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Nonlinear response analysis of long-span bridges under turbulent winds
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ABSTRACT: The nonlinear response of a long-span bridge under turbulent wind is analyzed in
time domain. This includes aerodynamic nonlinearities with respect to the effective angle of wind
incidence. The analysis framework incorporates unsteady characteristics and spanwise correlation of
aerodynamic forces utilizing a rational function approximation. The turbulence effects on the flutter
response and the interaction between flutter and buffeting responses are investigated. A comparison
with conventional linear approach is made through response analysis of a long-span suspension bridge.

1 INTRODUCTION

Analytical prediction of wind induced buffeting
response and flutter instability have predomi-
nantly been conducted in the frequency domain
and based on the linear theory (Jones et al. 1998
and Chen et al. 1999). The frequency domain
approach in general is limited to linear struc-
tures excited by the stationary wind loads which
does not account for aerodynamic nonlinearities.
However, for most bridge deck sections, the aero-
dynamic force parameters are highly sensitive to
the angle of incidence (e.g., Matsumoto et al.
1998). Even for small level of turbulence, the
effective angle of incidence due to structural mo-
tions and wind fluctuations may vary to a level
such that the nonlinearity of aerodynamic forces
may not be neglected. In such cases, the relia-
bility of conventional linear approach using the
linearized aerodynamic forces around the static
position needs further verification.

Time domain approach is most appropriate for
the analysis involving structural and/or aerody-
namic nonlinearities. A nonlinear aerodynamic
force model with their dependence on the an-
gle of incidence has been proposed by Diana et
al. (1999). This nonlinear model incorporates fre-
quency dependent characteristics by decompos-
ing the total response into components with dif-
ferent frequencies. These unsteady aerodynamic
forces can be readily incorporated in the time do-
main by utilizing a rational function approxima-
tion (Chen et al. 2000).

Wind tunnel tests indicated that turbulence
can both stabilize and destabilize the flutter in-
stability depending on the shape of bridge deck

and the characteristics of wind fluctuations. A
number of analytical studies by randomizing the
dynamic pressure and using stochastic approach
have been conducted to predict the turbulence ef-
fects on flutter (e.g., Lin and Li, 1993). Such an
ad hoc implementation of the turbulence compo-
nent may not accurately represent the physics of
the problem because turbulence may significantly
modify the flow structure and lead to modifica-
tions in the aerodynamic force - generating mech-
anisms (Nakamura 1993). Diana et al. (1999)
have analytical investigated turbulence effects on
flutter by assuming that turbulence alters the ef-
fective angle of attack, which impacts the self-
excited forces.

In this paper, a time domain approach for pre-
dicting the buffeting and flutter responses with
aerodynamic nonlinearities is presented. The tur-
bulence has been separated into low-frequency
(large scale) and high-frequency (small scale)
components. The effects of low-frequency turbu-
lence are considered to alter the effective angle
of incidence hence the aerodynamic forces. The
main effects of high frequency turbulence are con-
sidered to alter the aerodynamic force-generating
mechanism, and are modeled by directly using
the aerodynamic parameters measured in turbu-
lence flow conditions. The frequency dependent
unsteady characteristics of aerodynamic forces
have been incorporated by using a rational func-
tion approximation technique (Chen et al. 2000).
A comparison with conventional linear approach
is made through response analysis of a long-span
suspension bridge.



2. NONLINEAR AERODYNAMIC FORCES

The nonlinearity of the aerodynamic forces de-
pends on the value of the effective angle of inci-
dence, which consists of the contribution of wind
fluctuations and the static and dynamic struc-
tural motions. The effective angle of incidence
and the associated aerodynamic forces can be
separated into low-frequency (including static)

and high-frequency components. The low-frequency
components of aerodynamic forces , i.e. lift (down-

ward), drag (downwind) and pitching moment
(node-up) consists of the frequency components
below the lowest natural frequency of structure.
These can be expressed using the quasi-steady
theory due to high value of the reduced velocity
as shown in the following nonlinear form (includ-
ing static components)
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where p is air density; U is mean wind velocity;
B = 2b is the bridge deck width; Cp,Cp and Cy,
are the mean static coefficients; uv; and w; are low
frequency components of wind fluctuations in the
longitudinal and vertical directions; h;, p;, and o
are the corresponding low frequency components
of the vertical, lateral and torsional displacement,
respectively; «; is static angle of bridge deck sec-
tion; «p is the low frequency component of the
effective angle of incidence; and b; = b/2.

When the low frequency responses are compar-
atively small and negligible (it is the case for most
long-span bridges), ae; can be simplified as
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The high-frequency component of the aerody-
namic forces can be expressed by the lineariza-
tion around the low frequency effective angle of
incidence «.;. They can be further separated
into self-excited force and buffeting force com-
ponents. The self-excited forces per unit length
induced by arbitrary structural motion, and the
buffeting forces corresponding to arbitrary fluctu-
ations, can be expressed in terms of convolution
integrals as detailed in Chen et al. (2000).
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For the lift components,
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where subscript h denotes the high frequency com-
ponent; [ indicates the aerodynamic impulse func-
tions, which are associated with indicial aerody-

namic functions and related to the flutter deriva-

tives and admittance functions (Chen et al. 2000);
They also depend on the effective angle of inci-

dence and the approach wind fluctuations. By

using the rational function approximation tech-

nique to express the flutter derivatives and ad-

mittance functions, the time histories of unsteady

aerodynamic forces can be calculated, and span-

wise correlation of the aerodynamic forces can

also be included in the time domain analysis (Chen
et al. 2000).

