F5(t) + F°(t) (2.3)

where D(t): is the nodal displacement vector, D(t) and D(t) are the vectors of the nodal
speed and acceleration, respectively. M, C and K are the matrices of mass, damping and
stiffness, respectively, F® is the self-excited force vector, F® is the buffeting force vector. In
the flutter analysis, the buffeting force is not included in Equation (2.3) because flutter is
related to the aerodynamic damping and stiffness that are induced by the self-excited force
only [Chen et al., 2000; Chen et al., 2001; Chen, 2006; Chen ef al., 2009; Andrianne, 2012;
Chen, 2012; Huang et al., 2012].

2.3.1 Aerodynamic Forces and Moment

The vibration of bridge deck generally implicates torsional deformation of the deck, and a
relevant excitation technique for which there is a solution which is a direct analysis.
Aerodynamic forces are coupling together vertical and torsional natural modes of vibrations.
Flat plate theory is used as a base for the analytical solution, where this provides good results
even for many practical box girder deck sections, such as Severn Bridge which is the frontier

example [Maguire and Wyatt, 2002].

The forces per unit length F, and F, along the fixed body axes (x-axis and y-axis
respectively) are computed using the measured pressures. The mean force coefficients in x

and y directions are obtained as given below:

I |
Cre=—1= .077) (2.4)
. __§

R 577 (2.5)

where Cp, and C, ry are mean force coefficient along x and y axes and B is the characteristic

dimension which is taken as the height of the bridge section. The resultant of the aerodynamic

20



2.4 Finite Element Model

forces experienced by a structure subjected to wind action can be resolved into drag Fp,
(along- wind) force acting in the direction of the mean wind and lift F;, (across- wind) force
acting perpendicular to the direction of the mean wind. By resolving F, and F), in the direction
of wind and perpendicular to the direction of wind, the drag force Fj and the lift force F},
respectively are obtained. Forces along drag and lift directions are computed based on the

equations given below [Ricciardelli et al., 2002 and Nelson, 2011]:

_ F
Cp=—"2 (2.6)
0.5pU/zB
F
L = 2.7
0.5pU2B

The wind induced moments are the effects resulting from the normal forces on the bridge
surface at top and bottom multiplied by their lever arms and integrated over the entire surface.
Moment coefficient is computed from:

_ M

Cy=—— 2.8
M™ 0.5p02B2 (2.8)

whereCp, , C, and C, are mean drag, lift force and moment coefficients,
respectively, 0.5pU,? is the reference pressure at deck height z, due to mean wind speed U,
and p is the density of air [Chen et al., 2001; Ge and Xiang, 2009; Ma et al., 2010; Keerthana
etal., 2011].

2.4 Finite Element Model

A cable stayed bridge model is created in ABAQUS with 324 m length and 22 m width, the
main parts of the bridge is the deck which consists of connected reinforced concrete deck
segments with 2.6 m height. Four reinforced concrete pylons with square shapes 4*4 m
dimensions and 103 m height, and 80 stay cables are connecting the deck to the pylons in a
fan shape arrangement (see Figure 2.6). Each cable is with cross section area 0.00785 m”. The
main steel bar diameter is 0.06 m and the diameter of the temperature steel bars in addition to
the stirrups are 0.04 m. The boundary condition of the deck is fixed in one side and free for
longitudinal translation in the other side. The pylons are fixed at the bottom and each two
pylons are connected by six reinforced concrete ties with 4*4 m dimensions and 22 m length.
The stay cables equivalent Young's modulus of elasticity has been used to approximate the

sagging occurrence in the cables because it was modeled as truss elements (see Table 2.1).
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2.4 Finite Element Model

Table 2.1

Material properties

. Mass density Young's modulus of . . .
Material Kg/m3 Elasticity Pa Poisson's ratio
High strength concrete 2643 3.10E+10 0.25
Steel bar 7800 2.00E+11 0.30
Stay cable 9438 1.65E+11 0.30

The deck is modeled as (C3D10: Al0-quadratic tetrahedron) elements, pylons and ties are
modeled as (C3D8R: An 8 node linear brick reduced integration hourglass control) elements,
the reinforcing steel bars are modeled as (B31: A 2- node linear beam in space) elements and

the stay cables are modeled as (T3D2: A 2- node linear 3D truss) elements.

2.4.1 Mesh Convergence

Sufficiently refined mesh is important to make sure that the results obtained from ABAQUS
simulations are suitable. Coarse meshes can yield inaccurate results in analyses using implicit
or explicit methods. The numerical solutions of the models will tend toward a unique value as
the mesh is refined. The mesh will be converged when additional mesh refinement produces a
negligible change in the results. Mesh convergence was performed supporting on the results
of the natural frequencies for eight mode shapes of vibrations. A uniform mesh refinement
was considered with equal element size for each element type, where the results are calculated
14 times. The mesh convergence obviously starts with constant path approximately from

250000 elements (see Figure 2.4).
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Figure 2.4 Mesh convergence considering four mode shapes of vibrations
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2.4 Finite Element Model

To create the model of the cable stayed bridge, the total of 391577 elements were used
consisting of (10872-C3D8R elements, 108125-C3D10 elements, 6088-T3D2 elements and

266492-B31elements) which fall in the convergence region with finer mesh size.

2.4.2 Wind Load

A strong wind with design speed of 47 m/s has been dedicated in the numerical simulations,
and the frequency of the excitation is arranged to produce vertical and torsional vibration
modes in the frequency ranges fall between the first eight mode shapes of vibrations of the
cable stayed bridge. The wind pressure assigned in the simulations is with duration of 30
seconds (see Figure 2.5). The wind fluctuation data has been prepared depending on exact data

from the literature in addition to modification of the excitation frequency [Wang et al., 2010].
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Figure 2.5 Wind speed fluctuation time history

The cable stayed bridge model is divided into five regions over its height by taking in
account the wind pressure variation due to elevation from the ground. The wind pressure is
designed to excite the cable stayed bridge model perpendicular to the longitudinal axis
without skewedness. The wind forces (lift and drag) and moment are assigned to the cable
stayed bridge regions as pressure values supporting on the level of each region along the

height (see Figure 2.6).

Figure 2.6 Wind pressure and the FE model
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2.4 Finite Element Model

2.4.3 Frequency Analysis

To analyze the predicted types of vibrations of the cable stayed bridge model, frequency

analysis is conducted using ABAQUS FE program. The mode shapes of vibrations are being

calculated so that to identify the dominant mode shapes of vibrations and to confirm the

occurrence of vertical and torsional vibrations in the deck. The mode shapes of vibrations

with low frequencies are more prone to occur than the rest mode shapes with high frequencies

due to the nature of the actual winds except the situations of strong winds.

2.4.4 Results of Mode Shapes

The first 8 mode shapes of vibrations have been obtained, the type of vibration and the

related frequency were determined for each mode shape. The first 4 mode shapes are vertical

vibrations modes and their frequencies are 0.242 Hz, 0.347 Hz, 0.509 Hz and 0.613 Hz

respectively (see Table 2.2).

Table 2.2

Modes and frequencies

Mode shape Type Eigenvalue Frequency ( Hz)
1 Vertical 2.311 0.242
2 Vertical 4.764 0.347
3 Vertical 10.248 0.509
4 Vertical 14.842 0.613
5 Lateral —Torsional 16.941 0.655
6 Vertical — Torsional 23.817 0.776
7 Torsional 24.612 0.789
8 Vertical 26.131 0.813

The fifth and sixth mode shapes are coupled lateral torsional and vertical torsional vibrations

with frequencies 0.655 Hz and 0.776 Hz respectively. While in the seventh and eighth mode

shapes are torsional and vertical vibrations respectively.
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2.4 Finite Element Model

2.4.5 Simulation of The Mode Shapes

The simulations of the eight mode shapes of the cable stayed bridge model frequency
analysis in Figure 2.7 are simulating the type of the predicted vibrations that can be expected

for the wind excitation.
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Figure 2.7 Eight mode shapes of vibrations (Frequency Analysis)
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2.5 Aerodynamic Instability Analysis

The displacements are shown obviously and the colors are representing the magnitude of the
displacements in each point on the cable stayed bridge structure. The scale factor has been
magnified automatically by ABAQUS so that to thoroughly express on the type of vibrations

and their effect on the structural response.

2.5 Aerodynamic Instability Analysis

A strong wind excitation on the cable stayed bridge is modeled with duration of 30 seconds.
The selected case for the aecrodynamic parameters is the situation where the wind attack angle
value is 30°, the deck streamlined length is 1.14 m and the stay cables viscous damping is
0.0086 N.s/m. Numerical simulation is conducted for this model and data are collected for the

buffeting response and flutter instability of the structural model.

2.5.1 Results of Vertical Vibrations

The vertical displacements at the mid span center of the deck are varying with time during 30
seconds of the numerical simulation. The first 7 seconds, the displacements do not exceed
0.008 m, but after that region the deck starts to vibrate stronger, and the vertical displacement
of the deck reaches 0.03 cm. This is an indication that the vertical buffeting deck response
exists and the frequency of the vibration is 0.5 Hz approximately calculated using the graph
of the vertical displacement time history of the deck center to calculate the number of the
cycles per time (see Figure 2.8). As a result it is realized that the third vertical mode shape of

vibration is dominant in this case where the natural frequency of this mode is 0.509 Hz.
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Figure 2.8 Time history of vertical vibration at mid-span center of the deck
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2.5 Aerodynamic Instability Analysis

2.5.2 Results of Torsional Vibrations

The torsional displacements at the mid span outer edges of the deck are varying with time
during 30 seconds of the numerical simulation. The first 8 seconds, the displacements do not
exceed 0.023 m which means that flutter is not obvious, but after that area the deck starts to
flutter rapidly every 1 second with a maximum torsional displacement of 0.05 m till 27
seconds of the numerical simulation. This is an indication that the torsional flutter of the deck
exists and the frequency of the vibration is 0.72 Hz approximately calculated using the graph
of the vertical displacement time history of the deck left edge to calculate the number of the
cycles per time (see Figure 2.9). This certifies that the sixth coupled vertical-torsional mode
shape of vibration is dominant in this case where the natural frequency of this mode is 0.776

Hz.
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Figure 2.9 Time history of flutter vibration at mid-span edges of the deck

2.5.3 Simulation of Aerodynamic Instability

To confirm the existence of aerodynamic instability in the cable stayed bridge model excited
by a strong wind, the following eight figures of the numerical simulation which have been

detailed in previous section, are being discussed (see Figure 2.10).
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2.5 Aerodynamic Instability Analysis
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Figure 2.10 Eight simulations of vibration in the cable stayed bridge model

The first simulation at time 9 seconds shows the generation of torsional vibration in the
middle part of the deck only, where the colors are indicating this fact due to graduation of
colors in one edge only. The second simulation at time 11.8 seconds displays the additional
generation of torsional vibration in the left and right parts of the deck. The third simulation at
time 12 seconds indicates the occurrence of vertical vibration in the left part (regular
distribution of color) beside the torsional vibration of the center part of the deck. The fourth
simulation at time 12.4 seconds proofs the generation of vertical vibration of the center part of
the deck only (regular distribution of the color). The fifth simulation at time 12.9 seconds
exhibits the generation of vertical vibration at the left part of the deck. The sixth simulation at
time 14.4 seconds shows up occurrence of torsional vibrations in all parts of the deck like the
situation of the second simulation but in the opposite side. The seventh simulation at time 23
seconds features the generation of torsional vibration in the center part and vertical vibration
in right part of the deck like the third simulation but in the opposite side. Finally the eighth

simulation at time 23.6 seconds reveals the occurrence of a different torsional
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2.6 Aerodynamic Parameters Optimization

vibration between the right and left sides of the center part of the deck. This is a firm fact on
that the buffeting vertical response and the flutter torsional instability of the deck pour into
the fact of existence of aerodynamic instability of the cable stayed bridge due to strong wind

excitation.

2.6 Aerodynamic Parameters Optimization

Three aerodynamic parameters are utilized to realize their effects on the vertical vibration
and the torsional vibration of the deck in a cable stayed bridge model. Optimization of these
parameters is conducted to identify the optimum values that are taking part in the
aerodynamic stability of the cable stayed bridge, this by decreasing both the buffeting
response and the flutter instability of the structure.  The first acrodynamic parameter (wind
attack angle) is the source of fluctuation of wind excitation that generates the buffeting
response in the cable stayed bridge directly, and the second aerodynamic parameter (deck
streamlined length) is responsible of the generation of both vertical and torsional vibration of
the deck due to vortex shedding incidence, and the third aerodynamic parameter (stay cables
viscous damping) is related to the control of the stay cables oscillation which takes part in the
aerodynamic stability of the cable stayed bridge. (Table 2.3) shows the range values of each

aerodynamic parameter.

Table 2.3

Aerodynamic parameters and range values

Aerodynamic parameter First value | Second value Third value
Wind attack angle (°) 0 22.5 45
Deck streamlined length (m) 0 1 2
Stay cables viscous damping (N.s/m ) 0.005 0.0075 0.01

In order to evaluate the effects of the three aerodynamic parameters on the vertical and
torsional vibrations of deck, nine models are utilized for the optimization process. Three cases
for each aerodynamic parameter are considered, and ABAQUS numerical simulations are
being adopted for the wind excitation on the cable stayed bridge model for a duration of 30

seconds.
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2.6 Aerodynamic Parameters Optimization

2.6.1 Results of Wind Attack Angle Effect

When increasing the wind attack angle parameter in the FE model three times, starting from
0°, 22.5° and 45°, the displacement at the center of the deck mid-span will increase in a linear
way approximately to higher values. The effect of this parameter starts to appear from the
beginning of the wind excitation and continues in the same pattern till the end of the 30
seconds of the numerical simulation, where the maximum displacement at the center of the
deck mid span reaches 0.04 m after 16 seconds for the wind attack angle of 45° and for wind
attack angle 22.5° reaches 0.03 m, but for wind attack angle 0° is 0.02 m (see Figure 2.11).
This behavior means that increasing the wind attack angle will increase the vertical vibration
of the deck. While increasing this parameter from 0°, 22.5°and 45° will increase the flutter
displacement of the deck (outer edges) reaching to 0.042 m for wind attack angle 45° and
reaches 0.05 m both for wind attack angles 22.5° and 0° after 27 seconds of the wind
excitation. The speed of repeated fluttering of the deck starts obviously after 8 seconds and
continues till 27 seconds of the numerical simulation and the speed of the flutter occurrence

increases with the increase of the wind attack angle (see Figure 2.12).
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Figure 2.11 Wind attack angle effect on the vertical displacement of the deck
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Figure 2.12 Wind attack angle effect on the torsional displacement of the deck
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2.6 Aerodynamic Parameters Optimization

2.6.2 Results of Deck Streamlined Length Effect

Increasing the deck streamlined length parameter in the FE model three times, starting from
0.0 m, 1.0 m and 2.0 m, the displacement at the center of the deck mid-span will decrease to
lower values. The effect of this parameter starts to appear after 7 seconds of the wind
excitation and continues in the same pattern till the end of the 30 seconds of the numerical
simulation. The maximum displacement at the center of the deck mid span reaches 0.0275 m
after 28 seconds for the deck streamlined length of 0.0 m and for deck streamlined length 1.0
m reaches 0.0225 m, but for deck streamlined length 2.0 m is 0.02 m (see Figure 2.13). This is
an indication that adopting streamlined sections for the deck will decrease the vertical
vibration of the deck. While increasing this parameter from 0.0 m, 1.0 m and 2.0 m will have
a very small non appreciable effect on the flutter displacement of the deck reaching to 0.05 m
for all cases approximately after 27 seconds of the wind excitation. The speed of repeated
fluttering of the deck starts obviously when after 8 seconds and continues till 27 seconds of
the numerical simulation as for wind attack angle cases, and the speed of the flutter

occurrence stays stable when increasing the deck streamlined length (see Figure 2.14).

0.01

= Deck streamlined length 0.0 m
==+ Deck streamlined length 1.0 m
Deck streamlined length 2.0 m e

/A,\ A
E-O.oz f\\,/‘ﬁj\n . '
AN

AN

-0.04

>

1

==

|
|
!
J

_0'050 5 10 15 20 25 30 35

tis]

Figure 2.13 Deck streamlined length effect on the vertical displacement of the deck
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Figure 2.14 Deck streamlined length effect on the torsional displacement of the deck
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2.6 Aerodynamic Parameters Optimization

2.6.3 Results of Stay Cables Viscous Damping Effect

This time when increasing the stay cables viscous damping in the FE model three times,
starting from 0.005, 0.0075 and 0.01, the displacement at the center of the deck mid-span will
decrease in a small range with irregular pattern. The effect of this parameter starts to appear
after 6 seconds of the wind excitation and continues in the different patterns from a stable to
increasing and decreasing again during the 30 seconds of the numerical simulation. The
maximum displacement at the center of the deck mid span reaches 0.032 after 19 seconds for
the stay cables viscous damping of 0.0075 N.s/m and for stay cables viscous damping 0.005
N.s/m reaches 0.025, but for stay cables viscous damping 0.01 N.s/m is 0.025 too (see Figure
2.15). A nonlinear behavior exists due to variation of the stay cables viscous damping values

in relation with the vertical vibrations of the deck.
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Figure 2.15 Viscous damping of stay cables effect on the vertical displacement of the deck

Considering torsional vibration of the deck, when increasing this parameter from 0.005 to
0.0075 and to 0.01 will have a very small non appreciable effect on the flutter displacement of
the deck for all cases but just for a period of time between 23-28 seconds reaching to
maximum 0.0475 m for both 0.005 and 0.01 cases approximately and becomes 0.0425m for
0.0075 case. The speed of repeated fluttering of the deck starts obviously after 8 seconds and
continues till 27 seconds of the numerical simulation, and the speed of the flutter occurrence

increases with the increase of the stay cables viscous damping (see Figure 2.16).
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Figure 2.16 Viscous damping of stay cables effect on the torsional displacement of the deck

2.7 Validation of The FE Models

The lift and moment coefficients calculated for the deck models are validated with two
benchmarks from the latest literature. First benchmark is the results obtained from the flat
plate theory and the second benchmark is the results of the flat plate model collected from
experiments done by (Xavier et al. 2015). (Table 2.4) shows the data of the lift coefficient C;
and moment coefficient C), for the two benchmarks and the numerical analysis results

calculated from the ABAQUS FE models.

Table 2.4

Results of lift and moment coefficients for ABAQUS FE model and two benchmarks

FE model F't‘;‘]t Plate | £ odel | Flat plate

eory (Xavier)

Angle of attack Cy, C. Cy Cy

0° 0.070 0.000 -0.0013 -0.0015

4° 0.480 0.450 0.0078 0.0080

8° 0.640 0.700 0.0154 0.0140

12° 0.660 0.740 0.0305 0.0280

16° 0.620 0.680 0.0266 0.0250

2.7.1 Flat Plate Theory Benchmark
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2.7 Validation of The FE Models

There is a very good agreement between the results of the lift coefficient C; for the FE model
and the flat plate theory in relation with multiple wind attack angle cases as shown in Figure

2.17.
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Figure 2.17 Lift coefficient € with wind attack angle validation

where the curves of the data for the two approaches are in a coinciding pattern starting from
0°- 16° of wind attack angle. There is a small difference in lift coefficient value between them

which is not exceeding 0.1 for the maximum situation for the wind attack angle of 12°.

2.7.2 Flat Plate Model (Xavier and Co-authors) Benchmark

The comparison between the results of the moment coefficient C,, for the FE model and the
results of the flat plate model experiment done by by Xavier and co-authors for the wind
attack angle cases is pointing to a good agreement between them. The two curves are
coinciding to a good extent in the range of 0°-16° of wind attach angle and the maximum
difference in moment coefficient is 0.0025 at the situation of 12° wind attach angle (see

Figure 2.18).
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Figure 2.18 Moment coefficient C,, with wind attack angle validation
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2.8 Sensitivity Analysis

Sensitivity analysis is the study of how the uncertainty in the output of the model can be
handed out to various sources of input, or it attributes to the identification of individual
donation and various origins of uncertain inputs to the uncertainty in the output of a model
[Saltelli ef al., 2000; Saltelli, 2004; Saltelli et al., 2008; Keitel et al., 2011]. There are two
sorts of sensitivity analysis methods: local sensitivity analysis and global sensitivity analysis.
Local sensitivity analysis methods calculate or convergent the local response of the model
outputs through modifying input parameters or individual parameters with other parameters at
nominal values in the hyperspace of the input parameter. In the other hand, global sensitivity
analysis estimates the effects of input variations on the outputs in the total permitted ranges of
the input space [Confalonieri et al., 2010; Tong, 2010; Zhan et al., 2013; Baroni and
Tarantola, 2014].

Analyses involve the consideration of models of the form: y = (x) where y =[y1, y2,...., ¥a
] is a vector of analysis result and x = [ x1, x2,.... , X, ] is a vector of imprecisely known
analysis inputs. In general the model f can be quite large and involved (e.g., a system of
nonlinear partial differential equations requiring numerical solution or possibly a sequence of
complex, linked models as is the case in a probabilistic risk assessment for a nuclear power
plant or a performance assessment for a radioactive waste disposal facility the vector y of
analysis results can be of high dimension and complex structure (e.g., the elements of y might
be several hundred temporarily or spatially dependent functions); and the vector x of analysis
inputs can also be of high dimension and complex structure e.g., several hundred variables,
with some variables corresponding to physical properties of the system under study and other
variables corresponding to parameters in probability distributions or perhaps to designators
for alternative models. The uncertainty in the elements of x is characterized by a sequence of

probability distributions. Dy, D, ...., Dpx , where D; is a probability distribution characterizing

the uncertainty in x; [Saltelli, 2004; Storlie and Helton, 2008; Wainwright et al., 2014].

2.9 Experimental Design

Experimental design is widely used to control the effects of parameters in many problems.
The use of this method decreases the number of experiments, using time and material
resources. Furthermore, the experimental errors are minimized and the analysis performed on

the results is easily realized. Utilizing experimental design, the statistical methods measure
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2.9 Experimental Design

the effects of change that are resulting from operating parameters and their mutual

interactions on the process.

2.9.1 Monte Carlo Sampling

Monte Carlo simulation is a type of simulation that relies on repeated random sampling and
statistical analysis to compute the results. This method of simulation is very closely related to
random experiments, experiments for which the specific result is not known in advance. In
this context, Monte Carlo simulation can be considered as a methodical way of doing so-
called what-if analysis. Monte Carlo techniques are commonly used to perform uncertainty
and sensitivity analysis. A key element of Monte Carlo method is the sampling of input
parameters for the simulation, where the goal is to explore the entire input space with a
reasonable sample size N. The sample size determines the computational cost of the analysis.

The unbiased mean and variance of the model output can be calculated by the following

equations:
N
1
y= Nz Vi (2.9)
i=1
ML
_ R V]
V) = 1Z(yl 7 (2.10)
1=

where ¥ and V(y) are the mean and the variance of the y; values.
The mean and the variance resulting from the sample and calculated with these two equations

are uncertain [Saltelli et al., 2008; Raychaudhuri, 2008; Burhenne et al., 2011].

2.9.2 Probability Distribution

The probability distributions of the input parameters X1, X2 and X3 which are wind attack
angle, deck streamlined length and the stay cables viscous damping respectively have been
assumed to be normal or Gaussian distributions and have been accomplished using MATLAB
codes (see Table 2.5) so that to use them to construct the sample based on Monte Carlo

sampling method.

Table 2.5

Range values and probability distributions for the aerodynamic parameters

Input parameter Name Probability distribution
X1 Wind Attack Angle Normal
X2 Deck streamlined Length Normal
X3 Stay Cables Viscous Damping Normal
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The aerodynamic parameters X1, X2 and X3 are arranged in samples according to the Monte
Carlo sampling method. These samples are used to determine the predicted vertical and
torsional displacements both at the center and outer edges of the deck mid-span respectively,

so that to formulate the surrogate models for upcoming sensitivity analysis.

2.9.3 Response Surface Methodology

Response surface methodology is a set of statistical and mathematical methods being used
for the analysis and modeling of many problems in the engineering field. The main purpose of
this methodology is to optimize the response surface which is being influenced by various
parameters. This methodology quantifies the relationship between the obtained response

surfaces and the controllable input parameters.

