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Abstract

A finite-element-based framework for buffeting analysis of long-span cable-supported bridges under
skew winds is developed in the frequency domain utilizing the linear quasi-steady theory and the strip
theory of aerodynamics in conjunction with the pseudo excitation method. A set of universal expressions
for six components of buffeting forces is first derived in association with oblique cross-sections of bridge
components, in which the buffeting forces are formed with respect to the wind coordinate system and then
converted to those with respect to the structural coordinate system. Skew mean wind and three orthogonal
components of velocity fluctuations can thus be easily handled without any further decomposition. The
coherence between velocity fluctuations of wind turbulence at any two arbitrary spatial points is considered
in the global wind coordinate system rather than in the global structural coordinate system. Aeroelastic
stiffness and damping matrices due to self-excited forces are then taken into consideration in terms of the 18
flutter derivatives with respect to the oblique cross-sections. The pseudo-excitation method is finally
employed to solve efficiently the fully coupled 3D buffeting problem of long-span cable-supported bridges
under skew winds with the effects of multi-modes and spatial modes, inter-mode coupling and aerodynamic
coupling, and the interaction among major bridge components being naturally included.
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Mg x Mg generalized structural
stiffness matrix of bridge

6N x 6N aerodynamic stiffness ma-
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Mg x Mg generalized aerodynamic
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matrix of I'dl" decomposition of S,
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plex matrix 1
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used as a subscript, representing the
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used as a subscript, representing the
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buffeting yawing moment per unit
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frequency of turbulence

total number of segments of kth
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modified turbulence frequency with
turbulence scale effect

total number of nodes of the bridge
FE model

6 x 12 displacement interpolation
matrix of kth element in xyz-system
6N x 3m coefficient matrix of nodal
buffeting forces

flutter derivatives for self-excited
drag on bridge deck

12x3  coefficient  matrix  of
nodal buffeting forces of kth ele-
ment in XYZ-system due to wind
turbulence on the ith segment

local reference coordinate system of
an element,

local mean wind coordinate system
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local instantaneous wind coordinate
system of an element
root-coherence function between the
turbulence components a; at point
P, and a, at point P,

3m x 3m spectral matrix of wind
turbulence on the entire bridge

6N x 6N spectral matrix of nodal
buffeting force F” of the entire
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Mg x Mg spectral matrix of gener-
alized buffeting force F
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component at the jth segment center
of the /th element

auto-spectral vector of displacement
responses at ith node

6N x 6N response spectral matrix of
bridge nodal displacements

Mg x Mg response spectral matrix
of generalized displacements

3 x 3 transformation matrix from
the coordinate system S, to the
coordinate system S; (S; and S,
(S1#£S,) can be any two of Gy, Gg,
Lsa Lra Lﬂ' and Lﬂ’)

Diag(TS1S2v TS[Sz)

Diag(TSlSza TS[S:) TS1S29 TSISZ)

the element of the ith row and jth
column of the 3 x 3 matrix Ty, g,
mean wind speed

fluctuating wind speed along mean
wind

lateral fluctuating wind speed in
horizontal direction

instantaneous wind speed

upward fluctuating wind speed
local structural coordinate system of
an element

global structural coordinate system
global wind coordinate system
global yaw angle of mean wind
relative to bridge

local yaw angle of mean wind
relative to an element

local yaw angle of instantaneous
wind relative to an element
aerodynamic admittance functions
between the buffeting force f and
turbulence component a (f =Cj, Dj,
L;, M5, M5, M{b; a=u, v, w)
6N-dimensional vector of bridge
nodal displacements in XYZ-
system

Ai
Ap

A0

6D vector of displacement response
at ith node

increment of local wind yaw due to
fluctuating wind speed

increment of local wind inclination
due to fluctuating wind speed
dynamic translational displacement
of an element section along axis &
dynamic translational displacement
of an element section along axis p
dynamic angular displacement of an
element section around axis ¢

6N x My mode shape matrix of
bridge

gamma function

M p-dimensional vector of general-
ized displacement coordinates

rth harmonic generalized pseudo-
displacement response vector

rth mode shape vector of bridge
global inclination of mean wind
relative to bridge

local inclination of mean wind re-
lative to an element

local inclination of instantaneous
wind relative to an element

air density

6D vector of displacement response
at ith node

circular frequency of structural vi-
bration or wind turbulence

rth modal circular frequency of
bridge in static air

reduced coordinate of element

rth modal damping ratio of bridge
in static air

0()/0p, partial derivatives with re-
spect to local yaw angle

0()/00, partial derivatives with re-
spect to local inclination angle

1. Introduction

With increasing span length, modern long-span cable-supported bridges become more and
more flexible and susceptible to strong winds. This leads to a significant increase of buffeting
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response of the bridges, which in turn may result in a substantial increase in stresses or serious
fatigue damage to structural components and connections. Therefore, an accurate prediction of
buffeting response of long-span cable-supported bridges due to strong winds becomes more and
more important.

Most of the existing buffeting analysis methods are based on the aerodynamic strip theory and
the quasi-steady linear theory, such as those developed by Davenport [1-3], Scanlan and Gade [4],
Scanlan [5] and Lin [6,7], Lin and Yang [8]. These methods have been continuously refined by
researchers as a result of the enhancement of computer technique and capacity as well as the
demand for more accurate prediction of buffeting response of modern long-span bridges.
Nowadays, not only the effects of multi-modes, inter-mode coupling, and aerodynamic coupling
but also the interaction between major bridge components can be included in either the time
domain [9-11] or the frequency domain [12—17]. However, most of the previous investigations
take incident mean wind at a right angle to the longitudinal axis of the bridge. This may not
always be the case when the bridge is located in a complex and heterogeneous topography and
attacked by a typhoon. The recent field measurements on the Tsing Ma Suspension Bridge during
typhoons clearly demonstrated that strong winds seldom attacked the bridge in a direction normal
to the bridge longitudinal axis [18,19]. Although some efforts have been made to take into
consideration skew winds in buffeting analysis of bridges [20-24], they are all based on the
decomposition approach (cosine and sine rules). That is, the mean yaw wind is decomposed into
two components: one is normal and the other parallel to the bridge span. The contribution of the
parallel mean wind component is then either ignored or separately analyzed from that of the
normal mean wind component. The difficult and intractable issues associated with the
decomposition approach are: (1) how to decompose velocity fluctuations of turbulent wind with
respect to the bridge axis, (2) how to calculate practically the buffeting response to the parallel
wind component and (3) how to compose the calculated response components. Furthermore, if
the parallel wind component is neglected, the buffeting response of a long-span bridge due to yaw
wind obtained by taking the decomposition approach would be always smaller than that due to
normal wind of the same wind speed. However, some wind tunnel tests revealed that buffeting
response due to yaw wind would reach the same level as that due to the normal wind [24-29]. This
indicates that the decomposition approach may underestimate the buffeting response of bridges
under yaw wind and may not truly reflect the effects of buffeting action due to skew wind on the
bridge.

