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Dynamic Response of Suspension Bridges Due to
Coupling Between Buffeting and Aeroelastic Flutter

Hafid Mataich, Bouchta El Amrani

Abstract: The effects of turbulent winds on suspension bridges
are considerable, significantly influencing the bridge's floating
instability and, as a result, its safety and performance. Predicting
the coupled response of buffeting and flutter in suspension
bridges is an advanced area of structural and aeroelastic
engineering. Buffeting and flutter are not independent
phenomena; buffeting, by exciting specific natural frequencies of
the bridge, can contribute to the onset of flutter. Furthermore,
once flutter is triggered, it alters the dynamics of the bridge,
potentially amplifying the effects of buffeting. The interaction
between these two phenomena can lead to complex dynamic
responses that are challenging to predict through separate
analyses. This paper explores this phenomenon in the time
domain, requiring the expression of aerodynamic forces via
convolution integrals, which incorporate the aerodynamic
impulse function, structural motions, and wind fluctuations. We
analyzed the aerodynamic response of the old Tacoma Bridge in
the USA, situated on complex terrain and subjected to turbulent
winds. A formulation that accounts for the lateral, vertical, and
torsional motions of the bridge deck structure was used. The
Beta-Newmark numerical algorithm was employed to integrate
the bridge’s time response. Subsequently, parametric studies were
conducted to further elucidate the concepts of buffeting-flutter
coupling in long-span suspension bridges, aiming to assist
designers in developing effective control protocols.

Keywords: Suspension Bridge; Aeroelastic Instability; Wind
Turbulence; Buffeting; Flutter

I. INTRODUCTION

Predicting the coupled response of buffeting and flutter in

suspension bridges is an advanced field of structural and
aeroelastic engineering. The coupling of these two
phenomena, buffeting (random excitation due to wind
turbulence) and flutter (self-sustained instability due to
aerodynamic interactions), is crucial to understanding the
combined effects on the stability and durability of suspension
bridges. Buoyancy-buffeting coupling is a complex
aerodynamic phenomenon that occurs in structures subjected
to turbulent winds, notably suspension bridges. This coupling
combines two distinct types of dynamic response to wind
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action, buffeting and flutter [1]. Researchers Yi et al (2022)
and Brownjohn and Jakobsen (2001) have defined flutter in
suspension bridges as a self-sustaining aerodynamic
instability that occurs when the wind speed reaches a critical
value [2]. Above this speed, the aerodynamic forces are no
longer damped by the internal forces of the structure (such as
structural damping and stiffness), resulting in increasing
oscillations. These oscillations can become catastrophic if
left unchecked [3]. While Defang et al. (2024) and Lorenzo et
al. (2023) have described buffeting as the response of the
structure to wind gusts [4]. Unlike flutter, buffeting is a
forced response, where the structure oscillates under the
effect of random variations in wind speed. This oscillation
can occur at wind speeds below the critical floating speed, as
they show Zhang et al. (2021) [5], Hua et al. (2020) [6].
Complex topography, such as mountains, valleys and seas,
all influence the overall wind speed in the atmospheric layer
where bridges are built. What's more, in the real world, we
can't assume that the wind is laminar or uniform.
Consequently, the deviation of wind speed variations around
its mean value must be taken into account in the aerodynamic
formulation of the problem. The effect of these wind speed
variations is a type of structural vibration known as buffeting.
New cable-stayed bridges, also known as long-span
suspension bridges, are generally very sensitive to random
wind excitations. Buffeting loads on bridge structures can
vary considerably due to turbulence in the atmospheric
boundary layer, as described by Xia and Ge (2020) [7]. The
amplitude of the most energy-loaded wind vortices in the
vortex fluctuation field is expressed by an important
parameter called the turbulence integral scale, Mataich and El
Amrani (2023) [8]. The latter factor has an effect on buffeting
loads and, consequently, on the dynamic behavior of bridges
installed in topographic sites where atmospheric turbulence is
strong, as shown by Li et al. (2021) [9]. Hu and Xu (2014)
[10], Tang et al. (2017) estimated that buffeting is a type of
forced and random vibratory motion produced by the
suspension bridge under the action of fluctuations in mean
wind speed [11]. Thus, the buffeting vibration of bridges is
the result of excitation by low wind speeds. In reality, these
random vibrations do not pose a problem in terms of
aeroelastic instability of the bridge structure, but they can
lead to fatigue failure of the bridge structure, which poses
maintenance problems, as shown in the study by Shuyang
and Jinxin (2017) [12]. Mataich et al. (2024) studied the
dynamic behavior of the suspension bridge subjected to
float-buffeting coupling, but in the frequency domain [13].
The old Tacoma Bridge, shown in its topographic site in
figures 1 and 2, is considered the most modern bridge of its
time in terms of engineering and design. It was inaugurated in
1940 in the USA, but only
operated for just over three
months before collapsing in a
manner that shocked
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everyone, including engineers and designers. Specialists
investigated the possible reasons for this shocking collapse,
and all agreed that there was a design flaw that didn't take
aerodynamic factors into account, as shown by Fenerci et al.
(2017) [14]. Indeed, on the day of its collapse, it was
observed to vibrate vertically according to Cheynet et al.
(2016) [15], then unexpectedly generate torsional oscillations
that rapidly coupled with the wind, causing the amplitude of
these oscillations to increase until it finally collapsed as
shown by Weichao et al. (2024) [16], Arioli and Gazzola
(2017) [17], Ammann et al. (1941) [18]. The question that
has been raised ever since is how the oscillations went from
vertical to torsional. There are many explanations for this
phenomenon, but no one has investigated the possibility of
linking the phenomenon of vertical flutter oscillations to the
random nature of the wind, which is the focus of this
research.

