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Abstract. This paper presents a time domain approach for predicting buffeting response of long
suspension bridges under skew winds. The buffeting forces on an oblique strip of the bridge deck in the
mean wind direction are derived in terms of aerodynamic coefficients measured under skew winds and
equivalent fluctuating wind velocities with aerodynamic impulse functions included. The time histories of
equivalent fluctuating wind velocities and then buffeting forces along the bridge deck are simulated using
the spectral representation method based on the Gaussian distribution assumption. The self-excited forces
on an oblique strip of the bridge deck are represented by the convolution integras involving aerodynamic
impulse functions and structural motions. The aerodynamic impulse functions of self-excited forces are
derived from experimentally measured flutter derivatives under skew winds using rational function
approximations. The governing equation of motion of a long suspension bridge under skew winds is
established using the finite element method and solved using the Newmark numericad method. The
proposed time domain approach is finaly applied to the Tsing Ma suspension bridge in Hong Kong. The
computed buffeting responses of the bridge under skew winds during Typhoon Sam are compared with
those obtained from the frequency domain approach and the field measurement. The comparisons are
found satisfactory for the bridge response in the main span.

Keywords: long suspension bridge; skew winds; buffeting response; time domain; equivalent turbulent
wind velocity; field measurement; Typhoon Sam; comparison.

1. Introduction

The prediction of wind-induced buffeting response is practicaly important for design, construction,
and gructural health monitoring of long suspension bridges. The field measurements of long
suspension bridges during strong winds manifest that mean wind direction relative to a bridge deck
often deviates from the normal of a bridge deck (Xu, et al. 2000). However, the traditiona buffeting
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analysis often assumes that mean wind is coming at a right angle to the longitudinal axis of the
bridge deck. This leads to some technical difficulties in performing a satisfactory comparison of
buffeting response between field measurements and analyses. Furthermore, if a little more redlistic
prediction of buffeting response is to be made in relation to local wind climate, the directionality of
wind needs to be taken into account and the buffeting analysis of the bridge under skew winds
becomes necessary (Kimura and Tanaka 1992). Thus, for a better prediction of buffeting response of
a long suspension bridge and a reasonable comparison with field measurement results, it is
worthwhile to seek proper andytical approaches for buffeting response prediction of long suspension
bridges under skew winds.

Andytica approach for buffeting response prediction of long suspension bridges has
predominantly been conducted in the frequency domain (Davenport 1962, Scanlan 1978). The
frequency domain approach was developed based on the quasi-steady assumption. It has evolved in
the past two decades to include self-excited forces in the lateral direction, aerodynamic admittance
functions, multi-mode effects, and inter-mode coupling effects (Scanlan and Jones 1990, Jain, et al.
1996, Xu, et al. 1998, Chen, et al. 2000q). Furthermore, the frequency domain approach for
buffeting response prediction of long span bridges under skew winds has aso been fulfilled (Zhu
2002a, Xu, et al. 2003). The frequency domain approach has fast computationa efficiency and can
conveniently handle the aerodynamic admittances functions and flutter derivatives that are functions
of frequency. However, the frequency domain approach is limited to linear structural systems
excited by stationary wind forces without aerodynamic nonlinearities.

With the rapid development of computer technology and computational method, anaytical
approach in the time domain for buffeting response prediction of long suspension bridges has been
developed rapidly. The self-excited forces were introduced in the time domain approach through
aerodynamic impulse functions associated with flutter derivatives (Bucher and Lin 1988, Xiang, et al.
1995). Chen, et al. (2000b) further incorporated aerodynamic admittance functions in the time
domain approach through their counterparts-aerodynamic impulse functions. However, the
aforementioned time domain approaches assume that mean wind is coming a a right angle to the
longitudinal axis of the bridge deck.

In this study, a time domain approach for predicting the buffeting response of long suspension
bridges under skew winds is presented. The buffeting forces on an oblique strip of the bridge deck
in the mean wind direction are derived in terms of aerodynamic coefficients measured under skew
winds and equivaent fluctuating wind velocities with aerodynamic impulse functions included. The
time histories of equivalent fluctuating wind velocities and then buffeting forces aong the bridge
deck are smulated using the spectral representation method based on the Gaussian distribution
assumption. The self-excited forces on an oblique strip of the bridge deck are represented by the
convolution integras involving aerodynamic impulse functions and structural motions. The aerodynamic
impulse functions of self-excited forces are derived from experimentally measured flutter derivatives
under skew winds using rational function approximations. The governing equation of motion of a
long suspension bridge under skew winds is established using the finite element method and solved
using the Newmark numerical method. The proposed time domain approach is finally applied to the
Tsing Ma suspension bridge in Hong Kong. The computed buffeting responses of the bridge under
skew winds during Typhoon Sam are compared with those obtained from the frequency domain
approach and the field measurement.
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2. Formulation
2.1. Governing equation of motion for bridge buffeting due to skew winds