While refining the existing buffeting analysis method, special attention has been paid to the
comparison of bridge buffeting response between field measurement results and analytical results
[30,31] aiming to verify various assumptions involved in the analytical method. However, it is
quite a difficult and challenging task and needs an appropriate analytical method for predicting
the buffeting response of the bridge due to skew winds. Furthermore, a rational buffeting analysis
of a long-span cable-supported bridge under skew winds is also needed in order to have a better
evaluation of probability or risk analysis of the bridge exposed to local wind climate.

In this connection, this paper presents a finite element (FE)-based framework for buffeting
analysis of long-span cable-supported bridges under skew winds in the frequency-domain utilizing
the linear quasi-steady theory and the oblique strip theory in conjunction with the pseudo-
excitation method. The FE framework developed here was applied to the Tsing Ma Suspension
Bridge in Hong Kong as a case study. The fundamental aerodynamic information of the bridge
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required in the framework, such as the aecrodynamic coefficients and flutter derivatives of the
bridge deck under skew winds, have been evaluated experimentally by wind tunnel studies and
reported in the literatures [32—34]. The computed buffeting response is then compared with the
field measured buffeting response of the bridge during Typhoon Sam, and the results from this
case study are presented in Part 2 of this paper.

The development of the proposed framework for buffeting analysis under skew winds requires
some basic assumptions. Firstly, the incident wind is assumed to be stationary and its mean wind
speed U is sufficiently larger than any of three fluctuating wind components u(?), v(¢), and w(z).
Secondly, the mean wind speed used in buffeting analysis falls outside the range that may cause
either aeroelastic instability or vortex shedding vibration of the bridge. Thirdly, the average scales
of the turbulence are assumed to be sufficiently larger than the chord-wise dimension of the bridge
members so that the quasi-steady theory is applicable. Finally, wind-induced bridge vibration is
small so that the linear approach can be accepted.

Before presenting the formulation in detail, a general description of the outline of the
implementation of the FE framework is necessary and is given as follows:

(1) A global structural coordinate system for the bridge and local structural coordinate systems
for the elements are first introduced to establish the FE model of the bridge.

(2) A global wind coordinate system is then presented to describe the mean wind direction by a
global yaw angle and inclination of mean wind and the three fluctuating velocity components
of wind turbulence.

(3) A local reference coordinate system and a local mean wind coordinate system are introduced
for each element to define the local wind direction by a local yaw angle and inclination of
mean wind and the buffeting forces on an oblique strip. For the convenient and correct usage
of the databases of the measured aecrodynamic coefficients and flutter derivatives, the
definitions of the two local coordinate systems and the local yaw angle and inclination are in
a same manner for all elements, and should be in consistence with those adopted in the
corresponding wind tunnel tests. Thus, for an element, its local reference coordinate system
may be different from its local structural coordinate system in the FE model because the
latter may have different style for different element.

(4) The local yaw angle and inclination of mean wind are determined for every element from the
global yaw angle and inclination of mean wind by means of coordinate transformation.

(5) A local instantaneous wind coordinate system is presented for each element to define the
aerodynamic forces due to the instantaneous wind, and to determine the increments of the
local wind yaw angle and inclination due to the fluctuating wind velocities, which will be used
in the Taylor’s formula of linearization.

(6) The aerodynamic coefficients and flutter derivatives of all elements are determined from the
databases according to the determined local wind yaw angle and inclination.

(7) The model of buffeting forces on an oblique aerodynamic strip due to fluctuating wind
velocities is established for each element based on the quasi-steady theory and the Taylor’s
formula of linearization.

(8) The ensemble vector of buffeting forces on the entire bridge is formed.

(9) The relation between the ensemble spectral matrices of buffeting forces and wind turbulence
acting on the entire bridge is established.
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(10) The model of self-excited forces on an oblique aerodynamic strip is constituted for each
element.

(11) The ensemble vector of self-excited forces on the bridge is formed.

(12) The governing equation of motion of the bridge is established by FE method for buffeting
analysis.

(13) The governing equation of motion is finally solved in the frequency domain to obtain the
spectral and rms responses, based on the stochastic vibration theory in conjunction with the
pseudo-excitation method.

2. Buffeting forces and spectra under skew winds

This section aims to derive the expressions of buffeting forces on a long-span cable-supported
bridge under skew winds based on the linear quasi-steady theory and the aerodynamic strip
theory. An oblique strip of a bridge component along the mean wind direction is introduced. All
the six components of aerodynamic forces acting on the oblique strip due to skew winds, i.e.
crosswind, drag and lift forces and pitching, rolling and yawing moments are included. The
buffeting forces (moments) are first formed with respect to an element in the wind coordinate
system and then transferred to those in the structural coordinate system and finally used to
assemble the global buffeting force vector. Clearly, the transformations in this method are carried
out on the buffeting forces rather than on the mean and fluctuating winds. This avoids the
difficulties involved in the traditional decomposition method [20-24]. The spectral density
function matrix of global buffeting forces is then determined with the coherence of wind
turbulence between any two arbitrary spatial points being considered in the global wind
coordinate system rather than in the global structural coordinate system.

