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Abstract

Aerodynamic flutter instability has been a major concern for long-span flexible

Louisiana State University, Baton bridges, such as suspension and cable-stayed bridges, subjected to wind actions that
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China are too small in these experiments. In this paper, the characterizations of self-excited

forces are presented in both the frequency-domain and in the time-domain. Then,
the flutter analysis is conducted under both smooth flow and turbulent flow in order
to investigate the effect of wind turbulence on the flutter instability. The effect of
wind turbulence is directly modeled in the time-domain in order to avoid the
complicated random parametric excitation analysis of the equation of motion used
in previous studies. By comparing the results of different turbulence intensities with
that of the smooth flow, it is found that the turbulence has a stabilizing effect on
bridge flutter. The turbulence can change the vibration patterns and weaken the
spatial vibration correlation to some extent. As a result, the critical flutter velocity can
be increased by 5% to 10% over that under smooth flow.
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1 Introduction

The aerodynamic instability of long-span bridges under strong wind excitations
has been a major concern in recent years, especially with the continuously in-
creasing span length built around the world, especially in China. The well-known
failure of the old Tacoma Narrows Bridge has heightened people’s attention to
wind-resistant design for long-span bridges and led to many research studies and
investigations on bridge flutter performance (Zhang et al. 2017; Caracoglia 2018;
Tang et al. 2019; Gao et al. 2020). At first, flutter analysis was based on the thin
airfoil theory given by Theodorsen and Mutchler (1935). Afterwards, Scanlan and
his co-authors (Scanlan and Tomo 1971; Scanlan and Jones 1990) developed the
formulations of the lift, drag, and pitching moment motion-dependent forces,

. © The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ Sprlnger Open permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article's Creative Commons licence, unless indicated otherwise in a credit
line to the material. If material is not included in the article's Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://crossmark.crossref.org/dialog/?doi=10.1186/s43251-020-00007-6&domain=pdf
http://orcid.org/0000-0002-0740-3713
mailto:cscai@lsu.edu
mailto:ce_hanyan@163.com
http://creativecommons.org/licenses/by/4.0/

Liu et al. Advances in Bridge Engineering (2020) 1:7 Page 2 of 23

otherwise known as the self-excited forces, which are presently widely used.
These equations involve the flutter derivatives obtained from experimental mea-
surements on sectional bridge deck models. There are general two approaches for
flutter analysis: the frequency-domain approach and the time-domain approach.
In the frequency-domain method, the critical flutter velocity, the flutter mode
shape, and the corresponding frequency can be obtained by conducting a com-
plex eigenvalue analysis (Agar 1989; Miyata and Yamada 1990; Jain et al. 1996;
Dung et al. 1998; Ge and Tanaka 2000; Liu et al. 2018; Han et al. 2015). In the
time-domain method, the self-excited forces are represented in the form of the
indicial functions (Scanlan et al. 1974; Zhang et al. 2010; Caracoglia and Jones
2013; Zhang et al. 2019) or rational functions (Chen et al. 2000; Chowdhury and
Sarkar 2005), which can be identified through experimental tests or numerical ap-
proaches from available flutter derivatives.

While a few studies have investigated the effect of wind turbulence on bridge aero-
dynamic instability (Lin and Ariaratnam 1980; Bucher and Lin 1988a, 1988b, 1989; Lin
and Li 1993), for most of the previous work, the wind turbulence has been neglected in
the flutter analysis. However, based on the experiments carried out in wind tunnels on
full aeroelastic models of long-span suspended bridges, it is shown that the level of
wind turbulence generated in wind tunnels influences the aerodynamic instability of
the structure (Diana et al. 1993). Based on their observations on the measured flutter
derivatives, Scanlan and Jones (Scanlan and Jones 1991; Scanlan 1997) found that the
flutter instability performance can be enhanced in a turbulent wind field because the
turbulence may weaken the inherent correlation of the self-excited forces along the
bridge deck. At the same time, to theoretically investigate the wind turbulence effect on
bridge flutter instability, complicated random parametric excitation analyses were con-
ducted since the equation of motion becomes a randomly parametrically excited type
of equation. The results showed that wind turbulence with high intensity might also
have adverse effects that reduce bridge flutter instability (Bucher and Lin 1988a, 1988b;
Cai et al. 1999). These results also raise the question: Can the influence of wind turbu-
lence on flutter instability be fully reflected in the measured flutter derivatives? Huston
(1986) has conducted a series of studies on the effects of large-scale turbulence on the
flutter derivatives and found that the turbulence does not always stabilize bridge flutter.
According to Li and Lin (1995), the presence of wind turbulence changes the combined
structure-fluid critical mode and results in a new energy balance. They suggested it is
the random deviation from the deterministic flutter mode that renders either the stabil-
izing or destabilizing effect of turbulence possible.