If all variables are assumed to be measurable, the response surface can be expressed as

follows:

Y =f(X1,X0, X3, e evevenvee e, Xg) (2.11)

where y is the answer of the system, and x; the variables of action called factors. The goal is
to optimize the response variabley. It is assumed that the independent variables are
continuous and controllable by experiments with negligible errors. It is required to find a
suitable approximation for the true functional relationship between independent variables and
the response surface. Two important models are utilized in response surface methodology, the

first-degree model which is represented as follows:
K

y=Fo+ ) fixi+e (2.12)
i=1

and the second-degree model is formulated in the following equation:

K K k-1 k
y=pB+ Z Bixi + ) Biux* + Z Z Bijxixj +€ (2.13)
i=1 i=1 i=1j=2
where xq, X5, . . . , X are the input factors which influence the response y; f,, Bi(i =

1,2,....k),B; (i=1,2,... k), ﬁl-j (i=1,2,...,k j=1,2, .. k) are unknown parameters
and € is a random error. The 8 coefficients are obtained by the least square method.
a series of n experiments should first be carried out, in each of which the response y is

measured (or observed) for specified settings of the control variables. The totality of these
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settings constitutes the so-called response surface design, or just design, which can be

represented by a matrix, denoted by D, of order n x k called the design matrix,

X11 X12 - - - X1k
| I
D= | (2.14)
Xn1 Xn2 L - Xnk
where x,,; denotes the u th design setting of x; (i=1,2,...,ku=1,2,...,n). Each row of

D represents a point, referred to as a design point, in a k -dimensional Euclidean space. Let

v, denote the response value obtained as a result of applying the u th setting of x, namely x,,

:(xulaquw . -axuk):(u: 1727~ . .,l’l).
In general:

Y=Xp +¢€ (2.15)
where Y = (y1,¥2 , . . ., ¥) wWhich is defined as a matrix of measured values, X is a matrix of

independent variables of order n x p whose u th row is f'(x,), and € = (€1, €2, . wevrveenn .,
€ n)- Note that the first column of X is the column of ones 1x.

Assuming that € has a zero mean, the so called ordinary least-squares estimator of f is:

B=XX)lXY (2.16)

where X’ is the transpose of the matrix X and (X'X)~! is the inverse of the matrix XX
[Gunaraj and Murugan, 1999; Annadurai et al., 2004; Kwak, 2005; Aslan and Cebeci, 2007;
Amenaghawon et al., 2013].

2.9.4 Sobol’s Sensitivity Indices

Sobol’s indices are a global sensitivity measures which determine the contribution of each
parameter (or group of parameters) to the variance of the output. The usual Sobol’s sensitivity
indices include the main and total effects for each parameter, but the method can also provide
specific interaction terms [Glen and Isaacs, 2012]. It uses a variance ratio to estimate the
importance of parameters. This method is based on the partitioning of the total variance of

model output V(Y) using the following equation:

V)= Z V; + . Vij oo + Z Vi.n (2.17)
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where V; represent the first order effect for each parameter X; (V; - V[E(Y|X;)]) and :

order sensitivity index S; can be calculated by:

v VIE(IX)]
“v() V()

Si (2.18)

where V[E (Y|X;)] is the variance of the expected value of Y when conditioning with respect
to X; and V(Y) is the unconditional variance of Y.

and the second-order sensitivity index §;; can be calculated by:

_Vy V(XX -Vi- Y
Ty V()

(2.19)

In general, the total sensitivity index Sy; can be defined as [Homma and Saltelli, 1996;

Saltelli and Tarantola, 2002; Saltelli and Annoni, 2010]:

_EWVYIX.))

where the subscript ~i refers to all of the inputs except input i, Also the total sensitivity

index St; can be written as:

V(E (V] X-0)

STi = V(Y)

(2.21)

where V(E (Y| X.;)) is the variance of the expected value of Y when conditioning with
respect to all parameters except for X; .
Due to parameter interaction Sy; of a parameter increases, therefore ¥ Sy; > 1 will always

hold. The difference Sy; —S; is a measure of how much X; interacts with other input

parameters.

The index S; is therefore a measure of the exclusive influence of input parameter X;. If the
sum of all §; is close to one, the model is additive with respect to its variances and no
remarkable interactions between the parameters seem to exist [Nossent et al., 2011; Keitel et

al.,2011; Zhan et al., 2013; Baroni and Tarantola, 2014; Zhang et al., 2015].

2.9.5 Results and Discussion of The Surrogate Models

The regression coefficients calculated both for vertical and torsional actual displacements
supported on Monte Carlo experimental method, and in order to formulate the surrogate
models for the predicted vertical and torsional displacements, 400 samples were used

considering convergence process between the sensitivity indices. Quadratic and interaction
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terms were used to construct he surrogate model for the case of vertical displacement at the
center of the deck mid-span. The calculated coefficient of determination R’ between the actual
and the predicted vertical displacements was 98.12% (see Figure 2.19) which is an excellent
representation of the predicted vertical displacement, which means that just 1.88% of the

system response still unexplained.
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Figure 2.19 Coefficient of determination between actual and predicted vertical displacement

The following response surface plots in Figure 2.20, Figure 2.21 and Figure 2.22 which have
been generated using MATLAB codes, are the relation between each two aerodynamic
parameters X1X2, X1X3, X2X3 and the predicted vertical displacement at the center of the

deck mid span.
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Figure 2.20 Response surface plot showing effect of X1 and X2 on the predicted vertical displacement
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Figure 2.21 Response surface plot showing effect of X1 and X3 on the predicted vertical displacement
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Figure 2.22 Response surface plot showing effect of X2 and X3 on the predicted vertical displacement

Quadratic and interaction terms were used to build the surrogate model to calculate the
torsional displacement at the outer edges of the deck mid-span. The coefficient of
determination R’calculated between the actual and the predicted torsional displacements was
R’ =97.50 % which is a very good approximation for the prediction of torsional displacement
that only 2.50 % of the system response remains unexplained (see Figure 2.23).
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Figure 2.23 Coefficient of determination between actual and predicted torsional displacement
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The following response surface plots express on the relation between each two aerodynamic

parameters X1X2, X1X3, X2X3 and the predicted torsional displacement at the outer edges of

the deck mid span is shown in Figure 2.24, Figure 2.25 and Figure 2.26 which have been

generated using MATLAB codes.
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Figure 2.24 Response surface plot showing effect of X1 and X2 on the predicted torsional displacement
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Figure 2.25 Response surface plot showing effect of X1 and X3 on the predicted torsional displacement
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Figure 2.26 Response surface plot showing effect of X2 and X3 on the predicted torsional displacement
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2.9.6 Results and Discussion of The Sensitivity Indices

The main orders of sensitivity indices for each aerodynamic parameter in addition to their
interaction orders were calculated considering the convergence results which recommended
using 400 samples to calculate both the vertical displacement and torsional displacement at
the center and the outer edges of the mid span of the cable stayed bridge model respectively
(see Figure 2.27 and Figure 2.28). Supporting on the calculated results, the total sensitivity

indices for each aerodynamic parameter have been calculated (see Table 2.6).
Table 2.6

Sensitivity indices of the aerodynamic parameters

Sensitivity indices . Vertical _Torsional
displacement displacement

first order X1 0.682520 0.557385

first order X2 0.154241 0.236873

first order X3 0.129080 0.205698

sum of first orders 0.965841 0.999956

interaction between X1 and X2 0.011241 0.000107

interaction between X1 and X3 0.008712 0.000044

interaction between X2and X3 0.000537 0.000082

total order of X1 0.702473 0.557536

total order of X2 0.166019 0.237062

total order of X3 0.138329 0.205824

sum of total orders 1.006821 1.000422

In relation with the vertical displacement , the total order sensitivity index of aerodynamic
parameter (wind attack angle) is 0.7024, this value is bigger than the total order sensitivity
index of aerodynamic parameter (deck streamlined length) X2 which is 0.1660, also it is
bigger than the total order sensitivity index of aerodynamic parameter (stay cables viscous
damping) X3 which is 0.1383, this means that the vertical displacement is 70.24% due to
variation in the wind attack angle, and it is 16.60% due to the variation in the deck
streamlined length. Also it is 13.83% due to the variation in the stay cables viscous damping.
While the interaction index between the aerodynamic parameters X1 and X2 is 0.0112 and

between X1 and X3 is 0.0087, while between X2 and X3 is 0.0005, which means that there is
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a small interaction between the aerodynamic factors taking part in the variation of the vertical

displacement of the deck at the center of the mid span.

While considering the torsional displacement , the total order sensitivity index of X1 is
0.5575, which is the biggest aerodynamic parameter which is bigger twice of the total order
sensitivity index of X2 which is 0.2370 approximately, also it is bigger twice the total order
sensitivity index of X3 which is 0.2058 approximately, this means that the torsional
displacement is dependable 55.75% on the wind attack angle variation, while it is 23.70%
due to the deck streamlined length variation, and it is 20.58% due to the variation in stay
cables viscous damping. While the interaction index between X1 and X2 is 0.0001 and
between X1 and X3 is 0.0000, in the other hand, between X2 and X3 is 0.0000 too, this
proofs that the surrogate model is additive approximately which means that there is no
interaction between aerodynamic parameters take part in the variation of the torsional

displacement of the deck at the outer edges of the mid span.

2.9.7 Convergence of The Results

The process of global sensitivity analysis supporting on Sobol's sensitivity indices requires
certain or adequate samples of experiments to find out the predicted effect of the aerodynamic
parameters on the response of the system. The most efficient number of samples is being
identified through the convergence of the sum of first orders and total sensitivity indices of
the aerodynamic parameters. All the sensitivity indices (first orders, interaction orders and
total orders) for each aerodynamic parameter have been calculated using m MATLAB codes.
Two outputs have been utilized in the process of converges, the vertical displacement and
torsional displacement. Figure 2.27 and Figure 2.28 show the relation between the number of
samples and the sum of first orders sensitivity indices, in the same time between the number

of samples and the sum of total sensitivity indices of the three aerodynamic parameters.
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Figure 2.27 Convergence of sensitivity indices —Vertical displacement
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For the case of vertical displacement (see Figure 2.27), the two curves of the sum of first
orders and total orders of sensitivity indices at the beginning are not coinciding to reach
convergence till 400 samples. After this stage the two curves are starting to converge at the
400 number of samples, where the two curves continue to remain in a stable position after

many times of changing the number of samples.

Also for the torsional displacement (see Figure 2.28) the two curves are reaching convergence

at 400 samples too, and the coinciding pattern continues.
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Figure 2.28 Convergence of sensitivity indices —Torsional displacement

The convergence results of the two cases necessitate utilizing 400 samples of experiments to
efficiently get the predicted rational effects of each aerodynamic parameter on both the

variation of the vertical displacement and torsional displacement.
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Chapter 3

Kinetic Energy Based Model Assessment

3.1 Von Karman Vortex Street

Attempts have been made to obtain analytical expressions for the fluctuating lift force
experienced by the bluff cylinder owing to the ideal Karman-Benard vortex trail (see Figure
3.1). The stable configuration of vortices possesses the relations: hg /by =
m'arccosh V2~ 0.281 and |I'| =V8uy by , where I is the strength of vorticity
for a concentrated vortex. uy is the speed of the vortices, by is the distance between the

vortices in a row and hg is the distance between the rows.
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Figure 3.1 Karman-Bernard's (Von Karman) vortex street
Furthermore, it was shown that the vortex trail induces almost steady drag force to the body
given by the following formula:
HK = qh CHK (31)

in which Hy is the mean value of the induced horizontal force per unit length , q is the kinetic

pressure and the associated force coefficient Cyy is expressed as:

Cox = —— %y quy+ i (3.2)
K= 2 by U T Uy '
Considering infinite vortex trail and circular cross-section, Chen found that:
Vg = pugl’ = qhCyk (3.3)
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3.2 VIV Parameters

where

I \? by mthy
U—bK) — tanh — (34)

Cvie = ( h by

V is the fluctuating across-wind force per unit length and Cy is the associated aerodynamic
exciting coefficient. The aeroelastic actions can be considered in Equation (3.2) and
Equation (3.4) by noting that the spacing between the vortex row hy, and thus the induced
forces, can alter, if the cross-section performs across-wind oscillations. In general, analytical
formulations for the aerodynamic exciting coefficients are dependent on the approximations
assumed for the near-wake behind the body. The vibrations generated by vortex shedding
usually occur in slender structures with low damping. The vibrations occur if the vortex
shedding frequency coincides with or come close to the natural frequency of the structure.
The vortex shedding frequency f; of a non-vibrating body can be derived as suggested by
[Dyrbye and Hansen, 1999] see Figure 3.2. The time between the vortices at each side is
equal to the distance /v divided by the speed of the vortices Ul. The frequency is the inverse
of the period, giving that f; = Ul/lv. The distance between the vortices /v, must be

proportional to the structure width d, since this is the only relevant length.
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Figure 3.2 Vortex Street for a bluff body (Dyrbye and Hansen, 1999)

3.2 VIV Parameters

3.2.1 Reynolds Number

Reynolds number is a dimensionless number that describes the flow around smooth bluff

bodies such as a bridge deck. It is the ratio between the inertia forces and viscous forces:

Re = — (3.5)
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in which D is the diameter of the cylinder, U is the flow speed and v is the kinematic
viscosity of the fluid. Flow regimes are obtained as the result of many changes of the
Reynolds number. The changes of the Reynolds number generate separation of flows in the
wake region of the bluff body, which are called vortices. At low values of Reynolds number
(Re < 5), there no separation occurs. When Reynolds number is further increased, the
separation starts to occur and becomes unstable and initiates the phenomenon named vortex
shedding at particular frequency. The main parameter of Reynolds number is the wind speed
that is directly related to the generation of VIV by affecting the kinetic energy of the flow
system that is the source of vortex shedding [Schewe and Larsen, 1998; Kazutoshi et al.,

2007; Irwin, 2008; Asyikin, 2012; Wu and Kareem, 2012; Sutardi, 2014].

3.2.2 Deck Shape

The deck shape of a bridge is essential to be in such a way to enhance the aerodynamic
behavior and to reduce the tendency to vortex shedding. [Bienkiewicz, 1987] studied various
cross section samples and [Nagao et al, 1993] studied the ratios of width and the height of
box girders and many shapes of fairing. The results of these studies concluded that the best
streamlined deck shape involves better aerodynamic stability of the structure. While
[Wardlaw et al., 1983] discovered that the turbulence can suppress the vortex shedding.
[Noda et al., 2009] displayed the role of the leading edge of the bottom deck separation on the
lift force at a certain Reynolds number. However, there are other flow features, like top deck
leading edge separation and bottom deck trailing separation that their aerodynamic behavior
are still not clear [Larsen and Walther, 1998; Lin et al., 2005; Gosteev et al., 2014; Haque et
al., 2016].

3.2.3 Dynamic Viscosity of Air

Vortex shedding has an important relation with the dynamic viscosity of air, so it is essential
to consider this parameter in the study of vortex shedding patterns and vortices shapes. The
contact between the air particles and the deck surface has adhesion force that creates the
boundary layer. However, because of air mass, it undergoes inertial effect according to
Newton’s law and Navier-Stokes equations. The link between the inertial forces and the
viscous forces is specified by Reynolds number. The boundary layer separation point explains
the deck behavior submerged in the wind flow. A deck shape with a surface with high
curvature, the separation point modifies with respect to Reynolds number, which is the source
of diverse effects related to vortex shedding [Jurado ef al., 2012 and Meinhardt ef al., 2014].
The dynamic viscosity of air represents the resistance of the air to shearing wind flows. This

parameter has values that vary linearly with the variation of temperature (see Figure 3.3).

49



3.3 Vortex Shedding Phenomenon in Bridges

x 107

1.95 _—

—1.85 —
§ 1.8 //
2175 —

1.65

1 '-%0 -10 0 10 20 30 40 50
Temp.[ °C ]

Figure 3.3 Dynamic viscosity of air versus temperature

3.3 Vortex Shedding Phenomenon in Bridges

When a bridge deck is subjected to a wind flow perpendicularly, the wind would be retarded
when it is with contact with the deck surface and boundary layer being composed. This
boundary layer at some parts of the deck, trends to separate from the deck. The separation of
the boundary layer generates a force on the deck and pressure on the windward part and
suction at leeward part. As a result, vortices would be formed which alters the distribution of
pressure on the bridge deck surface leading to structural deflections of the deck. These
vortices might not be symmetric around the deck. Hence diverse lifting forces are generated
around the deck. The motion of the deck would be transverse to the direction of the incoming
wind. When the shedding frequency of vortices matches the natural frequency of the bridge,
resonance oscillations will occur predominantly. The amplitude of the oscillations relies on
the system damping and the fluctuation of the wind. These oscillations might reach lock-in
region, consequently result in dangerous extension and failure due to fatigue [Zhang et al.,
2004; Diana et al., 2006, Flamand et al., 2013; Belloli et al., 2014; Grouthier et al., 2014;
Meinhardt ef al., 2014].

Due to fluctuation of wind and variation with respect to time and elevation, the frequency of
vortex shedding is not remaining stable for a long time. As a result, bridges are not apt to
everyday wind excitation. In a critical case, when the wind is unusually stable and long
lasting, vortex shedding can result in vertical motion of the deck with amplitude up to
decimeters, where the duration of wind excitation in this case ranges between several minutes
and some hours. The amplitude of oscillations is an important case that is concerning the

users’ comfort, especially when it reaches noticeable level and when the fatigue of the

50



3.4 Finite Element Model

structural elements is expected. A principal sketch of the phenomenon can be seen in Figure

3.4.
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Figure 3.4 Schematic flow around a stationary bridge deck

A wind flow around asymmetric bluff body like a bridge deck will affect the periodic vortex
shedding or even suppress it. The motion of the deck which is periodic in nature may occur
when the shedding frequency of the vortices is close to natural frequency of the bridge. The
vortex induce vibrations can be averted by assigning the frequencies of the generated vortices
be widely far from the natural frequency of the bridge. This step can be done by changing the
geometry of the bridge structure or altering the natural frequencies in the design stage or after
construction. Strouhal number is the most critical parameter in the subject of vortex shedding,
which links between the shedding frequencies of the vortices, buff body diameter and flow
speed. Due to nonlinearity in the bridge structures and aerodynamic force Simiu and Scanlan,
1996 suggested a synthesis sample to take into account the nonlinear influence [Marin, 2003;

Dol et al., 2008; Stevens and Simonsen, 2008; Andrianne, 2012; Flamand et al., 2014].

3.4 Finite Element Model

The bridge segmental deck model is generated in ABAQUS-CFD in 2D model with
dimensions 2.6 m height and total width of 22 m as shown in Figure 3.5, the thickness is 2 m.
The flow domain size is 140 m length and 40 m height, the position of the deck model in the
flow domain should be in a position so that to facilitate a proper area to show the vortex
shedding in the downstream Figure 3.6, in addition to an appropriate area above and under the

deck model to show the boundary layers around the deck with the separation points.
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Streamlined length

Figure 3.5 Deck model dimensions

Figure 3.6 Flow domain size in CFD

The air density is assigned 1.29 kg/m’ and the dynamic viscosity of the air is assigned
between the range (1.6321E-05 - 1.9821E-05) Pa.s depending on the temperature between (-
20) C° and (50) C° (see Figure 3.3). The model part is meshed using CFD element fluid
family with FC3D8: A-8 node linear fluid brick. The deck wall assigned with 0.4 element size
and the flow domain with 1 element size. A flow step with 100 seconds duration is created to
simulate the vortex shedding. Spalart- Allmaras turbulence model has been used in this
analysis for turbulent flow situations. Four boundary conditions are defined for the model,
fluid boundary B.C for the inlet flow and far fields assigning the air speed value in the
horizontal direction only (zero attack angle) and the other two directions with zero
magnitudes, fluid B.C for the outlet flow assigning zero pressure, fluid B.C for the front and
back of the flow model with zero speed magnitude for the third direction perpendicular to the
model (z- direction) and non-slip fluid B.C for the wall condition of the deck. A job is created
and the results are analyzed depending on the case if the model needs to be assigned model
turbulence or not, this is to be done by checking the time history of the kinetic energy
dissipated, where if the plot is oscillating randomly this means that the model needs to
activate the model turbulence in the flow step, as a result this indicates necessity of
predefining a fluid turbulence in the initial step. Commonly a very large number of Reynolds

number indicates the need for a turbulence model.
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3.4.1 Mesh Convergence

The vortex shedding in the flow domain at the downstream of the deck in the velocity field
depends on the mesh size around the deck and the downstream so that to facilitate a better
simulation for the boundary layers and separation regions, in addition to the vortex shedding
periodically. Figure 3.7 shows the velocity field of the result with mesh size 28074 elements
where the vortex shedding is not simulated correctly compared to the actual phenomenon, the
vortices shedding is not in an asymmetric style, this is due to very fine mesh size around the

deck model.
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Figure 3.7 Vortex shedding — Mesh size 28074 elements

The vortex shedding simulation in Figure 3.8 with mesh size 9943 elements is the best
simulation of the actual phenomenon, this is because the vortices shed is in an asymmetric
form and the shedding is near the trail of the deck at the wake region, and it worthy that the
mesh size in this case is appropriate, while the vortex shedding simulated in the model in
Figure 3.9 with mesh size 7724 elements is simulated in a weak style because the shedding of
vortices is relatively far from the trail of the deck despite the asymmetric style, and this

indicates that the mesh size is not suitable.
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Figure 3.8 Vortex shedding — Mesh size 9943 elements
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Figure 3.9 Vortex shedding — Mesh size 7724 elements

The models in Figure 3.10 and Figure 3.11 with mesh sizes 6202 and 5317 elements
simultaneously are not showing the vortex shedding at all due to the coarse mesh sizes of the
models. They look like to have a very large Reynolds number especially high speed
magnitude of the wind flow. As a result the mesh size of 9943 elements would be utilized to

mesh the CFD model.
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Figure 3.10 Vortex shedding — Mesh size 6202 elements
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Figure 3.11 Vortex shedding — Mesh size 5317 elements
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3.5 Results of Vorticity and Kinetic Energy

3.5.1 Wind Speed Effect

When the wind speed parameter denoted by X1 increases, the vortex shedding in the
downstream of the deck is obviously being better generated and regulated in shape and the
frequency of shedding increases. When the wind speed V= 0.5 m/s, the vortex shedding is in
the way to generate and the vortices are simply shedding but without regular style (see Figure
3.12).The vorticity field of this case shows the wind flow around the deck and the start of
vortex shedding in the wake region (see Figure 3.13). When the wind speed increases to
V=12.5 m/s, the vortex shedding appears very well and the asymmetric pattern of the vortices
can be seen very well (see Figure 3.14) with bigger frequency of shedding. The vortices shape
and style in this case are bigger and wider than the previous case (see Figure 3.15). While
when the wind speed reaches V=25 m/s, the vortex shedding can be seen more organized with
bigger frequency of shedding (see Figure 3.16). The vorticity field shows bigger vortices and
different style of shedding (see Figure 3.17). All these cases indicate that increasing the wind
speed will help to better generate the vortex shedding in the wake region, also the shape and
the pattern of the vortices change to different style and the frequency of shedding increases,

where this will enhance starting the vibration of the deck.
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Figure 3.12 Vortex shedding - Velocity field - V=0.5 m/s
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Figure 3.13 Vortex shedding - Vorticity field - V=0.5 m/s
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Figure 3.14 Vortex shedding - Velocity field - V=12.5 m/s
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Figure 3.15 Vortex shedding - Vorticity field - V=12.5 m/s
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Figure 3.16 Vortex shedding - Velocity field - V=25 m/s
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Figure 3.17 Vortex shedding - Vorticity field - V=25 m/s
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Regarding the kinetic energy of the system, when the wind speed increases, the kinetic
energy increases in a nonlinear way. When the wind speed is V = 0.5 m/s, the kinetic energy
starts increasing till 18 seconds from the simulation, and after that it starts to decrease in a
semi linear way due to energy dissipation due to generation of very simple vortex shedding
that can be seen in Figure 3.18. While for wind speed V = 12.5 m/s, the kinetic energy
increases till 2 seconds from the simulation and suddenly drops down till 7 seconds from the
simulation and again starts to rise until 13 seconds with an oscillatory style in the same time
decreasing to a stable oscillatory position starting from 20 seconds from the simulation till the
end indicating the start of the deck vibration with a certain frequency (see Figure 3.19).
Furthermore, when the wind speed is higher V = 25 m/s, the kinetic energy increases highly
in the same way as previous case of V = 12.5 m/s, but the sudden drop and sudden rise start in
earlier position in the same time with a greater frequency of oscillation (see Figure 3.20). The

overall comparison between the three kinetic energy cases can be seen in Figure 3.21.
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Figure 3.18 Wind speed V = 0.5 m/s and the kinetic energy of the system
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Figure 3.19 Wind speed V = 12.5 m/s and the kinetic energy of the system
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Figure 3.20 Wind speed V = 25 m/s and the kinetic energy of the system
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Figure 3.21 Effect of wind speed on the kinetic energy of the system

3.5.2 Deck Streamlined Length Effect

The input parameter X2 is the deck streamlined length. When the wind speed is constant and
just this length is changed, many situations of vortex shedding from the wake region and
vortices shapes and patterns are recognized. When this length L = 0 m, the vortex shedding is
generated in an primary establishing pattern showing the two rows of the asymmetric rows of
the vortices (see Figure 3.22), but when the length L =1 m, the vortex shedding modifies to
better shape and pattern of vortices in the two rows and the vortex trail can be recognized and
seen better (see Figure 3.23). While when this length L = 2 m, the vortex shedding disappears

and the vortices shape and pattern are destroyed (see Figure 3.24).
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Figure 3.22 Vortex shedding - Velocity field - Deck streamlined length L = 0 m
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Figure 3.23 Vortex shedding - Velocity field - Deck streamlined length L = 1 m
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Figure 3.24 Vortex shedding - Velocity field - Deck streamlined length L =2 m

This means that a certain streamlined shape of the deck helps to avoid the vortex shedding
generation in the wake region and as a result avoiding the VIV of the deck, because the

complex process of separation of the wind flow from the deck edges, reattachments of them
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and again separation of the flow to establish vortex shedding is dependable on many factors
that arranges the better situation to avoid vortex shedding not only the streamlined shape of

the deck itself only.