2.1. Coordinate systems and wind direction

Some Cartesian coordinate systems, obeying the right-handed rule, are introduced in this study
to facilitate the formulation of buffeting forces. As shown in Fig. 1, XYZ is the global structural
coordinate system used to describe the bridge structural model and the overall dynamic
equilibrium conditions. X, Y,Z,, is called the global wind coordinate system, required to define
wind direction and fluctuating wind components. The axis X, is along the direction of mean wind
velocity U and the axis Y, is located in a horizontal plane, whilst the axis Z,, is always positive
upward. There are many possible combinations between the X' YZ-system and the X, Y,Z, -system
in practice. Fig. 1 shows a typical one of these combinations, where, the axis Y, is parallel to the
X-Y plane. The mean wind direction in the global structural coordinate system can then be
determined with a global mean wind yaw angle () in conjunction with a global mean wind
inclination angle (0y). As shown in Fig. 1, iy is defined as the angle between the vertical plane
normal to the bridge longitudinal axis and the vertical plane with the mean wind velocity included;
0o is interpreted as the angle between the mean wind velocity and the horizontal plane.
Furthermore, f, is positive when mean wind comes from the right side of the Y—Z plane, and 0, is
positive when the vertical component of the mean wind velocity is upward.
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Fig. 2 shows a typical combination of two local coordinate systems of an arbitrary element
(strip), where, xyz is called the local structural coordinate system used to present the ele-
mental parameters, such as, the matrices of elemental mass, stiffness, damping and loading, and
gph is the local reference coordinate system introduced to define the wind direction with
respect to the element. The axis ¢ is along the longitudinal axis of the element. The axis p is
located in either the deck plane or the tower plane. Its positive direction should be determined in
such a way that the angle between the axis p and the mean wind direction is less than 90° and
when the mean wind is parallel to the gp plane and normal to the axis ¢, the axis p is along the
mean wind direction.

The local mean wind yaw angle (ﬁ) is defined as the angle between the ph-plane and the
plane constituted of the mean wind U and the axis 4. f is positive when the mean wind
component U, galong the axis ¢ is negative. The local mean wind inclination (0) is defined as the
angle between the mean wind velocity and the ¢gp-plane. It takes a positive value when
the mean wind component Uh along the axis & is positive. Fig. 2 also shows the local yaw
angle f and inclination angle 0 of instantaneous wind, which determine the direction of the
instantaneous wind F{(¢). The rules for defining the angles B and 0 are similar to those for the
angles f§ and 6. B

Figs. 3 and 4 show the local mean wind coordinates, the gph-system, and the local
instantaneous wind coordinates, the qp}; -system, respectively, which are used to derive the six-
component buffeting forces acting on an oblique strip (element). The gph-system is attained by
rotating the gph-system by an angle of B around the axis A first and then by an angle of 0 around
the axis ¢. Similarly, the qph system is attained by rotating the gph-system by an angle of B around
the axis 4 first and then by an angle of 0 around the axis §. As a result, the axes 7 and § are located
in the gp-plane. The axis p is along the mean wind direction whilst the axis p is along the
instantaneous wind direction.

...u||||||||||||“"|||%
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Fig. 1. Global structural and wind coordinate systems.
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Fig. 3. Local mean wind coordinate system.

2.2. Transformation matrices between coordinate systems

In the following context, various coordinate transformation matrices are to be used
during the formulation of buffeting forces. Denote by Tgs, the 3 x3 transformation
matrix from the system S, to the system S, where the subscripts S; and S, (S,#S,) can
be any two of Gy, Gs, L, L., Ly and L; which represents, respectively, the global wind
coordinate X,Y,Z,-system, the global structural coordinate XYZ-system, the local structural
coordinate xyz-system, the local reference coordinate gph-system, the local mean wind coordinate
gph-system, and the local instantaneous wind coordinate gph-system. Ty s, = Diag(Ts,s,, Ts,s,) is
then the 6 x 6 transformation matrix or Tg s, = Diag(Ts, s, Ts,s,Ts,s,Ts,s,) 1s the 12 x 12
transformation matrix. Here, Diag represents a diagonal matrix comprising the elements
or sub-matrices in the parentheses. Clearly, if the dimension of the system Sz is the same
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True cross
section

Fig. 4. Local instantaneous wind coordinate system.

as those of systems Sy and S, then
TSISS = TSISZTSZSS' (1)

For example, for the two global systems shown in Fig. 1, the transformation matrix can be
expressed as

—cos Opsin f, —cos i,  sin Oysin fi
Tgow = TngS = | cosOpcos B, —sinf; —sin Oycos fy |. 2)
sin 0, 0 cos Oy

The transformation matrix between the global wind coordinate system X, Y,Z, and the local
reference coordinate system gph can be found as

TLrGw = TLrLsTLsGsTGsGw = |ty tn i3], (3)

where #;; (i,j=1,2,3) is the element of Ty, at the ith row and jth column, and it is the function of
Bo and 60,. Moreover, one can derive the transformation matrix between the local mean wind
coordinate system and the local reference coordinate system as

cos B —cos Osin f  sin Osin B
Trw= | sin f  cosOcos f —sinOcos f |- (4)
0 sin 0 cos 0



L.D. Zhu, Y.L. Xu |/ Journal of Sound and Vibration 281 (2005) 647-673 657

The 6 x 6 transformation matrix from the local instantaneous wind coordinate system to the
local mean wind coordinate system (Ty;z;) can be expressed as

- - v =W
TL»T’LW =1 + TU _U + Tw _(-] ) (5)
where I is the 6 x 6 identity matrix, and
0 —5] St
. T, 0 . O1 2131 .
v = 5 , — S —S B a
0 TU v 1 3
—S2031 83 0
0 —Sa S5t
i T, 0 4 Ssl31
Tw - 0 Tw ’ Tw - 84 0 —S6 | (6b)
—ss5131  S6 0

s1 = (titn — letlz)/\/ Zfl + lgl, $> = (tiitn — lzﬂm)/(ﬁl + 131), (7a)
83 = 132/\/1%1 + Z%p s4 = (1113 — t21t13)/\/l%1 + Z%I,

(7b)
ss = (tnts — titi3)/(7, + 3,), s6 = l33/ £+ 3.

