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Abstract

Cable stayed Bridges are highly vulnerable to strong wind load induced vibrations which are responsible of generating
aerodynamic instability and in a critical situation lead to structural failure. This paper focuses on buffeting response and flutter
instability in a cable stayed Bridge. A strong fluctuating wind is assigned to a cable stayed Bridge model in ABAQUS FE program to
onset optimization and global sensitivity analysis through considering three aerodynamic parameters (wind attack angle, deck
streamlined length and stay cables viscous damping) by targeting the vertical and torsional vibrations of the deck. The numerical
simulations results in conjunction with the frequency analysis results emphasized the existence of such vibrations. Model validation
performed by comparing the results of lift and moment coefficients between the present FE model and two benchmarks from the
literature (flat plate theory and flat plate by Xavier et al., 2015), which resulted in good agreements between them. Optimum values
of the adopted aerodynamic parameters have been identified and discussed. Global sensitivity analysis based on Monte Carlo
sampling method was utilized to formulate the surrogate models and the sensitivity indices so that to identify rational effect and role
of each parameter on the aerodynamic stability of the structure.

Keywords: aerodynamic stability, wind attack angle, streamlined section, viscous damping, flat plate theory, monte carlo, global
sensitivity analysis

1. Introduction

The safety and serviceability of long span cable supported bridges
are often critical due to wind induced vibrations. Aerostatic and
aerodynamic effects are two aspects of this type of vibration
(Thiesemann et al., 2003; Soon Duck, 2010; Mohammadi, 2013;
You-Lin, 2013). The greatest aerodynamic effect is caused by
flutter and the aerostatic effect is originated to the structural
shape and the wind attack angle (Starossek, 1998; Selvam and
Govindaswamy, 2001; Al-Assaf, 2006; Dorian, 2010; Keerthana
et al.,2011; Ming Hui ef al., 2012). Three types of responses are
categorized in cable stayed bridges, global mode, local mode and
coupled mode. The global mode is associated with the deformations
of the deck-pylons system and the quasi-static motions of the
stay cables; the local mode is often related to the motions of the
stay cables only; the coupled mode has essential donations of
both the deck- pylons system and stay cables (Ming-Yi and Pao-
Hsii, 2012; Ubertini, 2008; Xu ef al., 2014; Diana et al., 1998).
Usually the pylons are rigidly designed, and there are no
significant pylons deformations occur at lower modes of vibrations
due to associated and nearby wind excitations. Thus, the coupled
mode is the dominant which is resulting from the deck-stay
cables interaction, where the effect of the pylons can be ignored
(Chen et al., 2001; Van Vu et al., 2011; Odden and Skyvulstad,

2012). Long span bridges are exposed to lateral bending due to
drag force, vertical bending due to lift force and torsional
bending due to pitch moment. The buffeting responses of the
long span bridges increase and become more notable when the
increasing the Bridgespan and the deck width (Simiu and
Scanlan, 1996; Xiang et al., 2005; Kvamstad, 2011). 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 of the cable stayed long span bridges.
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Fig.1. Vertical and Torsional Motions of the Deck
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Fig. 1. shows only the vertical and the torsional motions of a
Bridgedeck due to buffeting, where these two types of motions
are the axis of this study.

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 (Xiao ef al., 2012; Chunhua and Haifan, 2000), 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
aerodynamic 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 type of structures and fatigue of the structural elements
(Chowdhury, 2004; Steerdahl et al., 2008; Shuxian, 2009). 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 Bridgein
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 ef al.,
1995; Diana et al., 1998). Up to date understanding of bridge
aerodynamic behavior and improved response prediction is a
must to investigate the aerodynamic stability plans. Various
analytical inspections regarding flutter and buffeting problems
can be recognized (Bleich, 1948; Davenport, 1962; Scanlan,
1977; Lin and Yang, 1983; Xie and Xiang, 1985; Miyata and
Yamada, 1988; Agar, 1989; Matsumoto et al., 1994; Pfeil and
Batista, 1995; Matsumoto and Chen, 1996; Jain et al, 1996;
Katsuchi ef al., 1999). The importance of coupling between the
modes of vibration in the case of estimating the buffeting
response, especially at situations of higher wind speeds is an
important task, and the coupling between flutter and buffeting
issues has been classified (Matsumoto et al., 1994; Jain et al.,
1996; Wilde and Fujino, 1998; Katsuchi ez 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 (Miyata and Yamada,
1988; Agar, 1989; Chen, 2004; Yao-Jun and Hai-Fan, 2008).