From these studies of turbulence effects on bridge flutter performance mentioned
above, it can be found that the majority of studies rely on wind tunnel tests due to the
inherent complexity of wind-bridge interactions, which makes their mathematical for-
mulations extremely difficult. However, the accuracy of the results of wind tunnel tests
largely depends on the matching degree of the turbulent atmospheric flows, which is
influenced by many factors, such as the Reynolds numbers, the integral scales, the tur-
bulence intensities, and the anisotropy, etc. Typically, only a fraction of the turbulence
characteristics can be matched in a wind tunnel experiment (Haan 2000). Numerical
analysis of bridge flutter performance in turbulent flow is relatively rare, and it has al-
ways been considered as a supplement of experimental simulation. These numerical
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simulation approaches, such as the random parametric excitation (RPE) analysis (Lin
1979; Cai et al. 1999), are usually too complex mathematically and/or too computation-
ally consuming. In the present paper, a simplified numerical approach is proposed in
which the influence of wind turbulence on bridge flutter instability is investigated nu-
merically in the time-domain, which not only avoids the complicated stochastic solu-
tion process, but also can technically include any nonlinear effects (geometric and/or
material nonlinear) in the analysis when deemed necessary. Taking the Karman
spectrum as the target spectrum, turbulent wind fields with different turbulence inten-
sities are simulated and utilized here. For comparison, three approaches: (i) the
frequency-domain approach based on flutter derivatives, (ii) the time-domain approach
based on rational functions under smooth flow, and (iii) the time-domain approach
under turbulent flow, haven been applied to predict the critical flutter velocity. These
results are compared and discussed based on the analysis of a prototype long-span
bridge.

2 Description of bridge and dynamic characteristics

The Taihong Bridge analyzed in the present study is a single span suspension bridge
that has a span length of 808 m, a streamlined steel box girder with a width of 37.5m,
and a height of 3 m. The two main cable planes are 33.6 m apart, and the bridge deck is
suspended by hangers at intervals of 12 m. The two bridge towers are reinforced con-
crete structures with a height of 112.7 m and 107.6 m, respectively. A sketch of the
bridge is shown below in Fig. 1.

The commercial finite element software ANSYS is used here to establish the 3D finite
element (FE) model of the Taihong Bridge. In the finite element model, the main girder
and the towers are simulated by Beam4 elements, and the main cables and suspension
cables are simulated by Link10 elements. Figure 2 shows the finite element model of
the Taihong Bridge.

The dynamic properties of the Taihong Bridge, including its natural vibration fre-
quencies and mode shapes are analyzed based on the dead load deformed configur-
ation. The results are shown in Table 1. The vertical bending and torsional vibrations
are usually the critical modes of flutter for suspension bridges. It can be found that the
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Fig. 1 Sketch of the Taihong Bridge: (a) elevation view (unit: cm); (b) cross section (unit: mm)
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Fig. 2 FE model of the Taihong Bridge

frequencies of the first order symmetric vertical bending and torsion are 0.183 Hz
(Mode 4) and 0.451 Hz (Mode 16), respectively, with a frequency ratio of 2.46; the fre-
quencies of the first order antisymmetric vertical bending and torsion are 0.137 Hz
(Mode 3) and 0.491 Hz (Mode 19) respectively, with a frequency ratio of 3.58. The typ-
ical mode shapes are shown in Fig. 3.