2.3. Velocity fluations of wind turbulence

As shown in Fig. 1, the alongwind, lateral and upward components of wind turbulence, u(?),
v(z), and w(z), are defined as the three velocity fluctuations along the axes X,, Y, and Z,,
respectively, and their positive directions are consistent with those of the axes X, Y, and Z,.
Thus, u(?) is along the direction of mean wind (U), v(¢) is horizontal and normal to the mean wind
direction, and w(¢) is upward and normal to the mean wind direction. The resultant wind is
therefore

V() = \/ [U + u(0)]* + v2(2) + w(1). (8)

2.4. Determination of local wind yaw and inclination angles

The aerodynamic coefficients and flutter derivatives (aeroelastic coefficients) of a bridge
component are often measured via wind tunnel tests and are expressed as the functions of mean
wind yaw angle and inclination angle with respect to the test sectional model [32-34]. There, the
mean wind yaw angle and inclination angle refer to § and 6 of the sectional model and they may
be different from the global ones of fy and 0, Therefore, to use correctly the measured
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aerodynamic coefficients and flutter derivatives when determining wind-induced forces acting on
an arbitrary element, § and 6 should be determined first. It is noted that, although the vector of
wind speed shows its different appearances in the global structural coordinate system and the
local reference coordinate system, the absolute wind speed and direction are actually independent
of the used coordinate systems. Therefore, the angles f and 0 for each element can be computed
from fy and 0, with the following trigonometric functions derived via the coordinate

transformation.
cos 0 =/83, + 155, sin =13, (%a)

cos f = 121/ £, +3,, sinf= —tll/ f + 5. (9b)

Furthermore, the increments of the local wind yaw angle and inclination due to the fluctuating
wind velocities are needed when formulating the linear model of buffeting forces by using the
Taylor’s expansion formula. In consideration of the fact that the fluctuating wind components are
much smaller than the mean wind speed, the increments of local wind yaw angle (Af = B — B) and
local wind inclination angle (A0 = 0 — 0) can thus be expressed as the following linear functions of
u, v, and w by using the Taylor’s expansion formula and ignoring all the nonlinear terms of u, v,
and w.

A0 ~ sin A0 = “423 PR B (10a)

V4 1+ 8 U \/[%1"‘1%1(]

Il — el v fuls — Lzl W

AB ~ sin A = = .
b b m+5, U m+5 U

(10b)

2.5. Elemental buffeting forces per unit length

Fig. 5 shows an oblique strip (element) parallel to the mean wind direction;aThe vector of the
total aerodynamic wind forces acting on an element per unit length, f (¢), due to the
instantaneous wind velocity V(¢), can be expressed as

P = (3. D0, L0, M0, M0, ME W) = 5oV (0BERD. (D)

where C"‘d(t) D“d(t) L“d(z) are the total crosswind force, drag force and lift force, respectively,
along the axis ¢, the axis p and the axis I of the qph system; and M “d(t) M dd(z) and M dd(z) are,
respectively, the total pitching moment, rolling moment and yawing moment around the axis ¢,
the axis p and the axis h, respectively (see Fig. 5), p is the air density, and

B = Diag(B, B, B, B*, B>, B*) (12)

in which B is the characteristic width of the elemental true cross-section normal to the longitu-
dinal axis of the element. C(/i’ 0) is the aerodynamic coefficient vector corresponding to /3 and 0.
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Fig. 5. Aerodynamic forces in local instantaneous wind coordinate system.

C(B,0) can be linearized by using the Taylor’s formula and ignoring all nonlinear terms of u, v,
and w.

C(B.0) = C3.0) + " (3. o)A + € (3. 5)Ao, (13)
where

- - - T

C(p,0) = <CCQ, Cp;, Cr;, Cumty, Cuays Co )(/_f 5 (14a)

is the aerodynamic coefficient vector corresponding to f and 0, and

T
¢ (B,0) = oC(B, 0)/op = ( ch.ch.cl, c@a,cﬁi,cﬂfj&)m}, (14b)
=0 5 7 ~n D 10 10 10 10 10 T
C"(3,0) = oC(B,0)/00 = (c Oyl )(M) (14c)

in which C¢;, Cp;,Cr;, Cu;, Cuzand Cyy; are, respectively, the aerodynamic coefficients of
crosswind, drag and lift forces, and pitching, rolling and yawing momxents with respect to the
local mean wind coordinate qph system, the subscript (f,0) means that the aerodynamlc
coefficients take the values at f# and 6 based on the oblique strip, and () = 0()/0f and ()
0()/00 represent the partial derivatives with respect to either the local mean wind yaw angle or the
local mean wind inclination.

As shown in Fig. 6, Cb(l) Db(l) L”(t) Mb(l) M”(t) and M? (t) are the buffeting crosswind, drag
and lift forces, and p1tch1ng, rolhng dnd yawing moments due to the fluctuating wind, with respect
to the local mean wind coordinate gph-system, and the buffeting force vector can then be
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Fig. 6. Buffeting forces in local mean wind coordinate system.

expressed as
<b b b T b b boa) A g L
F(0) = (Cho. Do, Lo, My, Mi0. MED) - = Trowef (0~ 5p0'BCBED), (15)

where Ty is determined by Eq. (5), Af and A6 are determined by Eq. (10); f'ad(t) is determined
Egs. (11)—~(14). Then, by ignoring the nonlinear terms of u(¢), v(¢), and w(¢), one obtains

HOEFNTON (16)
where
a(1) = (u(2), v(®), w(1)" (17)
and A” is the 6 x 3 aerodynamic coefficient matrix of buffeting forces, i.e.,
A= [A“, A A‘”}. (18a)
ZCCqBXCqu )
2CD1_)BXD‘5M
~u - o | 2B
A =pUB 0,K)C(S,0) ==pU 18b
2Cu: B* 1t
2
(263 B 1t )

o1

A= 2o U{TUBXU(B, 0, K)C(B,0) + 2By, (B, 8, K)C" (B, D)

+5:B,(.0.0C" (3.0}
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[=51Cp; + 52131 C; + Szc/gl7 + 53 C/gq]BXqu
[s1Cc; —53CL, + Szc/gﬁ + 53 C/g[-,]BXDﬁv

1 - [=$2031C¢; +53Cp, + SzC/Lﬁﬁ +53 C/l(:)/;]BXL,;U

= 5 p U /‘[f 0 N (1 SC)

