Available online at www.sciencedirect.com
x . JOURNAL OF
ScienceDirect SOUND AND

VIBRATION

ELSEVI

R Journal of Sound and Vibration 303 (2007) 330—342

www.elsevier.com/locate/jsvi

Wind-induced vibration analysis of a cable-stayed bridge
during erection by a modified time-domain method

Cheng Su®, Xueming Fan, Tao He

Department of Civil Engineering, South China University of Technology, Guangzhou 510640, PR China

Received 6 May 2006; received in revised form 5 December 2006; accepted 19 January 2007
Available online 21 March 2007

Abstract

In this study, a modified time-domain approach is presented for analytical investigation on the buffeting response of a
cable-stayed bridge during erection. Both the frequency-dependent self-excited effects and the imperfect spatial correlation
of wind forces over the chord of the bridge deck are taken into consideration in the proposed method. The method
represents a modification to the conventional time-domain formulation for the aerodynamic forces directly based on the
quasi-steady theory, but remains the advantages of simplicity and straightforwardness as compared with the complicated
mixed-formulation in the time-frequency domain. Buffeting responses of the Yamen Bridge at different construction
stages, including single pylon stage, maximum double cantilever stage and maximum single cantilever stage, are
investigated in this paper by the proposed method. Several conclusions are obtained regarding the above adverse
construction stages against wind loads, and the corresponding wind-resistant measures are discussed in the present study.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

The 668 m long Yamen Bridge, as shown in Fig. 1, is a PC cable-stayed bridge with a main span of 338 m
and two side spans of 165 m each. It serves as a part of the Western Coastal Highway of Guangdong Province
in South China and provides the vital linkage between Zhuhai City and Xinhui City. The bridge deck consists
of a PC box girder with a height of 3.48 m and a deck width of 26.8 m for four traffic lanes. The deck is mainly
supported by 200 cables approximately 107-136 mm in diameter, which lay in a single plane emanating from
the upper parts of the two main towers. The deck is also supported by the main piers, the side piers and also
the auxiliary piers between them. Each tower is of a single reinforced concrete pylon that reduces its section
area in steps and rises to a level of 128 m. Yamen Bridge is located at the entrance of the South China Sea,
crossing the Yamen Channel. The bridge site is mainly affected by tropical cyclones, or typhoons, generally
occurring between May and August. It has been recognized that the conditions during bridge erection are
often less favorable than those of the final state due to the significant reduction of the overall stiffness of the
bridge girder before closing. Therefore, the acrodynamic behavior of the Yamen Bridge during construction is
of great concern to the successful completion of the bridge.
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Fig. 1. Elevation of Yamen Bridge.

The dynamic response of a bridge under stochastic wind loads can be studied either in the frequency domain
or in the time domain. The conventional frequency-domain analysis with power spectral density functions and
coherence functions directly as inputs is based on the linear hypothesis, and hence the total response is
obtained by a combination of the contributions from all the vibration modes. This assumption, however, is
not appropriate for long-span bridges, where nonlinearity due to either geometric or aeroelastic effects must
be considered. As an alternative method, buffeting response of long-span bridges under wind turbulence can
be analyzed in the time domain. The method consists of three main steps. First, wind velocity time histories at
different locations along the bridge span are artificially generated under certain given power spectral density
distributions and coherence functions. Second, the time-domain expressions for the buffeting and self-excited
forces acting on the bridge deck are then found from the wind velocities. Third, the equations of motion of the
bridge are finally solved by using the step-by-step numerical integration techniques. Among the above steps,
the simulation of the aerodynamic forces is the key point that needs careful considerations. Kovacs et al. [1]
and Santos et al. [2] put forward a direct time-domain expression for the aerodynamic forces based on the
quasi-steady theory, where motion-induced forces are automatically included by using the concepts of relative
wind velocity and effective angle of attack. The major advantage of the method lies in its simplicity, since only
static coefficients extracted from wind tunnel tests are required in the expression. But there are two issues that
need further investigations. First, the self-excited effects in the above method are frequency-independent,
which is only valid when low structural reduced frequency fB/U,, (or large reduced velocity) prevails, that is,
when the time taken for the flow to pass across the bridge deck is short compared with the period of oscillation
of the structure [3]. Furthermore, the method implies that the wind forces over the width of the bridge deck are
perfectly correlated, based on the assumption that the correlation distance of turbulence is much larger than
the size of the deck section [4]. This assumption will deteriorate when higher frequency components are
present in the wind turbulence. The above two problems rise from the direct adoption in the aerodynamic
force expressions of the static coefficients that are obtained under smooth flow conditions and with the bridge
section fixed during wind tunnel tests.