Tacoma

ace

[Fig.1: Map of Tacoma and positioning of its bridge in the
United States] [17]

[Fig.2: Old Tacoma Suspension Bridge] [18]

Yes, that's right. We don't have stochastic wind data for
Tacoma Bay. As a reminder, the aim of this study is to
determine the effect of turbulent winds in the time domain on
the stability of the suspension bridge structure. Therefore, we
will only generate records for turbulent winds based on the
numerical method.

Il. MATHEMATICAL FORMULATION OF THE

COUPLING PROBLEM

Time-domain coupling of flutter and buffeting is an
approach that captures the complex dynamic interactions
between these two aeroelastic phenomena in real time, by
simulating their simultaneous evolution under the influence
of variable aerodynamic forces.

A. Formulation Assumptions

In this section [19], the assumptions and approximations
that form the basis of this work are inspired by the framework
of Scanlan (1978) and Scanlan (1982) as follows

Retrieval Number: 100.1/ijese.K997413111024
DOI: 10.35940/ijese.K9974.13020125
Journal Website: www.ijese.org

31

Quasi-stationarity: Wind fluctuations
instantaneously to the moving bridge deck [20].
Linearity: Based on Taylor expansion to order 1, we
neglect the higher-order terms of the aerodynamic
forces. As such, aerodynamic damping is assumed to
vary linearly with mean wind speed.

Modal coupling: Based on wind speed records of less
than 50 m/s, we assume that there is no structural modal
coupling.

To ensure that wind vortices do not deform as they cross
the suspension bridge, we assume that the structural
width of the suspension bridge is less than the length of
the wind turbulence.

B. Coupled Bridge-Wind Equation of Motion

Currently, two techniques have been used to obtain the
buffeting response of suspension bridges: experimental wind
tunnel protocols or theoretical formulations. The latter
method is broadly based on the principle of stochastic
aerodynamics.  Aerodynamic  theory  expresses the
self-excited wind forces and then uses the structural
dynamics of the bridge to arrive at the buffeting response
[21]. The work of Berchio and Gazzola (2015) and Yu-liang
et al. (2024) forms the basis of the current theory [22].
Nevertheless, we cannot establish an explicitly ideal
analytical formulation for obtaining the buffeting response of
bridges due to the random behavior of atmospheric
turbulence.

adapt
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[Fig.3: Cross-Section of the old Tacoma Bridge Deck and
Aerodynamic Forces Acting on it]

Based on the above assumptions [23], the system of
equations of motion of the bridge deck interacting with
turbulent wind according to Tang et al. (2017) is

M*Ha®} + [CHa®} + [KH{q(D} = {Fae(U, 4,9, w)} +
{Fourr(©} - (1)
In the time domain, bridge flutter and buffeting are
modeled using time-dependent differential equations that
describe the bridge's dynamic response. Neglecting the static
effect of wind, these equations include : the structural mass
matrix [M3] the structural damping matrix [C5] and the
structural stiffness matrix [KS] . Float aeroelastic forces
{F..(U,4,q w)}T = {D%,12, M€} and the time-dependent
aerodynamic effects of turbulent wind {Fy.(t)} are
expressed for each nodal displacement vector {q}T =
{p,h, a} at mean wind speed U and reduced frequency k =
wb /T as follows,
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pae = 20 B(KP1 S+ KP; =+ K2Pjo+ K2 - + KP; B+

K2P; B) . (2a)
L = p” 5 (KH1 S+ KH3 = + K?Ha + K?Hj £ + KH 2 +
K?H; 9) (2b)

M2ae = pU B?