In the proposed time domain buffeting andysis of long suspension bridges under skew winds, the
three-dimensional finite element approach is employed to establish the governing equation of
motion of the bridge under skew winds. The governing equation of motion of a suspension bridge
under skew winds can be expressed as

MSA(t) + CCA(t) + KPA(t) = E™(t) + E*(t) 1)

where M %, C® and K*® are, respectively, the NxN mass, damping, and stiffness matrices of the entire
bridge; F™(t) and F*(t) are, respectively, the buffeting and self-excited force vectors of N
dimensions due to skew winds, A(t) is the globa noda displacement vector of N-dimensions; and
N is the number of the total degrees of freedom of the entire bridge.

2.2. Buffeting forces due to skew winds

When employing the finite element method to describe the vibration problem of along suspension
bridge excited by buffeting forces due to skew winds, a set of coordinate systems should be
properly established. A global structural coordinate system XYZ should be set up to consider the
overal dynamic equilibrium conditions of the bridge. A global wind coordinate system X,Y.Z,, is
required to define the mean wind velocity and turbulent wind. The two globa coordinate systems
are then correlated through the globa wind yaw angle and inclination. In Fig. 1(a), the axis X, is set
aong the direction of the mean wind U. The axis Y, is parald to the X-Y plane. The axis Z, is
upward and perpendicular to the axes X, and Y, following a right-hand rule. The positive directions
of the three axes X, Y, and Z, represent the positive directions of velocity fluctuations u(t), v(t)
and w(t), respectively. The angles 3, and 6, are used to define the globa yaw angle and inclination
of the mean wind U with respect to the XYZ-system.

v /oo Tl N ] X (@
Y u (t) A V. ( t)

4 /
7 0 / /
— , 0,7 s

— w

(0]

(a) Global coordinate systems

Y, — < t B

0o

/ _ 5
TRV = {[U+u(w]
/

V20 +wio)

(b) Local coordinate systems
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With the use of the finite eement method, a local structural coordinate system xyz, referring to
the static equilibrium position of the bridge, is required for each element to define the matrices of
elemental mass, stiffness, damping, and loading. Furthermore, the aerodynamic coefficients and
flutter derivatives of the bridge deck under skew winds are measured through wind tunnel tests, in
which wind yaw angle and inclination are often defined with respect to local wind and reference
coordinate systems. The measured coefficients are then expressed as the function of local mean
wind yaw angle and inclination. Thus, it is necessary to introduce a local reference coordinate gph-
system and a loca wind coordinate qph-system. Fig. 1(b) shows the three local coordinate systems.
Theangles B and O are used to define the local yaw angle and inclination of the mean wind U in
the gph-system. The angles £(t) and 6(t) are, respectively, the loca yaw angle and inclination of
the transient wind speed V(t) in the gph-system.

It is not difficult to establish the 3x3 transformation matrix T, ,q, from the X,Y,Z,-system to the
gph-system. Then, the local yaw angle and inclination B and 6 and their increments AB(t) and
AQ(1) in the gph-system can be derived and expressed as follows after a linearization.

B = tan_l(_tll/t21); 6= tan_l(tsl/ th +15) %4
= gty =1ty v(t) | tialys —tisty w(t)
= — I~ +
B VR Y @

t32 V(t) + t33 W(t)
Jtprty U g+t U

where AB(t) and AQ(t) are the time-dependent increments of the local yaw angle and inclination
due to the fluctuations of wind velocity; and t; is the element of the ith row and jth column of the
matrix T..ew. The aerodynamic forces acting on the structural element due to the transient wind
speed V(t) can then be expressed as the function of AB(t), A6(t), u(t), v(t), w(t), U, and the
aerodynamic coefficients of the element with respect to 8 and 6. By assuming that the fluctuating
wind components are much smaller than the mean wind speed, that is, low turbulence intensities,
the non-linear terms of u(t), v(t) and w(t) can be ignored (Holmes 2001). Finaly, by performing a
series of coordinate transformations, the buffeting forces due to skew winds in the global structura
coordinate system can be found