In the current study, a modified time-domain approach is presented for analytical investigation on the
buffeting response of the Yamen Bridge during erection. Two sets of frequencies have been considered in the
proposed method: those of the structure and those of the wind turbulence. Numerical results are compared
with those obtained by full aeroelastic model tests and several conclusions regarding different construction
stages are obtained.

2. Simulation of wind fluctuations

For structural design purposes, several models of wind spectra have been proposed. As no reliable
measurements of wind spectra are available for the bridge site, the von Karman spectra [1] are recommended
for simulation of the wind field for the Yamen Bridge. The partial correlation characteristics of turbulent wind
forces over the size of the bridge deck can be taken into account through the use of the frequency-dependent
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aerodynamic admittance function, which represents the ratio of fluctuation forces in turbulent flow to quasi-
steady forces in smooth flow. In this study, the aerodynamic admittance functions corresponding to the along-
wind turbulence and vertical turbulence are respectively expressed as the Davenport and Sears functions [4,5].
To simulate the wind field along the bridge span, the spanwise correlation should be taken into consideration.
This may be accomplished by using appropriate spanwise coherence functions. In the present study, the
exponential decay expression proposed by Davenport [6] is adopted. The along-wind turbulence u and vertical
turbulence w can be considered as stationary Gaussian random processes with zero means and therefore they
can be generated using the techniques for digital simulation of multidimensional random processes. An
efficient wind field simulation technique for long-span bridges developed by Yang et al. [7] is adopted in
this study.

3. Formulation of aerodynamic forces on bridge deck
3.1. Quasi-steady representation of aerodynamic forces

The prerequisite for the aerodynamic analysis of a bridge structure by the time-domain approach
is to establish expressions for the fluctuating wind load histories acting on the bridge deck. A natural
way to represent the aerodynamic forces is in terms of static force coefficients based on the quasi-
steady theory. By considering effects due to deck motions which introduce effective angles of attack and
relative wind velocities to the incident wind, the aerodynamic forces at an instant of time, as shown in Fig. 2,
are given as

F.(t) = —D(t) cos y + L(¢) sin (1)
F.(t) = D(t) sin  + L(f) cos ¥, 2)
M (1) = —M(1), (3)
where the acrodynamic drag, lift and torque moment in wind axis are expressed as
D(1) = 5pV (1) BCplae(1)], )
L(1) = 3 p V(D) BC [ore(1)), (5)
M(1) = 3pV () B Carloe1))- (6)

z,h

X, p y

Fig. 2. Effective angle of attack and relative wind velocity.
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In Eqgs. (4)—(6), o.(¢) and V,(¢) are the effective angle of attack and the relative wind velocity, respectively.
They are written as

(1) = (1) — 0(2), (7
Vit) = {U0) + () — h+ riP (8)
where
Y(0) = [w(t) — h+10] ) UL(0), 9)
Ui(t) = U + u(t) + p. (10)

In the above equations, p is the air density; B is the deck width; U, is the mean wind velocity at the bridge
deck level; u(f) and w(¢) are the respective along-wind and vertical fluctuating wind velocities acting on the
bridge deck; p, & and 0 are the lateral, vertical, and rotation displacements of the bridge deck, respectively; r is
assumed to be equal to B/4; Cp, Cr and C,, are the respective non-dimensional static coefficients, which can
be obtained from wind tunnel test report [§].