The results of the kinetic energy for all the three deck streamlined length cases proof energy
dissipation in a harmonic form but in different rate. When the deck streamlined length is L =
0 m, the kinetic energy starts to increase till 25 seconds from the wind flow simulation and it
continues to be stable for 5 seconds, then it decreases in light oscillatory pattern indicating
energy dissipation due to vortex shedding and vibration of the deck till the end of 100 seconds
of the simulation. In the same way for the deck streamlined length L = 2 m, but only after 30
seconds of the simulation the start of energy dissipation is taking place in a smaller rate than
the previous case (see Figure 3.25). Furthermore, for the deck streamlined length case L = 1
m, the kinetic energy starts to increase until 15 seconds from the simulation and continues to
be stable for the next 5 seconds, after that the kinetic energy decreases in a semi smooth way
showing greater energy dissipation than the previous two cases. This indicates that a certain
streamlined shape of the deck is critical for earlier vortex shedding generation as a result

earlier vibration of the deck.
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Figure 3.25 Effect of deck streamlined length on the kinetic energy of the system

3.5.3 Dynamic Viscosity of Air Effect

The input parameter X3 is the dynamic viscosity of air. For a certain stable wind speed, the
vortex shedding from the downstream of the deck is generated in an organized style and the
asymmetric two rows of vortices. When this parameter increases, the vortices shape and
pattern are affected with a very small rate which can be distinguished from the simulation
results a little hardly as shown in Figure 3.26, Figure 3.27 and Figure 3.28, where the style of
the vortex shedding and the asymmetric shape of the vortices are not changed almost. This

indicates that the vortex shedding is affected by this input parameter with a small amount.
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Figure 3.28 Vortex shedding — Velocity field — Air dynamic viscosity p =1.882E-5

Considering kinetic energy of the system, the two cases of air dynamic viscosity p=1.632E-5
N/m’.s and p=1.757E-5 N/m’.s have the same effect on the vortex shedding from the deck
where at the beginning of the wind flow simulation. The kinetic energy increases to higher
values till 50 seconds and after that the kinetic energy values decreases and increases in an

oscillatory pattern until the end of the simulation, this is an indication that the oscillation of
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the deck starts after 50 seconds due to energy dissipation because of vortex shedding in the
wake region and the kinetic energy becomes not stable. While in the case of air dynamic
viscosity case u=1.882E-5 N/m’.s, the kinetic energy of the system starts to increase till 5
seconds, but after that it begins to decrease in a simpler oscillatory non stable pattern but in a
higher range (see Figure 3.29). This behavior means that the vortex shedding begins in earlier
position but with the same pattern like the previous two cases for the same wind speed due to
increase in the air dynamic viscosity but with higher vibration amplitudes. There is a

nonlinear behavior of the deck vibration in relation with the air dynamic viscosity of the air.
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Figure 3.29 Effect of air dynamic viscosity on the kinetic energy of the system

3.6 Validation of 2D - CFD Models

The finite element models are validated through a comparison process against experimental
data. The calculated results of the vortex shedding generated due to wind flow assignation in
the 2D models of the segmental bridge decks are compared with two benchmarks results of
the vortex shedding from the literature regarding the vortices shapes and patterns, where the
generation of the vortices are indirectly associated with the kinetic energy of the system due
to wind flow. Furthermore, the shape and pattern of the vortices are affected by the motion of

the deck, and the wind speed strongly takes a main role in this process.

3.6.1 Von Karman Benchmark

The axis of validation is the ratio of the distance between two rows of vortices and the
distance between two vortices in the one row for a certain vortex trail. The value of this ratio
in the vortex shedding for a bluff body stated by Von Karman is 0.282, where the same ratio
value for the present 2D CFD model is between 0.291 and 0.296 considering five wind speed
situations (5 m/s, 10 m/s, 15 m/s, 20 m/s and 25 m/s). There is a good agreement between the

two results where the range of difference is narrow and falls between (0.009 —
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0.014) see Figure 3.30 and Table 3.1, where this ratio value in the CFD model is stable for

many wind speed situations approximately.

Table 3.1

Validation with Von Karman benchmark

Wind speed CFD model Von Karman
m/s hk / bk hk / bk
5 0.296 0.282
10 0.293 0.282
15 0.294 0.282
20 0.292 0.282
25 0.291 0.282
0.4 ,
CFD model
0.38[ m==\/on Karman
0.36
0.34
—0.32
X 03
=
<028
0.26
0.24
0.22
%% 5 10 15 20 25 30
V [m/s]

Figure 3.30 Wind speed and ratio of two vortices rows central distance to

one row vortices central distance validation

3.6.2 Dyrbye and Hansen Benchmark

Another validation base is the distance between two vortices in the same row in the vortex
trail. The results of this distance considering the present 2D CFD model for the previously
mentioned five wind speed situations are between (11.22 — 11.31) m, while this distance is
suggested by Dyrbye and Hansen to equal 4.3 times the height of the bluff body, and in this
case equals to 11.18 m. It is quite obvious that there is a good agreement between the two
results and the gap range is between (0.04 -0.13) m see Figure 3.31 and Table 3.2. The results

of this value are better validated for low wind speeds.
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Table 3.2

Validation with Dyrbye and Hansen benchmark

Wind speed CFD model Dyrbye and Hansen
m/s bk bk
5 11.23 11.18
10 11.26 11.18
15 11.31 11.18
20 11.24 11.18
25 11.22 11.18
12 :
== CFD model
11.8|| === Dyrbye and Hansen |
11.6
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Figure 3.31 Wind speed and one row vortices central distance validation

3.7 Sensitivity Analysis

Three input parameters (wind speed, deck streamlined length and dynamic viscousity of air)
are being considered to undergo sensitivity analysis to calculate the sensitivity indices of each
imput parameter a lone and with interaction terms, where the rational effects of each
parameter are identified supporting on the surrogate models for two outputs (kinetic energy

and lift force). Latin hypercube sampling method is dedicated in this process.

3.7.1 Latin Hypercube Sampling

Latin hypercube sampling is one of the popular methods of experimental design. [McKay et

al., 1979] suggested an alternative method of generating X " that they called Latin hypercube
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sampling which is an extension of stratified sampling. Latin hypercube sampling ensures that
each of the input variables has all of its range represented. Uniform sampling increases the
realization efficiency while randomizing within the strata prevents the introduction of a bias
and avoids the extreme value effect associated with simple stratified sampling. Let the range
of each variable [X; , j = 1... p, be simultaneously partitioned into n equally probable intervals.
We note X;" the n-sample of the variable X.. A Latin hypercube sampling of size n is obtained
from a random selection of n values one per stratum for each X;. Thus we obtain p n-tuples
that form the p columns of the n * p matrix of experiments X" generated by Latin hypercube
sampling: the i ” line of this matrix contains the p input variables and will correspond to the i

h .
™ code execution.

Mathematically, if X;, . . . , X, are mutually independent random variables with invertible
continuous distribution functions F; , j = I,..., p, respectively, then the Latin hypercube

sampling i " sample for the j * variable can be created as:

O _ O
W _ o1 T8
xD = F; (T) (3.6)

where the 77 ; is independent uniform random permutations of the integers {/,2,...,n}, and the

f]@ are independent random numbers independent of the 7 ; [Petelet et al., 2010; Pan ez al.,

2011; Koziel et al., 2011; Bakkiyaraj and Kumarappan, 2013].
3.8 Surrogate Model Results and Discussion

The regression coefficients were calculated for actual kinetic energy and lift force supporting
on Latin hypercube sampling method, and in order to formulate the surrogate models for the
predicted kinetic energy and lift force, 250 and 200 samples were used considering
convergence process between the sensitivity indices respectively. Quadratic and interaction
terms are used to construct the surrogate model for the case of kinetic energy for the system.
The calculated coefficient of determination R’ between the actual and the predicted kinetic
energy was 99.99% (see Figure 3.32) which is an excellent representation of the predicted

kinetic energy, which means that just 0.01% of the system response still unexplained.

The response surface plots in Figure 3.33, Figure 3.34 and Figure 3.35 which have been
generated using MATLAB codes, are the relation between each two aerodynamic parameters
X1X2, X1X3, X2X3 and the predicted kinetic energy of the system due to wind excitation

and vortex shedding.
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Figure 3.32 Coefficient of determination between actual and predicted kinetic energy
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Figure 3.33 Response surface plot showing effect of X1 and X2 on the predicted kinetic energy
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Figure 3.34 Response surface plot showing effect of X1 and X3 on the predicted kinetic energy
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Figure 3.35 Response surface plot showing effect of X2 and X3 on the predicted kinetic energy

Quadratic and interaction terms are used to build the surrogate model to calculate the lift
force generated in the deck. The coefficient of determination R’calculated between the actual
and the predicted lift force was R’ = 99.99 % which is a very good approximation for the
prediction of lift force where only 0.0 1% of the system response remains unexplained (see

Figure 3.36).
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Figure 3.36 Coefficient of determination between actual and predicted lift force

The next response surface plots express on the relation between each two aerodynamic
parameters X1X2, X1X3, X2X3 and the predicted lift force generated in the deck as shown in
Figure 3.37, Figure 3.38 and Figure 3.39 which have been generated using MATLAB codes.
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3.9 Sensitivity Analysis Results and Discussion

The main orders of sensitivity indices for each aerodynamic parameter in addition to their
interaction orders were calculated considering the convergence results which recommended
using 250 samples to calculate the kinetic energy and 200 samples to calculate the lift force
for VIV of the deck (see Figure 3.40 and Figure 3.41). Supporting on the calculated results, the

total sensitivity indices for each aerodynamic parameter have been calculated (see Table 3.3).

In relation with the kinetic energy, the total order sensitivity index of aerodynamic parameter
(wind speed) is 0.9997, which is the biggest aerodynamic parameter, while the total order
sensitivity index of X2 is 0.0036. Furthermore, the total order sensitivity index of X3 is
0.0040, this means that the kinetic energy of the system is 99.97% due to variation in the
wind speed, and it is 0.36% due to the variation in the deck streamlined length. In the other
hand, it is 0.40% due to the variation in the dynamic viscosity of the wind. While the
interaction index between the aerodynamic parameters X1 and X2 is 0.0023 and between X1
and X3 is 0.0027, while between X2 and X3 is 0.0001, which means that there is a small
interaction between the aerodynamic parameters taking part in the variation of the kinetic

energy of the system due to vortex shedding.

While considering the lift force, the total order sensitivity index of X1 is 0.8375, which is the
biggest aerodynamic parameter, while the total order sensitivity index of X2 is 0.1707.
Furthermore, the total order sensitivity index of X3 is 0.0294, this means that the lift force is
dependable 83.75% on the wind speed variation, while it is 17.07% due to the deck
streamlined length variation, and it is 2.94% due to the variation in the dynamic viscosity of
the wind. While the interaction index between X1 and X2 is 0.0157 and between X1 and X3
is 0.0150, in the other hand, between X2 and X3 is 0.0012. This proofs that the surrogate
model is non-additive because there are small interactions between the aerodynamic
parameters especially between wind speed and deck streamlined length once and between
wind speed and dynamic viscosity of the wind in other side take part in the variation of the lift
force generated in the deck, while not appreciable interaction between the deck streamlined

length and the dynamic viscosity of the wind is seen to affect the lift force.

3.9.1 Convergence of The Results

The process of global sensitivity analysis supporting on Sobol's sensitivity indices requires
sufficient samples of experiments to identify the predicted effect of the aerodynamic
parameters on the VIV of the deck through two related outputs. The most efficient number of

samples is being identified through the convergence of the sum of first orders and total
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sensitivity indices of the aerodynamic parameters. All the sensitivity indices (first orders,
interaction orders and total orders) for each aerodynamic parameter have been calculated
using m MATLAB codes. Two outputs have been considered in the process of converges, the
kinetic energy and the lift force. Figure 3.40 and Figure 3.41 show the relation between the
number of samples and the sum of first orders sensitivity indices, in the same time between
the number of samples and the sum of total sensitivity indices of the three aerodynamic

parameters.

Table 3.3

Sensitivity indices

Sensitivity indices Kinetic energy Lift force
first order X1 0.9937 0.8039
first order X2 0.0001 0.1510
first order X3 0.0001 0.0104
sum of first orders 0.9989 0.9971
interaction between X1 and X2 0.0023 0.0157
interaction between X1 and X3 0.0027 0.0150
interaction between X2 and X3 0.0001 0.0012
total order of X1 0.9997 0.8375
total order of X2 0.0036 0.1707
total order of X3 0.0040 0.0294
sum of total orders 1.0073 1.0376
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Figure 3.40 Convergence of sensitivity indices — Kinetic energy
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Figure 3.41 Convergence of sensitivity indices — Lift force

For the case of kinetic energy (see Figure 3.40), the two curves of the sum of first orders and
total orders of sensitivity indices at the beginning are starting without stability for coinciding
to reach convergence, this situation continues till 250 samples. After this stage the two curves
are starting to converge at the 250 number of samples, where the two curves continue to
remain in a stable. In the same way, for the lift force (see Figure 3.41) the two curves are
reaching convergence at 200 samples, and the coinciding pattern continues in a stable

situation.

The convergence results of the two output cases predetermine utilizing 250 and 200 samples
of experiments to efficiently calculate the predicted rational effects of each aerodynamic

parameter on both the variation of the kinetic energy and lift force respectively.
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Chapter 4

Fluid-Structure Interaction and Lock-in
Phenomenon

4.1 Vortex Induced Vibration (VIV)

VIV can be known as the aerodynamic vibration which is caused by the alternate vortices
generated from the interaction between the object and wind flow. Normally, the
dimensionless constant called Strouhal number is used to evaluate the characteristic property
of each bluff-body in wind flow by means of the phenomenon called the vortex shedding
behind the object as shown in Equation (4.1) below.

fD

St == (4.1)

where the Strouhal number S; depends on body geometry and the Reynolds number Re, D is
the across-wind dimension, U is the mean velocity and f; is the primary frequency of the
vortex shedding. When the vortices shed in the wake region is exciting an elastically
supported body periodically, it will undergo a small response unless the Strouhal frequency
reaches close to the across- flow frequency of the structure. The surface pressure generates
in-line and across-flow forces with frequencies 2f; and f; simultaneously, where a pitching
moment has a frequency f; . Here, the body interacts with the flow strongly. This frequency
controls the vortex shedding even if the flow speed changes, which results in change of the
Strouhal frequency away by a few percent from the natural frequency, this phenomenon is
called lock-in [Dien, 1995; Kuroda, 1997; Larsen and Walther, 1997; Facchinetti et al., 2004;
Salvatori, 2007; Puckett et al., 2011; Bourguet et al., 2011; Tran, 2014]. It is known that the
across-wind force increases until limited cycle of oscillation amplitude reached during
synchronization. Also the along-structure correlation of force increases with oscillation
amplitude. The most qualified models of the mathematical modeling of lock-in phenomenon
are basing on coupled oscillators representing the structure and the wake [Diana et al., 2006].
Practically, the models of the single degree of freedom are usually considered in the structural
analysis, where a classical one is proposed by Simiu and Scanlan, 1996, through expressing

the across-wind force as:
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Ls = ql Cus()sin(wt + ¢) + Y, (6) (1 - (0 L) L4 1,00 2 ] (4.2)

where C;s , Y; , Y, , and € are experimental parameters, functions of the Strouhal reduced
frequency K¢ = fg D/ U. In Equation (4.2), three terms are distinguished: harmonic forcing
term, a non-linear aerodynamic damping term, and an aerodynamic stiffness term. The
harmonic term represents the alternating lift where lock-in does not occur due to vortex-
shedding in the velocity ranges. The forcing term becomes negligible (C; s =~ 0) in the region
close to lock-in, and the other terms are controlling the synchronized oscillations. Using Van
der Pol oscillator, the nonlinear damping term represents the self-limiting oscillations and the
stiffness term holds the frequencies synchronized in the lock-in region [Zhang, 2003 and
Salvatori, 2007].

Avoiding synchronization is suggested by Eurocode 1, but this phenomenon has been
observed where the wind speed can range between wide limits, especially because a wide
range of wind speeds result in the development of the phenomenon. Modifying the cross-
section geometry of the bridge deck changes the vortex shedding behavior as a result
changing the amplitude and the frequency of the oscillations but it does not development of

the phenomenon [Andersson and Ahl, 2011].

4.2 Fluid-Structure Interaction (FSI)

Multi-physics cases are very difficult to being solved using analytical methods. They mostly
should be solved by using numerical simulations or using experiments. The most advanced
techniques and the reputed commercial software in CFD and CSD have made the numerical
simulation possible. FSI within models created using finite element programs is mostly
conducted by the use of a node to surface contact algorithm. Standard FSI algorithm has three
steps, computing the surfaces and their normal, then conducting contact search between the
nodes of the fluid that might contact with the surface and the last is applying penalty forces to
the nodes of the fluid so that to prevent the fluid from penetrating the surfaces [Rabczuk et
al., 2010]. Exchange of the information is done at the interface between the two solvers, this
is called the coupling which is of two types, the first is the one-way coupling and the second

is the two-way coupling.

4.2.1 One-Way FSI

In one-way coupling, the motion of the fluid flow influences the solid structure but the
reaction of the solid structure on the fluid flow is neglected. Also the two-way coupling can

be possible. The calculation of the fluid flow is performed until reaching convergence. The
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resulted forces at the interface from the fluid calculation are being interpolated to the
structural mesh. Then the calculations of the structural dynamic are performed until meeting
convergence criterion. The process is repeated until reaching the end time. Interaction
between fluids and structures problems can be considered uncoupled problems within both
separate domains. In these problems assumption is formulated that a domain is driven by
another, but the driven domain has no feedback effect on the driving domain. CFD model
simulation provides the pressure on the structure by the fluid, and they are applied like load
condition or as a boundary for the finite element analysis simulation of the configuration,
where no feedback is done by the deflection into the CFD, which is called one-way fluid
structure interaction. Many civil structures are excited by dynamic wind loading which is an
example of one-way fluid structure interaction. In these cases, the structural motion and
displacement have no appreciable effect on the driving wind loads, where the structure can be
separately analyzed, or by treating the structure as uncoupled from the driving wind under
certain loads in the range of interest [lliev et al., 2004; Van Zuijlen et al., 2006; Gale, 2008;
Hassler, 2009; Schmucker et al., 2010; Benra et al., 2011; Hansen, 2013].

4.2.2 Two-Way FSI

In two-way coupling the motion of the fluid flow influences the solid structure and in the
same time the fluid flow is influenced by the reaction of the structural solid. During the
beginning of the time step, convergence solutions of the fluid calculation produce forces
acting on the solid structure. Next, the forces are interpolated to the structural mesh the same
as in the one-way coupling and the solutions from the structural solver is determined with the
fluid forces as boundary conditions. As a result the mesh is deformed according to the
response of the structure. The values of the displacements are interpolated to the fluid mesh
which results in deforming the fluid domain. The process is repeated until reaching the
convergence between the force and displacement values below the limit that was previously
determined [Onate and Garcia, 2001 and Raja, 2012]. When both the fluid and the structure
are interacting in a system of feedback in some practical applications in the engineering area,
the structural displacements generated by the fluid motion enhance the fluid forces, and this is
called two-way fluid structure interaction. In this case often the amplitude of the deflection of
the structure is large. The wind power plant is one example of this type of analysis [Van

Zuijlen et al., 2006; Forster, 2007; Razzaq et al., 2010; Benra et al., 2011; Liaghat, 2014].

In the general form, the FSI can be represented by the coupling both the equation of the
motion of the structure and the fluid. The equation of the motion of the structure can be

expressed as:
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4.3 Finite Element Models

Mii + Dgit + K u = F (4.3)

where M is the structural mass matrix, D the structural damping matrix, K the structural
stiffness matrix, Fg the applied load vector, and u the nodal displacement vector where the
dot denotes the time derivative. When the stagnant fluid is surrounding the oscillating
structure, the fluid effects on the structure should be accounted for. While the structure is
oscillating, the close fluid to the surface of the structure is starting to undergo motion in such
a way that the structure becomes affected by additional fluid force F. As a result Equation
(4.3) represents the forced oscillation form, where Fy is the fluid reaction on the structural
movement, and the decomposition of the force into three parts acting in-phase with the
displacement u vector , the velocity i vector and the acceleration it vector of the structure is

possible [Bonisch et al., 2008; Von, 2012; Hengstler, 2013].

The accuracy of the two-way coupling is obvious, especially in large deflection cases where
the structural deformation influences the fluid field strongly. In strong two-way coupling,
solutions are of second order time accuracy, and they are more stable. In one-way coupling
conservation of energy at the interface is not guaranteed, but in two-way coupling is. There is
a benefit of one-way coupling simulations that ends with significant lower computational
time. The second benefit is that the fluid mesh has deformations without need to be
calculated, which result in producing a constant quality of the mesh. The effects of FSI for the
cases of totally or partially submerged body in a fluid flow with a free surface can't be
accurate predicted especially in cases related to civil engineering, offshore engineering and

naval architecture [Onate and Garcia, 2001 and Schmucker et al., 2010].

4.3 Finite Element Models

The models of the segmental bridge deck are generated in ABAQUS once in CFD and
another in CSD. The CFD model is with a dimension 2.6 m height and total width of 22 m as
shown in Figure 4.1.a. The thickness is 0.01 m (should be very small so as to be treated as a
2D model). The flow domain size is 140 m length and 40 m height, the position of the deck
model in the flow domain should be in a position so that to facilitate a proper area to show the
vortex shedding in the downstream in addition to an appropriate area above and under the
deck model to show the boundary layers around the deck with the separation points (see
Figure 4.1.b). Material properties for the CFD model are assigned where the air density is

assigned 1.29 kg/m’ and the dynamic viscosity of the air is assigned 1.8E-05 Pa.s.
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Figure 4.1.a Deck model dimensions

Figure 4.1.b Flow domain size

Figure 4.1.c The CSD model

The CFD model part is meshed using CFD element fluid family with FC3DS8: A-8 node
linear fluid brick. The deck wall assigned with 0.4 element size and the flow domain with 1
element size. The CSD model has the following material properties: concrete density is
assigned 2643 kg/m’, Young’s modulus 200E+08 and the Poissons ratio 0.2 (see Figure 4.1.c).
The role of the steel reinforcement is neglected for simplicity because the thickness of the
CSD model is too small 0.01m and the reinforcement has no direct contact with the air. The
CSD model part is meshed using 3D stress family with C3D8R: A-8 node linear brick

reduced integration hourglass control.

A flow step with 100 seconds duration is created for the CFD model in addition to assigning
predefined Spalarat-Allmaras model turbulence due to very large number of Reynolds number

and or due to random oscillation of the time history curve of the kinetic energy dissipated, and

77



4.3 Finite Element Models

creating another dynamic implicit step with 100 seconds for the CSD model. The step time in
each model must be the same, in addition to adding interaction with the same name in each
model for the surfaces of interaction, also the important issue related to mesh generation is
equality of the mesh size in each model. The job is created for the simulation of CFD model
apart or one-way FSI approach, and another co-simulation job is generated for both the CFD

and the CSD models together or two-way FSI approach.

4.3.1 Boundary Conditions

Four boundary conditions are defined for the CFD and CSD models (Figure 4.2), fluid B.C
for the inflow and far fields assigning the air speed value in the horizontal direction only (zero
attack angle). The other two directions with zero magnitudes, fluid B.C for the outflow
assigning zero pressure and fluid B.C for the front and back of the flow model with zero
speed magnitude for the third direction perpendicular to the model (z-direction), and no-slip

fluid B.C for the wall condition of the deck.