Computational methods (Amiri ef al., 20144, b; Anitescu et al.,
2015; Areias and Rabczuk, 2013; Areias ef al., 2013a, b; Areias
et al., 2014; Areias et al., 2016; Bordas et al., 2008; Budarapu ez
al., 2014a, b; Budarapu et al., 2015a, b; Chauh-Dinh et al., 2012;
Ghorashi et al., 2015; Nanthakumar et al., 2015; Nguyen-Thanh
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et al., 2008; Nguyen-Thanh et al., 2011; Nguyen-Thanh, 2015;
Nguyen-Xuan, 2008; Phan-Dao et al., 2013; Rabczuk ef al.,
2003; Rabezuk ef al., 2004a, b, ¢, d, e, f; Rabczuk and Belytschko,
2005; Rabczuk et al, 2005; Rabczuk and Belytschko, 2006;
Rabczuk and Eibl, 2006; Rabczuk and Belytschko, 2007,
Rabczuk and Zi, 2007; Rabczuk er al., 2007a, b, ¢, d; Rabczuk
and Samaniego, 2008; Rabczuk et al., 2010a, b, ¢, d; Thai ef al.,
2012; Thai et al., 2014; Thai et al., 2015; Valizadeh et al., 2013;
Valizadeh et al., 2015; Vu Bac ef al., 2016; Yang et al., 2015;
Zhuang et al., 2014; Zi et al., 2007) are well suited to complement
experimental testing.

(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, 2015) conducted numerical analysis on
four Bridge deck sections using a 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.

In order to enhance the aerodynamic stability of long span
bridges, it is necessary to study important acrodynamic parameters
that are related to the source of buffeting which is the fluctuating
wind, and to propose deck cross sections that are acrodynamically
efficient to prevent vertical and torsional vibrations especially
vibrations that are sourced by the coupled mode. Wherefore, it is
largely essential to study the effect and the role of three parameters
that are directly considered the source of the aerodynamic
stability of the long span bridge. Hence, in this paper, finite
element models of cable stayed Bridges are created using
ABAQUS program to undergo strong wind excitations. Three
aerodynamic parameters (wind attack angle, deck streamlined
length and stay cables viscous damping) are dedicated for
optimization process. Frequency analysis is utilized to recognize
the type of vibrations for the cable stayed Bridge model. Global
sensitivity analysis is conducted to formulate the surrogate
models and identify the roles and the rational effects of each
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parameter on the buffeting response and the flutter instability of
the structure.

2. Aerodynamic Stability Parameters

2.1 Wind Attack Angle

Two types of wind flow, 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 ez al., 2008; Chen
et al., 2009; 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 (Ding ef al., 2000; Diana, 1998).

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; Hernandez et al., 2012).

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; Dahl, 2013).

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 ef al., 2010. The sag of a stay cable occurs
with a catenary shape because of its weight and tensile force.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 negligible. The nonlinearity of the cable sagging can
be simulated supporting on the stay cable equivalent modulus of
elasticity (see Eq. (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 (Sardesai and Desai, 2013). The element stiffness
matrix in local coordinates for such a cable element can be
written as:

10-10
k=L 00 0 0 ?)

L1010

0000

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.

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 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). 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(£)+ CD(t)+KD(t) = F'(£)+ F'(¢) 3)

where D(t): is the nodal displacement vector, D(t) and D(t) are
the vectors of the nodal velocity 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 Eq. (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, 2006; Chen, 2012).

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

_ E, 0 of vibrations. Flat plate theory is used a s a base for the analytical

“ (wl,)’A,E, solution, where this provides good results even for many
1+ 1nr practical box girder deck sections, such as Severn Bridge which

— 1868 — KSCE Journal of Civil Engineering



Aerodynamic Stability Parameters Optimization and Global Sensitivity Analysis for a Cable Stayed Bridge

is the frontier example. The forces per unit length Fx and Fy
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:

Fx

1 =
(3¢ 0)
ZP

Cre = “

Cry = ——"— ®)
1 =2
B(szz)

where Cy, and Cy, 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
forces experienced by a structure subjected to wind action can be
resolved into drag FD, (along- wind) force acting in the direction
of the mean wind and lift FL, (across- wind) force acting
perpendicular to the direction of the mean wind. By resolving Fx
and Fy in the direction of wind and perpendicular to the direction
of wind, the drag force FD and the lift force FL, respectively are
obtained. Forces along drag and lift directions are computed
based on the equations given below (Ricciardelli 2002 and
Nelson 2011):

Co=—L2 ©)
0.5pU°B

Co=—Fk— %
0.5pU’B

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:

Cu=—0 ®
0.5pU.B

where Cp, C. and Cy 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 (Ge and Xiang, 2009).