(KA T+ KA 2+ K2A3a + K2AG =
KAz 2+ K245 R) L. (2c)
Where, p is the air density, w is the vibration frequency of
the structure and P, Hf and A} with i € {1,2,..6} are the
aerodynamic coefficients of the system. The aerodynamic
forces (2) can be redefined with convolution integrals as
noted in Amrita et al. (2024) [24].

Dae(t) =5p02 [ 15 (t—Dp(®) + 1§ (t—Dh(x) +
Ip,.(t— r)a(‘t)]d‘r .. (3a)
[ILae (t—oplo) + ILae (t—oh() +
I (t— ‘t)(x(‘t)]d‘t .. (3b)

Mae(® = 2pU2 [*_[15. (t = Dp(D) + Iy, (6~ Dh(D) +
Iy, (t— ‘E)O((‘E)]d‘t .. (30

Lae(® = %pU

Where 1 represents the impulse function of self-excited
forces, which are related to independent aerodynamic
functions, as used by Strammen and Hjorth-Hansen (1995)
[25], Wang et al. (2011) [26]. By performing the Fourier
transform of (3) and comparing it with the corresponding
terms in (2), we can determine the link between the
aerodynamic impulse functions (e.g. Tgae is the Fourier

transform of Igae (t — 1)) and float derivatives, as follows

D =2k*(Ps +iPy) T = 2k?b(H; + iHj)

15,. = 2k?b(P; +iP;) T = 2k?(A} + iA5)

T =2K%(P; +iPy)  Th =2K2(A3 +iA) .. (4)
D =2K*(H; +iHs) Ty, = 2k?b2(A} +iAy)

I = 2k2(H; + iH;)

Approximate forms are developed for the aeroelastic forces
as continuous functions as a function of reduced frequency k
for further analysis. Roger's approximation approach can be
adopted for this purpose, Lystad et al. (2020) [27]. As an
example, the term corresponding to lift induced by vertical

motion T{}ae(im) its aerodynamic transfer function is
expressed by

Th /. _ iwb iwb Aptzio

T Gw) = Ay + A, (20) + A (2 ) FIN L 6)

The coefficients A;, A, A3, Ay,3 and d,(d, = 0andn €
{1,2,..,N}) behave as constants with respect to frequency,
where, A; and A, are the static aerodynamic and damping
terms respectively the term A; term represents the added
aerodynamic mass, and the unstable components following
the velocity term are represented by the rational terms, which
allow us to estimate time delays using positive values of the
parameter d,,.
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Lets = (—& + D) wwith & is the damping ratio, then, using
an inverse Laplace transform, the aerodynamic impulse
function is as follows

=480 +A2( )80 + A, (2 ) (0 +

oo I Anisexp (- 220 Jar .. ®
Consequently, the self-excited lift caused by random vertical
motion can be written as

Ih

Lae

= %pUZ (Alh(t) +A, (%) h(t) + A, (%)2 h(o) +
N a®) o ()

The new variables introduced to express the aerodynamic
offset are ¢, (t),n € {1,2,..,N} so as to satisfy

Pn(®) = =2y (0 + Anysh(®,n € {1.2,.,N} .. (8)
For the sake of brevity, expressions for other self-excited
force components are not included here, but can be supplied
with comparable definitions.
Based on convolution integrals involving aerodynamic
impulse functions and variable wind speeds, unit buffeting

forces are generated as follows

Dbuff(t) = - % pUZ f_too [IDbuff( T) @ + IDbuff(t
W(T)] dt ... (9b)

Lpute(t) = — i pU? f_too [ILbuff )E i (t =
W(T)] dt .. (9b)

Mpuge(t) = — i pUZ f—too [IMbuff -0 U(*T) + IMbuff(t
WIEJT)] dt ... (9b)

Where I denotes the aerodynamic impulse expression for
buffeting forces and u and w are the x- and z-direction
components of random wind speed, respectively. The
buffeting forces can then be expressed as follows