3.2. Modification to quasi-steady formulations

In the previous quasi-steady formulations of aerodynamic forces, the static effects due to mean wind
velocity, the buffeting effects due to wind turbulence and the self-excited effects due to aeroelasticity are all
included at the same time, without being calculated separately and then superimposed. This is true due to the
intrinsic nonlinearity of the aerodynamic forces. Furthermore, the dependence of the wind forces on the
effective angle of attack is also considered in the formulations. As can be seen, the quasi-steady representation
gives a closer and more straightforward interpretation of the physical phenomena of the wind-induced forces.

However, in Eqgs. (4)—(6), the force coefficients are only dependent on the effective angle of attack of the
incident wind. Actually, frequency domain characteristics of both the wind fluctuation and the bridge deck
motion also have effects on the coefficients. It is, therefore, necessary to make certain modifications to the
quasi-steady formulations mentioned above. The effect of wind fluctuation frequencies on the coefficients lies
in the fact that the wind forces over the chord of the bridge deck are not perfectly correlated. This
circumstance may be to some extent compensated by using the aerodynamic admittance functions during wind
field simulation, as has been discussed in Section 2. In what follows the dependence of the aerodynamic
coefficients on the reduced frequency of the bridge deck oscillation will be addressed.

It has been shown that the values of the incident angles due to the vertical component of wind turbulence,
namely, w/U, in Fig. 2, can vary between +10° [3], while the changes in the incident angles due to deck
motions are much smaller. This suggests that drag D, lift L and torque moment M as shown in Egs. (4)—(6)
and siny, cosy in Egs. (1) and (2) may be given to first approximation by

1 h 0
D(t) = 5P V2B (cm, — Kpy T + Kpy T KDWH> , (11)

1 h o
L(t)== pV*B| Cpy — Kpyy—+ Kpyy— — K1,,0 |, 12
(1) 7 PV <L L U,~+ g L > (12)

1 h 0
M) == pV?*B*| Cupw — Kapw— + Kppw— — K0 |, 13
(1) 2Pr (M MUr+ MUr M) (13)

ho 10
sin Y = sin ¥, +cos ¥, (— T + %), (14)
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cos ¥ =cos Y, —sin ¥, (—% + ;—9>, (15)

where
l//w = W/ Ur,, Cpw= CD(lrbw)’ Cry = CL(‘//w)a Cuyw = CM(lpw)a

dc dc
= D 5 KLW = —* ) KMW = .

dot o=y, dor a=yy a=yy

Substituting Egs. (11)—(15) into Egs. (2) and (3) and ignoring small magnitudes of the second order,
we have

dCy
da

(16)

1 . 1 h B0
Fz(t) = EPVEB(CDW sm lﬁw + CLW COoS lpw) + EPV;%B<H1 F + HZF + H30> 5 (17)
1 1 h BO
M (1) = — EPV$B2CMW + EPV,%B2 (A] U—1, + Aza + A30> ) (18)

where
Hl = - [(KDW - CLW) sin % + (KLW + CDw) CosS lﬁw] 5
: r
H, = [(KDW — CLw) sin lﬁw + (KLw + CDw) Ccos lﬂw] E s
H3 - _(KDW sin lpw + KLw cos l//w),
. Kaper
B 9
It is well-known that the aerodynamic effects due to A, 0 and 0 are related to the reduced fre-

quency of oscillation. Therefore, Eqs. (17) and (18) should be modified by certain corrected coefficients as
shown below:

Ay =Ky, Ao = A3z = Ky (19)

1 .
F.() = EprB(CDW sin Y, + Cpy cos ¥,,)