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 x 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”. 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 X 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 1).

The deck is modeled as (C3D10: A10-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.

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 (see Fig. 2).
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Fig. 2. Mesh Convergence Considering four Mode Shapes of
Vibrations
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Fig. 4. Wind Pressure Assignation to the Model

The mesh convergence obviously starts with constant path
approximately from 250000 elements. 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 falls in
the convergence region with finer mesh size.

4.2 Wind Load

A strong wind with design speed of 47 m/sec 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 Fig. 3). The wind fluctuation data has been

prepared depending on exact data from the literature in addition
to modification of the excitation frequency (Hao ef al., 2010).

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 Fig. 4).

4.3 Frequency Analysis
To analyze the predicted types of vibrations of the cable stayed

Table 2. Mode Shapes and Frequencies

. Frequency
Mode shape Type Eigenvalue (Hz)
1 Vertical 2311 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

Mode shape 5

= o TR T T —

e P

Mode shape 7

Mode shape 6

I S T S———
o o e R R

Mode shape 8

Fig. 5. Eight Mode Shapes of Vibrations (Frequency Analysis)
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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.

4.3.1 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).

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.

4.3.2 Simulation of the Mode Shapes

The screen shots of the eight mode shapes of the cable stayed
Bridge model frequency analysis in Fig. 5 are simulating the type
of the predicted vibrations that can be expected for the wind
excitation. 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.

4.4 Aerodynamic Instability Analysis

A strong wind excitation on the cable stayed Bridge is
modeled with duration of 30 seconds. The selected case for the
aerodynamic 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.

4.4.1 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

d[m]

] 5 10 18 20 25 a0 as
tls]

Fig. 6. Time History of Vertical Vibration at Mid-span Center of the
Deck
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Fig. 7. Time History of Torsional Vibration at Mid-span Outer Edges
of the Deck

0.008 m, but after that region the deck starts to vibrate stronger,
and the vertical displacement of the deck reaches 0.03 cm (see
Fig. 6). 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. 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.

4.4.2 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 (see Fig. 7). 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. 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.

4.4.3 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 screen shots of numerical simulation which have been
detailed in previous section, are being discussed (see Fig. 8).

The first screen shot 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 screen shot at time 11.8 second displays
the additional generation of torsional vibration in the left and
right parts of the deck. The third screen shot at time 12 second
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 screen shot at time 12.4
second proofs the generation of vertical vibration of the center
part of the deck only (regular distribution of the color). The fifth
screen shot at time 12.9 seconds exhibits the generation of
vertical vibration at the left part of the deck. The sixth screen
shot at time 14.4 seconds shows up occurrence of torsional
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t=11.8 seconds
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t = 14.4 seconds
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t = 23.6 seconds

Fig. 8. Six Screen Shots of Vibration in the Cable Stayed Bridge Model

vibrations in all parts of the deck like the situation of the second
screen shot but in the opposite side. The seventh screen shot 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 screen shot but in the opposite side. Finally the eighth
screen shot at time 23.6 seconds reveals the occurrence of a
different torsional 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.

- 1872 -

Table 3. Aerodynamic Parameters and Range Values

. First Second Third
Aerodynamic parameter
value value 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

5. Aerodynamic Parameters Optimization

Three aerodynamic parameters are utilized to realize their
effects on the vertical vibration and the torsional vibration of the

KSCE Journal of Civil Engineering
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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 3 shows the
range values of each acrodynamic parameter.

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.

5.1 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 Fig. 9).

This behavior means that increasing the wind attack angle will
increase the vertical vibration of the deck. While increasing this

0.02

-0.08; E 10 15 20 25 30 as
tis]

Fig. 9. Wind Attack Angle Effect on the Displacement at Deck Mid-
span

d[m]

Fig. 10. Wind Attack Angle Effect on the Displacement at Deck
Mid-span
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Fig. 11. Deck Streamlined Length Effect on the Displacement at
Deck Mid-span

d[m]

Fig. 12. Deck Streamlined Length Effect on the Displacement at
Deck Mid-span

parameter from 0°, 22.5°and 45° will increase the flutter
displacement of the deck 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 Fig. 10).

5.2 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 Fig. 11).

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 Fig. 12).