= d
Dpute() = — 3 pU(2b) (chxLM O Loy ) . (10a)
® , [dc
Lpuse(t) = —;PU (2b) (ZCLXLbLlff uU + ( =+
w(t)

CD) XDt ?) (10b)

Maute() = —2p0 (20)? (2ChxHpy o o + Syt 20
With, Cp,CpandCy are the static aerodynamic

coefficients of the system (wind bridge) and the aerodynamic
80MIttANCES X, o XDpuep XLipurr Xipuse XKMpusr AN Xty e

Frequency-dependent random wind forces can be
integrated into the time analysis in the same way as
aeroelastic forces. Here's a relationship between the
aerodynamic transfer functions and the Fourier transform of
the aerodynamic impulse functions of the buffeting forces
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=, = _ dCp

IDbuff 4bCDXDbuff IB’buff 4b—— da XDbuff

= = _ dCp

Itlbuff 4bCLXlleuff Imuff 2b (_ + CD) XLb ff* - (11)
= 2 _ 2 dCM

Ill\l’lbuff 8b CMXK’lbuff I&,buff 4b Mbuff

On the basis of the above, it is possible to express these
values as rational functions. For example, the lift induced by
vertical wind fluctuation Ly, (t)

I Lpuff (t)

Awn+1io

Aws +2nt iw+dw,n0/b (12)

Next, we can calculate the lift due to buffeting caused by a
random fluctuation in the vertical wind as follows

1 t
Luge = —EPUZ (Aws +sz)W()
Nw _
— W_“U 13
2 ba® | (13)
ci)w,n(t) = - n+1 Wgt) ,
€{1,2,..,Ny} ... (14)

For the sake of brevity, comparable formulas for other
components of the turbulence force are not included here.
The portion of lift and buffeting applied over the entire bridge
span of length L can be expressed as

L x=L L x=L
Lae(t) = fx=0 Lae(t)dx Lbuff(t) = fx=0 Lbuff(t)dx (15)

By the same method, the associated drag and moment can
be given. The stochastic characteristics of the buffeting
forces per unit length of the bridge at various points on the
same element are assumed to be the same as those defined at
the center of the element, while the correlation between the
buffeting force components caused by fluctuations u(t) and
w(t) is neglected. Consequently, the self-excited and
buffeting forces across the element are defined as follows

Lae(® = Lae (DL ... (16)
Luir(®) = L fj (T8 (& = DLE (1) + T (t—
T)L%uff(‘t)) dt .. (17)

With, the superscript "c" indicates the center of the element
and I} . and I} . are the impulse functions with these

Fourier transforms TY _ and I} _ also known as joint
buff buff
acceptance functions, expressed as follows

= 1 L (L
FLY\[,)uff = \/L_Z fo fo COh‘IIvauff(YD Y2, f)dYIdYZ (18)

With COh‘Iﬁ) ff(YD y2'f) = SLWbuff(ylﬂ Y2, D/Sfbuﬂr(f) giVeS the
coherence of the component of the buffeting lift force Lf},
and Sy (v1,y2, f) is the two-position cross-spectrum of the
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span y; and y,and finally the spectral density of L, (f)

is Sf, (D

Using Beta-Newmark's step-by-step integration procedure
to find the solutions to the equations of motion. Let's start
with the construction of the aerodynamic forces. First, the
wind fluctuation in the middle of each element has been
presented. Taking into account the previous expressions, the
aerodynamic forces applied to each element have been
calculated, and then we assemble the nodal vectors
{Fee(U, 4,9, w)} and {Fy,;r()}. On the other hand, the
self-excited aerodynamic forces depend on the unknown
vibrations of the bridge, so an iterative procedure is
mandatory for each time step.