[=51Cn; + 52131 Cary + 52C, + 53 Con 1B Uatse

[s1Cut, = 5:Car; + $:Ch + 53CH 1B 2o,

{ [—S2t31CM& -+ S3CM7 -+ szC’f% + S3C/1?4<;)]BZXMJ}U )

-w

A" = 200 (1B, (5.0, KT, D) + 55B,5.0. )€ 3, 0)
+ 56B, (5.0, K)C ' (B.0) }

[54Cp, + 85131 Cr; + 55CE 4+ s6CE 1B
[ssCc; = 56Cr; + 55Ch + 56C) 1By
g [—s5t31Cc; + 56Cp, + 55C. + 56 C{ 1B, asa)
[=54Cs; + 55131 Car; + 55 C;{i + Ssc/&&]BZXMW

[54Car; — 56Cumr; + SSCE{Z + S6C/A[;;]BZXM.;W

— 55131 C - Cu. c’ Cor 1B gy ) -
[—s5231Cmr, + 56C oty + 55 M, T 56 M;b] LMw ) 35

in which the coefficients s; (i=1,...,6) are determined by Eq. (7) and depend on f, and 6,

Xu(Ba é’ K) = Diag(XC,?ua XD[;u’ XL,;W XMW’ XM;.u’ XMJ)u)’ (193)
XU(B’ é: K) = Diag(Xquv XD,;vﬂ XL,;m A M0 XM.;m XMJ)L‘)’ (19b)
Xw(l_g’ éa K) = Diag(Xng’ XD,;W’ XL,;Wa XM&ws XM.;.W, XMJ)W)' (19C)

In the above equations, K = cQB/ U is the reduced frequency of the turbulence eddy with
circular frequency w; Xfa(ﬂ, 0,K) (f =Cy, Dj, L;;, M5, M5, M(;); a=u, v, w) are the 18 aerodynamic
admittance functions, considering the unsteadiness of wind turbulence and the partial coherence
of the turbulence along the chord of the oblique cross-section in skew wind direction [2,3]. All
these aerodynamic admittance functions are the functions of the reduced frequency and the wind
direction. The coherence of wind turbulence is higher for the turbulence components with longer
wavelength (lower frequency or higher velocity) than for the turbulence components with shorter
wavelength (higher frequency or lower velocity). As a result, the values of the aerodynamic
admittance functions will drop with an increasing value of K.
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Egs. (16)—(19) are the universal expressions of the unit length quasi-steady buffeting forces
acting on an arbitrary oblique element of the bridge deck, tower or cable due to skew winds. The
conventional cases can be deducted from these expressions. For instance, if = f, =0 and
6 = 6y = 0, all the values of Cc,, Ca;, Car,, and CL (f =Cy, Dy, Ly, M5, M5, M) are zero for a
straight element with constant cross-section, Eq. ({8) can then be simplified as

T 0 ~Cp, B, 0 .
2BCo, 1,0 0 (—cLh, + C%ﬁ)BXDw
- _ /0 )
i =1po| 2Cu 0 (Co,+ €1, ) Bray 0)
2BzCM&XM;u 0 C,]f\)liBz)(M&w
0 CM&BZXMW 0
o 0 0 |

(0,0)

which will be the same as that used in the traditional buffeting analysis of normal wind case when
ignoring the lateral component of fluctuating wind.

2.6. Buffeting forces at element nodes

In the FE model of a long-span cable-supported bridge, the length of some elements, such as
cable and tower leg elements, may be quite long. To ensure the accuracy of buffeting analysis,
these elements can be further divided into a number of segments so that a constant mean and
fluctuating wind speeds and a fully coherent turbulence wind can be assumed within each segment.
Suppose that n; is the total number of segments in the kth element (k=1,..., M), M is the
number of elements of the entire bridge. L;x (i = 1,...,n;) is the length of ith segment, according
to the principle of virtual work, the 12 dimensional vector of buffeting forces at the nodes of the
kth element, fle”k(l), in the xyz-system can be derived as
M, MG F Fyy FLy My

y‘], 9,\‘]’

T
b b b b b b b
£2,(0) = (Fly. Fly. Pl M} Mj, M)

1
. . —b_
— L / N (O Latri T Abin(E, 1) dE
0

ny;
=T
= L Z [TLSL)‘,/( /
i=1

Ci—1k

ik

T
N5,k(5)df] TLrLﬂv,kAikﬁi,k(t) ; (21)

where the subscript k indicates the kth element, the subscript i indicates the ith segment, 7 and J
represent the left and right nodes of the element, & = x/L; (0<£<1) is the reduced coordinate,
Eik = Xix/Li, L = >_7%, L is the total length of the kth element, and x; is the distance from the
right end of the ith segment to the left node of the kth element with x4 = 0, Ns4(&) is the 6 x 12
matrix of displacement interpolation function of the kth element with respect to the local xyz-
system, reflecting the relationship between the displacement at an arbitrary position within the kth
element and the nodal displacements.
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Designate Fi’,k(t) the 12 dimensional nodal buffeting force vector of the kth element in XYZ-
system. It can then be obtained through the coordinate transformation as follows:

T
b b b b b b b b b b b b b
Fe,k(t) = (FXI’ FYI’ FZ]’ MGXI’ MHY/’ MHZI’ FXJ’ FYJ’ FZJ’ Me)(J’ MGYJ’ M57_1>k
Ny
= Tl () =D Plaw(), (22)

i=1
where TGSLS,kis the 12 x 12 transformation matrix of the kth element from the xyz-system to the

XYZ-system,; Pf.’, «(2) 1s the 12 x 3 coefficient matrix of nodal buffeting forces with respect to the
XYZ-system for the ith segment of the kth element and is determined by

5 A
Pi,k = LkTGsLS,k
Ci—1k

-T éi,k T _ _ b
. / Noa(@)de| TromiAly. (23)

2.7. Global buffeting force vector

Designate F(¢) the 6N-dimensional global vector of nodal buffeting forces of the entire bridge
assembled in the XYZ-system, where N is the number of nodes in the FE model of the bridge. It
can then be assembled from all Fé’,k(t) and expressed as follows:

F’(1) = Pa(r), (24)

where P? is the 6N x 3m coefficient matrix of buffeting forces, assembled from all Pﬁ” (1), and it is
frequency-dependent and complex in nature if aerodynamic admittance functions are included in
the computation, m is the total number of segments of the entire bridge and also the total point
number of random excitations of fluctuating wind, and 3m is the total number of the random
excitations.