3 Identification of flutter derivatives using forced vibration method in time
domain

The flutter derivatives represent the characteristics of the self-excited aerodynamic
forces of the bridge section and are the most important parameters in the flutter in-
stability analysis of long-span bridges. Many studies have focused on the identification
of the flutter derivatives (Yamada and Ichikawa 1992; Sarkar et al. 1994; Gu et al. 2000;

Table 1 Dynamic properties of the Taihong Bridge

Mode Natural Mode shape Mode Natural Mode shape

number frequency (Hz) number frequency (Hz)

1 0.099 1st symmetric lateral 11 0.342 1st antisymmetric lateral
bending bending

2 0.103 Longitudinal floating of 12 0.352 Main cables vibration
main girder

3 0.137 1st antisymmetric vertical 13 0401 Main cables vibration
bending

4 0.183 1st symmetric vertical 14 0403 3rd antisymmetric
bending vertical bending

5 0.246 2nd symmetric vertical 15 0447 Main cables vibration
bending

6 0.252 Main cables vibration 16 0451 1st symmetric torsion

7 0.260 Main cables vibration 17 0452 3rd symmetric vertical

bending

8 0.293 Main cables vibration 18 0457 Main cables vibration

9 0.298 2nd antisymmetric 19 0491 1st antisymmetric
vertical bending torsion

10 0.335 Main cables vibration 20 0496 Main cables vibration
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(a) 1* symmetric vertical bending

|

(c) I** antisymmetric vertical bending (d) 1% antisymmetric torsion

Fig. 3 Typical mode shapes

Chen et al. 2002). Self-excited lift force Ly, and pitching moment M, per unit length
are defined as (Scanlan and Tomo 1971)

Ba

1 h h
Le =3 pU*B [KhH’;u + Ky + K2Hja + KiH; E] (1a)

1 h Ba h
M =5 pU*B? {KhATU + KO,AZU“ + K2Asa + K1 A; E] (1b)

in which % is the vertical or heaving displacement; a is the torsional or pitching dis-
placement; / is the vertical or heaving velocity; « is the torsional or pitching velocity; p
is the air density; U is the mean wind velocity; B is the bridge deck width; K; = w,B/U
(i = h, a) is the reduced circular frequency; w;, and w, are the circular frequencies of the
heaving and pitching motions, respectively; and H'; and A"; (i = 1,2, ...,4) are the flutter
derivatives (H 1, H'4, A'» and A’5 are called direct flutter derivatives while H 5, H'3, A,
and A", are called cross flutter derivatives).

By combining the coefficients of flutter derivatives, Eqs. (1a) and (1b) can be

expressed as:
Lse :th +H2(X+H30L+H4h (23)

Mse = Alh + Aza’ + AgC{ + A4h (2b)
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in which H; and A; (i=1,2, ...,4) are equivalent flutter derivatives whose relationships
with the flutter derivatives are given in matrix forms as:

K, ]
ZI X U ks Zl
H; =§pu23 u 1(2 Hz (3b)
H, Core | \H;

i B |

K, )
/o BT . y
A, =§pu3 u < A% (3b)
Aq ’ K Ay

I B |

According to Eq. (2), H; and A; (i=1,2, ...,4) can be obtained from the self-excited
force time-histories and vibration time-histories by the principle of least square fitting.
Then H; and A”; (i=1,2, ...,4) can be obtained according to Eq. (3) based on the identi-
fied H; and A; (i =1,2, ...,4). The time-domain forced vibration method can be divided
into single DOF and coupled vibration identification methods according to the forced
vibration mode of the model. In this paper, 1-DOF harmonic oscillation of the tested
model is simulated and the single DOF identification method is used. More specific de-
tails can be found in previous studies (Han et al. 2014).

The results of the 8 identified flutter derivatives under different wind attack angles
are shown in Fig. 4, though 18 flutter derivatives are used in the general formulation
described later.

4 Flutter instability analysis
The equation for motion of a bridge under smooth flow can be expressed as:

Mg +Cq+Kq=Fe (4)

where M, C, and K are the global mass, damping, and stiffness matrices, respectively; q,
q, and q represent the nodal displacement, velocity, and acceleration vectors, respect-
ively; and F, denotes the vector of the nodal aero-elastic forces.

Self-excited lift force, Ly, drag force, D, and pitching moment, M,,, per unit length
are defined in a general form with 18 flutter derivatives as (Scanlan 1978; Jain et al.