A9 = O(t)-0= (%)

FU(D) = 3 TRRM) ®

i=1

where FPU(t) isthe 12x1 vector of buffeting forces at the nodes of the ith element with respect to
the global structural coordinate XYZ-system; T;®(i =1, ..., n) is the Nx12 matrix with its elements
being either zero or unit to locate the vector FPY(t) at the proper position in the global vector
F™(t); and n is the number of the total elements on which the buffeting forces need to be
accounted. The expression of FP(t) can be written as

'Eibu(t) = TGsLsiNiTTLst,i |_Dibu('[) (6)

where PPY(t) isthe 6x1 vector of buffeting forces per unit length of the ith oblique strip (element)
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of the bridge deck with respect to the local mean wind coordinate gph-system; T g iS the 6x6
transformation matrix from the local wind coordinate system gph to the local structural coordinate
system xyz for the ith element; N; is the 6x12 matrix of the displacement interpolation functions of
the ith element as used in the conventional finite eement method; Tessi iS the 12x12
transformation matrix from the local xyz-system to the global XYZ-system for the ith element.

The vector PP(t) is the function of the air density p, the element width B;, the mean wind speed
a the center of the element U;, the fluctuations of wind velocity at the center of the element u;(t),
vi(t) and wi(t), the aerodynamic impulse functions of the element under skew winds, the
aerodynamic coefficients and their derivatives of the element under skew winds, the coordinate
transformation matrix Ty ew i, and others. The resulting expression is as follows

_ Cg'ui (t)_ AggUcpy, eq() + A12Vep, (D) + A3Wep, eq(t)
Dpu(t) Bx1Upps eq(t) * 822Vppy eq() + B23Wpips eq(t)
Phu(t) = Lps (1) _ PUB, a1l eq(L) + BgaVimn eq(l) + BgaWin oq(t) -
Mz (1) 2| By, cq(t) + AuzViyp eq(t) + agWygpu eq(t)
M3 () 81Uy aq(t) + BsaVins, eq(t) + BsaWyyoy, eq(t)
_M%lui (t)_ aGIUM%‘I,eq(t) + aevag;,,eq(t) + aeawMg;,, eq(t)

where Cpi(t), Dpti(t), Lgui(t), M2Y (1), MP4(t) and M%f‘i (t) are the buffeting crosswind force,
drag, lift, pitching moment, rolling moment, and yawing moment on the ith oblique element of the
bridge deck with respect to the local wind coordinate gph system, respectively; ax(j =1,2, ..., 6;
k=1,2,..,3) are the coefficients, which are the function of aerodynamic coefficients and their
derivatives of the element under skew winds and the coordinate transformation matrix T, ,cwi(See
Appendix A); and Ugps o,(t), Ve oo(t), Wam (1) (PP = CgY, DBY, LPY, Mg, M2 and M%”i)
are six sets of equivalent f?uctuati ng wind velocities defined as follows

;
{Ucps, eq(t) Vope, eq(t) Weps, eq(U)}
.

- @Jt e (t=DU(DAT [ Tenlt-Dv(DdT [ | oot = D)W1) T ®)
o G e O o A B
{UDEYU,,eq(t) VDEy‘},eq(t) WDEy‘},eq(t)} !
0t t t DT
= %[_wng,ﬂ,u(t—r)ui(r)dr J’_wIDg’ul,v(t—r)vi(r)dr J’_mngu‘,w(t—r)wi(r)dTE 9
{Uipy aq(t) Vi, eqt) Wi gD} '

= él’t [ ouu(t—T)u(T)dT It I ouv(t—T)Vv(T)dT It ILpu,w(t—T)Wi(T)dTE (20)
—oo i o hi o i 0



426 G. Liu, Y. L. Xuand L. D. Zhu

-
{uMgfﬂ,eq(t) VMgf’l,eq(t) WMgf’l,eq(t)}
-

- g[t e (E=DUDAT [ pt=DV(DAT [ Lya(t-Dw(DdT (1)
e s e 0

-
{uMg‘“i,eq(t) VM%_“I,eq(t) WM%_“I,eq(t)}
-
t

= @[ [youu(t—T)u;(T)dT _[t [you(t=T)Vvi(T)dT _[t |Mgu_‘w(t—T)Wi(T)dTE (12)
—oo V.l —o y.i —o Vi 0