Wind flow Vx

ﬂ Fluid domain

Fluid-structure interface
1 (no-slip condition)

Pressure|= 0
Structural domain

Figure 4.2 Domains and fluid-structure interaction boundary conditions

A mesh size of 9943 elements would be utilized to mesh the CFD model. The mesh size of
the deck in the structural domain should be the same as the mesh size of it in the flow domain
at the interface so that to match or coincide. Depending on the desirable mesh size for the
CFD model, the related mesh size of the CSD model was 357 elements (without refinement

due to interface matching requirement (see Figure 4.3.a and Figure 4.3.b).
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Figure 4.3.a CFD mesh size - 9943 elements

Figure 4.3.b CSD mesh size - 357 elements

4.4 Results and Discussion

4.4.1 Vortex Shedding Simulation

Generation of vortex shedding from the deck models exists with different patterns, and the
simulations are considered at the time 100 seconds. When considering one-way FSI approach
the vortex shedding for wind speed 1 m/s (see Figure 4.4) is generated and it is regular in
periodic shedding from the tail of the deck, but for two-way FSI approach and for the same
wind speed a simple vortex shedding exists with irregular shedding because the wind flow is
affected by the feedback of the deck which disturbs the periodic shedding style of the vortices
shed from the deck tail where the wind speed is not high (see Figure 4.5).
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Figure 4.4 Vortex shedding one-way V=1 m/s Figure 4.5 Vortex shedding two-way V=1 m/s

For wind speed 10 m/s a very good and efficient regular vortex shedding style from the deck
exists for one-way FSI approach (see Figure4.6) but for two-way FSI approach and for the
same wind speed, the vortex shedding is generated with a different style which is an evidence
of effect of the deck feedback (CSD simulation) on the surrounding wind flow, where
increasing the wind speed increases the lift and drag forces as a result the disturbance in the

vortices will be detected (see Figure 4.7).
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Figure 4.6 Vortex shedding one-way V=10 m/s Figure 4.7 Vortex shedding two-way V=10 m/s

While for wind speed 15 m/s another pattern of vortex shedding exists for one-way FSI
approach which is affected by increasing the wind speed where it changes the shedding style
and shape of the vortices (see Figure 4.8), but for two-way FSI approach and for the same
wind speed the vortex shedding is generated but without a vanishing pattern, this happens
because for higher wind velocities higher than the associated lock-in velocities leads to
vanishing of the vortex shedding for a range velocities because the amplitudes of vibrations of
the deck are increasing due to an increase in the lift and drag forces, hence the feedback of the
deck on the wind flow increases (see Figure 4.9) and it is possible that the lock-in
phenomenon and the vortex shedding generation restarts at higher wind velocities where this

needs a very long duration simulation process and computationally is much costly.
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Figure 4.8 Vortex shedding one-way V=15 m/s  Figure 4.9 Vortex shedding two-way V=15 m/s

4.4.2 Lift Forces

The lift forces are generated in the deck of the cable stayed bridge models with different
values when assigning wind flow of multiple velocities (1m/s, 5 m/s, 10 m/s and 15 m/s) first
by considering one-way FSI approach in the simulation and the other by considering two-way
FSI approach. Increasing the wind speed leads to increase in the lift forces generated in the
deck models commonly in both approaches in a direct proportion. When the wind speed is 1
m/s, the time history of the lift forces in one-way FSI is showing a certain value with a stable
situation without vertical periodic oscillation of the deck after 40 seconds, while for the same
wind speed in two-way FSI, the lift forces have smaller values but showing a primary simple

vertical periodic oscillation after 55 seconds (see Figure 4.10).
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Figure 4.10 Time history of lift forces V=1 m/s

When the wind speed increases to5 m/s, the lift forces in one-way FSI increase in a high rate
with a stable situation after 20 seconds without vertical periodic oscillation. For the same
wind speed the lift forces are increasing with a high rate in two-way FSI with a better vertical

periodic oscillation starting after 10 seconds (see Figure 4.11).
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Figure 4.11 Time history of lift forces V=5 m/s

Increasing the wind speed to 10 m/s, the lift forces in one-way FSI are increasing with a high
rate and the stability of the lift forces are obvious starting from 3 seconds without any vertical
periodic oscillation, while for the same wind speed the lift forces in two—way FSI are
increasing in a high rate too, but now the vertical periodic oscillatory behavior is much better

seen starting from 5 seconds (see Figure 4.12).
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Figure 4.12 Time history of lift forces V=10 m/s

Now for the wind speed of 15 m/s, the lift forces for one-way FSI are increasing with a high
rate and show stability without showing vertical periodic oscillation after 2 seconds, but in
two-way FSI and for the same wind speed, the lift forces are increasing with a high rate
exhibiting significant vertical periodic oscillation with bigger frequency after 3 seconds (see

Figure 4.13).
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Figure 4.13 Time history of lift forces V=15 m/s

The difference in the lift forces between one-way and two-way approaches is due to kinetic
energy dissipation in the latter approach which results in smaller values for lift forces. The
results of the lift forces in one-way FSI is an evidence that this approach is not sufficient in
detecting the actual VIV phenomenon, but the two-way FSI have a perfect ability in detecting
it. This means that the amplitudes of the lift displacement in the deck are predicted with lower
values of wind velocities, and thus the lock-in phenomenon is better predicted in earlier

stages.

4.4.3 Drag Forces

For Drag forces, when one-way FSI approach is considered in the simulation process, the
drag forces increase in a direct proportion but the pattern of the horizontal periodic vibration
response of the deck models is not regular when the wind flow speed increases between (1
m/s to 15 m/s). When the wind speed value is 1 m/s, considering one-way FSI, the drag forces
have a certain value with a stable horizontal periodic vibration starting after 5 seconds, but for
two-way FSI and for the same wind speed, the drag forces have smaller values compared to
previous approach, and the horizontal periodic vibration have a semi stable situation starting

after 12 seconds and by time it is decreasing in a small rate (see Figure 4.14).

When the wind speed is increasing to 5 m/s, in one-way FSI, the drag forces are increasing in
a large rate with a stable situation of horizontal periodic vibration but with a larger frequency
for the amplitudes starting from the beginning of the wind excitation directly. While for two-
way FSI and for the same wind speed, the drag forces are increasing with a high rate but still
smaller than its values for the previous approach, in addition to creation of sudden changes in
the amplitudes of the horizontal periodic vibration coinciding with the start of changes of

vertical periodic vibrations after 45 seconds (see Figure 4.15), which means that the changes in
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the frequency of the lift amplitudes leads to the change in the drag amplitudes in the same

time.
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Figure 4.14 Time history of drag forces V=1 m/s

7000
—e—One-way
— Two-way
6000
5000
z
— 4000 3
: MW
w

2000 /N ~

3000
\\/\A’WWWMMNV\/V\'AVAUMV A WPNEON GV,
2

! 0000 0 40 60 80 100 120

t[s]

Figure 4.15 Time history of drag forces V=5 m/s

Increasing the wind speed to 10 m/s, in one-way FSI, the drag forces are increasing in a large
rate again with a stable situation of horizontal periodic vibration but with a smaller frequency
for the amplitudes starting from the beginning of the wind excitation directly too. While for
two-way FSI and for the same wind speed, the drag forces are increasing with a high rate but
still smaller than its values for the one-way FSI approach, furthermore a creation of sudden
changes in the amplitudes of the horizontal periodic vibration coinciding with the start of
changes of vertical periodic vibrations after 25, 55 and 85 seconds (see Figure 4.16) which
means that the changes in the frequency of the lift amplitudes leads to the change in the drag

amplitudes in the same time, where in this case three times are obvious.
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Figure 4.16 Time history of drag forces V=10 m/s

Continuous increase of wind speed to 15 m/s, and considering one-way FSI, the drag forces
are increasing in a large rate again with a stable situation of horizontal periodic vibration but
frequency for the amplitudes becomes bigger. While in two-way FSI and for the same wind
speed, the drag forces are increasing with a high rate but still smaller than its values in one-
way FSI approach, and it is worthy to mention that a creation of sudden changes in the
amplitudes of the horizontal periodic vibration are coinciding with the start of changes of
vertical periodic vibrations after 20, 40, 60, 80 and 100 seconds (see Figure 4.17) which means
that the changes in the frequency of the lift amplitudes leads to the change in the drag

amplitudes in the same time for five times along duration of 100 seconds of wind excitation.
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Figure 4.17 Time history of drag forces V=15 m/s

The difference in the drag forces between one-way and two-way approaches is due to kinetic
energy dissipation in the latter approach which results in smaller values for drag forces. It is
obvious that the lift forces value in one-way FSI approach is three times the drag forces value

approximately for all the wind speed cases, compared to two-way FSI approach the lift forces
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value is twice the drag forces value, the reason is the same which is related to the kinetic

energy dissipation.

4.4.4 Kinetic Energy

The vibrational kinetic energy of the system is calculated from the simulation of vortex-
induced vibration of the deck models of a long span bridge due to a wind excitation in
ABAQUS for both the on-way and two-way FSI approaches. The results are for duration of
50 seconds. It is obvious that kinetic energy for the one-way approach is increasing from
4850 N.m to 4975 N.m and after this stage it becomes stable approximately till t = 20
seconds, while for the two-way approach this value is not stable in the beginning 20 sec with
a decreasing value from 4800 N.m and after that it becomes stable for the remain 30 seconds
with a value of 4525 N.m (see Figure 4.18). This means that the kinetic energy of the vibrating
system in one-way approach is still the same value approximately because the effect of the
structural model of the deck on the surrounding wind has not been considered and no
exchange of energy exists from the deck to the wind, so the overall kinetic energy remains
high and stable compared to that in two-way approach, but due to exchange of kinetic energy
between the deck and the wind together in two-way approach and large dissipation of the

kinetic energy in this process, the overall kinetic energy is less than of it in the on-way

approach.
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Figure 4.18 Time history of the simulations kinetic energy

4.4.5 Lock-In Phenomenon

At lock-in region, the vortex shedding is generated more efficiently. For one-way FSI
approach this phenomenon starts to appear clearly at wind speed of 11.5 m/s with regular
periodic and stable shape of the vortices shedding from the tail of the deck. The simulations

of the simulations are captured at the time histories 11.5 m/s, 11.7 m/s and 11.9 m/s. When
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the two-way FSI approach is considered, the vortex shedding generates with irregular style
due to the movement of the deck and its feedback on the surrounding wind flow for all wind
speed cases. The similarity in vortex shedding style with respect to the shape of the vortices
and the periodic pattern for all wind speed values for both the one-way and two-way
approaches is an indication of the lock-in phenomenon where the frequency of vortex

shedding remains constant approximately (see Figure 4.19).
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Figure 4.19 Vortex shedding at Lock-in region
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When only the one-way FSI approach is considered in the simulation, the lock-in
phenomenon exists at the wind speed of 11.5 m/s approximately but it is not quite regular and
the associated vortex shedding frequencies are near to 1.5 Hz till wind speed magnitude of 12
m/s, and after that range the vortex shedding frequency begins to increase in magnitude in a

linear proportion with the wind speed as shown in Figure 4.20.
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Figure 4.20 Wind speed versus Vortex shedding frequency - Lock-In phenomenon

When considering the two-way FSI approach, the same phenomenon starts to appear at the
wind speed magnitude of 10 m/s and ends at 11.5 m/s in a regular path compared to the
previous approach, while the associated vortex shedding frequencies are 1.18 Hz. The vortex
shedding frequency after the lock-in region increases rapidly to 1.45 Hz and starts to
undertake a linear proportion approximately. This indicates that the FSI has an important and
effective role in detecting the actual region where the lock-in phenomenon starts to generate
and determines the associated shedding frequencies for lower natural frequencies of the

system.

4.4.6 Lift Coefficient

The results of the relation between the Reynolds number Re and the lift coefficient C; for the
deck model when the wind speed changes from 1 m/s to 15 m/s when considering one-way
FSI approach, the lift coefficient reaches a maximum value of 0.4 at Reynolds number value
of 0.75E+06, and the value of the lift coefficient is unstable until the Reynolds number
magnitude 0.9E+06, after that the relation becomes stable approximately for a lift coefficient

value -0.4 without appreciable changes in the value of the lift coefficient (see Figure 4.21).
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Figure 4.21 Reynolds number versus lift coefficient

The results of the relation between the Reynolds number and the lift coefficient when taking
in account the two-way FSI approach, show that the maximum value of the lift coefficient is -
0.3 begins from the Reynolds number value 0.9E+06 and in the same way as previous
approach it is unstable until the latter value of the Reynolds number and becomes stable after

that point.

4.4.7 Drag Coefficient

The results of the relation between the Reynolds number Re and the drag coefficient C, for
the deck model when the wind speed changes from 1 m/s to 15 m/s when considering one-
way FSI approach, the drag coefficient reaches a maximum value of 0.023 at Reynolds
number value of 1.5 E+06, and the value of the drag coefficient is stable at 0.02

approximately (see Figure 4.22).
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Figure 4.22 Reynolds number versus drag coefficient
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While the relation between the Reynolds number and the drag coefficient when the two-way
FSI approach is used, show that the maximum value of the lift coefficient is 0.005 begins
from the Reynolds number value 4.0E+05 and it becomes stable starting from Reynolds

number value 0.8E+06 approximately.

4.4.8 Reynolds Number

The Reynolds number Re calculations in each approach have been determined for multiple
wind velocities supporting on the results of the simulations in ABAQUS in addition to lift and
drag coefficients (see Table 4.1).

Table 4.1

Reynolds number versus lift and drag coefficients for multiple wind velocities

Wind Reynolds Reynolds Li.ft' Li.ft' Dr'ag Dr'ag
spocdmis | Mumber one- | mumber o | cooficent | coufcent | cosficent | coffins
1 1.50E+05 1.50E+05 0.3625 -0.77 0.0212 -0.0024
2 3.00E+05 3.00E+05 0.097 -0.866 0.01955 0.0042
3 4.50E+05 4.50E+05 -0.267 -0.445 0.0213 0.0046
4 6.00E+05 6.00E+05 -0.3405 -0.792 0.0206 0.00285
5 7.51E+05 7.51E+05 0.398 -0.419 0.0216 0.00455
6 9.01E+05 9.01E+05 -0.386 -0.317 0.0214 0.0045
8 1.20E+06 1.20E+06 -0.3585 -0.311 0.0206 0.0038
10 1.50E+06 1.50E+06 -0.4075 -0.285 0.02335 0.00325
12 1.80E+06 1.80E+06 -0.362 -0.269 0.0208 0.00385
15 2.25E+06 2.25E+06 -0.365 -0.288 0.0214 0.00405

4.4.9 Strouhal Number

The calculations of the Strouhal number S, value for the deck models is between 0.322 and
0.324 for the one-way FSI approach, while for the two-way FSI approach this value is
between 0.285 and 0.308 (see Table 4.2). The relation between the Reynolds number and the
Strouhal number for the deck model when considering many cases of wind velocities for both
approaches is stable and linear approximately for one-way FSI approach but it is not stable

and nonlinear when adopting two-way FSI approach (see Figure 4.23).
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This result proofs the fact that the Strouhal number is depending on the Reynolds number and
it is nearly with a value of 0.2 for a large range of Reynolds number, and the FSI concept is
better supporting this fact, this by comparing the results when considering two-way FSI
approach, where the Strouhal number is between (0.28-0.29) approximately until Reynolds
number value of (1E+06) but the Strouhal number value is constant at 0.32 until Reynolds

number value of 2.3E+06 when considering one-way FSI approach.

Table 4.2

Strouhal number versus vortex shedding frequency for multiple wind velocities

Wind Shedding frequency | Shedding frequency Strouhal Strouhal
one-way two-way number number
speed m/s H
z Hz one-way two-way
1 1.241E-01 1.105E-01 3.227E-01 2.873E-01
2 2.490E-01 2.208E-01 3.237E-01 2.870E-01
3 3.733E-01 3.292E-01 3.236E-01 2.853E-01
4 4.962E-01 4.549E-01 3.225E-01 2.957E-01
5 6.203E-01 5.712E-01 3.225E-01 2.970E-01
6 7.472E-01 6.758E-01 3.238E-01 2.928E-01
8 9.978E-01 9.415E-01 3.243E-01 3.060E-01
10 1.248E+00 1.154E+00 3.244E-01 3.000E-01
12 1.492E+00 1.386E+00 3.232E-01 3.003E-01
15 1.865E+00 1.777E+00 3.233E-01 3.080E-01
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Figure 4.23 Reynolds number versus Strouhal number
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4.5 Validation of The FSI Models

It is essential to accurately simulate the FE models and this depends on verification of the
numerical models through a comparison process against analytical solutions and or if it is

possible to compare it against experimental data.

4.5.1 Simiu and Scanlan Benchmark

The results of the lock-in phenomenon determined from ABAQUS simulations in both one-
way FSI approach and two-way FSI approach are compared with the compiled numerical
results obtained by Simiu and Scanlan. The lock in phenomenon simulation using two-way
FSI approach is better represents the actual phenomenon this by validation with the results

obtained by Simiu and Scanlan (see Figure 4.24).
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Figure 4.24 Wind speed versus vortex shedding frequency- Lock-in phenomenon validation

Where the period of equal vortex shedding frequencies is greatly similar compared to the
region of equal vortex shedding frequencies in the one-way FSI approach, where the start of
the phenomenon in one-way approach is at wind speed 11.5 m/s till 12 m/s, but for two-way
approach is starting from wind speed of 10 m/s till 11.5 m/s. This is indicates the importance
of the two-way FSI approach in simulating the generation of lock-in phenomenon as a result
the vortex shedding induced vibration in the deck of the long span bridges can be determined
more efficiently and predicted for earlier and wider range of wind velocities in addition to
considering lower natural frequencies of the system which enhances the safety of the structure

against the VIV.
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4.5 Validation of The FSI Models

4.5.2 Flat Plate Model (Munson and Co-authors) Benchmark

Another validation parameter is the drag coefficient C,; for the deck model for different

Reynolds number values, where the main effective parameter is the wind speed changes from

1 m/s to 15 m/s. The benchmark of validation for C; is the results of a flat plate model used

by Munson and co-authors. The C, results obtained in the flat plate model show that this

value is unstable until Reynolds number of 7.5E+05 where C; value is 0.08 and becomes

stable in the region between 0.002 and 0.085 approximately but the C, value is 0.02 for one-

way FSI approach and it is 0.005 for two-way FSI approach, which means that there is a very

good approximation between the results specifically between the benchmark and the two-way

FSI approach (see Figure 4.25).
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Chapter 5

Control Efficiency Optimization of Multiple
Tuned Mass Dampers

5.1 Tuned Mass Damper (TMD)

The concept of TMD application dates back to the 1940s [Den Hartog, 1947]. This device is
a linear dynamic vibration absorber system, consists of a secondary mass suspended via a
viscous damper and a spring from a point on the main structure. It is tuned to a certain
structural frequency of the structure such as a bridge in order to, when excited, the damper
will resonate out of phase with the motion of the bridge, i.e., the TMD mass oscillates in the
opposite direction of the main structure. Nowadays, establishment of this system succeeded in
reducing wind-induced vibrations in many structural systems due to their particularity, where
they need less construction and maintenance cost, in addition to that their operation is easy
when used in the mechanical and civil engineering systems [Tang, 1997; Webster and
Vaicaitis, 2003; Thamasungkeeti, 2009; Fujino et al., 2010; Kumar, 2011: Miyata, 2003;
Mishra, 2011; Shetty et al., 2013; Wang et al., 2014]. These devices are most effective when
positioned at places of highest amplitudes. Therefore, considering this feature supplies the
opportunity for energy dissipation through the damper inertia force acting on the main
system. There are two main functions carried out by the TMD system, firstly it decreases the
resonant response of the main structure, and secondly, increases the overall damping of the
structure by the dashpot attached to, supplying additional source of energy dissipation. The
modal damping is affected by the mass ratio within low frequency ratio range, and this effect
almost finishes in high frequency ratio cases. The damping ratio has a great effect on the
response of cable stayed bridges, and it is emphasized that under a particular combination of
mass ratio, frequency ratio and the difference in the modal damping ratios, the effect of non-
classical damping is highly important [Chen and Kareem, 2003; Huang, 2006; Abdel Raheem
and Hayashikawa, 2008; Caruso et al., 2009; Samani, 2010; Huang, 2011; Guo, 2012; Huang
et al., 2012; Casalotti et al., 2013; Behrens et al., 2013; Tran, 2014; Wen et al., 2015].
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5.2 Multiple Tuned Mass Dampers (MTMDs)

5.1.1 Energy Dissipation Mechanism

FSI between the exciting wind and the long span bridge generates aerodynamic instabilities.
As a result the bridge deck would be prone to vertical and torsional vibrations. The deck
motion is due to feeding energy into the bridge system by the the wind forces during one
cycle of oscillation. The energy is exchanged by the phase shift between the vertical and the
torsional vibrations and it counteracts the energy absorption by structural damping of the
bridge. When the structural damping of the bridge is sufficiently low which can't dissipate
these vibrations, the application of TMD becomes one of the solutions to suppress these
vibrations and boost the structural damping of the bridge system [Tsai and Lin, 1993; Lin et
al., 2000; Gua et al., 2002; Chen and Kareem, 2003; Chen and Cai, 2004]. The energy
dissipation mechanism starts when the bridge deck vibrates, with the presence of the TMD,
this device would be excited by the motion of the deck. When the mass of the damper moves
in a certain direction, as the movement of the deck would be toward the opposite direction,
hence the damping of the deck vibration is accomplished. The kinetic energy of the bridge
structure transfers into the TMD system where its viscous damper absorbs it. In order to attain
the most efficient energy absorbing rate, the natural period of the TMD is tuned to the natural
period of the bridge system. This is why it is called (Tuned Mass Dampers), so the strategy of
TMD application is attempting to dissipate the energy responsible of feeding the vibration.
The viscous damper of the TMD should be adjusted to optimum value so that to maximize
absorption of the energy [Zivanovic et al., 2005; Feldmann and Heinemeyer, 2007;
Andersson et al., 2013; Xing et al., 2014].

5.2 Multiple Tuned Mass Dampers (MTMDs)

The performance of TMD application in long span bridges is sensitive to the difference of
frequency ratios between the TMD and the bridge structure, even when optimally designed,
leads to serious performance deterioration this when the dynamic characteristics of the
structure are different from those used to accomplish its optimum design. This can be
overcome by the use of MTMDs. One of the important parameter for MTMDs is the mass
distribution to reduce effectively the dynamic response of a main system. When the mass
distribution is controlled along with other design parameters like damping ratio, frequency
range, number of dampers, the control of the main system response is achieved. To increase
the robustness of the vibration control system to various uncertainties in the structure, the use
of more than one TMD is an effective solution, where MTMDs have distributed natural
frequencies around the controlled mode of vibration [Lin et al., 1999; Patil, 2010; Samani,

2010; Bandivadekar and Jangid, 2012; Wang et al., 2014]. Adopting wide frequency band
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5.3 Concept of TMD Using Two-Mass System

width makes it more robust and less sensitive to the change of the frequency ratio than using
TMD [Igusa and Xu, 1994], in addition they are suggested to mitigate the vertical and
torsional vibrations and to boost the aerodynamic stability of the long span bridges, which
permits to control of more than one mode of a multi degree of freedom (MDOF) structure by
tuning each TMD to the corresponding vibration mode of the main structure, or by tuning the
TMDs to frequencies close to a certain mode of the system. Though, in spite of their higher
effectiveness and robustness compared to single TMDs, the use of MTMDs encounters lack
capabilities of real time retuning, consequently their adaptation to frequency varying
excitation is very hard. The optimum TMD system for a certain structure is that one which
minimizes the expected vibrations amplitudes. Practically, the design of a TMD begins by
setting the value of the mass ratio, usually set within 1% to 10% [Warburton and Ayorinde,
1980]. The selection of this parameter value depends on the space availability to place the
TMDs. Despite the fact that use of high mass ratio values aid to further decrease the vibration
amplitudes, it may not be reasonable or economic because additional weight of the TMDs
necessitates strengthening other structural elements. As soon as the value of the mass ratio has
been elected, other design parameters such as frequency ratio and damping coefficients of the
viscous dampers of the TMDs require to be assigned [Chen and Xiang, 1998; Gua et al.,
2001; Lin and Cheng, 2001; Lee and Li, 2005; Karmakar et al., 2012; Estrad and Hong,
2015].

5.3 Concept of TMD Using Two-Mass System

The equation of motion for primary mass as shown in Figure 5.1 is:

(1 — Wit + 2éwmit + w?u = %— Uity (5.1)
. , . L
u is defined as the mass ratio, U= gy (5.2)

where m, is the mass of the damper and m is the primary mass.

w2 =X (5.3)

m .
c=2fwm (5.4)
Cqg = Zfd(l)dmd (5 5)

where © s the velocity, it is the acceleration, &, is the damping ratio of the mass damper
wq 1s the natural frequency of the mass damper, ¢, w , c, k are the damping ratio, natural

frequency, damping coefficient and stiffeness of the primary mass respectively.
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5.3 Concept of TMD Using Two-Mass System

d U+Ud
Figure 5.1 TMD attached to the primary mass
The equation of motion for tuned mass is given by:
ﬁ'd + Zfd(l)dud + Wa2Ug = —1ii (5 6)

The purpose of adding the mass damper is to control the vibration of the structure when it is
subjected to a particular excitation. The mass damper is having the parameters; the mass mg,
stiffness k;, and damping coefficient c;. The damper is tuned to the fundamental frequency

of the structure such that:
Wy =w (5.7)
kg = uk (5.8)

The primary mass is subjected to the following periodic sinusoidal excitation

p =psinwt (5.9)

then the response is given by
u =usin(wt + 6,) (5.10)
ug = g sin(wt + 6; + 6;) (5.11)

where 41, u and & denote the displacement amplitude, response and phase shift of the primary
mass simultaneously, #;,uy are displacement amplitude and response of the damper
respectively. The critical loading scenario is the resonant condition. The solution for this case

has the following form:
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5.4 Equation of Motion

o= %Jl/(l P E/# . 1/2&1)2 (5.12)
g = (1+2&,) (5.13)

tan 6, = —(Zﬂ—f + % (5.14)
tané, = -3 (5.15)

The above expression shows that the response of the tuned mass is 90° out of phase with the
response of the primary mass. This difference in phase produces the energy dissipation

contributed by the damper inertia:

i=

bl a3

1
(ﬁ) (5.16)

5, =— (5.17)

N

To compare these two cases, we can express Equation (5.12) in terms of an equivalent

damping ratio:

. b1
u —E(Z) (518)
where
_H N
$e =7 (5.19)
2] /14 @5+ Ve )

Equation (5.19) shows the relative contribution of the damper parameters to the total
damping. Increasing the mass ratio magnifies the damping. However, since the added mass

also increases, so there is a practical limit on it.