1996)
1 h Ba . L h D P
Le =3 pU’B [I(Hla +KHyr + K*Hja + K*H, g+ KH+ K*H, o5 (52
1 p Ba p h h
Dy, = —pU?B|KP}~ + KPj— + K*Pya + K*P;~ + KP;— + K*P; 5b
2P [ g TP KR+ KOy KPspy + KoP - (5b)

h h
My, pLIQBZ{KA* +KA +1<2A*a+1<2A* it <A*p +1<2A*’;] (5¢)

in which H}, P}, and A} (i =1 to 6) are the aerodynamic flutter derivatives related to

the vertical, lateral, and torsional directions, respectively; /4, p, and a are the vertical,
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Fig. 4 Flutter derivatives of the Taihong Bridge under different wind attack angles (=5° to 5 ©)

lateral, and torsional displacements of the bridge deck, respectively; and the dot on the
cap denotes the derivative with respect to time. An iterative process is usually used to
define the oscillation frequency present in K and the aerodynamic flutter derivatives H}

, Py

7, and A] Approach I-Frequency-Domain Approach using Smooth Flow Flutter
Derivatives.

The 3D finite element flutter analysis is performed to determine the critical flutter
wind speed and flutter modes of the Taihong Bridge under different attack angles of
wind flows. In the analysis, a pair of user-defined Matrix27 elements are used to simu-
late the aerodynamic forces acting on each element of the main girder. One Matrix27
element is used to simulate the aerodynamic stiffness, and the other one is used to
simulate the aerodynamic damping (Han et al. 2015). By solving the equation of motion

after assembling the aerodynamic stiffness and damping matrices, the flutter instability

Page 7 of 23
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and critical wind velocity of the system can be determined from the values of the real
part of the complex eigenvalues. The system is dynamically stable if the real part of all
eigenvalues is negative and dynamically unstable if the real part of one or more eigen-
values is positive. At a certain wind velocity, the real part becomes zero, which means
the system is on the critical state and the corresponding wind velocity is defined as the
critical flutter wind velocity.

In this study, damped complex eigenvalue analysis is carried out under wind velocities
ranging from 0 to 150 m/s of different wind attack angles by assuming that the structural
damping ratio is 0.5%. The complex eigenvalues of multiple modes under a wind attack
angle of — 3° are shown in Fig. 5 as an example. It is found that the critical flutter mode is
mode 16, i.e, the first symmetric torsion mode. The deformation shape of mode 16 under
the critical flutter velocity is shown in Fig. 6, which can be found to be the coupling of the
symmetric vertical bending and the symmetric torsion. The critical flutter wind velocity and
corresponding frequencies under different wind attack angles are summarized in Table 2.
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Fig. 5 Complex eigenvalues versus wind velocity: (a) real part; (b) imaginary part
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(a) Front view

(b) Side view

Fig. 6 Deformation shapes of mode 16

4.1 Approach Il -time-domain approach under smooth flow

To compare the frequency-domain and time-domain approaches, the self-excited forces
per unit span can also be expressed in terms of impulse response function as follows
(Lin and Yang 1983):

(ILseh(t -1)h(r) + 1, (t - 7)p(7) + I, (t - r)a(r))dr (6a)

1, [
LSE(t):Epu/

1 t
De(t) = ;pU” / (It = 0)h(x) + Ip,, (= Dp(r) +Ip,. (¢~ T)a(r)dr  (6b)

1 t
M) =31 [ (L (6= Dh(2) + Do (6= Dp(5) + Do (¢ - Da(m)) e (6c)
where I denotes the impulse function of the self-excited forces, and the subscripts

Table 2 Results of multi-modes flutter analysis

Wind attack angle Critical wind velocity Frequency
(m/s) (H2)

-3° 95 0447

0° 85 0450

+3° 75 0451
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represent the corresponding force component. For example, I;_,, Ip,,, and I, are im-
pulse functions of the lift force, drag force, and pitching moment corresponding to the
vertical movement /, respectively.

According to the equivalency of the spectral characteristics between the aero-
dynamic self-excited forces expressed by the impulse response function and the
self-excited forces defined with the flutter derivatives by Scanlan (1978) as shown
in Eq. (6), the relationship between the impulse response function and the flutter
derivatives can be obtained as follows:

Iy, = K*(H} + iH7); 1, = K*(Hy + iH3); 1., = K*B(H} + iH3);

Ip,, = K*(P; +iPy); Ip,, = K*(Py + iP}); Ip,, = K*B(P + iP}); (7).