T
2T T T T T 2T
a(r) = (al’l, NS SR TEEETE " PRUUTS - M SR Tl A anM’M) (25)

is a vector of the fluctuating wind components of the entire bridge and is of 3 m dimensions.
2.8. Spectral density function matrix of global buffeting forces

The Fourier transformation of the buffeting force vector F’(¢) is

F (@) = P(0) 3(0), (26)

where a(w) is the Fourier transformation of fluctuating wind vector a(7). By using the following
relationship

P @F (@) = P ()3 (@) ()P () 27)

The spectral density function matrix of buffeting forces, S’;F(w), can be gained as

SL () = PP (0)Sua(@)P” (), (28)
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where the superscript asterisk denotes a complex conjugation operation; S,,(w) is the spectral
density function matrix of fluctuating wind components. It is a 3m x 3m matrix and can be
expressed as follows:

[ Sc_ll,lﬁl,l(w) Tt Sﬁl,lc_lnk.l () T Sc_ﬂ,lfll,M(w) T Sé—ll,lﬁnM,M(w) ]
Sa,an (@) o Sa,a,. (@) 0 Saau(@) 0 Sa,a,,u(©)
Sua(®) = : : . : - : » (29a)
Saya, (@) o Saya, (@) o Sayan (@) 0 Sa a0 (0)
| Sa,, man, (@) <o+ Sa,, va, (@) o Sa, yaun(@) o Sa, va,, (@) ]

where Sz .z, () (i=1,....n; j=1,....m; k=1,...,M, I =1,...,M) is the 3 x 3 matrix of
auto/cross-spectral densities between the three fluctuating wind components at the center of the
ith segment of the kth element as well as at the center of the jth segment of the /th element.

S”t}k”j,/ (CO) S Ui kVj,1 ((,O) S Ui kWi (60)
Sé[,kéj,/(m) = SUf,kuj,z (a)) Svi,kvj,](a)) SU,’J\»IV]‘,] () (29b)
S Wijelj ] () S Wik U1 (w) S Wik Wy (w)

in which, for example, S,,,,,, means the cross-spectrum between v at the center of the ith segment
of the kth element and u at the center of the jth segment of the /th element. The diagonal elements
of S,.(w) are the auto-spectra of fluctuating wind at a designated location and they are real
quantities. All the nondiagonal elements of S,,(w) are the cross-spectra and complex in general
with its real part being co-spectra of even function and its imaginary part being quadrature
spectra of odd function. Thus, the double-side spectra (— o0 <w < + o0) are to be adopted in this
study. In addition, it can be proved that S,,(w) is a nonnegative definite Hermitian matrix [35].

The conventional expressions of cross-spectra between the fluctuating wind components at two
different spatial points, P; and P,, can be found frequently in the literature, such as those
suggested in Refs. [14,36—40]. To carry out a fully coupled buffeting analysis of a 3D bridge, these
conventional expressions are extended with the following forms, which take into account at the
same time the turbulence coherence in all the three directions along the axes of the global wind
coordinate X, Y ,Z,-system.

Salpl axp, (CU) = \/Salpl arp, (w)SszazPZ (w)Ralpl a2p, (CU), (30)

Ra1P1 a2p, ((D) = (1 _falpl ap, ) exp{_fﬂlpl axp, (CO) + iq)alpl ap, ((D)}, (31)

Ty iy, (@ =V, @)+, @))/2 (32a)



L.D. Zhu, Y.L. Xu |/ Journal of Sound and Vibration 281 (2005) 647-673 665

2 2 2
s[5 3 =0 ) [+ (65,70~ o) [ (7~ 20)

UP] + Upz

/;ap] ap, (CO) =

2

(32b)
Oury i, (O = |0, ) (@) F Gy 0, (@) /2, (320)

where each of the subscripts a, a;, and a, can be one of u, v, and w; R, ar, 1s the root-coherence
functlon between the fluctuating wind components ¢; at point P, and a» at point Py; i = +/—1;
X up,» Y,, and Z“P are the coordinates of point P; (j= 1,2) in the global wind coordinate X, Y ,Z,,-
system; Up, is the mean wind speed at point P determlned by the specified design wind speed and
mean wmd profile; when a;# a,, S, a1y, 1S the cross-spectrum between a; and a, at point P; and it
is a complex function of @ with a real part called the co-spectrum and a imaginary part called the
quadrature spectrum, otherwise it is the auto-spectrum and a real function of w; C% , Cy and
C? are the 9 decay coefficients of turbulence coherence; $ Py, is the phase spectrum between
the ‘turbulent component @; at point P; and the turbulent component a, at point P,, and it is
traditionally set to zero in practice because there is little information about it; and nare the
modified frequency determined by [14,37,39,40]

_T(5/6) nL3N\* U@z) 1 (UG
" = 3 JRI ) \/1 0(5e) s ”\/””70-78(@")’ )

where n = w /2 is the turbulence frequency, L is the length scale of turbulence component « in
the alongwind direction, and I" represents the Gamma function.

3. Aecroelastic forces under skew winds

Fig. 7 shows an arbitrary oblique segment of the bridge element submerged in a skew wind field
with the mean wind speed U and the local mean wind yaw angle § and inclination 0. When the
segment oscillates due to wind, there will be some motion-dependent aeroelastic forces and
moments acting on the segment caused by the interaction between the segment motion and the
wind around the segment. These self-excited forces are often expressed in terms of the Scanlan’s
flutter derivatives [4,5,12,14,41]. Since this investigation concerns skew winds, the Scanlan’s flutter
derivatives are to be measured from the wind tunnel tests with an oblique sectional model under
skew winds [34]. Thus, they are not only the function of the reduced frequency but also the
function of f and 0. Theoretically, there should be six components of the aeroelastic forces/
moments but only the three major components, i.e., the pitching moment M7, drag D)7 and lift
Ly?, as shown in Fig. 7, are generally regarded to be significant to the buffeting response prediction
of the bridge.