5.3 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
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Fig. 14. Viscous Damping of Stay Cables Effect on the Displace-
ment at the Outer Edges of the Deck Mid-span

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 Fig. 13). A nonlinear
behavior exists due to variation of the stay cables viscous
damping values in relation with the vertical vibrations of the
deck. Considering torsional vibration of the deck, when increasing
this parameter from 0.005, 0.0075 and 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 0.0425 m 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 Fig. 14).

6. Model Validation

The lift and moment coefficients calculated for the ABAQUS

Table 4. Results of Lift and Moment Coefficients for ABAQUS FE
Model and Two Benchmarks
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Fig. 15. Lift Coefficient C_ with Wind Attack Angle Validation
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Fig. 16. Moment Coefficient C,, with Wind Attack Angle Validation

FE deck model 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 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 model.

6.1 Lift Coefficient Validation

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
Fig. 15, 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°.

6.2 Moment Coefficient Validation

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 (Xavier et al., 2015) 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
Fig. 16).

Flat Plate FE Flat Plate 7. Sensitivity Analysis
FE model .
Theory model (Xavier)

Angle of attack G G Cu Cu Sensitivity analysis is the study of how the uncertainty in the
0° 0.070 0.000 -0.0013 -0.0015 output of the model can be handed out to various sources of

4° 0.480 0.450 0.0078 0.0080 . . . . . . T .
g0 0.640 0.700 0.0154 0.0140 input, or it attributes to the identification of individual donation
12° 0.660 0.740 0.0305 0.0280 and various origins of uncertain inputs to the uncertainty in the
16 0.620 0.680 0.0266 0.0250 output of a model (Saltelli er al., 2000; Saltelli, 2004; Saltelli et
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al., 2008; Keitel et al., 2011). There are two sorts of sensitivity
analysis methods: local 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 ef al., 2010; Tong, 2010; Che-Sheng ef al., 2013;
Baroni and Tarantola, 2014).

The probability distributions of 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 so that to use them to construct the sample based on Monte
Carlo sampling method. 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.

7.1 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 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) =TV T Vit SV, ©)

i=1 i<j<n i<..n

where V, represent the first order effect for each parameter
Xi(Vi-VIE(Y[X))]) and: V;; = V(E(Y[X,,X))-Vi-V;) to V,_,
the interactions among n parameters. The first-order sensitivity
index S; can be calculated by:

o Vi VIE(YX)]
VYY) V(YY)

(10)

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 S;; can be
calculated by:

where the subscript ~i refers to all of the inputs except input i,
Also the total sensitivity index Sy; can be written as:

VE(Y[X.)

YO (13)

Sri=1
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 Si; — 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 S; is close to one, the model
is additive with respect to its variances and no remarkable

interactions between the parameters seem to exist.

7.2 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 terms are 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 Fig. 17) which is an excellent
representation of the predicted vertical displacement, which
means that just 1.88% of the system response still unexplained.

Quadratic and interaction terms are 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
97.50% which is a very good approximation for the prediction of
torsional displacement that only 2.50% of the system response
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Fig. 17. Coefficient of Regression between Actual and Predicted
Vertical Displacement
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In general, the total sensitivity index Sr; can be defined as E‘zz Lt
(Homma and Saltelli, 1996; Saltelli and Tarantola, 2002; Saltelli "'; _ -
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Table 5. 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

remains unexplained (see Fig. 18).

7.3 Results and Discussion of 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 Fig.
19 and Fig. 20). Supporting on the calculated results, the total
sensitivity indices for each aerodynamic parameter have been
calculated (see Table 5).

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 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
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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.

7.4 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. Fig. 19 and
Fig. 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
the three aerodynamic parameters. For the case of vertical
displacement (see Fig. 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 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 Fig. 20) the two curves
are reaching convergence at 400 samples too, and the coinciding
pattern continues.

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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8. Conclusions

The following points have been concluded:

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 in
the design stage and after construction.

2. Three aerodynamic parameters have been optimally identi-
fied their values that are responsible of improving the aero-
dynamic instability of the cable stayed Bridge and to skip
improper designs before construction stage and enhance the
serviceability and safety of the structure against vibrations
hazards.

3. Global sensitivity analysis of the aerodynamic parameters
formulated surrogate models which are utilized 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.

4. The sensitivity indices revealed the rational effect and role
of each aerodynamic parameter on the aerodynamic instabil-
ity of the structure which are considered important data to
identify the priorities in the design procedure so that to opti-
mize the response of the system against vertical and tor-
sional vibrations of the deck which are resulting due to
strong critical wind excitations.
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