In,, = K*B(A} + iA}); I, = K*B(A} + iA}); I, = K*B*(A} + iA3);

where the I is the Fourier transform of I, and the subscripts denote the corresponding

seh

sea

force components.
The Roger’s approximation, a kind of rational function approximation approach, is
often utilized to express I (f = L,D,M;x = h,p,a) (Chen et al. 2000). Taking the im-

pulse function of the lift force induced by the vertical motion as an example, I;_, can
be expressed as:

- ioB ioB\” m Apsio

fralio) =41 + 45 (7) e <7> RS 1 ¥

where d; and A, (I=1 to m; n=1 to m+3) are frequency independent coefficients,
which can be determined through parameter fitting of the flutter derivatives obtained
by the wind tunnel test. The value of m is user-defined, which determines the approxi-
mation accuracy. Among the rational function, the third term of (i.e., the A3 term) rep-
resents the additional aerodynamic mass and is normally negligible.

It should be noted that for each force component, the coefficients of d; and A,, (/=1 to m;
n=1 to m+3) are different, and m =2 is used in the present study. The nonlinear least-
squares method is used here to determine these coefficients in Eq. (8). Then, to validate the
procedure, the flutter derivatives are back calculated based on Eq. (7) and called simulation
values here. Figure 7 shows the comparison of experimental values and simulation values of
the flutter derivatives of the Taihong Bridge under a wind attack angle of — 3°.

By taking the Fourier transform of (8) after obtaining the corresponding parameters,
the impulse response function can be expressed as:

11, (¢) = Aid(t)

B m m u d,u
+ A2 Eg(t) + 6(t)ZI:1Al+3 - Zl:lAl+3dl§ exp ( - ?t> (9)

By substituting Eq. (9) into Eq. (6a), the aerodynamic lift force induced by the vertical
motion can be obtained as follows:

t

Lseh(t):%pu2 Alh(t)+A2§h(t)+ZZ1Al+3/efd’T”awh(T)dT] (10)

— oo

Similarly, the expressions for the other self-excited force components can be ob-
tained. After obtaining the expressions of all the aerodynamic self-excited forces, flutter
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analysis in the time domain can be performed using ANSYS. The equation of motion
of the structure at time ¢; can be expressed as:

MX(t;) + CX(t) + R(t;) = F(t;) (11)
where F(t;) represents the equivalent nodal forces induced by external forces at time ¢,
and R(¢;) denotes the equivalent nodal resistance of the structure.
At time ¢; + At, the equation of motion becomes as follows:

MX(t; + At) + CX(t; + At) + R(t; + At) = F(t; + At)  (12)
The Newmark- 8 method is used to solve this equation of motion considering the
geometry nonlinearity of the structure and the nonlinearity of aerodynamic loads. The
nodal acceleration and velocity can be expressed as follows:

Xt + At) = ﬁ[X(ti + A - X(8)] - ﬁX(ti) , (i . 1))"((@.) (13)

X(t; + At) = %[X(ti + At) - X(t;)] - (lo—i - 1>X(ti) - % (g —2>X(ti) (14)

According to Eq. (13) and Eq. (14), the acceleration and velocity of the structure at a
given time can be obtained through iterations. By increasing the wind speed gradually
and conducting transient dynamic analysis of the structure, the flutter critical wind vel-
ocity can be determined.

Figures 8, 9, and 10 show the time histories of the displacements of the mid-span
under a wind attack angle of 0° at pre-critical, critical, and post-critical stages, respect-
ively. The vertical and torsional displacements are defined at the center of the bridge
deck. It can be found that when the wind velocity is 77 m/s, 79 m/s, and 80 m/s, the
displacement amplitudes are convergent, becoming constant, and changing to diver-
gent, respectively. Therefore, 79 m/s is identified as the onset wind velocity of bridge
flutter. Figure 11 shows the spectrum of displacements at the critical wind velocity, and
it is found that the vibration is a vertical-torsional coupled one with the dominant fre-
quency being around 0.448 Hz for the torsional vibration (Fig. 11a) and 0.10 Hz and
0.446 Hz for the vertical vibration (Fig. 11b). It is noted that the first symmetric torsion
mode (Mode 16) has a natural frequency of 0.451 Hz and this frequency reduces
slightly when it approaches the flutter stage as shown in Fig. 5. Meanwhile, the 1st
anti-symmetric vertical bending mode (Mode 3) has a frequency of 0.173 Hz and it ap-
proaches 0.1 Hz at the occurrence of flutter. The flutter in the time-domain analysis
shows a coupled vibration involving a few modes similar to that in the frequency-
domain. A few other modes might be also involved since they have a frequency near
the neighborhood of 0.1 Hz (see Table 1). The critical flutter velocities under different
wind attack angles and corresponding dominant frequencies are summarized in Table 3.
It can be found that the results of the time-domain analysis are consistently slightly

lower than that from the frequency-domain analysis.