3. SOLUTION OF EQUATION OF MOTION

The static deformation is firstly calculated by
static analysis. Using the simulated wind fluc-
tuations at the center of each element, the low
frequency components of wind fluctuations are
then derived by low-pass filters. The correspond-
ing buffeting responses to the quasi-steady non-
linear forces are calculated. At each time step
and for each element the low frequency compo-
nent of the effective angle of incidence is calcu-
lated and the associated aerodynamic parameters
are determined for the calculation of the linear
unsteady aerodynamic forces. An iterative cal-
culation procedure is necessary for treating both
the low-frequency and high-frequency responses.
For most of long span bridges, the low-frequency
buffeting responses are negligible, therefore Eq. 5
can be used for reducing computational effort.
Structural nonlinearities can also be readily ac-
counted for in the analysis. For linear structures,
a mode generalized approach can be utilized to
benefit from the reduction in computational ef-
fort by limiting the analysis to selected modes.



Table 1 Flutter onset velocity (m/s)

Torsional dis. (deg)

Mode No. [ ae1 =0 | e = ay
(a) Frequency domain
mode 2, 8, 10 72.1 74.1
mode 1-15 74.8 76.3
(b) Time domain
mode 1-15 | 749 [ 765
5

Torsional Displacement

0
_5 L
80 m/s
-10 : : :
0 1000 2000 3000 4000

Bridge axis (deg)

Fig. 1 Static torsional deformation

Flutter Derivative A2

o

|
N

|
S

-6 . . ; \
0 5 10 15 20

Reduced velocity U/fB

Fig. 2 Flutter derivative A; at different

Flutter onset velocity (m/s)

Fig.

angles of incidence

100

| —©— mode 2, 8, 10

(o]
o

[e]
o

~
o

[e2]
o

a
o

40 : : :

-10 -5 0 5 10
Angle of incidence (deg)

3 Flutter onset velocity vs. effective

angle of incidence

W(t)/U

|
o
(S

0 100 200 300 400
10

-10

arctan(wll(u+u|)) (deg)

0 100 200 300 400
Time (sec)
Fig. 4 Vertical wind fluctuation and
low-frequency effective angle of incidence

4 , T T
g
AS) 20 |
e
]
3 -21 - ‘ P ‘ ;
o
_4 L L !
0 100 200 300 400
Time (sec)

Fig. 5 Buffeting torsional displacement
(Linear, U=60 m/s, main span center)
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Fig. 6 Buffeting torsional displacement
(Nonlinear, U=60 m/s, main span center)
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4. EXAMPLE

An example long span suspension bridge with
a main span of approximately 2000 m is used
to demonstrate the effectiveness of proposed ap-
proach. Figure 1 shows the static torsional de-
formation at different mean wind velocity. Only
the variation of the flutter derivative A} with the
angle of incidence is considered in this nonlinear
analysis (Fig. 2).

The multimode coupled flutter analysis in fre-
quency domain is conducted involving lower 15
natural modes, and only 1st and 2nd vertical
bending and 1st torsional modes. Flutter anal-
ysis is also carried out in the time domain by
the simulation of the free vibration of the bridge.
Table 1 gives the estimated flutter onset veloc-
ity. Figure 3 shows the flutter onset velocity at
different mean wind angles of incidence using the
uniformly distributed value in the spanwise direc-
tion. Results indicate that this example bridge
is very sensitive to the changes in the angle of
incidence, and that the time domain flutter es-
timates are in good agreement with those of the
frequency domain analysis.

An example realization of the vertical wind fluc-
tuations and associated effective angle of inci-
dence acting on the center of the main are shown
in Fig. 4 (0,/U=10%, 0,,/U=7.5%, U=60 m/s).
Figures 5 and 6 show the torsional buffeting at
the center of main span by the linear and non-
linear analysis. Figure 7 show the comparison
of the root-mean-square and maximum value of
torsional buffeting at the center of the main span.

It is noted that the nonlinear analysis result
are significantly larger for the buffeting response
than those obtained by the linear analysis. The
low-frequency turbulence destabilizes the flutter
instability in this example. The current analysis
framework can be readily used to account for the
contribution of high-frequency turbulence by us-
ing aerodynamic force parameters obtained in a
turbulent approach flow.

5. CONCLUSION REMARKS

A time domain approach for predicting the buf-
feting and flutter responses with aerodynamic non-
linearities is presented. Significant higher buffet-
ing responses has been predicted by this nonlin-
ear analysis then those obtained by the linear ap-
proach. The low-frequency turbulence indicated
a destabilizing effects on the flutter instability.
A coordinated experimental investigation is in
progress for further validation of the proposed
approach.
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