5.4 Equation of Motion

Based on the classical method of flutter analysis and relating to the vertical bending and
torsion of a bridge, the frequencies of the TMDs are tuned to the neighborhood of the flutter

frequency so as to increase the critical flutter wind speed as shown in Figure 5.2.
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5.4 Equation of Motion

TMD TMD

TMD TMD

Figure 5.2 Location of TMDs for suppressing a- Vertical vibration and b- Torsional vibration

The equation of motion of multi-degree of freedom structure TMDs which consists of
structure, TMD1 and TMD2 motion attached to 4" and k" degree of freedom subjected to
wind load is given in Equation (5.20) besides Equation (5.21) presents the modal analysis

expressions.
miu+cu+ku=p (5.20)
us ¢1 ¢n 0 0 xS
u=jUu=Ax =10 .. 0 1 0fi¥a (5.21)
U2 0 .. 0 0 11X

where ug is a vector of absolute displacement of the main structure; u;; and u;, are absolute
displacement of TMD1 and TMD2 respectively; xg is a vector of generalized-coordinate
displacement of the main structure; x;; and x;, are generalized displacement of TMD1 and
TMD2 respectively; and @, is an n” natural mode shape of the main structure without

TMD, normalizing such that modal mass = 1.

Substitute Equation (5.21) into Equation (5.20) and pre-multiply with transpose of A gives

the equation of motion in modal coordinates, as shown in in Equation (5.22).

Mi + Ci+ Kx = P (5.22)
1 0 0 0
M= [0 w1, 0 0 ‘ = diag(1,1, ..., 1,,, myymyy) (5.23)
lo 0 my O
0 b 0 0 mtz
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5.4 Equation of Motion

C=ATcA
<P1TCS‘P1 0 0 0] [(pl(plh 0 0 0]
= 0 ®,"Cd, 0 0 +Ct1|¢nh¢nh  Ppp@pp —Ppp 0!
I o 0 0 ol l_(pnh o Dpp 1 OJ
l 0 0 0 0J 0 0 0 0
D1 Pyi 0 0 O]
+ Co1 | Pk Pk PnkPnk —Pnr O (5.24)
0 0 0 o0
— Dk Dk 1 0
K=ATkA
&, Tk, - 0 0 ol [ @1P1n - 0 0 0y
= 0 CDnTkS@n 0 0 +kt1|(pnh¢nh Oy Ppp —Pun 0!
I o 0 0 ol l_d)lh o Dy 1 OJ
l 0 0 0 ()J 0 0 0 0
D11 Pk 0 0 0]
+ k1 | PrkPri Pk Pk — Pk 0| (5.25)
0 0 0 0
| —o,, B 1 ol

where my; , ¢, k¢ (i = 1,2) represent mass, damping coefficient and stiffness of TMDI1

and TMD2 respectively.

To achieve the most efficient response suppression of the bridge deck, the optimal damping
ratio of TMD should be considered and to simplify the analysis, structural damping to be
neglected. The optimum damping ratio and optimum frequency ratio parameters of randomly
vibration can be calculated by Equation (5.28) and Equation (5.29) respectively [ Warburton
and Ayorinde, 1980], where p is ratio of TMD mass by structure mass Equation (5.26) and

frequency ratio parameter Equation (5.27).

_Ma
= (5.26)
faope = — (5.27)
B pGu+4)
Saopt = \/ PEEN TR (5.28)

fdopt = & (5.29)
’ ,IZ(M+1)2
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5.5 Finite Element Model of The TMD

5.5 Finite Element Model of The TMD

The model of the TMD is created in ABAQUS as a steel mass structure having material
properties of mass density 7800 kg/m3 and elastic properties of Young's modulus 200+E9 Pa
and Poisson's ratio 0.3, with a rectangular shape and dimensions (4*4*0.24) m. The TMDs
are meshed with standard linear 3D stress C3D8R element type. They are installed and
attached to the slab of the segmental deck of the cable stayed bridge inside the hollows, and
they are connected to the bridge deck on both sides and in the center of the deck so as to
provide both point-wise control forces and control torques. This distribution pattern allows
controlling both the vertical and torsional motions. The TMD is attached to the slab of the
deck by a spring with a variable stiffness and a dashpot having variable damping coefficient
depending on the TMD design parameters (see Figure 5.3). The wind forces on TMDs are
assumed to be negligible because the TMDs are installed inside the segmental deck. It is
assumed that the mass ratio of the TMDs to the equivalent bridge mass is very small,
therefore, the attachment of TMDs does not introduce a meaningful change to the static
equilibrium of the bridge, and the structural mode shapes remain the same as those of the

original cable stayed bridge without the TMDs.

Figure 5.3 Positioning the TMDs

A strong design wind speed used in all simulations which was 54 m/s and the frequency of
the excitation is in such away so that to produce a frequency matching higher mode shapes of
vibrations in the cable stayed bridge model with coupling effects. The wind load assigned in

the simulation is with duration of 30 seconds (see Figure 5.4).
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5.5 Finite Element Model of The TMD
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Figure 5.4 Wind speed fluctuation profile

The wind attack angle is 25° perpendicular to the longitudinal axis of the cable stayed bridge.
Frequency analysis has been undertaken to identify the first 20 mode shapes of vibrations for
the model. In this work we concentrate on the vertical and the torsional vibrations only. The
frequency magnitudes and the types of vibrations for eight mode shapes are available in Table

5.1.

Table 5.1

Vibration modes data

Mode shape Type of vibration Frequency ( Hz)
1 Vertical 0.242
3 Vertical 0.509
6 Vertical —Torsional 0.776
7 Torsional 0.789
9 Vertical 0.883
11 Lateral —Torsional 0.986
16 Vertical —Torsional 1.208
20 Vertical —Torsional 1.631

5.5.1 Mode Shapes Analysis

The process of designing the TMDs to control the vertical and torsional vibrations of the

deck in the cable stayed bridge needs to investigate the frequency analysis to identify the
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5.5 Finite Element Model of The TMD

mode shapes of vibrations, in particular the natural frequency of a certain mode shape that is
equal or is near to the frequency of the exciting wind. The natural frequency of the dominant
mode of vibration is considered in the design process to investigate the optimization of TMDs

parameters. Figure 5.5 shows eight mode shapes of vibrations.

Mode shape 1 Mode shape 3

Mode shape 6 Mode shape 7

Mode shape 9 Mode shape 11

Mode shape 16 Mode shape 20

Figure 5.5 Eight mode shapes of vibrations
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5.5 Finite Element Model of The TMD

The vertical and torsional displacement time-histories at the mid span both for the center and
the outer edge are transformed into frequency domain signals using the Fast Fourier
Transform (FFT) technique by utilizing MATLAB codes, and the corresponding power
spectral density (PSD) of each time-history is shown in Figure 5.6. The energy of the vertical
vibrations of the bridge deck are concentrated on 0.7018 Hz, which is close to the sixth mode
vibration natural frequency of the cable stayed model; and the energy of the torsional
vibrations is centered on 0.7985 Hz, which is close to the seventh mode vibration natural
frequency. Results indicate that the vertical responses of the cable stayed bridge model are
dominated by the sixth mode, and the torsional responses are dominated by the seventh mode,
and it is clear that the two dominant modes are similar in their natural frequencies to a big
content. Thus, the sixth mode shape coupled (vertical-torsional) with natural frequency of
0.776 Hz would be the dominant vibration which would be based on to assign the TMDs
design data so that to get the optimum effect in suppressing the vertical and torsional

vibrations.

60 = =
Power spectral density PSD

o
Al
ol
ol
it -

0 2 4 6 8 10 12 14 16
Frequency f(Hz)

Power P(mZ.s)

a- Vertical displacement

80 : ]
Power spectral density PSD

x 07
70— Ve

60

50

40

Power P(mz.s)

30
20 }
10

0 — 2 r 4 6 8 10 12 14 r16
Frequency f(Hz)

—.
—

—_—
[E—

b- Torsional displacement

Figure 5.6 Power spectral densities of vertical and torsional displacements at the mid span
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5.6 Optimization of TMD Parameters

5.6 Optimization of TMD Parameters

TMD parameters are found using minimax optimization technique proposed by Tsai and Lin.
This technique to calculate the optimum values of frequency ratio and damping ratio for the
specified mass ratio is an iterative numerical search. For a fixed value of frequency ratio, the
maximum displacements for different values of damping ratios are found. Then the minimum
values are selected from the maximum displacements of response, which is the minimax
displacement for that value of frequency ratio. Then the above procedure is repeated for
different values of frequency ratio to find the minimax value of each frequency ratio. Finally,
the smallest minimizes are selected and corresponding frequency ratio and damping ratio are
the optimum parameters of the system having specified mass ratio. The numerical simulations

for all cases are implemented using ABAQUS finite element program.

5.6.1 Optimum Mass Ratio

When TMDs are designed, the mass ratio is an important parameter that is very sensitive to
design the overall weight and the number of these TMDs in order to get the most optimized
results for vibration mitigation. This parameter is the ratio of the TMDs total weight to the
total weight of the cable stayed bridge. Five mass ratios are considered which are (0.25 %,
0.75 %, 1.25 %, 1.75 % and 2.25 %). The dimensions of each TMD are designed (4*4%0.24)
m, they are distributed inside the three hollows of the segmental deck, and due to restriction
of place availability they are positioned parallel along the center line of the cable stayed
bridge model in a symmetrical pattern starting from the mid span region in the left and right
directions, so every mass ratio situation will take a certain number of TMDs (3 numbers, 9
numbers, 15 numbers, 21 numbers and 27 numbers) respectively for each mass ratio case.
Table 5.2 details the design data of the TMDs considering the mode shape 6 with natural
frequency of 0.776 Hz and constant frequency ratios of 1.0 and constant damping ratios of

0.05 which have been used in the simulations.

Table 5.2

Parameters of TMDs for multiple mass ratios

. TMD damping

Mass ratio y | Frequency ratio f TMD str‘llflmess Kd coefficient Cd
N.s/m
0.25 % 1.0 54183 6982
0.75 % 1.0 162549 20947
1.25% 1.0 270915 34912
1.75 % 1.0 379281 48876
2.25% 1.0 487647 62841
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5.6 Optimization of TMD Parameters

These situations are compared to the situation of the cable stayed bridge model excited by the
wind without the application of TMDs so that to compare the result to get the effect of mass

ratio on the vertical and torsional vibrations of the deck.

5.6.2 Results and Discussion

Considering the vertical vibration, the results confirm that the mass ratio of 2.25 % for
designing the TMDs is the optimum case to control the vertical vibration in this model. The
data is calculated for the point at the center above the deck at the mid span. Despite the fact
that the TMDs are in the beginning of the wind excitation are increasing the vertical vibration,
it needed approximately 10 seconds in order to start damping the vertical vibration
(buffeting). This case has an obvious effect in reducing the vertical vibration that reached
34.76 % of its magnitude without adding TMDs (see Figure 5.7). The case of minimum mass
ratio 0.25 % increased 33.20% of the vertical vibration, while the mass ratio of 0.75 %
reduced 12.77 % of the vertical vibration, and the mass ratio 1.25 % increased 9.24 % of the
vertical vibration. Finally the mass ratio 1.75 % has reduced the vertical vibration 15.12 % of

the vertical vibration (see Table 5.3).

Table 5.3

Vertical vibration control efficiency-Mass ratio

Vertical vibration
Mass ratio y
control efficiency %

0.25% -33.20
0.75 % 12.77
1.25% -9.24
1.75 % 15.12
225% 34.76

100

50/

Vertical vibration control efficiency [ % ]
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Figure 5.7 TMD mass ratio effect on the vertical vibration
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5.6 Optimization of TMD Parameters

This means that there is a nonlinear relation in the vertical vibration mitigation due to the
increase of TMDs mass ratio, and due to lack of place availability inside the segmental deck
and load effect in generating stresses due to the application of huge amounts of masses of the

TMDs, the mass ratio application should be limited to a desired quantity.

Relating to the torsional vibration of the deck, it was detected that the increase of the TMDs
mass ratio decreases the torsional (flutter) vibration to a significant amount as follows: for
mass ratio 0.25 % decreased 13.72 % and for mass ratio 0.75 % decreased 33.80 %, and for
mass ratio 1.25 % decreased 39.59 % while for mass ratio 1.75 % decreased 50.81% and
finally for mass ratio 2.25 % decreased 58.47 %, (see Figure 5.8 and Table 5.4). This is an
indication that the weight of the TMDs helps to balance the torsional vibration because the
TMDs are opposing the torsional vibration by their mass moments in the opposite direction.
This means that increasing mass ratio has a significant effect in mitigating the torsional

vibration of the deck.

Table 5.4

Torsional vibration control efficiency-Mass ratio

Torsional vibration
Mass ratio y
control efficiency %

0.25% 13.72

0.75 % 33.80

1.25% 39.59

1.75 % 50.81

2.25% 58.47
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Figure 5.8 TMD mass ratio effect on torsional vibration

From the results above, it is clear the importance of using TMDs with the mass ratio 2.25%
to secure both the mitigation of the vertical vibration to 34.76% and the torsional vibration to

58.47%.
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5.6 Optimization of TMD Parameters

5.6.3 Simulation of The Models

The mass ratio effect on the vertical and torsional vibrations of the cable stayed bridge is
simulated in ABAQUS and the following simulations (see Figure 5.9) show the situations of
vibrations due to wind excitation at time history of 30 seconds. The location of data collection
is at the mid span of the deck first at the center point and the second at the right and left outer
edges, where the first point is a reference to calculate the change in the vertical displacement
in each case and the second two points are used to calculate the change in the torsional

displacement.

No TMDs Mass ratio = 0.25 %

Mass ratio = 0.75 % Mass ratio = 1.25 %

Mass ratio = 1.75 % Mass ratio = 2.25 %

Figure 5.9 TMDs mass ratio effect on vertical and torsional vibrations

5.6.4 Optimum Frequency Ratio

Another parameter of designing TMDs is the frequency ratio, which is the ratio of the TMD
frequency and the natural frequency of the structure. The frequencies of the TMDs are tuned

to the natural frequency of the cable stayed bridge or near this frequency that belongs to the
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5.6 Optimization of TMD Parameters

dominant mode shape of vibration. As mentioned in previous section, the dominant mode of
vibration is the mode shape 6, so the frequencies of the TMDs are tuned to 0.776 Hz which
has been calculated from the frequency analysis. Five frequency ratios cases which are (0.8,
0.9, 1.0, 1.1 and 1.2) would be utilized to detect the optimum reduction of the vertical and
torsional vibrations. Table 5.5 shows the magnitudes of the stiffness and the damping
coefficient of the TMDs for constant damping ratios of 0.05 and constant mass ratios of 2.25

% which was the best case to reduce the vertical and torsional vibrations.

Table 5.5

Parameters of the TMD for multiple frequency ratios

Frequency ratio | Mass ratio | TMD stiffness Kd | TMD damping coefficient Cd
f M N/m N.s/m
0.8 2.25% 312094 50273
0.9 2.25% 394994 56557
1.0 2.25% 487647 62841
1.1 2.25% 590052 69125
1.2 2.25% 702211 75409

5.6.5 Results and Discussion

To consider the vertical vibration, the TMDs in the beginning of the wind excitation are
increasing the vertical vibration, and it needed approximately 10 seconds in order to start
mitigating the vertical vibration. It was detected that the case of frequency ratio 1.2 has the
largest effect in reducing the vertical vibration that reached 50.47% of its magnitude without
applying TMDs (see Figure 5.10). The case of frequency ratio 0.8 increased 21.76% of the
vertical vibration, while the frequency ratio of 0.9 decreased 6.16 % of the vertical vibration
and the frequency ratio of 1.0 decreased 34.76 % of the vertical vibration, but in other hand
the frequency ratio of 1.1 has decreased 46.18 % of the vertical vibration (see Table 5.6).
There is linearity in the vertical vibration mitigation due to the change in frequency ratio
design parameter till frequency ratio 1.0, after that the mitigation is less and tend to be stable
or with a very small change. The reduction in the vertical vibration between the two
frequency ratios 1.2 and 1.1 are near to each other, so the frequency ratio 1.1 can be
considered the suitable ratio to assign the TMDs frequencies which is near to the natural

frequency of the cable stayed bridge to optimize mitigating the vertical vibration of the deck.
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5.6 Optimization of TMD Parameters

Table 5.6

Vertical vibration control efficiency-Frequency ratio

Vertical vibration
Frequency
ratio f control efficiency %
0.8 -21.76
0.9 6.16
1.0 34.76
1.1 46.18
1.2 50.47
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Figure 5.10 TMD frequency ratio effect on the vertical vibration

Related to torsional vibration, all the frequency ratio cases have shown significant reduction
of the torsional vibration of the deck (see Figure 5.11 and Table 5.7). The change in the ratios
has a very little effect on the results. Considering the frequency ratio 0.8, the torsional
vibration was reduced to 58.74 % and for frequency ratio 0.9 decreased 58.25%, and for
frequency ratio 1.0 decreased 58.47% while for frequency ratio 1.1 was decreased to 58.36 %
and finally for frequency ratio 1.2 decreased 58.12%. This means that changing the
frequency ratio of the TMDs has an appreciable effect in mitigating the torsional vibration of
the deck in the cable stayed bridge till reaching the frequency ratio 1.0 or near the natural
frequency of the cable stayed bridge but after that it has a small effect especially for large

TMD mass ratios.

From the results discussed above, it is essential to use the frequency ratio 1.1 to tune the
TMDs near to the natural frequency of the cable stayed bridge for the dominant mode shape 6
so that to control the vertical vibration to 46.18 % and to reduce the torsional vibration to

58.36%.
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5.6 Optimization of TMD Parameters

Table 5.7

Torsional vibration control efficiency-Frequency ratio

Torsional vibration
Frequency
ratio f control efficiency %
0.8 58.74
0.9 58.25
1.0 58.47
1.1 58.36
1.2 58.12
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Figure 5.11 TMD frequency ratio effect on torsional vibration

5.6.6 Optimum Damping Ratio

The damping ratio parameter is considered for designing TMDs in vibration control, and it is

the ratio of the TMD damping coefficient to the critical damping coefficient of the main

structure. Five damping ratios (0.01, 0.05, 0.1, 0.15 and 0.2) are used to calculate the

optimum reduction in the vertical and torsional vibrations. Table 5.8 shows the magnitudes of

the stiffness and the damping coefficient of the TMDs considering these five damping ratio

cases with constant frequency ratios of 1.0 and constant mass ratios of 2.25 %.

Table 5.8

Parameters of the TMD for multiple damping ratios

Damplgg ratio Mass” ratio TMD st'jli;fnr:ess Kd Irg:‘:ggﬁf 'gg
0.01 2.25% 487647 12568
0.05 2.25% 487647 62841
0.10 2.25% 487647 125682
0.15 2.25% 487647 188523
0.2 2.25% 487647 251364
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5.6.7 Results and Discussion

Considering the vertical vibration, the results confirm that the damping ratio of 0.2 for
designing the TMDs is the optimum case to control the vertical vibration in this model. The
case of damping ratio 0.2 has the largest effect in reducing the vertical vibration which
reached 46.00% of its magnitude without applying TMDs (see Figure 5.12 and Table 5.9). The
case of damping ratio 0.01 decreased 33.03 % of the vertical vibration, while the damping
ratio of 0.05 decreased 34.76 % of the vertical vibration and the damping ratio of 0.1
decreased 38.93 % of the vertical vibration, but the damping ratio of 0.15 has decreased 43.74
% of the vertical vibration. Approximately a linear relation is apparent in the vertical

vibration mitigation due to the change of damping ratio.

Table 5.9

Vertical vibration control efficiency-Damping ratio

Damping ratio Vertical vibration
§ control efficiency %
0.01 33.03
0.05 34.76
0.10 38.93
0.15 43.74
0.2 46.00
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Figure 5.12 TMD damping ratio effect on the vertical vibration

Considering the reduction of the torsional vibration of the deck (see Figure 5.13 and Table
5.10). For damping ratio 0.01 the torsional vibration was reduced to 41.52% and for damping
ratio 0.05 decreased 41.54%, and for damping ratio 0.1 decreased 41.52 % , and for damping
ratio 0.15 was increased to 41.53 % and finally for damping ratio 0.2 decreased 41.56 %.
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This means that changing the damping ratio of the TMDs has no effect on mitigating the

torsional vibration of the deck in the cable stayed bridge for this range of damping ratios.

Table 5.10

Torsional vibration control efficiency-Damping ratio

Damping ratio Torsional vibration
$ control efficiency %
0.01 41.52
0.05 41.54
0.10 41.52
0.15 41.53
0.2 41.56
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Figure 5.13 TMD damping ratio effect on the torsional vibration

Through the evaluation of the results, it is recommended to use the damping ratio 0.2 for

assigning TMDs damping coefficient so that to control the vertical vibration to 46.00% and to

reduce the torsional vibration to 41.56%.

From the minimax optimization technique results done for the three design parameters, it was
found that the use of TMDs with mass ratio 2.25%, frequency ratio of 1.1 and damping ratio

0.2 is the optimal case to guarantee the most efficient control of vertical and torsional

vibrations of the deck.

5.7 Validation of The TMDs Models

The validation of the results for the TMDs design parameters is based on the comparison
with the benchmarks from the literature which have been considered in the introduction

section of this chapter. The first benchmark is the results obtained by Wang and co-authors

114



5.7 Validation of The TMDs Models

for two TMDs design parameters mass ratio and damping ratio effects on the vertical
vibration of the deck for Sutong Bridge. The second benchmark is the results obtained by Lin

and co-authors for TMDs mass ratio effect on the vertical and torsional vibrations of the deck.

5.7.1 Wang and Co-authors Benchmark

The following Figure 5.14 is showing the curves of the results of the vertical vibration control
efficiency considering mass ratio obtained by Wang and co-authors and the results obtained

from the finite element model.
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Figure 5.14 Validation for TMDs mass ratio effect on the vertical vibration of the deck

The control efficiency of the vertical vibration obtained from the results of Wang and co-
authors starts from 19.25% for mass ratio of 0.25% while it starts from -33.20% for the results
obtained from the finite element model. The curve of results for the FE model reaches near
the curve of the results of Wang and co-authors at mass ratio 0.75% with a control efficiency
of 12.73% and 25% for the latter. The nearest position is at mass ratio 2% with a value of
25% and 29% for the latter. The results obtained from the FE model showed a good

agreement with the results of Wang and co-authors at mass ratio range of (2% - 2.25%).

The curves of the results for the vertical vibration control efficiency considering the effect of
damping ratio for both Wang and co-authors and the finite element model are shown in Figure
5.15. The control efficiency of the vertical vibration obtained by Wang and co-authors start
with 26.70% for damping ratio of 0.01, while this output starts with 33.03% for the same
damping ratio obtained from the finite element model and the two response curves are
coinciding till the damping ratio 0.03. The control efficiency curve for Wang and co-authors

ends with 22.25% for damping ratio 0.08 and the curve of the finite element model has a
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value of 36% at the same damping ratio. Supporting on the comparison between the two

results, a good agreement exists between them in the damping ratio range (0.01-0.03).
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Figure 5.15 Validation for TMDs damping ratio effect on the vertical vibration of the deck

5.7.2 Lin and Co-authors Benchmark

Considering the aerodynamic coupling between the vertical and torsional vibrations for the
dominant mode shape of vibration, and when the mass ratio of the TMDs is 2%, the control
efficiency of the vertical vibration of the deck obtained from the results of the finite element
model was 25%, and it was the same value 25% obtained from Lin and co-authors. This
indicates that the two results have an excellent agreement, which pours to the validity of the

obtained results from the finite element model.