C. Solving the Problem

In order to select the most significant modes for motion, a
modal approach is required. In a generalized coordinate
system {q} in the modal basis [@]the equations of motion (1)
become

l[@]{4} + [®][K ] [®){q} =
(19)

[e]" [M*][@]{g} + [@]"[C®
(@17 {Foe} + [®1" {Fyusys}

System (19) can be written in a more compact form as
follows

[M]{g} + [CHg} + [KHq} = (20)

{Qae} + {Qbuff}

Shifting the self-excited force term in (20) to the left and
writing the generalized self-excited forces as the two
matrices A and A, depend on frequency

Qae (21)

1 = b .
~pU? (Asq +Ad5q)

In rational form, the generalized aeroelastic forces can be
written as

{Qae(lw)} Ag + (lwb) Ay =4+ A, (wa) +

iwb Apy3iw
A3( ) + Zn liw+d,0/b (22)
The coefficients A, A,, A3, Apis and d,(d,, = 0andn €
{1,2,..,N}) behave as constants with respect to frequency.
Applying the Laplace transform (s = iw) on systems (20)
and (21) and substituting (22), we obtain

s?[M]q(s) = {-s[C] - [K]}a(s) +3pU? EN_{qi*(s)} +
{Qbuff (S)} (23)
With,
[M] = [M] - 0.5pb?A,
[C] = —-05prA2 . (24a)
[K] = [K] - 0.5p0%4,

{ase ()} = - f;*;jb {a()} ne {12,

LN} ..

(24b)

By performing the inverse
Laplace transformation, the
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set of equations of motion of the system formatted as a state

space can be written as follows:

Table 1
of the old Tacoma Bridge

: Main Structural and Aerodynamic Properties

Structural and Material Property Value
{X } [ANX} + ]{Qbuff } (25) Length of main span (m) 446
Beam mass (kg/m) 5350
. Mass of main cables (kg/m) 408
With, Mass moment of inertia (kg m?/m) 82.43
XY ={q.9.9f°, 45, .. .., ax} .. (26a) Deck height (m) 2.76
Deck width (m) 12.3
[A] = Static Aerodynamic Properties Value
[ 0 1 0 ] Cp Drag coefficient 1.0
=2 =2 -1 Cy Lift coefficient 0.1
|- [M] [K] _[M] [C] —pU [M] —pU [M] l Cy Moment coefficient 0.02
| 0 A, _3u dy1 | .(26b) dCp/da 1% derived from drag coefficient 0.0
. . b dCp/da 1% derived from the departure coeffi. 3.0
{ : : U J dCy;/da 1% derived from moment coeff. 1.12
0 Anss 0 —+dyl .
b A. Modal Parameters of the old Tacoma Bridge and
Validation of the Formulation
[B]T = [0’ [1\7[] 1’ 0. ,O] @7) Befo_re I_ooklng at the brl(_iges dynaml_c response, a modal
analysis is generally carried out to identify the natural

The above state-space equation as a function of time can be
examined in a numerical integration technique to study both
the buffeting reaction and the floating instability in the time
domain. A Beta-Newmark algorithm is used for this purpose.
To extract frequencies, damping ratios and mode shapes from
the free vibration response, the effects of the buffeting force
can be ignored when analyzing aeroelastic vibrations.

I11. NUMERICAL RESULTS AND INTERPRETATION

Table 1 illustrates the geometric and mechanical properties
of the old Tacoma Bridge deck, as well as the aerodynamic

properties of the wind-bridge system, inspired by
references Jurado and Hernandez (2004) [28], Sebastiano et
al. (2023) [29].

frequencies and the modal basis. {&}. Natural frequencies are
the frequencies at which the bridge enters resonance, i.e.
where it vibrates with maximum amplitude in response to
buffeting excitation. In Table 2, the first nine natural
frequencies of the lateral, vertical and torsional movements
of the old Tacoma Bridge have been determined. Based on
several MATLAB program extracts, a multitude of natural
modes have been determined, but they are not implemented
below for the sake of brevity.

We propose the following meanings, L: lateral, V: vertical
and T: means torsion, symmetrical natural modes are noted S:
and A: means asymmetrical.

Table 2 : Eigenfrequencies of the old Tacoma Bridge Compared to the Literature

Mode | Present | Ref* | Af(%) | Mode | Present | Ref* | Af(%) | Mode | Present | Ref* | Af(%)
HS1 | 0.0816 | 0.0811 | +0.61 | VA1 | 0.1373 | 0.1364 | 0.68 | TS1 | 05873 | 0.5812 | -1.03
HAL | 0.1616 | 0.1626 | -0.61 | vS1 | 0.2684 | 0.2681 | -0.17 | TAL | 1.1185 | 1.1174 | -0.09
HS2 | 0.2956 | 0.2941 | -0.32 | Vvs2 | 03614 | 0.3610 | -0.156 | TS2 | 1.6768 | 1.6761 | -0.04
*Jurado J. A. and Hernandez S. (2004) [28]
Table 2 includes values obtained by other researchers, 14
showing a better agreement between the frequencies el P N
calculated with the present formulation and those identified — Y
by Jurado and Hernandez (2004) [28]. 07¢ VAL |
AN vs1
¢ . = P vs2
< 10" = _
20 = 10 20 30 40
5 e
15 =1 — < e
" - g 7 \\
= 7 H““n;“,
E 10 o< TS1|
£ N p TA1
£ . TS2
a 5 P ~ _ .
o 10 20 30 40
Knots on the main span
0
[Fig.5: First Three Modes of Vertical and Torsional
. T Vibration]
0 ® 10 15 20 % In Figure 4, the damping