4.2 Approach lll - time-domain approach under turbulent flow

Since flutter derivatives are a direct description of the self-excited forces, a number of
studies have been conducted to investigate the influence of turbulence on flutter deriv-
atives. Diana et al. (1992) found that turbulence had little effect on flutter derivatives
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Fig. 8 Time-histories of motion at mid-span (pre-critical, U= 77 m/s)

by measuring the flutter derivatives in a turbulent wind field from the full-scale test.
Sarkar et al. (1994) also concluded that turbulence did not significantly affect the flutter
derivatives under smooth flow. Therefore, it seems like turbulence does not signifi-
cantly influence the self-excited forces through the flutter derivatives directly. Due to
the lack of experimentally obtained flutter derivatives under fully “matched” turbulent
flow, the effect of wind turbulence on the flutter derivatives might not fully reflect its
effects on the bridge flutter performance. Therefore, in the following analysis, the flut-
ter derivatives measured in the smooth flow instead of in turbulent flow are used in the
formulations of the self-excited forces, i.e., they remain the same as in Approach I In
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Fig. 9 Time-histories of motion at mid-span (critical, U =79 m/s)

order to investigate the effect of wind turbulence on the critical flutter velocity, a tur-
bulent wind velocity component is added on the mean wind velocity of Approach II in
the formulations of the self-excited forces. This is a similar approach to that used by
Bucher and Lin (1988a, 1989) in treating the self-excited forces in turbulent flow. How-
ever, Bucher and Lin (1988a, 1989) used a complicated stochastic solution process for
the parametrically excited differential equations of motion. In comparison, the present
approach is to numerically solve the nonlinear equations of motion in the time-

domain.

Taking the aerodynamic lift force induced by vertical motion as an example, it can be

expressed as:
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Fig. 10 Time-histories of motion at mid-span (post-critical, U =80 m/s)

Lsem):%p(uw(t))z Ah(e) + Ay () + 3 Avis / - dn (15)

in which u(¢) denotes the turbulent component of wind velocity, which can be obtained
by field measurements or numerical simulations.

Due to the lack of field measured wind data, the harmonic synthesis method is used
here to generate a sample of the turbulent wind velocity time-history of the bridge
main beam. Four turbulent wind fields, with turbulence intensities ranging from 5% to
20%, are simulated here to investigate their effects on flutter instability. The main pa-
rameters of the turbulent wind field are listed in Table 4. Figure 12 shows the turbulent
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Table 3 Results of time-domain approach under smooth flow

Wind attack angle Critical wind velocity (m/s)

Dominating Frequency (Hz)

-3° 94 0443
0° 79 0448
+3° 71 0450
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Table 4 Parameters of turbulent wind field

Parameter Value
Main span length 808 m
Bridge deck elevation 130.08 m
Simulated points number 68

Time interval 0.125s
Target spectrum Karman

wind velocity time-history (I, =5%) at the mid-span and the 1/4-span of the bridge.
Figure 13 shows the simulated turbulent wind spectrum, and it can be found that the
simulated turbulent wind spectrum agrees well with the target spectrum.

The results of flutter analysis under different turbulent flows, compared with the re-
sults under smooth flow, are shown in Fig. 14. Specific critical flutter velocities under
different wind attack angles are summarized in Table 5. It can be found that wind tur-
bulences do have stabilizing effects on bridge flutter. In general, the critical flutter vel-
ocity increases monotonically with the increase of turbulence intensity from 5% to 20%.
It should also be noted that with relatively low turbulence intensities (such as typical
5% and 10%), the critical flutter velocities are almost the same with that under the
smooth flow, and the stabilizing effect is not obvious. With relatively high turbulence
intensities (such as 15% and 20%), the critical flutter velocity can be increased by 5% to
10% due to the turbulence effect. The stabilizing effect is mainly from the de-
correlation effect of the turbulence on the aerodynamic forces as discussed below.