5.8 Global Sensitivity Analysis

Global sensitivity analysis studies how the uncertainty in the output of a model numerical or
otherwise can be apportioned to different sources of uncertainty in the model input. A good
sensitivity analysis should run analyses over the full range of plausible values of key
parameters and their interactions, to assess how impacts change in response to changes in key
parameters. Global sensitivity analysis methods such as Sobol's sensitivity indices have been
widely applied recently. Global sensitivity analysis explores the parameter space so that they
provide robust sensitivity measures in the presence of nonlinearity and interactions among the
parameters. Global sensitivity analysis, however, can be computationally intensive, since they

require sampling parameter sets. Several approximation methods have been developed to
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5.9 Box-Behnken Sampling Method

reduce the computational cost. Global sensitivity analysis can provide additional information

for improving the system understanding.

Sobol sensitivity indices for the three design parameters (mass ratio, frequency ratio and
damping ratio) are utilized to obtain the control efficiency of vertical and torsional vibrations

of the deck after application of MTMDs.

5.9 Box-Behnken Sampling Method

Box-Behnken experimental design was based on to identify the relationship between the
response functions (vertical vibration and torsional vibration) of the deck in the cable stayed
bridge model and the three design variables of the TMDs (mass ratio, frequency ratio and
damping ratio). Box-Behnken design is rotatable second-order designs based on three-level
incomplete factorial designs. The special arrangement of the Box-Behnken design levels
allows the number of design points to increase at the same rate as the number of polynomial
coefficients. For three factors, for example, the design can be constructed as three blocks of
four experiments consisting of a full two-factor factorial design with the level of the third

factor set at zero.
Box-Behnken design requires an experiment number according to:
N=2z"+z+c, (5.30)

where z is the factor number and ¢, is the replicate number of the central point. Box-
Behnken is a spherical, revolving design. Viewed as a cube (Figure 5.16.a), it consists of a
central point and the middle points of the edges. However, it can also be viewed as consisting
of three interlocking 22 factorial design and a central point (Figure 5.16.b). It has been applied

for optimization of several chemical and physical processes.
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a- The design, as derived from a cube b- Interlocking 22 factorial experiments

Figure 5.16 Box-Behnken experimental design
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5.9 Box-Behnken Sampling Method

For the three-level three-factorial Box-Behnken experimental design, a total of 15

experimental runs shown in Table 5.11 are needed. The model is of the following form:
Y =Bo+ Prixs + Boxy + Baxs + Prax? + Prpx?, +

Bazx’3 + B12x1 Xz + P13Xy X3 + Pr3xy X3 (5.31)

where y is the predicted response, 5, model constant; x;, x, and x3 independent variables;
B1, B and B3 are linear coefficients; 1,, B13 and S,3 are cross product coefficients and 4,
B, and B35 are the quadratic coefficients. The coefficients, i.e. the main effect §; and two
factors interactions f;; have been estimated from the experimental results by computer
simulation programming applying least square method using MATLAB [Ferreira et al., 2004;
Rana et al., 2004; Kannan et al., 2004; Kincl et al., 2005; Souza et al., 2005; Ferreira et al.,
2007; Zhao and Tiede, 2011; Tekindal et al., 2012; Karmakar et al., 2012; Pasma et al., 2013;
Qiuetal., 2014].

Table 5.11

The level of variables chosen for the Box-Behnken design

Coded variable level
Variable Symbol Low Center High
-1 0 +1
Mass ratio X4 0.0025 0.0125 0.0225
Frequency ratio X, 0.8 1.0 1.2
Damping ratio X3 0.01 0.105 0.20

The following Table 5.12 is showing both the coded and actual variable values that are related
to the 15 runs of the simulation of wind excitation with application of TMDs to reduce the
vertical and torsional responses of the deck utilizing variation in the three design parameters

mentioned above.
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5.9 Box-Behnken Sampling Method

Table 5.12

Box-Behnken design with coded and actual values for three size fractions

Coded level of variables Actual level of variables
Run no. Mass | Frequency | Damping

X1 Xz X3 ratio ratio ratio
1 -1 -1 0 0.0025 0.8 0.105
2 +1 -1 0 0.0225 0.8 0.105
3 -1 +1 0 0.0025 1.2 0.105
4 +1 +1 0 0.0225 1.2 0.105
5 -1 0 -1 0.0025 1.0 0.01
6 +1 0 -1 0.0225 1.0 0.01
7 -1 0 +1 0.0025 1.0 0.2
8 +1 0 +1 0.0225 1.0 0.2
9 0 -1 -1 0.0125 0.8 0.01
10 0 +1 -1 0.0125 1.2 0.01
11 0 -1 +1 0.0125 0.8 0.2
12 0 +1 +1 0.0125 1.2 0.2
13 0 0 0 0.0125 1.0 0.105
14 0 0 0 0.0125 1.0 0.105
15 0 0 0 0.0125 1.0 0.105

5.9.1 Surrogate Models Results

The regression coefficients calculated from the second-degree model both for vertical and

torsional actual responses obtained using Box-Behnken method. Total of 15 runs are used to

formulate the surrogate models for the predicted vertical and torsional vibrations control

efficiency based on quadratic orders. The surrogate model for the case of vertical vibration

control efficiency has a coefficient of determination R’ of 99.45% (see Figure 5.17) which is a

very good representation of the predicted system response and just 0.55% of the system

response still unexplained.
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Figure 5.17 Coefficient of determination-Vertical vibration control efficiency

The surrogate model for the case of torsional vibration control efficiency has a coefficient of

determination R’ of 99.99% (see Figure 5.18) which is an excellent approximation for the

prediction of the system response and just 0.01% of the system response still unexplained.
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Figure 5.18 Coefficient of determination-Torsional vibration control efficiency

5.9.2 Sensitivity Indices Results and Discussion

The main orders of sensitivity indices for each design parameter in addition to their

interaction orders were calculated considering the convergence process recommending the

use of 250 samples to calculate the vertical vibration control efficiency (see Figure 5.19).

Furthermore, the main and interaction orders of sensitivity indices for each design parameter

were calculated supporting on 100 samples to calculate the torsional vibration control
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5.9 Box-Behnken Sampling Method

efficiency (see Figure 5.20). Supporting on the calculated results, the total sensitivity indices

for each design parameter have been calculated (see Table 5.13).

In relation with the vertical vibration control efficiency , the total order sensitivity index of
design parameter mass ratio X1 is 0.6979, this value is bigger than the total order sensitivity
index of design parameter frequency ratio X2 which is 0.2279, also it is much bigger than the
total order sensitivity index of design parameter damping ratio X3 which is 0.0883, this
means that the vertical vibration control efficiency is 69.79% due to variation in mass ratio
between the TMDs and the cable stayed bridge, and it is 22.79% due to the variation in
frequency ratio between the natural frequencies of the TMDs and the cable stayed bridge, also
it is 8.83% due to the variation in the damping ratio between them. While the interaction
index between the design parameter X1 and X2 is 0.0091 and between X1 and X3 is 0.0030,
while between X2 and X3 is 0.006, which means that there is a small interaction between the

input factors taking part in the variation of the vertical vibration control efficiency.

Table 5.13

Sensitivity indices

Sensitivity indices Vertical vil_)r_ation Torsional v_ib_ration
control efficiency control efficiency
first order X1 0.6851 0.9997
first order X2 0.2176 0.0000
first order X3 0.0840 0.0001
sum of first orders 0.999329 0.999961
interaction between X1 and X2 0.0091 0.0001
interaction between X1 and X3 0.0030 0.0001
interaction between X2and X3 0.0006 0.0000
total order of X1 0.6979 0.9999
total order of X2 0.2279 0.0002
total order of X3 0.0883 0.0002
sum of total orders 1.0141 1.0003

While considering the torsional vibration control efficiency, the total order sensitivity index
of X1 is 0.9999, which can be named the controlling design parameter which is much bigger
than the total order sensitivity index of X2 which is 0.0002, also it is much bigger than the
total order sensitivity index of X3 which is 0.0002, this means that the torsional vibration
control efficiency is dependable 99.99% on the mass ratio variation, while it is 0.02% due to
the frequency ratio variation, and itis 0.02% due to the variation in damping ratio. While the
interaction index between X1 and X2 is 0.0001 and between X1 and X3 is 0.0001, while
between X2 and X3 is 0.0000, this proofs that the surrogate model is additive approximately

121



5.9 Box-Behnken Sampling Method

which means that there is no interaction between design parameters take part in the variation

of the torsional vibration control efficiency.

5.9.3 Convergence of The Results

The process of global sensitivity analysis supporting on Sobol's sensitivity indices requires
certain or adequate samples of experiments to find out the predicted effect of the design
parameters on the response of the system. The most efficient number of samples is being
identified through the convergence of the sum of first orders and total sensitivity indices of
the design parameters. All the sensitivity indices (first orders, interaction orders and total
orders) for each design parameter have been calculated using m MATLAB codes. Two
outputs have been utilized in the process of converges, the vertical vibration and torsional
vibration control efficiency. Figure 5.19 and Figure 5.20 show the relation between the number
of samples and the sum of first orders sensitivity indices, in the same time between the

number of samples and the sum of total sensitivity indices of all design parameters.

For the case of vertical vibration control efficiency (see Figure 5.19), the two curves of the
sum of first orders and total orders of sensitivity indices at the beginning are not coinciding to
reach convergence till 250 samples. After this stage the two curves are starting to converge at
the 250 number of samples, where the two curves continue to remain in a stable position after

many times of changing the number of samples starting from 250 samples.
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Figure 5.19 Convergence of sensitivity indices-Vertical vibration control efficiency

While for the torsional vibration control efficiency (see Figure 5.20) the two curves are trying
to reach convergence earlier than the previous case, the convergence starts at 100 number of

samples and the process continues in the stability pattern.
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Figure 5.20 Convergence of sensitivity indices-Torsional vibration control efficiency

The convergence results of the two cases necessitate utilizing 250 samples of experiments to
efficiently get the predicted rational effects of each design parameter on the variation of the
vertical vibration control efficiency, and to consider 100 samples to obtain the predicted

rational effects of the design parameters on the variation of the torsional vibration control
efficiency.
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Chapter 6

Novel Structural Modification

6.1 Flutter Wind Speed

The flutter and buffeting response analysis of long span cable supported bridges exposed to a
turbulent wind excitation is generally performed in the frequency domain based on the
approach originally. The primary effect of the self-excited forces is to change the structural
damping through the aerodynamic damping [Chen et al., 2001 and Sato et al., 2002]. The
torsional-to-vertical frequency ratio is decisive for the critical flutter wind speed. In
traditional bridge design, this means that the required torsional stiffness of the bridge deck is
increased when the span goes up, which means that the mass of the bridge deck per unit
length is increased. The principle of decreasing the torsional frequency to the level of the
vertical frequency or below has been labeled the non-flutter design principle [Dyrbye and
Hansen, 1997]. Dyrbye and Hansen, 1997 explained that for very long span suspension
bridges, the torsional rigidity of a closed box girder is too small to resist flutter. In order to
obtain large critical flutter wind speeds, they proposed a design in which the torsional and
vertical frequencies deliberately were made identical. This concept was validated

experimentally by [Bartoli ez al., 2008 and Andersen et al., 2014].

6.2 Flutter Analysis

Identifying the flutter wind speed for the design of long span bridges, needs to perform wind
tunnel analysis so that to calculate the flutter derivatives in addition to using frequency
domain. A vibrating bridge deck under wind flow creates self-induced forces that depend on
displacement vector y = (v,w, @ ,) and its derivative, where v is horizontal, w is vertical

and ¢, is the rotational degrees of freedom of the deck (see Figure 6.1).

The relationship between aeroelastic force f, and the displacement vector can be written

employing flutter derivatives as formulated by [Simiu and Scanlan, 1986].
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Figure 6.1 Wind induced forces (lift and drag) and moment in the deck

where B is the deck width, p is the air density, V is the acting wind speed, K= Bw /V is the
reduced frequency with @ as the response frequency, A;, H; and P; (i =1, .....,6)are the
flutter derivatives obtained experimentally. The multimodal flutter analysis is used to solve

this problem. Equation (6.1) can be expressed in a matrix form as:

fz= K,y + C,y (6-2)

where K, and C, are aeroelastic stiffness and damping matrices, while y represents a
displacement vector of a node along the deck. The matrices K, and C, for the entire bridge,
can be obtained by assembling the matrix of each bar element of the deck. The dimension of
the matrices coincides with the total number of degree of freedom of the bridge deck. The
system of equations that governs the dynamic behavior of the deck under aeroelastic forces is
expressed as:

My+Cy +Ky=f, (6.3)

where M, C, and K are mass, damping, and stiffness matrices. By combining Equation (6.2)

and Equation (6.3), we get:
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6.3 Finite Element Model After Modification

My+(C-C,)y +(K— K,)y=0 (6.4)

In order to solve the problem of Equation (6.4), a modal analysis is performed. The
displacement vector can be written as a function of the most relevant m mode shapes grouped
by a modal matrix @.

y = dGekt (6.5)

where u and G are complex values. By plugging Equation (6.5) into Equation (6.4), the

system is transformed to:

(U2IG + uCr G + KzG) ett =0 (6.6)

TMD =1, ®T(C—C,)P=Chr, PT(K—K,)P) = Ky

Equation (6.6) becomes a nonlinear eigenvalue problem as:

(A—ul) Gett =0 (6.7)

In order to solve this problem, we need mode shapes and natural frequencies of the bridge
under study, which can be obtained by a finite element model. The solution to Equation (6.7)
is expressed as u;_ 6 . iy; (j = 1, ....,2m) where 0 is related to structural damping and y is
the damping frequency. Flutter is produced when 6 becomes null with increasing wind speed.

This eigenvalue problem is solved to obtain flutter speed.

6.3 Finite Element Model After Modification

Two lateral steel beams 146 m length, 0.5 m thickness and 10 m width at the pylons and 5 m
width at the middle part are added to the middle span tied with the deck and the pylons (see
Figure 6.2 and Figure 6.3). The lateral steel beams are modeled as (B31: A 2- node linear beam
in space) elements. The mass density of the steel beam is 7800 Kg/m®, Young’s modulus of

elasticity is 2.0E+11 and Poisson’s ratio is 0.3.
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Figure 6.2 Finite element model before structural modification

\

Lateral Steel Beam

Figure 6.3 Finite element model after structural modification

A wind speed of 54 m/s has been dedicated in the numerical simulations, and the frequency
of the excitation is arranged to produce a frequency falls in the frequency ranges of first eight
mode shapes of vibrations of the cable stayed bridge model so that to include the vertical and
torsional modes. The wind pressure assigned in the simulations is with duration of 30 seconds

(see Figure 6.4).
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Figure 6.4 Wind speed fluctuation time history
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The wind fluctuation data has been prepared depending on exact data from the literature in
addition to modification of the excitation frequency [Wang ef al., 2010]. It is worthy to
mention that after adding the two lateral steel beams, the level of wind pressure assignation

would be modified because the wind will act on the new added structural member.

6.3.1 Structural Modification and Mode Shapes

The first 8 mode shapes of vibrations have been obtained, the types of vibrations and the
related frequency were determined for each mode shape. The first 4 mode shapes are vertical
vibrations modes for the model before structural modification and their frequencies are 0.242
Hz, 0.347 Hz, 0.509 Hz and 0.613 Hz respectively. While for the model after modification,
the first four mode shapes are vertical vibrations too, and their frequencies are 0.390 Hz,

0.450 Hz, 0.579 Hz and 0.752 Hz simultaneously (see Table 6.1).

Table 6.1

Mode shapes and frequencies

Frequency Frequency
Mode shape Type ( Hz ) before Type ( Hz ) after
modification modification

1 Vertical 0.242 Vertical 0.390
2 Vertical 0.347 Vertical 0.450
3 Vertical 0.509 Vertical 0.579
4 Vertical 0.613 Vertical 0.752
5 Lateral —Torsional 0.655 Lateral —Torsional 0.820
6 Vertical — Torsional 0.776 Vertical 0.856
7 Torsional 0.789 Lateral 0.960
8 Vertical 0.813 Torsional 0.986

This means that no changes took place in the type of vibrations for the mentioned mode
shapes but the magnitudes of frequencies have been increased to higher critical wind speeds
with a difference range of (0.07-0.148) Hz between the two cases. The fifth and sixth mode
shapes for the model before modification are coupled lateral torsional and vertical torsional
vibrations with frequencies 0.655 Hz and 0.776 Hz respectively, and the same mode shapes

for the model after modification are coupled lateral torsional vibrations with frequencies
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0.820 Hz and 0.856 Hz respectively. While the seventh and eighth mode shapes for the model
before modification are torsional and vertical vibrations respectively with frequencies 0.789
Hz and 0.813 Hz respectively. In the other hand the same mode shapes for the model after
modification are lateral and torsional vibrations with frequencies 0.960 Hz and 0.986 Hz
respectively. This indicates that after structural modification the danger of coupling between
the vertical and torsional vibrations has been removed and secured to remote region having

natural frequency of 1.610Hz and safety against flutter instability has been increased widely.

Simulation of frequency analysis for the first eight mode shapes of vibrations of the cable
stayed bridge model before and after structural modification are shown in (Figure 6.5). The
first 4 mode shapes of the model after structural modification have manifested appreciable
decrease in the displacement for the same scale factor as shown by the amplitude of the

displacement of the deck and the magnitude of the displacement represented by color.
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Figure 6.5 Sixteen mode shapes of vibrations before and after structural modification
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While for the mode shape 5, the lateral torsional vibration showed larger torsional
displacement after modification. Furthermore, the mode shapes 6, 7 and 8 has been altered
after the modification totally, where the types of vibrations have been changed and commonly
the frequencies of all the 8 mode shapes have been increased indicating an increase in the

bending and torsional stiffness.
6.3.2 Results of Vertical Displacements

The magnitudes of vertical displacements at the center of the mid span during 30 seconds of
wind excitation after modifying the model of the cable stayed bridge have decreased widely
compared to the same situation before modification. It is worthy to mention that the
amplitudes of vibrations are smaller and the frequency of deck vibration has increased (see
Figure 6.6). The maximum displacement reached is 0.0175 m compared to the maximum
displacement before modification is much smaller where it was 0.0325 m. These results

indicate high suppression of vertical vibrations as a result, stiffer and safer structure.
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Figure 6.6 Time history of vertical vibrations at center of the deck mid-span

6.3.3 Results of Torsional Displacements

The torsional vibrations after the structural modification have decreased in wide range too.
First the maximum torsional displacements reached 0.02 m and the frequency of fluttering has
decreased very obviously till the end of the wind excitation. While the maximum torsional
displacements was 0.035 m before the modification, as well as the fluttering rate was quicker
(see Figure 6.7). This is a firm fact that the structural modification increased the torsional

stiffness of the structure.
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Figure 6.7 Time history of torsional vibrations at outer edges of the deck mid-span

6.4 Results of Control Efficiency

Due to wind excitation for the duration of 30 seconds, the deck exhibited significant vertical
and torsional vibrations. In order to control these vibrations, lateral steel beams to increase the
structural stiffness of the system were adopted. The deck vibrations of the cable stayed bridge
model after structural modification have decreased to a large limit. For vertical displacement
at the mid span of the deck center, the displacement decreased in a wide range in such a way
for the overall response the control efficiency reached 64.73% compared to the same response
of the deck at the same point without structural modification. While the torsional
displacement of the deck at the mid span point decreased too much, and the control efficiency
for this case was 88.69% in comparison with the deck torsional response before structural
modification. This means that this novel method have an efficient action in suppressing both

the vertical and torsional vibrations of the deck.
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Chapter 7

Thermal Fluid-Structure Interaction and
Coupled Thermal-Stress Analysis Due to Fire

7.1 Standard Temperature-Time Fire Curve

Fire is one of the dangerous incidents for structures. Concrete is considered to resist the fire
fairly compared to other materials such as steel and wood. When a high temperature of fire is
exposed to concrete for a long time, mechanical properties of the concrete will be lost. When
concrete is not protected, the experiments demonstrate that it would decrease its mechanical
properties extremely above 300 °C. Standard ISO 834 fire curve is an international

temperature-time curve which is used for heat-transfer analysis for structures (see Figure 7.1).

8001 | —IS0 834 Fire Curve|

]

o 2 4 6 8 10 12 14 16 18 20 22
t[ min ]

Figure 7.1 ISO 834 Standard temp - Time fire curve

This name is originated due to the document number prepared at the International Standard
Organization. The analysis of temperature is set for a specific time duration where the
temperature is a function of time, and the temperature rises as a result of the increase in time,

see Equation (7.1) [Carstensen, 2011; Sangluaia ef al., 2013; Palmklint and Svensson, 2016].
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7.2 Heat-Transfer Analysis

T, =20+345xlog (8t +1) (7.1)

where T, represents the temperature in degree Celsius and t is the time in minutes.

7.2 Heat-Transfer Analysis

The surface of any material element which is exposed to fire is subjected to heat-transfer by
three modes; conduction, convection and radiation. The conduction is responsible of the
internal heat-transfer through concrete structural members only. The temperature gradient
drives heat-transfer from the hot to cold regions, which is called heat flux. Convection heat-
transfer is due to change in the air density depending on the temperature, where this causes
turbulence in the air leading to heat-transfer to nearby regions. Usually convection is ignored
for the exposed surface of concrete because it is responsible of less than10% of heat- transfer
at the exposed area, but it is usually considered only for unexposed areas of the concrete
surface. The radiation takes place when a structure is exposed directly to a fire, where the
surface is heated through heat-transfer [Nakne, 2011; Allam et al., 2013; Patade and
Chakrabarti, 2013 and Ab Kadir, 2013].

The convective heat flux q. is described by Equation (7.2) (EC 1991-1-2 2002).
qc = he(Ts— T,) (7.2)

where h, is convection coefficient, 25 W/m2 K (EC 1991-1-2-2002), T; is surface

temperature (Kelvin) and T, is ambient temperature (Kelvin).

Radiation differs from convection, for heat-transfer there is no need for a medium. It consists
of electromagnetic waves from a region with high energy to a lower energy region. The
emissivity factor is the dependable factor for radiation effect where the materials absorb
radiated energy. The radiation heat flux g, is described by Equation (7.3) (EC 1991-1-2
2002).

Qr=¢*€s*€a*a*(Ts4_ Ta4) (7.3)

where ¢ is shape factor, usually 1.0 when radiation to ambient temperature and no other
surface (EC 1991- 1-2-2002), €; is emissivity of surface, €, is emissivity of ambient, fire

usually 1.0 (EC 1991-1-2-2002) and ¢ is Stephan-Boltzmann’s constant, 5.67¥10® W/m* K*.

The net heat flux is described as the sum of Equation (7.2) and Equation (7.3).
Rpet =4qc+ qr (7.4)
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7.2 Heat-Transfer Analysis

The convective heat flux and radiation heat flux are depending on the temperature difference
between the surface and ambient air. When the temperature is low, the main contribution to
the total heat flux is from convection but when the temperature raises, the effect of radiation

will govern.

7.2.1 Thermal Analysis of a Cable Stayed Bridge

Generally, the differences in the temperature in the longitudinal direction of bridges are not
considered. Only one segmental section of the deck is appropriate to analyze the distribution
of temperature due to fire exposition (see Figure 7.2). The process of heat-transfer in the
segmental deck which is exposed to fire occurs through heat conduction, heat convection and
thermal radiation. Where the heat conduction happens in the interior of the deck and it is
governed by the Fourier heat-transfer equation. While heat convection takes place through
energy exchange between the deck surface and the surrounding air which results in the
diffusion and motion of the air. Furthermore, the radiation occurs via energy transfer from the

fire to the deck and vice versa.

o i = Convection
Motion of surrounding air Emissive radiation

_ y fﬂ-f/

Conduction

[—— \4_ * ? * * ff * _../) > g al Bridge deck
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f _~ ffi Absortive radiation
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Figure 7.2 The heat-transfer process of a segmental bridge deck exposed to fire

7.2.2 Heat-Transfer Theory

The temperature of a point in a bridge can be expressed as T, = T.(x,y, z, t) where X, y, and
z are Cartesian coordinates of the point and t = time. Heat-transfer theory is governed by the

typical Fourier heat-transfer equation:

(7.5)

dT, k(aZTC 0°T, 62TC>
pc =

ot %2 "oy a2

where k = isotropic thermal conductivity coefficient; p = density; and ¢ = specific heat of the
material. The temperature field of a structure at a specific time can be obtained by solving the

preceding Fourier partial differential equation under initial and boundary conditions.
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7.3 Thermal Fluid-Structure Interaction

7.2.3 Thermal Boundary Conditions

There are three types of boundary conditions related to the structural thermal analysis. The
first is that the structural boundary temperature is exactly known. The second is that the heat
flux on the structural boundary is determinate. The third is that the heat flux on the structural
boundary is proportional to the temperature difference between the bridge and the air. The
boundary conditions associated with Equation (7.5) for the thermal analysis of a bridge can

be written as a combination of types 2 and 3:

T,
k——==h(Ta~T;)+q (7.6)

where n is normal to the surface and the heat-transfer coefficient is: h = h,. + h,
which is combining the heat-transfer coefficients of convection h, and thermal irradiation h,

and its unit is W/m’K.