Mean Wind speed in m/s

[Fig.4: Evolution of Overall Modal Damping of the old
Tacoma Bridge as a Function of Average Speed]
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that a zero damping value has been reached. As a result, pure
torsional instability will be induced. In the case of the old
Tacoma Bridge, a one-dimensional torsional instability is
induced before transverse bending.

The resulting critical wind speed for the pure torsional
instability of this bridge is U, = 18.35 m/swhich is very
close to that measured in the field on the day of collapse
(19m/s), as provided by Farquharson (1949) in reference Liu
etal. (2020) [30]. While Figure 5 shows the first three vertical
and torsional eigenmodes.

B. Turbulent wind Generation

In order to examine the impact of the coupling of buffeting
and aeroelastic forces on suspension bridge instability, the
production of stochastic wind records is crucial. It must be
stressed that the use of field measurement and prediction
tools is very costly and not accessible to everyone. From this
point of view, my idea in this study was to use computational
fluid dynamics (CFD) tools to produce random series
representing turbulent wind over a 15mn time interval, in
particular concerning the nature of random winds on the
topographic site of the former Tacoma Bridge, and to exploit
them theoretically to predict the dynamic response of the
bridge, then to compare them with field results found in the
literature [31]. In particular, the algorithms and procedures
followed by Xu and Moan (2018)

Longitudinal velocity

[Fig.6: Longitudinal Wind Statistics for an Average of 30m/s]
U+ult
ED+ ( }

At nodel

800

W

At node 20 = In the center of the span

400 600 1000

Longitudinal velocity

t

0 200 400 600 1000

Timeins

800

[Fig.7: Chronogram of Longitudinal Wind Speed at Two
Nodes of the Main Span]
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The turbulent wind field has been generated and
represented in terms of disturbed velocity intensity in Figures
6, 7, 8 and 9. We choose a range of wind speeds from 10m/s
to 30m/s, and this is imposed by the critical wind speed that
led to the collapse of the Tacoma Bridge due to aerodynamic
instability as found in section 3.1.

Vertical velocity

[Fig.8: Vertical Wind Statistics for an Average of 0m/s]
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[Fig.9. Chronogram of Longitudinal wind Speed at two
Nodes of the Main Span]

In Figures 6 and 8, the average wind speed is shown in
conjunction with these turbulent components, with Figure 6
showing the representation of horizontal winds with an
average speed of 30 meters per second, while Figure 8 shows
only turbulent wind speeds without the average speed. In
figures 7 and 9, the wind is represented at two different points
along the bridge

C.Case Study: Dynamic Response of the old Tacoma
Bridge to Turbulent Winds

The spectral frequency response of the old Tacoma Bridge
is a representation of how the structure reacts to wind
excitation forces at different frequencies [32]. It shows the
amplitude of vibrations (vertical and torsional) of the
structure for each excitation frequency, as shown in Figures
10 and 12 (respectively). Figures 11 and 13 show vertical and
angular displacements over time,
respectively [33].

Published By:
Blue Eyes Intelligence Engineering
and Sciences Publication (BEIESP)
© Copyright: All rights reserved.

Exploring Innovation


https://doi.org/10.35940/ijese.K9974.13020125
http://www.ijese.org/

OPENaACCESS

+5.(F)
10°
E Coupled floating and buffeting
= Floati |
£ oating only
L%}
= .
1
5100 | — il
= A
Y
E W
+a
5 Wl
=107
+a
Sy
(=]
3
10-1{) }:'--
1072 1072 107" 10° 107