In this study, the M7, DF and L;7 are defined with respect to the gph-system rather than the
gph-system because they are induced by structural motions. These are also consistent with the
wind tunnel measurements of flutter derivatives described in the literature [34]. Thus, the positive
directions of M7, D)’ and L;° are determined by the gph-system and independent of § and 0.
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Fig. 7. Aeroelastic forces in local reference coordinate system.

Similar to that in Refs. [4,5,12,14,41], the following expressions are then adopted in this study for
the self-excited aeroelastic forces acting on a unit length segment of a bridge component under
skew winds:

M = % pUB* | KA (B, é,K)%JrKA;(B, 0,K) Bg"‘ + K2 A4%(B, 0, K)9,
2 A4%(Q N 6h X0 N 517 2 4%(R N 517
+KAL(B. 0, K) 5 + KA5 (6, Q,K)E-I-K Ag(B. 0. K) 1. (34a)
se 1 -2 *n N 317 xR N 357 2p*(p N
Dp = EpU B KP](.B’QaK)E-i_KPZ(ﬁ’Q,K)—U-i_K P3(ﬁ79aK)5ot
2 k(0 N 617 *(0 N 511 2 %R N 5h
- S " .
=3 pU’B|KH(B, B,K)—Uh-l—KH;(ﬁ, 0.K)~= + K2H(B, 0, K)3,
2115 R N 6h x00 N 5]7 2115 R N 5[’
+K"H(p, H,K)E—i-KHS(ﬁ, G,K)E—FK H(B, 0,K)§ , (34¢)

where 6,(7) and 6,(¢) are the dynamic displacements along the axis p and the axis /2 and 6,(¢) is the
dynamic angular displacement about the axis ¢, each over-dot denotes one order of partial
differentiation with respect to time, and P} (f,0,K), H}(f,0,K) and 47(f,0,K) (i=1,...,6) are
the flutter derivatives of the oblique cross-section in the mean wind direction, and they take the
width of the true cross-section (B) as the referenced characteristic width (see Fig. 7 and Ref. [34]).

Finally, the global vector of self-excited aeroelastic forces of the whole bridge, F*(¢), can be
expressed as

F*(1) = —K*A(¢) — C*A(). (35)
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where K* and C* are the 6N x 6N global aerodynamic stiffness matrix and damping matrix with
respect to the XYZ-system, which can be easily obtained based on Eq. (34) according to the finite
element technique. A(7) is the 6 N-dimensional vector of the nodal displacement of the whole
bridge referring to the XYZ-system.

4. Governing equation and solution

Under the framework of finite element approach, the governing equation for buffeting analysis
of a long-span cable-supported bridge under skew winds can be expressed as

MA(f) + CA(1) + KA(7) = F(1), (36)

where

M=M, K=K +K*, C=C +C%, (37)

where M’, C° and K’ are, respectively, the global structural mass, damping and stiffness matrices
of the whole bridge with the dimensions of 6N x 6N, F’(¢) is the 6 N-dimensional buffeting force
vector of the entire bridge under skew winds, which are determined by Eq. (24).

Because the number of degrees of freedom (dof) of the FE model of a long-span bridge is very
large, the modal superposition scheme is commonly used to reduce computational efforts when
solving the governing equation in the frequency domain. Traditionally, the complete quadratic
combination (CQC) method and the square root of the sum of square (SRSS) method are
employed for the solution [42,43]. However, the CQC method needs great computational efforts
for its high accuracy while the SRSS method bears the loss of accuracy to some extent for its
facility. In this connection, a so-called pseudo-excitation method developed by Lin et al.
[13,16,44-46] is used in this study to solve the governing equation (36) with less computational
efforts and, at the same time, of enough accuracy.

Designating @ the 6 N x My modal matrix containing the Mg modes of vibration of the entire
bridge and introducing the following linear transformation for the buffeting displacement
response of the bridge.

All) = o) = [, .. b -, Doy, (D), (3%)

where ¢, is the 6N x 1 mode shape vector of the rth mode; and n(7) is the Mg x 1 vector of
generalized displacement coordinates, Eq. (36) can be reduced to

M) + (€ + CM0 + K + Km0 = F (1), (39)

where l~7b(t) is the Mg x 1 vector of the generalized buffeting force, determined using the following
equations.

(1) = ®TF*(1) = ®TPa(r), (40)

where M, K, €, K* and C* are, respectively, the diagonal matrices of the generalized structural
mass, stiffness and damping, and the generalized aerodynamic stiffness and damping matrices
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with dimensions of Mg x M.

M = o"M'D, (41)

C’' = ®'C'® = M’ Diag2l w1, ..., 20y, 01,), € = OTCY®, (42)

K = ®"K'® = M'Diag ()}, ...,0},), K =®'K*®, (43)

where w, and (., (r=1,...,My) are the natural circular frequency and damping ratio,

respectively, of the rth mode of vibration of the bridge.

Provided that the fluctuating wind components in the vector a(f) are stationary random
processes and the bridge vibration is linear, F (¢), n(¢#) and A(¢) are also stationary random
processes. In accordance with random vibration theory [42,47], the cross-spectral density matrices
of n(¢) and A(7) can be found from the cross-spectral density matrix S,,(w) of the wind excitation
as follows

Syn(®) = ﬁ*(w)sﬁ(w)ﬁT(w), Saa(®) = ®S ()T (44)

SLe(0) = OTPY"S,, ()P ® (45)

where S%F(w) is the Mg x Mgp matrix of the generalized buffeting force spectra, and the
generalized matrix of frequency response function of the bridge is

f(w) = [(K FRE - szaS) tio (és + C)] - (46)

A direct computation of Eq. (44) is very time-consuming. However, because the cross-spectral
matrix of wind turbulence, S,,(w) is a nonnegative definite Hermitian matrix [35], it can be
expressed as the sum of sub-spectral matrices using the L'DLT decomposition as follows

Su(@) = @A (@) = 3 Su(@),  Suuy(@) = AT ()] (@), 47)
j=1

where m, <3m is the rank of the spectral matrix S,,(®), d(w) is a 3m x 3m real diagonal matrix,
I(w) is a 3m x 3m lower triangular matrix with all its diagonal elements being unity, d;(w) is the jth
nonzero diagonal element of d(w), and l;(w) is the jth column of I(w). As a result, Eq. (45) becomes

my

Ste = Z dji;(w)ijT(w), Ii(®) = ®"P°(w)l(w). (48)
J=1

Obviously, the generalized spectral matrix S%F(a)) is also Hermitian, and it can also be
decomposed with L'DLT as follows