T, is air temperature; Ty is structural surface temperature; and q is boundary heat exchange
per unit area (heat fluxes, positive for inflow). The heat-transfer coefficient of convection h,
is related to wind speed. The wind blowing across the bridge surface significantly affects the
heat-transfer convection coefficient and consequently influences the accuracy of the thermal
analysis results. Previous studies on bridge thermal analysis used a constant value of wind
speed for all structural surfaces. The heat-transfer coefficient of thermal radiation h, depends
on the structural material, surface temperature, and air temperature [Elbadry and Ghali, 1983;

Lienhard and Lienhard, 2003; Choi ef al., 2012 and Zhou et al., 2016].

7.3 Thermal Fluid-Structure Interaction

Thermal fluid-structure interaction (TFSI) happens in many engineering applications, for
example in designing aircraft turbines, vehicle engines and in biomechanical fields. A full set
of interaction phenomenon between the fluid and the solid is available in all mentioned
applications. The interaction comprises the action of the fluid on the solid, also the solid acts
on the fluid and additional heat-transfer exists in the whole system. In TFSI, a thermal field is
considered in addition to the fluid and the structural fields. Considering the thermal field in
the respective domain, flow and solid, describes a volume-coupled problem. The volume
coupling to the thermal field is processed in each domain either with a partitioned approach or
with a monolithic scheme, where surface coupling of the thermal field between the two
domains is required. Therefore, the interaction of fluid, structure and thermo field leads to
many different coupling processes. Reynolds-averaged Navier-Stokes is used to model the

interaction phenomenon and the nonlinear Fourier heat conduction equations are used for the
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7.3 Thermal Fluid-Structure Interaction

fluid and the solid phase, respectively. The thermal fluid-structure interaction investigates the
heat exchange between a heated bridge deck and the air flow due to fire [Pironkov, 2010;
Grilli et al., 2012; Yin et al., 2012; Gleim et al., 2014; Birken ef al., 2015 and Talebi et al.,
2015].

7.3.1 Governing Equations

On a domain Q; c R? the physics is described by a fluid model, whereas on a domain Q,
R a different model describing a structure is used. The two domains are almost disjoint. The
part of the interface where the fluid and the structure are supposed to interact is called the
coupling interface. On this surface the coupling conditions are the temperature and the normal

component of the heat flux which are both continuous across the interface.

7.3.2 Fluid Model

The fluid is modeled using the Reynolds-averaged Navier-Stokes equations, which are a
second order system of conservation laws (mass, momentum, energy) modeling viscous
compressible flow. We consider the two dimensional case, written in conservative variables

density p, momentum m = p v and energy per unit volume £.
herein the following equation represents the viscous shear stress tensor
7, = n (Vv + VvT) (7.7)
and the heat flux is:
q = —AVo (7.8)

As the equation is dimensionless, the Reynolds number Re and the Prandtl number Pr appear.

The equations are closed by the equation of state for the pressure:

p = -1 (pE-05]|v|?) (7.9)
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7.4 Finite Element Model of TFSI

Furthermore, a Spalart-Allmaras one-equation model is used for the existing turbulence. The
spatial discretization is done by a finite volume method whereas a Runge-Kutta method is

used for the time integration.

dp

8pv+ v Qv)+ Vp = ! v 7.11
T (pv @ v) P—E Ty (7.11)
0P wE+r) == 7.y -2 7.12
PR WQE+p) =0 [V-(TV) -5V .q (7.12)

7.3.3 Solid Model

The governing equations within the solid domain €, are given by the balance of heat energy

and the Fourier law:
p-hs(WD), (x,t) = —=div q (x,t,9) — Q(x, 1) (7.13)

q (o, t, ) = —H@IVi(x,t) (7.14)

here, q is the heat flux vector, 1 the temperature of the solid, 1, the temperature rate, p the
density, Q the heating source and H (1) as well as h (i) are the temperature dependent
conductivity and specific heat capacity. The Neumann boundary conditions are the forced
convection ¢ of the fluid together with the thermal radiation € (i) ¢ [ ¥* — & ] at the
surface with the Stefan Boltzmann constant ¢ , the emissivity € () and the bulk temperature

is Y.

7.4 Finite Element Model of TFSI

The finite element model of thermal fluid-structure-interaction between the fire heated
segmental deck of a cable stayed bridge and the surrounding air due to heat-transfer when
there is a wind flow in the same time by considering three fire scenarios is modeled as

follows:

The model of the segmental bridge deck is generated in ABAQUS once in CFD and another
in CSD. The CFD model is with a dimension 2.6 m height and total width of 22 m as shown
in Figure 7.3. The thickness is 0.01 m. The flow domain size is 140 m length and 40 m height.
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7.4 Finite Element Model of TFSI

Material properties for the CFD model are assigned where the air density is 1.29 kg/m’ and
the dynamic viscosity of the air is (1.8E-05) Pa.s. The thermal conductivity of the air is
0.0257 W/m’K, specific heat of air is 1005.4 J/kg.K and the thermal expansion coefficient of
air is 0.00343 K.

Figure 7.3 Deck TFSI-model dimensions

The CFD model part is meshed using CFD element fluid family with FC3DS8: A-8 node
linear fluid brick. The deck wall assigned with 0.4 element size and the flow domain with 1

element size.

The CSD model have the following material properties concrete density is assigned 2643
kg/m’, Youngs modulus 200E+08 and the Poissons ratio 0.2. The role of the steel
reinforcement is neglected for simplicity because the thickness of the CSD model is too small
0.01m and the reinforcement has no direct contact with the air. The thermal conductivity,
specific heat and the thermal expansion coefficient of the concrete are set with amplitudes
supporting on temperature dependent data due to Eurocode EN 1994-1-2.The CSD model part

is meshed using heat-transfer family with DC3D8: A-8 node linear heat-transfer brick.

A flow step with 100 seconds duration is created for the CFD model by activating the energy
equation for temperature to enable the heat-transfer in the flow. An initial condition of fluid
thermal energy is assigned for the whole model both the deck and the fluid domain to
represent the ambient temperature of 293.15 K. Another transient heat-transfer step with 100
seconds is created for the CSD model. Also the same initial condition of temperature 293.15
K is assigned for the CSD model. The step time in each model must be the same, in addition
to adding interaction with the same name in each model for the surfaces of interaction, also
the important issue related to mesh generation is equality of the mesh size in each model.
Four boundary conditions are defined for the CFD model, fluid B.C for the inflow and far
fields assigning the air velocity value in the horizontal direction only (zero attack angle). The
other two directions with zero magnitudes, fluid B.C for the outflow assigning zero pressure

and fluid B.C for the front and back of the flow model with zero velocity magnitude for the
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7.4 Finite Element Model of TFSI

third direction perpendicular to the model (z- direction), and no-slip fluid B.C for the wall

condition of the deck.

A temperature conduction boundary condition is defined for the surface of the CSD model
supporting on three fire scenarios (above, under and beside) the deck by assigning time-
temperature data amplitude due to ISO 834 fire curve. A heat flux load of 100 000 W/m? (fire
flames) is assigned to the surface of the CSD model three times (three fire scenarios). A
convection interaction is assigned (three fire scenarios) with the film coefficient 23.5 W/m’K
and sink temperature 293.15K. A radiation interaction is assigned to the surfaces of the deck
(three fire scenarios) with an emissivity of 0.85 for the concrete and ambient temperature
293.15 K in addition the absolute zero temperature should be activated and assigned -273.15
and the Stefan Boltzmann constant 5.67E-08. A co-simulation job is generated for both the
CFD and the CSD models together to enable transient heat-transfer type of thermal coupling

between the two models.

7.4.1 Fire Scenarios

Three fire scenarios for 100 seconds duration are being considered to analyze the transient
heat-transfer due to the difference in temperature between the surrounding air and the
segmental deck where the incoming wind is cooler supporting on standard ISO 834fire time-
temperature curve. The first situation of the fire is above the segmental deck, the second

scenario is under the segmental deck and the last scenario is beside the deck (see Figure 7.4).

a- Fire scenario-1 b- Fire scenario-2

c- Fire scenario-3

Figure 7.4 Segmental deck exposed to fire scenarios
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7.4.2 Results of TFSI-Models Simulations

The numerical simulation of the finite element model of the deck when exposed to three fire
scenarios for 100 seconds duration which is considered a transient heat-transfer process is
simulated in both the vorticity and temperature fields so that to explain the thermal effect of
fire on the vortex shedding generated due to wind flow with a velocity of 6 m/s. The effect of
the heat-transfer occurs due to conduction, convection and radiation methods, which have

appreciable effect on the generated lift and drag forces in the deck.

Considering fire scenario 1, in the vorticity field the vortices are shed in a regular pattern
from the tail of the deck in the lower region, but in the upper region the vortices tend to
connect at the beginning of the shedding due to fire effect, but after a short distance the
vortices start to separate generating vortex shedding. The connection of the vortices occurs
again and becomes continuous. Regarding the temperature field, the thermal vortices are seen
with a semi regular pattern with difference in the temperature. The temperature of the vortices
is high in the start of the wake region reaching 658.8 °C while it decreases after shedding
from the tail of the deck regularly till 459.3°C (see Figure 7.5.a and Figure 7.5.b).

Regarding scenario 2, in the vorticity field the vortices are shed in a regular pattern from the
tail of the deck in the lower region, but in the upper region the vortices tend to connect at the
beginning of the shedding and after a shortly the vortices separate in the same way as
scenariol. The connection of the vortices occurs again and becomes continuous. While for
the temperature field, the thermal vortices are seen with a vanishing pattern with difference in
the temperature, which is high in the start of the wake region up to 658.8 °C while it
decreases after shedding from the tail of the deck linearly till 592.3°C, where the vortices are
being cooled slower than of the case in scenario 1 (see Figure 7.5.c and Figure 7.5.d). While in
scenario 3, in the vorticity field the vortices are shed in a regular pattern from the tail of the
deck in both the lower and upper regions. The vortices shed continuously with a better pattern
of vortex shedding. While for the temperature field, the thermal vortices are seen with a
continuous pattern with difference in the temperature. The temperature of the vortices is high
in the start of the wake region up to 658.8 °C while it decreases after shedding from the tail of
the deck linearly till 426.1°C which means that the vortices suffer from faster cooling during
shedding compared to the cases of scenario 1 and scenario 2 (see Figure 7.5.e and Figure 7.5.f).
To identify which fire scenario is critical for vortex induced vibration, analysis of generated

lift and drag forces is a must, and it is detailed in the next sections.
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a- Fire scenario 1-Vorticity field b- Fire scenario 1-Temperature field

Step flow
Increrment

c- Fire scenario 2-Vorticity field d- Fire scenario 2-Temperature field

e- Fire scenario 3-Vorticity field f- Fire scenario 3-Temperature field

Figure 7.5 TFSI-Models-Fire scenarios

7.4.3 Results of Lift and Drag Forces-FSI-Models

In order to identify the effect of thermal coupling of fluid-structure interaction due to wind
flow for the deck of the cable stayed bridge during fire incident, analysis of the fire scenarios
without thermal coupling is a valuable step so that to measure the difference in the behavior
of the deck with respect of the vortex induced vibration. The generated lift and drag forces are

other criteria of analysis, where the effect of fire is identified.

When there is no fire incident and just the fluid-structure interaction is considered, the lift
forces amplitudes have a stable and regular frequency with range values (9000-19000) N. The

drag forces have the same regular, stable frequency but lower amplitudes ranging between
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7.4 Finite Element Model of TFSI

(3000-7000) N. The lift forces values are three times of the drag forces values approximately
(see Figure 7.6.a).

Now fire scenarios are added to the numerical simulations to search the effect of transient
heat-transfer without thermal coupling. In fire scenario 1, the fire region is above the deck.
The lift forces values have a stable and regular frequency range of (50-80) N, where these
values are much lower than the values of lift forces in the case of no fire scenario. While the
drag forces have much lower amplitude values than the values of drag forces in the case of no
fire scenario which are between (910-1330) N. The drag forces values are 18 times of the lift
forces values approximately (see Figure 7.6.b). This is an indication that fire scenario 1 will
decrease the lift and drag force in deck to a high ratio which is very significant in suppressing

the vertical and horizontal vibration of the deck.
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Figure 7.6 Lift and drag forces-FSI models

In fire scenario 2, the fire region is under the deck. The lift forces values have a stable and
regular frequency of (50-85) N the same as the scenariolwithout any change. The drag forces

have amplitude values between (910-1330) N the same as scenario 1 without any change (see
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Figure 7.6.c). This is an indication that fire scenario 2 is very significant like the fire scenario

1 in suppressing the vertical and horizontal vibration of the deck to very high ranges.

In fire scenario 3, the fire region is under the deck but just at half of the region in one side
only. The lift forces values have a stable and regular frequency of (35-90) N the same as the
scenariolapproximately. The drag forces have amplitude values between (640-3610) N
different from scenario 1 and scenario 2, where the amplitude of the drag forces are much
higher (see Figure 7.6.d). This is an indication that fire scenario 3 is more important in
increasing the horizontal vibration of the deck, but it decreases the vertical vibration to a

range which near to the range of its values in scenario 1 and scenario 2.

When no thermal coupling is considered, there is a nonlinear behavior of the deck under the
fire scenarios with respect to both vertical and horizontal vibrations of the deck. So a special
consideration should be given to each case supporting on the specifications of a certain design

aims when considering transient heat-transfer due to fire.

7.4.4 Results of Lift and Drag Forces-TFSI-Models

Thermal coupling in the numerical simulations for the fire scenarios is utilized to search the
effect of the of transient heat ransfer on vortex induced vibration of the deck and behavior of
the deck under the generated lift and drag forces. The case of no fire scenario available in the
numerical simulation has been mentioned in the previous section, and here is considered only
for comparison purpose so that to see the effect of thermal coupling on the behavior of the

deck.

Fire scenarios are added to the numerical simulations to search the effect of transient heat-
transfer with thermal coupling. In fire scenario 1, the lift forces values have a stable and
regular frequency range of (4810-11620) N, where these values are lower than the values of
lift forces in the case of no fire scenario up to half of their values approximately. While the
drag forces have higher amplitude values than the values of drag forces in the case of no fire
scenario but with regular repeated amplitudes relatively, and their values are between (2400-
7160) N (see Figure 7.7.b). This is an indication that fire scenario 1 will decrease the lift
forces to the half of its value and increase the amplitude of the drag force in deck. This
behavior proofs that a significant suppression in the vertical vibration will occur and

negatively the horizontal vibration of the deck would be increased.
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Figure 7.7 Lift and drag forces-TFSI| models

In fire scenario 2, the lift forces values have a stable and regular frequency of (4810-11620)
N the same as the scenariolwithout any change. The drag forces have amplitude values
between (2400-7160) N the same as scenario 1 without any change (see Figure 7.7.c). This is
evidence that in fire scenario 2 the deck behaves like its behavior in the case of fire scenario 1
in suppressing the vertical vibration and increasing the horizontal vibration of the deck to a

small range.

In fire scenario 3, the lift forces values have a stable and regular frequency of (1010-4420) N
with a semi regular and stable frequency but much lower than the lift forces values in scenario
1 and scenario 2. The drag forces have amplitude values between (1210-5270) N which is
much lower than its values in scenario 1 and scenario 2 (see Figure 7.7.d). This is an
indication that fire scenario 3 is significant among the other scenarios in mitigating both the

horizontal and vertical vibrations of the deck

When thermal coupling is adopted in the numerical simulations, there is a nonlinear behavior
of the deck under fire scenariol and scenario 2 with respect to both vertical and horizontal

vibrations of the deck. Furthermore, there is a significant behavior of the deck under fire
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scenario3 where both the horizontal and vertical vibrations are being suppressed to a good

extent.

Finally, by comparing the behavior of the deck under fire scenarios in the FSI simulations
and the TFSI simulations, a fact arises which is clear that considering TFSI will result in
significant suppression of both horizontal and vertical vibrations in scenario 3 where the fire
is under the deck at one side. The same suppression in vertical vibration occurs in both

scenario 1 and scenario 2 but with a small increase in the horizontal vibration.

7.4.5 Results of Lock-in Phenomenon

To analyze the vortex shedding and generation of lock-in phenomenon, TFSI models are
utilized supporting on the fire scenario 2 because the critical maximum lift and drag forces are
generated in this scenario. Twenty five TFSI models and twenty five FSI models are utilized
supporting on different wind flow velocities starting from 1 m/s to 15 m/s this after thorough
investigations to identify the first lock-in region in advance before starting analysis. The first
lock-in region for TFSI models was found to be between wind velocity (9-11.8) m/s and
between (10-11.5) m/s for FSI models (see Table 7.1). Numerical simulations for all the
models are utilized to identify the vortex shedding frequencies where lock-in regions are

located (see Figure 7.8).

The vortex shedding frequency for TFSI models is starting from 0.122 Hz for the wind
velocity 1 m/s and linearly continues till the wind velocity 8 m/s with shedding frequency of
0.979 Hz. After this point the vortex shedding frequency tends to reach a constant point of
1.059 Hz at wind velocity 9 m/s. The vortex shedding will remain constant approximately till
wind velocity11.8 m/s at shedding frequency of 1.122 Hz. The wind velocity region from 9
m/s to 11.8 m/s is called lock-in region. While for FSI models the vortex shedding frequency
starts at 0.111 Hz where the wind velocity is 1 m/s and the curve continues to rise linearly till
shedding frequency of 1.154 Hz for wind velocity 10 m/s. The shedding frequency becomes
constant until shedding frequency 1.183 Hz at wind velocity 11.5 m/s. The constant region is

the lock-in region for FSI model (see Figure 7.8).

In this region the amplitude of vibrations is independent from the shedding frequency despite
of the increase in wind velocity, where resonance is expected to occur and serious damage, or

may be failure of the structure to take place.
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Ns [Hz]
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Table 7.1

Lock-in data for TFSI and FSI models

Figure 7.8 Lock-in Phenomenon - TFSI and FSI models

TFSI models FSI models
Wind Vortex shedding Vortex shedding
Velocity m/s frequency Hz frequency Hz
1 0.122 0.111
2 0.255 0.221
3 0.383 0.329
4 0.506 0.455
5 0.612 0.571
6 0.734 0.676
7 0.856 0.809
8 0.979 0.942
9 1.059 1.067
10 1.069 1.154
11 1.087 1.164
11.5 1.111 1.183
11.6 1.112 1.233
11.7 1.117 1.236
11.8 1.122 1.363
11.9 1.456 1.369
12 1.468 1.386
12.1 1.481 1.456
12.2 1.493 1.412
12.3 1.505 1.447
12.4 1.517 1.465
12.5 1.53 1.485
13 1.591 1.535
14 1.713 1.617
15 1.861 1.777
.
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///
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7.5 Validation of TFSI-Models

The results of lock-in phenomenon calculated from the numerical simulations of TFSI
models in addition to FSI models are validated with Simiu and Scanlan benchmark which are
the numerical results of the lock-in obtained by them. The lock-in region of TFSI models
starts from wind velocity 9 m/s and continues till wind velocity of 11.8 m/s, while for FSI
models the wind velocity range in lock-in region is (10-11.5) m/s. When comparing the two
results with the lock-in region by Simiu and Scanlan it is clear the two models are having the
same shape and the same constant region of shedding frequencies approximately which is a
very good agreement between al the results (see Figure 7.9). In the same time the comparison
between the results of lock-in region of TFSI and FSI models, shows that the results of TFSI
models has wider lock-in region or wider critical wind velocity range and earlier critical wind
velocity is detectable in addition to lower natural frequency of the system for vibration at
lock-in region which is very significant in the design of long span bridges regarding

vibrations due to wind excitations.
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Figure 7.9 Lock-in TFSI-models validation

7.6 Coupled Thermal-Stress Analysis

Coupled thermal-stress in bridges is a heat-transfer simulation which induces stresses
through thermal expansion of the structure due to elevated temperature of the structure. The
thermal effects on the bridges are expansion and deformations of the structure, stresses
inducing cracks or spalling of the concrete depending on the duration of the heating source, in

this analysis the source is three scenarios of fire incidents.
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Modeling of thermal-stress analysis or coupled problems in general [Zhuang et al., 2014]
poses significant challenges on the computational methods, particularly when coupled with
fluid-structure interaction and fracture. [Rabizadeh et al., 2016] proposed an adaptive FE
analysis for thermoelasticity problems in the context of the finite element method. Efficient
approaches to fracture include meshfree methods [Rabczuk et al., 2004; Rabczuk and
Belytschko, 2005; Amiri et al., 2014; Amiri et al., 2016] the extended finite element method,
phantom node methods [Rabczuk et al., 2008; Chau-Dinh et al., 2012; Vu-Bac et al., 2013],
extended meshfree methods [Rabczuk and Areias, 2000; Rabczuk and Belytschko, 2006;
Rabczuk et al., 2007; Zi et al., 2007; Rabczuk and Zi , 2007; Rabczuk et al., 2007; Bordas et
al., 2008; Rabczuk et al., 2008; Rabczuk ef al., 2010; Amiri et al., 2014], efficient remeshing
techniques [Areias et al., 2013; Areias et al., 2013; Areias et al., 2013; Areias et al., 2015;
Areias et al., 2016], screen-Poisson models [Areias et al., 2016 and Areias et al., 2016],
cracking particles methods [Rabczuk and Belytschko, 2004; Rabczuk and Areias, 2006;
Rabczuk and Belytschko, 2007; Rabczuk er al., 2007; Rabczuk and Samaniego, 2008;
Rabczuk et al., 2010], anisotropic softening elements [Areias et al., 2014], extended IGA
[Ghorashi et al., 2015; Jia et al., 2015; Nguyen-Thanh et al., 2015; Quoc et al., 2016],
multiscale methods for fracture [Talebi et al., 2013; Budarapu et al., 2014; Silani et al., 2014;
Talebi et al., 2014; Budarapu et al., 2014; Talebi et al., 2015; Silani et al., 2016] and
peridynamics or dual-horizon peridynamics formulations [Vu-Bac et al., 2015; Amani et al.,
2016; Ren et al., 2016; Vu-Bac et al., 2016; Ren et al., 2017 ], to name a few though IGA and
XFEM has also been exploited for other applications [ Nanthakumar ef al., 2013; Valizadeh et
al., 2015; Nguyen et al., 2015; Anitescu et al., 2015; Nanthakumar et al., 2015; Ghasemi et
al., 2017; Chan et al., 2017; Rabczuk and Ren, 2017; Hamdia et al., 2017; Areias and
Rabczuk, 2017 ]. Fluid-structure interaction driven fracture has been proposed for instance in
[Rabczuk et al., 2010]. However, a coupled thermal stress analysis involving fluid-structure

interaction and fracture has not been carried out so far.

7.6.1 Thermal Cracking and Spalling of Concrete

Excessive differences in temperature within a concrete structure or its surrounding result in
thermal cracking. This causes contract of the cool part more than the warmer part and
consequently the contraction would be restrained. When the tensile stresses exceed the tensile
strength of the concrete, the thermal cracks appear. When extreme temperature differences
occur, thermal cracks with a random pattern appear on the concrete structural element.
Spalling is another aspect of thermal stresses inducing thermal strains which end with the
cracking and spalling of portions of concrete. The high temperature and intensity of the fire
causes bursting pressure in the moisture trapped within the microstructure of the concrete.

Due to unequal thermal expansion between the aggregates, cementitious paste and the steel
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bars can increase spalling of the concrete. In addition to material properties of the concrete,
geometric parameters like section shape and size contribute to the spalling of concrete.
Environmental parameters such as heating rate and profile, thermal restraint and temperature
level also affect the occurrence of spalling [Stratford and Dhakal, 2008; Bo, 2011; Ervine,
2012; Chung et al., 2013; Mueller and Kurama, 2014 and Klingsch, 2014].

Heating rates in the range of 20-32°C/min are significant for spalling to occur [Khoury,
2000]. The high heating rates occur in the early stages of the fire. Several researchers have
identified critical temperature ranges for spalling to start regarding exposed surface to fire.
[Akhtaruzzaman and Sullivan, 1970] have stated that exposed surface temperatures in the
range of 375 - 425°C for normal weight concretes leads to spalling. [Choi and Shin, 2011]
determined theoretically and experimentally the zone of spalling of a reinforced concrete
beam exposed to ISO 834 fire where the location of the spalling is at the upper right and left
of the external part of the beam.

7.6.2 Finite Element Model of Coupled Thermal-Stress

The full model of a cable stayed bridge is created in ABAQUS to undergo thermal stresses
due to heat transfer from a fire source for a long duration of 20 minutes supporting on the
standard ISO 834 Fire data. Three scenarios (the same as TFSI case) are dedicated to simulate
the effect of the fire on the deformations, cracks and spalling of concrete. A cable stayed
bridge model is created with 324 m length and 22 m width, the main parts of the bridge is the
deck which consists of connected reinforced concrete deck segments with 2.6 m height. Four
reinforced concrete pylons with square shapes 4*4 m dimensions and 103 m height, and 80
stay cables are connecting the deck to the pylons in a fan shape arrangement, each cable with

cross section area 0.00785 m” (see Figure 7.10).