1, h B0
- — — 2
+2PV,.B</11H1 U,+h2H2 Ur+h3H30>’ (20)
1 1 h B
M(t) = —=pV*B Capy + = pV?B* | a1 41— + arAs — + a3 450 |, Q1)
2 2 U, U,

where /; and a; (i = 1, 2, 3) are the corrected coefficients related to the reduced frequency (or the reduced wind
velocity).
Withp=0,u=w=0, and V,=U, = U,,, the self-excited forces in Egs. (20) and (21) may be written as

1 h r BO
F(t) = = pUp B| = (K10 + Cpo) +— + (K10 + Cpo) 5+ — h3K 100, (22)

2 Un BU,

: 1 K yor BO
M () =§PU12nBz alKMoU—m—dz%U—m-i-a,xKMo@], (23)
where
dC dC
Coo=Cp(0). Kpp=-gH . Kmo=-" . (24)
o =0 dOC =0
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On the other hand, F¥(#) and M(7) can also be expressed in terms of the aerodynamic derivatives as
follows [9]:

1
F¥() = EPUﬁnB

h B0
KH(K) 7+ KH%(K) 7+ K*H; (K)H] , (25)

, 1
My () = 5pUp,B

h BO
KAX(K) U—7 + KAY(K) 7+ KM;(K)@] , (26)

where K = Bw/Un, is the reduced frequency, with w being the circular frequency of oscillation; H; and A}
(i=1, 2, 3) are the aecrodynamic derivatives determined by wind tunnel tests [8]. By comparison of Egs. (22)
and (23) with Egs. (25) and (26), the corrected coefficients can be calibrated as

1
h=————KH(K), h=———KH¥K), h=—-—FKH(K),
1 Ko+ Cpo 1K) > (Ko + Cpo)r 2 3 Ko (K (27)
- KAI(K) ___B KA3(K) _ ! K*A%(K) (28)
“= Kyo 7 “= Kyor 207 “= Ko e

It has been observed that bridge structural response is little modified as to mode shapes and frequencies by
the influence of the aerodynamic forces due to the dominance of the inertial-elastic forces of the structure
relative to the external forces [10]. This suggests that buffeting response to wind turbulence will essentially take
place about a few significant natural frequencies corresponding to the major structural mode shapes of the
bridge, usually those of the lower orders. Furthermore, for Yamen Bridge, it has been found that the above
corrected coefficients do not change significantly versus different vertical or torsional frequencies, especially
those corresponding to the direct aerodynamic derivatives. Based on the foregoing observations, the corrected
coefficients are thus obtained with respect to the first vertical and torsional frequencies through Eqgs. (27) and
(28), respectively. Substituting /; and a; (i = 1, 2, 3) into Egs. (20) and (21), one can obtain the modified
aerodynamic forces for F.(f) and M, (). As for Fy(z), it can be calculated through Eqs. (1), (4) and (5).

4. Buffeting response analysis of Yamen Bridge during erection

Three adverse construction stages against wind loads of the Yamen Bridge, i.e., the single pylon (SP) stage,
the maximum double cantilever (MDC) stage and the maximum single cantilever (MSC) stage, are studied in
this paper. The SP, MDC and MSC stages refer respectively to the stage just after the completion of the pylon,
the stage just before the connection of the side span girder with the auxiliary pier, and the stage just before the
closing of the main span. The finite element models for the above three construction stages are shown in Fig. 3.
Because the bridge deck is of a PC box girder and mainly supported by stay cables laying in a single plane, the
single-girder model without rigid outriggers is adopted for aerodynamic analysis of the bridge. Space beam
elements are used to model the bridge girder, the pylon and the piers, with the piers fixed at the bottom ends.
In addition, space truss elements are used to represent the stay cables, whose equivalent modulus of elasticity
due to sagging is determined by the Ernst’s equation [11].

The formulation of wind loading acting on the bridge deck has been established in previous section based on
the modified quasi-steady theory. The equivalent static and buffeting forces on the pylons and the piers are
estimated by using the corresponding non-dimensional static coefficients recommended by the wind tunnel test
report [8], while the self-induced forces on these components are ignored. For cables, only static forces due to
mean wind velocity are considered.