M]’
SLp(@) = L(@D@LT (@) = 3 D)L} (@)L (), (49)
r=1
where M,< My is the rank of S%F(a)); D(w) is a real Mg x Mg diagonal matrix, L(w) is a

Mg x Mg lower triangular matrix with all its diagonal elements being unity, D,(w) is the rth
nonzero diagonal element of D(w), and L,(w) is the rth column of L(w). Physically, +/D,L,(w)e'®"
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can be regarded as a harmonic generalized pseudo-excitation of the generalized system governed
by Eqg. (39). One can then get

Mii, (0, ) + Ci, (o, 1) + Kn, (o, 1) = /D,L(w)e”" (50)

in which n,,(w,7) is the rth harmonic generalized pseudo-displacement response vector
corresponding to the rth harmonic generalized pseudo-wind excitation. Since this is a determinate
dynamic problem, the generalized pseudo-displacement response can be easily found as follows

1,,(@, 1) = H(@)L(0)\/D(w)e". (51)

Then, according to the principle of pseudo-excitation method [13,16,44-46], the cross-spectral
matrices of the generalized buffeting response can be found as follows

M, M,
Sin(@) = >0 (@, (@,0 = DA (@)Li@)LT (@ (o). (52)
r=1 r=1

From Eq. (44), one can then obtain the cross-spectral matrices of buffeting response as

M, . N
Sas(@) =Y DA, (@A, (), (53)
r=1

A, (®) = ®H(w)L (). (54)

Furthermore, the rms responses of the nodal displacement, velocity and acceleration can be
calculated through the integral of corresponding spectrum in the frequency domain.

O\, = \/2/0+OO SAI.(CU) dw, (55)

where A; = (x;,¥;,2i, 0, 0, 92,~)T and o,, are the nodal displacement vector and the rms response
vector of the nodal displacement at the ith node, respectively, Sy, is auto-spectral vector of A;
extracted from the diagonal elements of Spa(w).

It is noticed that, except for the cases of very low frequency, the value of the cross-spectra
between two turbulence components at two spatial points decreases rapidly with the increase of
the distance between the two points. Therefore, S,,(w), the cross-spectral matrix of wind
turbulence, will be very sparse and of narrow band if the sequence of wind excitations (or
elemental segments) is properly rearranged and all the cross-spectra with values lower than a
sufficiently small number are ignored. Then, to promote the computing efficiency, only the
elements within the narrow-band are computed, and any operation associated with the matrix
elements, such as those in L'DLT decomposition or in matrix multiplication, is carried out only
for those significant element within the narrow band. A detailed comparison of computational
efficiency between the traditional CQC method and the pseudo-excitation method shows that the
pseudo-excitation method is much more efficient than the traditional CQC method [16].
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5. Application

The effect of skew winds on the buffeting response of a long-span cable-supported bridge was
investigated by applying the foregoing FE based framework to Tsing Ma Bridge in Hong Kong as
a case study [48]. To this end, the buffeting responses of Tsing Ma Bridge were analyzed for a wide
combination of wind yaw angle from —30° to 30° at an interval of 2° and wind inclination from
—5° to 5° at an interval of 0.5°. The analysis results, consistent with those of wind tunnel tests
[24-29] in general, show that the variations of buffeting responses are not monotonous with wind
yaw angle and inclination, and the normal wind case may not be the worst case. Within the
concerned range of wind direction, the worst wind directions are +12° of yaw angle and 4° of
inclination for the deck vertical response, 5° of yaw angle and —2.5° of inclination for the deck
lateral response, and 0° of yaw angle and —2° of inclination for the deck torsional response. The
deck lateral response is not sensitive to wind yaw angle within a range larger than [—15°, 15°]. For
the 4° inclination, the deck vertical responses at +12° yaw angle are about 1.15 times of that at 0°
yaw angle. The variation pattern of the deck torsional response vs. yaw angle is largely depends on
the inclination angle.

6. Concluding remarks

A new finite element based method for buffeting analysis of long-span cable-supported bridges
under skew winds has been developed in the frequency domain utilizing the quasi-steady linear
theory and the oblique strip theory in conjunction with the pseudo-excitation method. Major
features of this method are summarized as follows:

(1) The new method is capable of predicting the fully coupled buffeting response of long-span
cable-supported bridges under skew winds with acceptable computation efforts. The buffeting
response predicted by the proposed method naturally includes the multi-mode and spatial
mode effects, the effects of inter-mode coupling and aerodynamic coupling as well as the
interaction among major bridge components.

(2) A set of universal expressions for six buffeting forces (moments) associated with an oblique
strip along the mean wind speed has been derived. These buffeting forces are formed with
respect to the local wind coordinate system and then converted to those with respect to the
structural coordinate system. Thus, the skew mean wind and three orthogonal fluctuating
wind components can be easily handled without any further decomposition. The set of
universal expressions is applicable to all structural members including the bridge deck, cables
and towers.

(3) Aerodynamic stiffness and damping matrices due to self-excited forces are taken into
consideration in the proposed method by introducing the 18 flutter derivatives with respect to
an oblique strip.

(4) By using the proposed method, the variations of mean wind speed, turbulence intensity, and auto-
spectrum along the bridge longitudinal axis can be easily included in the buffeting prediction. The
coherence of wind turbulence between any two arbitrary spatial points is considered in the global
wind coordinate system rather than the global structural coordinate system.
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(5) The developed FE method was applied to Tsing Ma Bridge to investigate the effects of skew
winds on its buffeting response. The results is consistent with those of wind tunnel tests in
general, and show that the variations of buffeting responses are not monotonous with wind
yaw angle and inclination, and the normal wind case may not correspond with the worst case
scenario.

A comparison between the computed and field-measured buffeting responses of Tsing Ma
Bridge under skew wind during Typhoon Sam will be reported in Part 2 of this paper, which
serves as a good instance for the verification of the proposed FE method.
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