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a b s t r a c t

This paper presents a framework for predicting typhoon-induced non-stationary buffeting response of
long-span cable-supported bridges located in a complex terrain. First, a non-stationary typhoon wind
model is proposed based on observations from measured typhoon wind data. The wind model includes
mainly time-varying mean wind speed, mean wind speed profile and evolutionary power spectral density
(EPSD) function. Typhoon-induced wind loading on a bridge deck is then represented by time-varying
mean wind forces, non-stationary buffeting forces associated with time-dependent aerodynamic coeffi-
cients and self-excited forces characterized by time-dependent aerodynamic derivatives. A nonlinear sta-
tic analysis is performed to determine time-varying mean wind response, whereas the pseudo excitation
method is employed to compute the EPSD-expressed non-stationary buffeting response of a long-span
cable-supported bridge. The proposed framework is finally applied to predict non-stationary buffeting
responses of a long-span cable-stayed bridge located in a complex terrain during a strong typhoon as a
case study. The case study demonstrates how to apply the proposed framework and the results show that
the proposed framework is feasible and necessary.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Many innovative long-span cable-supported bridges emerge in
recent years. If these bridges are located in typhoon prone regions,
their functionality and safety under typhoons are of the utmost
concern. This requires not only analytical models for near-ground
typhoon winds over a complex terrain, mean wind forces, aerody-
namic forces, and aeroelastic forces on the bridge but also compu-
tational methods for predicting typhoon-induced buffeting
response of the bridge.

The buffeting analysis of long-span bridges has been performed
for almost fifty years. It is indispensable for wind resistance design
of long-span bridges [1]. It also plays an important role in the anal-
yses of wind-vehicle-bridge interaction [2,3] and the assessment of
wind or wind-vehicle-induced fatigue problem [4,5]. Davenport [6]
first presented a framework for buffeting analysis of long-span
bridges to include the effects of unsteadies and spatial variations
of wind turbulence. Scanlan [7] then introduced flutter derivatives
to the buffeting analysis to account for self-excited forces. The
inability of involving effects of multi-modes and inter-mode cou-
pling was circumvented later by fully-coupled 3D buffeting analy-

sis methods [8–11]. Nevertheless, these methods are all based on
stationary and Gaussian assumptions.

Typhoon winds actually exhibit different characteristics from
monsoon winds. Although monsoon winds can be probabilistically
described by a stationary process, this may not be the case for ty-
phoon winds because of their vortex origins. Particularly, if a
bridge site is close to typhoon eye walls, changes in wind direction
and convective turbulence are considerable, and consequently the
stationary assumption on typhoon winds cannot be accepted. Fur-
thermore, if the bridge site is surrounded by a complex terrain, the
profile of typhoon mean wind speed and the structure of turbu-
lence become more complicated and evolve with time [12].
Therefore, it is more realistic to model typhoon winds as a
non-stationary process than a stationary process and to perform
non-stationary buffeting analysis of long-span bridges in a com-
plex terrain.

Chen and Letchford [13] proposed a three layer model for
describing non-stationary winds resulting from downbursts,
where the three layers represent time-varying mean wind speed,
time-varying variance and time-varying spectral content. The fluc-
tuating wind speed components of downbursts were characterized
by either evolutionary power spectral density (EPSD) function
[13,14] or time-varying auto-regressive model [15] or wavelet
[16]. Chen and Letchford’s model has been used to predict down-
burst-induced responses of building structures and transmission
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towers [17–19]. Xu and Chen [20] characterized typhoon winds as
a time-varying mean wind speed plus a stationary fluctuating com-
ponent. This concept was also implied in the modeling of
Hurricane Lili by Wang and Kareem [21]. Kawai [22] conducted
non-stationary buffeting analysis of structures by introducing a
modulating function to account for time-varying variances of wind
speeds.

This paper will present a relatively systematic study on ty-
phoon-induced non-stationary buffeting response of long-span
bridges in a complex terrain. First, a non-stationary typhoon wind
model is proposed based on observations from measured typhoon
wind data. The wind model includes mainly time-varying mean
wind speed, mean wind speed profile, and EPSD function. Ty-
phoon-induced wind loading on a bridge deck is then represented
by time-varying mean wind force, non-stationary buffeting forces
associated with time-dependent aerodynamic coefficients and
self-excited forces characterized by time-dependent aerodynamic
derivatives. A nonlinear static analysis is performed to determine
time-varying mean wind response, whereas the pseudo excitation
method is employed to compute the EPSD-expressed non-station-
ary buffeting response of a long-span cable-supported bridge. The
proposed framework is finally applied to a long-span cable-stayed
bridge located in a complex terrain during a strong typhoon as a
case study to demonstrate how to predict its non-stationary buffet-
ing response in terms of measured typhoon winds.