On the basis of the above work, analysis of the wind-induced vibration of the bridge at different erection
stages and under various mean wind velocities can be carried out by direct integration using the Newmark
method. Special attention is paid to the buffeting response of the structures under the design mean wind
velocity of 49.7m/s at the bridge deck level for construction stage. In view of space limitations, only
displacement results at selected sections of interest are presented in this paper. In particular, the displacement
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a

Fig. 3. Finite element models for three adverse construction stages: (a) SP stage, (b) MDC stage, and (c) MSC stage.

time histories are calculated at the top section of the pylon and the cantilever end section of the girder. Fig. 4
shows the time histories of lateral displacement at the top section of the pylon at different construction stages
of the bridge. Figs. 5 and 6 show the time histories of displacement components at the cantilever end section of
the girder, corresponding to MDC stage and MSC stage respectively. The above displacements are all
obtained under the design mean wind velocity of 49.7m/s, and their statistical values, including the mean
displacements, the root mean square (RMS) displacements, the peak displacements and the overall oscillation
amplitudes of displacements, are listed in Tables 1-3. The peak values and the overall amplitudes are obtained
from the RMS values with the peak factor being taken as 3.5.

It can be seen from Table 1 that the lateral displacement responses of the pylon at SP stage are comparable
to those at MDC and MSC stages, while the corresponding axial compression stresses of the pylon due to self-
weight at SP stage are much smaller than those at the latter two stages. Under the design mean wind velocity
of 49.7m/s for construction stage, the overall oscillation amplitude of the lateral displacement at the top
section of the pylon can reach 350 mm at SP stage, which may induce certain tension stress at the bottom
section of the pylon. It is, therefore, necessary to take measures for temporary wind resistance at this stage.
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Fig. 4. Time histories of lateral displacement at top section of pylon at different construction stages under U,, = 49.7m/s: (a) SP stage,
(b) MDC stage, and (c) MSC stage.

For the Yamen Bridge, two sets of tuned mass damping (TMD) devices were installed at the top of each pylon
during this stage, which successfully reduced the vibration amplitude of the pylon by about 50% [12].
Balanced cantilever construction of cable-stayed bridges will result in different structural configurations
during erection. When the side span girder reaches above the auxiliary pier, while not connected to it yet, the
structure reaches MDC stage with two longest cantilever arms. This stage often has the lowest stiffness and
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Fig. 5. Time histories of displacement components at cantilever end section of girder at MDC stage under Uy, = 49.7m/s: (a) vertical
displacement, (b) lateral displacement, and (c) twist angle.

natural frequency, and is more critical in terms of either strength of structural members or aerodynamic
instability. For the Yamen Bridge at this stage, the overall oscillation amplitudes of the lateral displacement at
the top section of the pylon, the vertical and lateral displacements at the cantilever end section of the girder
under U, = 49.7m/s reach the respective maximum values of 420, 406 and 315mm, as can be seen from
Tables 1-3. Even though the combined response values, including deformations and internal forces, due to
both wind turbulence and dead loads under the design mean wind velocity at MDC stage are within the
envelope ranges as compared to the design values, large amplitudes of oscillation of the structure will cause
difficulties in form level determination and the other geometric measurements during erection. They will also
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Fig. 6. Time histories of displacement components at cantilever end section of girder at MSC stage under U, = 49.7m/s: (a) vertical
displacement, (b) lateral displacement, and (c) twist angle.

Table 1

Statistical results of lateral displacement at top section of pylon under U,, = 49.7 m/s.