Figure 15 shows the post-critical time histories of the displacements at the mid-span
under turbulent flow (7, = 15%). It can be found that the motion of the bridge deck be-
comes much more irregular and random in the turbulent flow compared to that in the
smooth flow. Hence, turbulence not only increases the critical flutter velocity, but also

—— Mid-span
----- 1/4-span

Wind velocity(m/s)

T T

T T
0 100 200

Fig. 12 Turbulent wind velocity history (/, = 5%)
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changes the vibration patterns to some extent. Figure 16 shows the comparison of the
correlation of the motion at mid-span and 1/4-span under the smooth flow and turbu-
lent flow. The correlation coefficient of the vertical displacements at these two points
under both the smooth flow and the turbulent flow are calculated in Table 6. It can be
found that, under the smooth flow, the vibration is highly synchronized at each location
of the bridge deck, which is more likely to generate stronger wind-bridge interactions.
However, this consistent pace in vibration has been broken in the turbulent flow. This
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Fig. 14 Comparison of flutter analysis results
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Table 5 Critical flutter velocity (m/s) of time-domain approach under turbulent flow

Turbulence Wind attack angle

intensity 30 o 130
l,=0% 94 79 71
l,=5% 95 80 72
l,=10% 96 80 74
l,=15% 99 85 77
ly=20% 100 87 78
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Fig. 15 Time-histories of motion at mid-span under turbulent flow
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Table 6 Comparison of correlation coefficient of vertical displacement at mid-span and quarter
span under smooth and turbulent flow

Correlation type Correlation coefficient

Smooth flow Turbulent flow
Pearson correlations 0.978 -0.531
Spearman correlations 0.952 —0.466

Kendall correlations 0.825 -0327
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kind of inconsistency in motion affects the motion-dependent flutter forces and con-
tributes to the increase of the critical flutter velocity.

5 Conclusions

Although the frequency-domain approach and the time-domain approach are theoretic-
ally equivalent since the rational functions are extracted from the experimentally ob-
tained flutter derivatives, it can be found that there are still some differences in the
numerical values of the critical flutter velocities by comparing the results of Approach I
and Approach II. The differences may be caused by the following reasons. Firstly, the
numerical identification of the parameters in the rational functions introduces a degree
of approximation and results in numerical errors due to the highly irregular behavior of
several flutter derivatives. Secondly, the frequency-domain approach is based on the
linear-elasticity theory and decomposes the structural response into multiple main par-
ticipation modes by using the linear modal decomposition technique, while the time-
domain approach considers the nonlinearities of the geometry and aerodynamic loads.
The frequency-domain method is much more straightforward since it directly relies on
experimental data and is less expensive from a computational point of view. However,
the time-domain method is more flexible and powerful in some bridge analysis, such as
the nonlinearity analysis, coupled flutter, and buffeting analysis, etc.

By comparing the critical flutter velocities of Approach II and Approach III, it can be
found that the turbulence in the cross wind can raise the critical flutter velocity. The in-
crease in amplitude is dependent on the turbulence intensity. It is also found that the tur-
bulence influences the vibration patterns and the spatial vibration correlation. However, it
should be noted that the effect of turbulence on flutter derivatives is not considered in this
study. Many studies have been conducted to investigate the flutter derivatives under the
turbulent flow, and different research conclusions have been made. It is still a debate
whether the effect of wind turbulence on flutter instability can be fully reflected by the
measured flutter derivatives. Therefore, presently, the mechanism of the influence of tur-
bulence on flutter derivatives is still not clear, and further study is needed.

The effect of the turbulent wind field on the aerodynamic instability of bridges is a
complex process, which needs to take into account its effect on the flutter derivatives,
the effect on the spatial correlation of self-excited forces, the effect of turbulence-
induced buffeting on the aerodynamic instability, and other factors comprehensively. In
the present study, the turbulence effects on flutter instability are numerically simulated
in the time domain, which considers the nonlinear effects and spatial correlations. The
effect of buffeting vibrations on flutter instability is under study in this developed nu-
merical framework and will be reported later. Future studies, involving both wind tun-
nel experiments and numerical analysis, are needed to further advance the
understanding of the effects of turbulence on the aerodynamic instability of bridges.
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