Ambient Temperature
293.15 Kelvin

Hinged Support ﬂ Fixed

Heat Flux Sppoct

ISO 834 Fire Curve

Fixed Pylon

Figure 7.10 Finite element 3D model of the cable stayed bridge
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The main steel bar diameter is 0.06 m and the diameter of the temperature steel bars in
addition to the stirrups are 0.04 m. The boundary condition of the deck is fixed in one side
and free for longitudinal translation in the other side. The pylons are fixed at the bottom and
each two pylons are connected by six reinforced concrete ties with 4*4 m dimensions and 22
m length. The stay cables equivalent Young's modulus of elasticity has been used to
approximate the sagging occurrence in the cables because it was modeled as truss elements
(see Table 7.2). An ambient temperature of 293.15 K is assigned to the whole model, and a
static general step is created for duration of 1200 seconds. A predefined field (temperature
type) is assigned in to the region where three fire scenarios are considered with amplitude of

time dependent temperature (Standard ISO 834 Fire).

Table 7.2

Material properties

Th | ifi
Mass Young's . . erm.a. Specific
. . Poisson's | Conductivity Heat
Material Density Modulus of .
Kg/im3 | Elasticity Pa | 12t 2
Wim K J/kg.K
Concrete 2643 2.00E+10 0.20 2 890
Steel bar 7800 2.00E+11 0.30 20 490
Stay cable 9438 1.65E+11 0.30 21 460

To simulate the propagation of the cracks and the spalling in the concrete due to fire action,
equivalent thermal stresses are added in the fired regions using XFEM approach for each fire
scenario. Maximum principal stress is assigned in addition to the displacement at failure. The
start of damage in the simulations is identified with a maximum principal stress generated at
the temperature 400°C where the cracks and spalling in the concrete are prone to occur.

The deck is modeled as (C3D10: Al10-quadratic tetrahedron) elements, pylons and ties are
modeled as (C3D8R: An 8 node linear brick reduced integration hourglass control) elements,
the reinforcing steel bars are modeled as (B31: A 2- node linear beam in space) elements and

the stay cables are modeled as (T3D2: A 2- node linear 3D truss) elements.

7.6.3 Results of Deck Displacements

Three fire scenarios for the duration of 1200 seconds on the middle part of the cable stayed
bridge in the region of (22*20) m is considered and the results of the displacements for each

case are calculated for a center point in the middle of the cable stayed bridge model.
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Considering the maximum horizontal displacements, this maximum value for scenariol was
low which is reached 0.7 cm upward at the end of the 1200 seconds. While for scenario 2, this
maximum value was very low which is reached 0.02 cm upward at 172 seconds. Furthermore,
the maximum value for scenario3 was high reaching 20.4 cm downward at the end of the

1200 seconds of the fire exposition (see Figure 7.11).

Relating to the maximum vertical displacements, all the scenario cases reached teir
maximum values at the end of the fire exposition after 1200 seconds. Scenario 1 showed very
high maximum value of 44.2 cm upward. This maximum value for scenario2 was high
reached 33.7 cm downward but it is less than of it in the previous scenario. While for
scenario3, the maximum vertical displacement reache 18.1 cm downward which is less than
all the scenario cases ( see Figure 7.12). Finally, with respect to the maximum angular
displacemnts, all the scenarios reach the maximum value at the end of the 1200 seconds. In
scenario 1 , the maximum value was 0.038° which is considered very low which is not
effective. In the other hand , this value for scenario 2 was 0.064° which is nearly twice the
previous value but still not appreciable to induce stresses in the deck. While for scenario 3,
the maximum value reached 0.086° which is greater than all the maximum values in scenario
1 and scenario2 and is three times of the maximum value in scenario 1 approximately and it is

not an effective in producing stresses in the deck ( see Figure 7.13).
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Figure 7.13 Angular displacement

154



7.6 Coupled Thermal-Stress Analysis

This is an indication that the horizontal displacement in scenario 3 where the fire is exposed
on one side under the deck is the critical case in generating tension stresses in the fired side
and compression stresses in the opposite sides of the deck. The vertical displacement in
scenario 1 where the position of the fired region is above the deck is the critical case in
inducing tension stresses that are the reason of propagation of cracks and spalling of the
concrte above the deck whenever these stresses exceed the tensile strength of the concrete.
While the angular displacement in scenario 3 is the critical case but it is too low which is not

appreciated in the geneartion and propagation of cracks and spalling of concrete.
7.6.4 Extended Finite Elemnt Method

The extended finite element method (XFEM) is a partition of unity based numerical method.
It uses the partition of unity to describe the discontinuous displacement and uses the
enrichment function to realize the displacement jump over the discontinuity, see Equation
(7.15) which represents the discretization of the displacement field in 1D. The first term is the

continuous displacement while the second term is the discontinuous displacement.

uh(X)zz Ny (X +Z N XOH(fX)) g (7.15)

I I

The classical finite element approximation is enhanced by means of enrichment functions.
The enrichment procedure is employed on a local level for the XFEM. Thus, only nodes close
to the crack tip, as well as the ones required for the correct localization of the crack, are
enriched. In the XFEM, enrichment functions are added to additional nodes, in order to
include information about discontinuities and singularities around the crack. These functions
are the asymptotic near-tip solutions, which are sensitive to singularities, and the Jump
function, which simulates the discontinuity when the crack opens. This evidently entails a
tremendous computational advantage. The XFEM method was firstly introduced by
[Belytschko and Black, 1999]. Their work, in which a method for enriching finite element
approximation in such a way that crack growth problems can be solved with minimal
remeshing, represents a milestone in the XFEM history. Later on, much more elegant
formulations, including the asymptotic near-tip field and the Heaviside function in the
enrichment scheme, have been proposed [Dolbow, 1999; Moes et al., 1999; Dolbow et al.,
2000]. The XFEM method, furthermore, has been demonstrated to be well suited for three
dimensional crack modelling [Sukumar et al., 2000]. Let's assume we have a crack in

element 2 between nodes 2 and 3. To capture the discontinuity, we multiply the FE shape
function N; with a so-called enrichment function. Since we know the displacement field is

discontinuous, we use a discontinuous enrichment function such as the step function. The
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Figure 7.14 shows the enriched shape functions of node 2 and node 3 which can be seen that

they are discontinuous across the crack.
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Figure 7.14 Enriching shape functions of node 2 and node 3

Regarding the XFEM discretization of the temperature field due to fire, we assume that the
temperature is discontinuous across the crack and therefore we adopt the same enrichment

strategy as for the displacement field.

The XFEM capabilities can be extended if employed in conjunction with the level set method
(LSM) [Osher and Sethian, 1988; Stolarska et al., 2001; Ventura et al., 2003] which is a
technique for describing a crack and tracking the motion of the crack. The first level set
function describes the crack surface @ (phi), the second level set function is constructed so
that the intersection of two level sets gives the crack front ¥ (psi). Such method permits to

represent the 3D crack for both the position and the location of the crack tips (see Figure 7.15).

arthogonal surface (yrs =0}
crack surface (¢ = Q)

crack front {intersection of y and ¢)

Figure 7.15 Crack in 3D by two level set functions ® and ¥
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7.6.5 Results of Cracking and Spalling of The Deck

To identify the damaged regions in the cable stayed bridge model, maximum principal stress
values calculated in ABAQUS are used for damage detection with the support of XFEM to
simulate the propagation of the cracks and occurrence of spalling in the concrete. In all fire

scenarios the duration of the fire is 20 minutes supported on standard ISO 834 Fire data.

In fire scenario 1, the fired region is shown (see Figure 7.16). Cracks and spalling of concrete
can be seen at the middle and external edges of deck (see Figure 7.17). The cracks propagated
from the inner edges of the flange toward the external edges leading to occurrence of spalling.
This is due to high vertical displacement upward and angular displacement of the deck caused
by the thermal stresses which induced high tensile stresses in the concrete exceeded the

tensile strength of the concrete.

Step: Thermal stress
Increment p Ti

Figure 7.17 Maximum principal stress - Fire scenario 1- With XFEM damage simulation
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Considering fire scenario 2, the fired region is shown in (Figure 7.18). Cracks are obvious in
the web of the deck in addition to spalling of concrete at one side of the exterior edges (see
Figure 7.19). The cracks appear first at the middle and the external edges of the web, then they
propagate from the exterior edges toward middle part of the web and consequently spalling
occurs. The thermal stresses generated high vertical displacement downward and relative

higher angular displacement of the deck with respect to its value in sceanriol.

Step: Thermal stress
Increment  17: Step Tim
P Y

Figure 7.18 Maximum principal stress - Fire scenario 2- Without XFEM damage simulation

Figure 7.19 Maximum principal stress - Fire scenario 2- With XFEM damage simulation

While for fire scenario 3, the fired region is shown in (Figure 7.20). Cracks with spalling of
concrete can be seen at one side of the exterior edges on the web (see Figure 7.21). The cracks
start first at the fired side and then they propagate toward the middle of the web and as a

result, spalling occurs.
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Figure 7.20 Maximum principal stress - Fire scenario 3- Without XFEM damage simulation

P15 o B e i L

Figure 7.21 Maximum principal stress - Fire scenario 3- With XFEM damage simulation

Cracks and spalling of concrete occur in all fire scenarios due to high temperature exposure
of the deck. Consequently the highest damage in the deck of the cable stayed bridge takes
place in the fire scenariol where the fire is above the deck because larger amounts of cracks
and spalling appear in earlier time from the fire incident and the failure of the structure is

more prone to occur compared to other two fire scenarios.
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7.7 Validation of Coupled Thermal-Stress Models

Von Mises stress of the concrete is utilized as the criteria of failure detection in a concrete
structure, which is used to visualize the location and magnitude of the deck crack and spalling
due to fire exposition. To validate the models of the spalling and cracking of the deck, a
benchmark of the spalling zone of the reinforced concrete beam by Choi and Shin, 2011 is
dedicated. The zone of the cracks and spalling of concrete of the coupled thermal-stress
models are in the upper external sides of the deck at the mid span of the cable stayed bridge
model in all three fire scenarios. Comparing the two results indicates that there is a good
agreement between the results of the coupled thermal-stress models and the results of the

benchmark model.
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Chapter 8

Conclusions and Recommendations for Further
Researches

8.1 Conclusions

The application of ABAQUS finite element program to study the assessment of CSD, CFD
and coupled models of wind-induced vibrations and control efficiency in long span cable
supported bridges has shown great capabilities in identifying the predicted vertical and
torsional vibrations and the associated critical wind speeds. The results confirmed the
robustness of the approach in detecting the actual predicted VIV and lock-in phenomenon by
utilizing the FSI concept. Another strength aspect of this work was optimizing the application
of the MTMDs to suppress the vertical and torsional vibrations of the deck and the control
efficiency of this method was high relatively compared to the previous results from the
benchmarks in the literature. It is worthy to mention that employment of surrogate modeling
supporting on many experimental sampling methods in addition to Sobol’s global sensitivity
indices method identified and detected the predicted roles and rational effects of eight certain
and uncertain aerodynamic parameters which are considered the main sources of the
aerodynamic stability of the long span cable supported bridges. Frequency analysis helped to
identify the natural frequencies of the structure which are related to the vibration modes, in
addition to recognizing the dangerous coupling between the vertical and the torsional
vibrations. Structural modification was conducted and consequently, the vertical and torsional
stiffness of the structure were increased. Also the danger of coupling was removed to higher
natural frequencies which are rarely happen. Furthermore, a safer structural performance was
obtained. The application of TFSI concept exhibited high accuracy and capability to simulate
and analyze the effect of triple coupling between the wind and the deck domains in addition
to the thermal boundary. It succeeded to predict the early generation of VIV and lock-in
phenomena, also revealed the role of temperature field in the behavior of the cable stayed
bridge during wind excitations and fire incidents together.The coupled thermal-stress analysis
manifested very well in predicting the thermal deformations of the deck in addition to the
damages detection regarding the generation of cracks and spalling of the concrete due to fire

exposure with the support of XFEM analysis application.
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All the mentioned results are formulating significant backgrounds to pave the way to the
engineers in that field to insure preparing better design with a greater factor of safety against
vibrations risks and the danger of structural failure in addition to wide region of modification
solutions to control the early weakness in the behavior and performance of long span cable

supported bridges under wind actions.
The following axes are the summary of the conclusions in details:

1- The numerical simulations in conjunction with frequency analysis confirmed the existence
of vertical and torsional vibrations of the deck due to wind excitation which is being
considered as a basic reference to understand the buffeting response and flutter instability of
the cable stayed bridge, and the results of the vortex shedding from the deck of the long span
bridge showed that the two-way FSI approach is more efficient than the one-way FSI
approach in detecting the generation of earlier VIV and predicting lower critical wind
velocities as a result detecting earlier lock-in phenomenon, which are indications for
designers to avoid the VIV in the design stage by ensuring that the frequencies of the vortices
generated are sufficiently separated from the natural frequencies of the long span bridge by
altering the geometrical design of the deck or changing the natural frequencies of the system.
The results of lift forces generated in the deck of the long span bridge in the two-way FSI
approach is smaller than the same values for the one-way FSI approach, which means that the
two-way approach determines the actual magnitude of the energy dissipation for the VIV of
the deck and the vertical periodic oscillation of the deck is detected in lower wind velocities
only by utilizing two-way FSI approach. Supporting on these results, the cable stayed bridge
is designed safely through avoiding wrong estimation of late VIV where in some cases lead to

resonant and dangerous events.

2- Eight certain and uncertain aerodynamic parameters have been optimally identified their
values that are responsible of improving the aerostatic and aerodynamic instabilities of the
cable stayed bridge. The wind attack angle and wind speed parameters were the most
effective parameters that affected the buffeting response and the flutter instability in addition
to generation of vortex shedding. The deck streamlined length parameter demonstrated a
nonlinear effect for a certain deck shape which falls between a bluff shape and a streamlined
shape which was an optimum case that supports the generation of vortex shedding and the
oscillation of the deck. The dynamic viscosity of air parameter has a nonlinear effect on the
vortex shedding and the vertical oscillations of the deck, where increasing this parameter to
high values will enhance the generation of the vortex shedding due to energy dissipation
mechanism.The viscous damping of the stay cable parameter showed a nonlinear relation with

the vertical vibration of the deck. When this parameter is increased, the displacement at the
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center of the deck mid-span decreased in a small range with irregular pattern. While for
torsional vibration of the deck, a very small non appreciable effect on the flutter displacement
of the deck was seen. The mass ratio parameter that is related to the TMDs has a nonlinear
effect on the vertical vibration control efficiency and linear effect on the torsional vibration
control efficiency. Commonly increasing this ratio to a limited range will decrease both the
vertical and torsional vibrations of the deck in an appreciable amount. The frequency ratio
parameter has a semi linear effect on the vertical vibration control efficiency and linear effect
on the torsional vibration control efficiency. Where increasing this parameter value in a
bound limit, will decrease the vertical vibration of the deck in acceptable rate. While
increasing this parameter value has a nonappreciable effect on the torsional vibration. Finally
the damping ratio parameter has a linear effect on the vertical vibration control efficiency and
linear effect on the torsional vibration control efficiency. Where increasing this parameter
value in a bound limit, will decrease the vertical vibration of the deck with a small rate, and

has a very small effect on the torsional vibration which can be neglected.

3- Global sensitivity analysis for the aerodynamic parameters formulated surrogate models
which were supported on Monte Carlo sampling method to predict the buffeting response and
flutter instability of the cable stayed bridge so that to dedicate suitable plans and solutions for
each vibration case thoroughly. Latin hypercube sampling method established efficient
surrogate models to calculate the predicted kinetic energy of the system and the lift forces that
are the background data to analyze and control the generation of VIV. Box-Behnken
experimental method formulated excellent surrogate models representing the actual response
of the system to efficiently calculate the performance of the MTMDs in suppressing both the

vertical and torsional vibrations of the deck.

4- The sensitivity indices revealed the rational effect and role of each aecrodynamic parameter
on the aerodynamic instability of the structure which are considered important data to identify
the priorities in the design procedure so that to optimize the response of the system against
vertical and torsional vibrations of the deck which are resulting due to strong critical wind
excitations.The role and the rational effects of wind attack angle parameter were very high on
both the vertical and torsional vibrations of the deck. The uncertainty of this parameter has
been identified to a good range which is responsible directly on the aerodynamic instability of
the structure.While the role and the rational effects of the deck streamlined length parameter
was not important related to the kinetic energy of the system, while it was effective on the
generation of lift forces due to VIV and buffeting response. Cconsequently a good
consideration should be given to this parameter. Related to the rational effects of the stay
cables viscous damping parameter, it is clear that this parameter has a fair effect on the

vertical vibration and a good effect on the torsional vibration, as a result the uncertainties of
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this parameter are well studied.The role and the rational effects of wind speed parameter were
very high on the kinetic energy of the system and the lift forces and this parameter should be
considered for uncertainties in the generation of vortex shedding and oscillation of the deck
due to VIV and flutter instability. In the other hand, the dynamic viscosity of air parameter
has a non appreciable rational effect on the kinetic energy of the system, and has a small
rational effect on the lift forces, hence the uncertainties related to this parameter on the vortex
shedding and oscillation of the deck is very small. Furthermore, the rational effect of the mass
ratio on the vertical vibration was high and on the torsional vibration was too much high,
where this parameter can be considered the source of torsional control efficiency. While the
rational effect of the frequency ratio parameter on the vertical vibration was low and no effect
at all on the torsional vibration. Mreover, the rational effect of the damping ratio parameter on

the vertical vibration was too much low and no effect on the torsional vibration.

5- The novel structural modification of the cable stayed bridge model succeeded to increase
the bending and torsional stiffness of the structure to a wide range in such a way that showed
larger efficiency as vibrations suppressor compared to other approaches that have been
adopted for vibrations control in long span bridges such as TMDs, Sealed tuned liquid column
gas dampers and electromechanical actuator.The natural frequencies of the system were
modified positively, where the flutter wind speed has been modified to larger magnitudes, and
it insured the safety of the structure against a dangerous coupling between the vertical and
torsional mode shapes of vibrations by altering the coupling mode shape to much higher
natural frequencies after structural modification, which is an indication that the safety of the
structure against vertical and torsional vibrations and the coupling between them has been

guaranteed to a large factor of safety.

6- When TFSI numerical simulations are adopted, nonlinear behavior is detected for the deck
under fire scenario 1 and fire scenario 2 regarding the horizontal and vertical vibrations of the
deck which imposes special analysis for each case up to the design needs and specifications of
safety against vibrations. While for fire scenario 3 a significant suppression of both horizontal
and vertical vibrations to a good level has been identified. This fact can be further utilized to
use heating sources to invent new devices for the suppressing vibrations in long span bridges
where the lower temperature that enhances that target is lower than 100°C supporting on the
results of lift and drag forces for fire scenario 3 and the standard ISO 834 fire curve. An
earlier critical wind velocity is discovered for the TFSI simulations in the same time lower
vortex shedding frequencies for fire scenario 2 where the fire is under the deck, which
enhances the generation of earlier VIV and earlier lock-in phenomenon which is a serious
matter related to the service ability and safety of the cable stayed bridge due to vibrations and

failure. As a result a special attention should be dedicated to prevent
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heating of the deck (above part) especially in hot countries where the source of heating from
the environment helps this situation. Using both coupled thermal-stress and XFEM
simulations, all fire scenarios generated thermal stresses in the deck due to very high
temperature, consequently deformations and damage of the concrete comprising cracks and
spalling of the concrete, especially fire scenario 1 where larger amounts of cracks and spalling
appear earlier which is considered critical for the safety of the structure compared to ire

scenario 2 and fire scenario 3.

8.2 Recommendations for Further Researches

Supporting on the conclusions and the capability of model assessment by the finite element
method and the sensitivity analysis approach, it is recommended to further widening the

scope of the researches in this area by conducting the following investigations:

1- Using different models for the segmental decks such as circular and trapezoidal shapes so
that to investigate the buffeting response and flutter instability of the long span cable

supported bridge, where certain structural shapes are highly decisive in generating vibrations.

2- Considering higher wind speeds for CFD simulations more than 25 m/s so that to discover
higher critical wind speeds which are responsible of higher shedding frequencies related to far
lock-in regions, where the computational efforts and cost are higher compared to lower winds
speeds cases. This helps to secure placing the design of the deck away from vortex induced

vibration in very strong winds situations.

3- Designing the MTMDs with various shapes and dimensions in addition to positioning them
in different places in the deck so that to optimize their effects on controlling both the vertical
and torsional vibrations of the deck. Also a combination of both MTMDs and viscous
dampers is recommended, where this method in certain cases might be effective in enhancing

the suppression of the vibrations.

4- Modeling the stay cables with other shapes of distributions, such as semi fan shapes and
harp shapes to search the robustness of the structural modification for damping consideration,
where the local and the global responses even the coupled responses of the long span cable
supported bridges are associated with the motions and the quasi static motions of the stay

cables.

5- Investigating other uncertain parameters such as horizontal skewedness of the wind effect
on the buffeting response and flutter instability of the structure, in addition to its effect on the
vortex shedding and lock-in phenomenon, where in most of research studies this parameter is

not considered due to complexity of modeling the wind profile in finite element method.
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8.2 Recommendations for Further Researches

6- Adopting different sampling methods like (LP-TAU) to search the results of the surrogate
models of the predicted response of the structure for vibrations control, and supporting on
other sensitivity analysis methods such as analysis of variance (ANOVA) and Fourier
Amplitude Sensitivity Test (FAST) to calculate the effect of the parameters on the aerostatic
and aerodynamic stability of the structure, in addition to comparison process between these

methods to identify the most critical method in that direction.

7- Starting global sensitivity analysis in thermal fluid-structure interaction simulations
utilizing transient heat-transfer of a fire considering input parameters such as heating rate,
heat flux, concrete density, ambient temperature and wind speed so that to identify the role

and rational effect of each parameter on the behavior of the deck during fire incidents.
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A.1 Mesh Convergence
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Figure A.1 Mesh convergence for mode shapes of vibrations

A.2 Surrogate Models Equations for Vertical and Torsional Responses
(MATLAB Codes)

Yv =-0.020883722+0.00010033145755*x1.*1-
0.004164325912621*x2.%1+0.349777764990117*x3.*1-
0.000001157304765*x1.72+0.000496530180774*x2."2-
40.802891600598%x3.72+0.00002158455372*x1.*x2-
0.007290619361827*x1.#x3+0.375075585195514*x2.*x3 (A.2-1)

Yt =0.00066213+0.000071351888482*x1.*1-
0.000614461247787*x2.%1+0.429585797605989*x3.*1 -
0.000001098266034*x1.72+0.000214156053979*x2./2-
12.998644305948*x3.72+0.000013018552105*x1.*x2-
0.006775003312961*x1.#x3-0.047574577127205%x2.*x3 (A.2-2)
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Figure A.3.3 Effect of air dynamic viscosity on the generated lift force in the deck
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A.4 Surrogate Models Equations for Kinetig Energy and Lift Force (MATLAB
Codes)

Yke = 909.283-18.142*X1.*1+18.548*X2.#1-96380686.352*X3.#1+36.486*X1."2-
26.663*X2.72+2537569337783.03*X3.72+2.891*X1.*X2+954150.697*X1.*X3+615
868.57*X2.%X3 (A4-1)

Y1l =-15665.09+256*X1.*1+135.69*X2.#1+1631247932.54*X3 . *1+2*X1./2-
457.43*%X2.72-43018934785069.2*X3.72-16.9*X1.*X2-
11417513.33*%X1.¥X3+36495311.07*X2.*¥X3 (A4-2)

A.5 Effect of TMD’s Design Parameters on Vertical and Torsional Responses
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Figure A.5.1 Effect of TMD mass ratio on the vertical vibration of the deck
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Figure A.5.2 Effect of TMD mass ratio on the torsional vibration of the deck
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Figure A.5.3 Effect of TMD frequency ratio on the vertical vibration of the deck
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Figure A.5.5 Effect of TMD damping ratio on the vertical vibration of the deck
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Figure A.5.6 Effect of TMD damping ratio on the torsional vibration of the deck

A.6 Surrogate Models Equations for Vertical and Torsional Control Efficiencies
(MATLAB Codes)

Yvee =-89.6379207064+1615.7368421052*x1.*1+92.6646381579*x2.*1-
193.0342797784*x3.*1-104900*x1.72-
26.1875*x2.72+1401.3850415513*x3.724+3353.7500000001 *x1.*x2+2576.31578947
36*x1.%x3-75.5263157895*x2.*x3 (A.6-1)

Ytce = 9.02947974379+3243.90789473678*x1.*1-6.21513157902*x2.*1-
5.48476454295%x3.*1-
35449.9999999983*x1.72+3.25000000004*x2.72+0.55401662052*x3./2-
109.99999999999%*x1.*#x2-115.78947368418*x1.*x3+5.26315789474*x2.*x3(A.6-2)
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