Construction stage Mean value (mm) RMS value (mm) Peck value (mm) Overall amplitude of oscillation (mm)
SP stage —141 50 =316 350

MDOC stage —183 60 —393 420

MSC stage —210 37 —340 259
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Table 2
Statistical results of displacement components at cantilever end section of girder at MDC stage under U,, = 49.7m/s
Displacement component Mean value RMS value Peck value Overall amplitude of oscillation
Vertical displacement (mm) 3 58 206 406
Lateral displacement (mm) —18 45 —176 315
Twist angle (rad) —0.00200 0.00045 —0.00358 0.00287
Table 3
Statistical results of displacement components at cantilever end section of girder at MSC stage under U, = 49.7m/s
Displacement component Mean value RMS value Peck value Overall amplitude of oscillation
Vertical displacement (mm) 11 52 193 364
Lateral displacement (mm) -73 22 —150 154
Twist angle (rad) —0.00392 0.00092 —0.00714 0.00560
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Fig. 7. RMS lateral displacements at top section of pylon at SP stage.
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Fig. 8. RMS lateral displacements at top section of pylon at MDC and MSC stages.

lead to the anxiety and upset reactions of the workers working on the bridge deck. The most efficient way to
stabilize the structure against buffeting is to increase its fundamental frequency by temporary tie-down cables
anchored to pile foundation, dead weights or soil anchors [13]. For the Yamen Bridge, a more simple method
was employed to reduce the buffeting response as the side span girder was approaching the auxiliary pier.
Temporary connections between the girder and the auxiliary pier were set up by steel frames. After the side
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Fig. 11. RMS twist angles at cantilever end section of girder at MDC and MSC stages.

span girder passed over the auxiliary pier, the temporary frames were removed and permanent connections
between the girder and the auxiliary pier were eventually built up [12].

To study the aerodynamic behavior of the Yamen Bridge during erection, a series of wind fields
corresponding to different mean wind velocities at bridge deck level have been investigated. The RMS lateral
displacements at the top section of the pylon at SP stage are given in Fig. 7. For MDC and MSC stages, the
RMS lateral displacements at the top section of the pylon, the RMS vertical displacements, lateral
displacements and twist angles at the cantilever end section of the girder are illustrated in Figs. 811,
respectively. No trend of aeroelastic instability of the structure can be identified over the range of wind
velocity under study. It can also be seen from Fig. 11 that the twist angles of the girder are relatively small,
indicating that the torsional stiffness of the girder is comparatively large. The test results available from wind
tunnel test [8] are also given in Figs. 7-10 for comparison. It can be seen in Figs. 9 and 10 that the theoretical
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results or tendencies of the RMS displacements of the girder at the cantilever end section are basically in
agreement with those obtained from wind tunnel tests. But certain discrepancies between theoretical and test
results are observed in Figs. 7 and 8 for the RMS lateral displacements of the pylon at the top section. This
could be attributed to various causes, one being the fact that the wind turbulence intensity profile might be
more difficult to simulate above the bridge deck level in wind tunnel tests, as has indeed been pointed out in
the test report [8]. This may explain why the discrepancies of the RMS lateral displacements at the top section
of the pylon appear larger than those at the cantilever end section of the girder. In fact, the experimental
results are not that reasonable for some cases. For example, in Fig. 8, the test values for MDC stage are even
smaller than those for MSC stage under mean wind velocities of 40 and 60 m/s.

5. Concluding remarks

This paper presents the process of time-domain analysis of structural buffeting responses of the Yamen
Bridge during erection under three adverse wind-resistant stages of single pylon, maximum double cantilever
and maximum single cantilever, in which the influences of the admittance functions are considered and the
conventional quasi-steady formulations for the aerodynamic forces acting on the girder are modified to make
them represent the influences of the aerodynamic derivatives of the girder section. Theoretical analysis reveals
that the single pylon stage and the maximum double cantilever stage are the respective adverse situations for
wind resistance of the pylon and the girder, which was also observed in the wind tunnel tests of full aeroelastic
models. The time-domain method proposed in this paper represents a modification to the direct time-domain
expression for the acrodynamic forces based on the quasi-steady theory as shown in Refs. [1,2], while remains
its simplicity and straightforwardness as compared with the complicated theory employed in Ref. [14], which
requires convolution integrals of impulse response functions and nonlinear identification of transfer function
constants for calculation of the self-excited effects.
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