Frequencyin H=

[Fig.10. Spectral Response to Vertical Displacement in
the Middle of the Main Span]
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Figure 10 shows the vertical displacement response of the
bridge in the two cases of floating alone (in red) and floating
coupled with the buffeting effect (in blue). Let's start with the
behavior of floating alone, which shows two peaks, the first
at a frequency of 0.14Hz and the second at 0.26Hz. The two
peaks in the spectral response curve correspond to the natural
frequencies of vertical bridge vibrations, where the risk of
resonance is high. But when the buffeting effect is coupled to
the bridge's dynamic behavior (blue curve), the bridge's
vertical resonance peaks shift to 0.08Hz and 0.29Hz
respectively [34].
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[Fig.12: Spectral Response to Vertical Displacement in
the Middle of the Main Span]
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We conclude that the effect of buffeting does not
necessarily increase or decrease frequencies according to a
specific pattern, but rather can increase or decrease
frequencies. Consequently, engineers must take into account
the random nature of turbulent winds when determining the
resonance potential of bridge structure vibrations. Based on
the same figure, we conclude that the effect of buffeting
vibrations increases vibration amplitude, as confirmed in
Figure 11. The same conclusions can be drawn from Figures
13 and 14, which represent the torsional oscillations of the
bridge deck in the presence of random winds, but in this case
it turns out that the coupling of buffeting with flutter has a
greater impact on increasing the amplitude of torsional
oscillations.

Figures 14 and 15 show the standard deviation (RMS) of
the Tacoma bridge's vertical and torsional acceleration
response, respectively. The responses are determined in
frequency and time domain for both coupled and uncoupled
cases. We conclude that the coupling of buffeting effects has
the effect of increasing the standard deviation, especially at
high speeds.
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[Fig.14: Standard Deviation of Vertical Bridge
Acceleration as a Function of Mean wind Speed]
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The standard deviation of the frequency response quantifies
the dispersion of response amplitudes around their mean
value for each excitation frequency. A high standard
deviation indicates greater variability in bridge response,
which may point to resonance zones or complex dynamic
phenomena.

D. Parametric Studies

Parametric studies enable us to understand how different
parameters (study domain, damping, turbulence, etc.) affect
the bridge's dynamic responses. In Figures 16 and 17 we have
plotted the spectral frequency and time-domain vertical and
torsional acceleration response of the bridge, respectively, for
a mean wind speed of 30m/s. The two figures show that the
two studies correspond to each other in terms of time and
frequency, or at least that they work in the same way to
highlight the phenomenon of potential resonance.
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[Fig.16: Spectral and Time Response in Vertical Bridge
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Thanks to parametric studies, engineers can explore
different design and material configurations to minimize the
effects of buffeting. The result is more robust designs that
better withstand adverse wind conditions.

Figures 18 and 19 show the impact of the structural
damping ratio on the spectral response to vertical and
torsional acceleration, respectively.
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By analyzing the spectral response of the two figures, we
can understand how energy is dissipated in the system, which
is essential for assessing the effectiveness of damping
devices (such as tuned-mass dampers) installed on the bridge.
The need for such a system is based on observing the reaction
of the bridge structure to changes in its damping system.
Figures 18 and 19 show that the more powerful the structure's
damping system, the weaker the bridge's response to random
winds.

In short, buffeting analysis of suspension bridges is
essential to ensure their safety and durability. By combining
frequency- and time-domain analysis methods, engineers can
better understand the effects of turbulent winds and design
bridges capable of resisting these forces. Preventive and
control measures, such as improving aerodynamic design and
installing damping devices, are essential to minimize the
impact of buffeting and ensure the optimum performance of
suspension bridges.
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IV. CONCLUSIONS

The effects of turbulent winds on suspension bridges are
significant, and can have a significant impact on the floating
instability of the bridge, and consequently on its safety and
performance. Here are some key conclusions regarding these
effects, starting with the impact on suspension bridge
stability, turbulent winds can induce oscillations and
vibrations in suspension bridges, including torsional and
vertical bending movements. These oscillations can be
self-sustaining, resulting in amplified vibrations that can
damage the structure. At wind speeds close to or above the
critical floating speed, the oscillations caused can be
amplified by buffeting forces. Conversely, buffeting forces
can influence the development of flutter, by modifying the
speed at which it occurs or the nature of the oscillations
induced. This coupling can make the structure's behavior
very difficult to predict and control, as it can lead to unstable
oscillations that increase steadily over time. Damping is a key
factor in dissipating vibrations caused by buffeting. Adequate
damping reduces the intensity and duration of oscillations,
minimizing the risk to the structure. Dynamic dampers can be
integrated into the design to improve overall bridge damping.
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