2. Typhoon-induced non-stationary winds

For a long-span cable-supported bridge, wind components
which should be considered in its buffeting analysis are the longi-
tudinal wind component U(t) that is perpendicular to the longitu-
dinal axis of the bridge deck in the horizontal plane and the vertical
wind component W(t) that is perpendicular to the longitudinal
wind component in the vertical plane. The conventional buffeting
analysis is based on the assumption that wind speed components
are stationary Gaussian stochastic processes and requires four ba-
sic elements: (1) mean wind speed; (2) mean wind speed profile;
(3) wind power spectrum; and (4) wind coherence function. The
parameters in the four elements are all time-invariant. Neverthe-
less, the boundary layer wind speed components U(t) and W(t) in-
duced by typhoons may not comply with the stationary
assumption, and their statistical properties may evolve with time.
Therefore, a non-stationary wind model will be presented in the
following by extending the stationary model with instantaneous
statistical properties. The term ‘‘instantaneous’’ here means that
for each time instant the corresponding statistical properties are
estimated over a specified short time interval whose center is the
current time instant.

2.1. Time-varying mean wind speed

In the proposed non-stationary typhoon wind model, the longi-
tudinal component U(t) is regarded as the sum of time-varying
mean wind speed UðtÞ and zero-mean fluctuating wind speed com-
ponent u(t).

UðtÞ ¼ UðtÞ þ uðtÞ ð1Þ

where UðtÞ is determined by short-time averaging over a short time
interval T0:

UðtÞ ¼ 1
T0

Z tþT0=2

t�T0=2
UðtÞdt ð2Þ

The value of time interval T0 can be chosen with reference to the
time interval of mean wind speed used in conventional stationary
buffeting analysis, which is commonly taken as one hour or

10 min. Clearly, this requires the length of wind speed time history
being at least twice the time interval. Eq. (2) implies that UðtÞ con-
tains frequency contents lower than 1/T0. Therefore, the time-vary-
ing mean wind speed actually varies with time very slowly
compared with the fluctuating wind speed component u(t).

To consider the mean wind speed profile in the vertical plane,
the time varying mean wind speed can be further expressed as

UðtÞ ¼ U0ðzÞ � g0ðtÞ ð3Þ

where U0ðzÞ is the mean value of the time-varying mean wind speed
UðtÞ, which is almost the same as the conventional time-invariant
mean wind speed [20] depending on the height above the ground
z; g0(t) is the time-varying function of mean wind speed, which is
assumed to be independent of the height above the ground in this
study. In such a way, the mean wind speed profile can be readily
incorporated into the non-stationary wind model. Furthermore, it
is assumed that the vertical wind component W(t) is zero mean,
which is similar to the assumption used in the stationary buffeting
analysis. As a result, the vertical component W(t) is regard as the
fluctuating wind speed w(t) = W(t) only.

2.2. Typhoon mean wind speed profile

During the passage of a typhoon, the mean wind speed profile at
a bridge site surrounded by a complex terrain generally does not
conform to the traditional logarithmic law or power law. A numer-
ical method for predicting directional typhoon mean wind speed
profiles over a complex terrain, UoðzÞ, has been recently proposed
by Xu et al. [23]. The method they proposed involves a refined ty-
phoon wind field model, Monte Carlo simulation, computational
fluid dynamics (CFD) simulation, and artificial neural networks
(ANN).

2.3. Evolutionary spectra

After extracting the time-varying mean wind speed from U(t),
the remaining fluctuating wind speed component u(t) may still
possess time-varying characteristics of wind turbulence. Therefore,
u(t) is represented by a zero-mean oscillatory process that admits
the representation [24]:

uðtÞ ¼
Z þ1

0
Aðx; tÞeixtdnðxÞ ð4Þ

where i ¼
ffiffiffiffiffiffiffi
�1
p

; A(x, t) is a slowly varying function with time; and
n(x) is a zero-mean Gaussian orthogonal increment process having
the properties

E dnðxÞdnðx0Þ�½ � ¼
0 x – x0

lðxÞdx x ¼ x0

�
ð5Þ

in which the superscript ‘‘⁄’’ denotes the complex conjugate; and
l(x)dx is variance of the increment process. The EPSD of u(t) at
the time instant t can then be written as:

Suuðx; tÞ ¼ Aðx; tÞj j2lðxÞ ð6Þ

Based on observations on measured typhoon wind data [20], a
closed-form formula for Suu(x, t) can be proposed by incorporating
time-varying parameters into stationary power spectral density
functions. In this study, the von Karman spectrum [25,26] is se-
lected and extended to the evolutionary von Karman spectrum with
time-varying variance, mean wind speed, and integral length scale.

Suuðx; tÞ
r2

uðtÞ
¼ 1

2p

4LuðtÞ
UðtÞ

1þ 70:8 xLuðtÞ
2pUðtÞ

� �2
� �5

6
ð7Þ
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