-
{uMg'fl,eq(t) VM%’l,eq(t) WM%’l,eq(t)}
-

_ E{t e (= DUDAT [ t=DV(DAT [ lya(t-Dw(DdT (13
—o0 ! —y ! 00 o! D

where the superscript “T” represents the matrix operation of transpose; and Iplbu_u(t -1),
lopou(t—17) and Ignu(t—17) (PP = CE4, DEY, LY, Mo, M>4 and M2%) are the aerodynamic
impulse functions of the ith oblique element. Egs. (8) to (13) indicate that six sets of equivalent
turbulent wind velocities are needed to describe the corresponding six-component buffeting forces.

Clearly, the equivaent turbulent wind velocities are linear transformations of the turbulent wind
velocities u(t), v(t) and w(t). Therefore, the equivalent turbulent wind velocities also follow the
Gaussian distribution if the turbulent wind velocities follow the Gaussian distribution. Non-Gaussian
digtribution of the turbulent wind velocities is not considered in this study because of the comparison
with the results from the frequency domain approach which is based on the Gaussian distribution
assumption. Each set of equivalent turbulent wind velocities aong the bridge deck can be simulated
using the spectra representation method (Shinozuka and Deodatis 1991, Deodatis 1996). Let us take
the equivalent turbulent wind velocities associated with the drag force as an example. The
equivaent turbulent wind velocities along the bridge deck in the lateral direction can be expressed
as a three-dimensional multivariate stochastic process.

fD'pJ"', eq(t) = { uDg‘uly eq(t) VDppJ‘uly eq(t) WDR"'l, eq(t) ....... uDg'un’ eq(t) VDE,“n« eq(t) WDE_“W eq(t)} T (14)
The cross spectral density matrix of ngu’ eq(t) is@ 3nx3n matrix Sggu(w) given by

Sppe 11(W) -+ Spp 1()
Spp (@) = (15)

SDE”, nl(w) e SDR“, nn(w)

Sots equu(Pjs Pio @) S eq un(Pjs Pio @) Spipu eq, un( Py Pro @)
Sppe k(@) = So,eq vl Py Pio @) Sop eq (P Pio @) Sppu, eg,vu(Pys Pro @) (16)
Sors, eqwulPjs Pio @) Sppu eq,un(Pi Pio @) Sops eq ww( Py Pro @)
(j=1,2,..,n;k=1,2,...,n)
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Sog”, eq ab(Pjs P, @) = TD,?”""((*’)TBE”’“ (w) «/Sab(Pja @) S;p(Py @) Ryp(Pj, Py, @) (17)
@=uv,w;b=uv,w)

where SDhu (w) is the 3x3 matrix of the cross spectral density functions between three
equivalent turbulent wind velocities at the center point (point j) of the jth element and the center
point (point k) of the kth element; Ra,(P;, Py, w) is the coherence function between turbulent wind
components a and b at point j and point k; Sy(P;, ) is the cross spectral densuty function between
turbulent wind components a and b at the same point j; the product | pgua(c) | Dhu v(w) is defined
as aerodynamic admittance functions; 1 pyra(@) and I ppes(w) are, respectlvely, the Fourier transform
of Ipgua(t) and Ipgus(t) ; and the superscript xR denotes a complex conjugate operation.
The matrix SDbu(w) can be decomposed into the following product with the Choleskey’s method

sgbu(w) = HDhu(w)HDhu(w) (18)
Based on the spectral representation method (Shinozuka and Deodatis 1991, Deodatis 1996), the

equivaent turbulent wind velocities along the bridge deck, beu(t) associated with the drag force
can be smulated by the following seriesas N — o

i N
1:D,E’“,i(t) = V20w Z z ‘ HDg“,jk(wml)‘cos(a)mlt_ 9Dg“,jk(wml) + @), ]=1,23,..,3n
m=11'=1 (19)
where Aw=w,, / N is the frequency increment; cq,p is an upper cutoff frequency beyond which

the elements of the cross spectral density matrix SDhu(w) are assumed to be Zero; HDbu k(@)
is the element of HDbu(w,m) a the jth row and kth column; GDbqu(wm) tan { |m[HDnqu(%|)]/
I RJH DEY, | w1} s Which is the complex phase angle of Hpe (W) ; m[HJk(w,m)] and
R.[H Dbu]k(a)rm)] represent the imaginary and real parts of HDbu]k wm|) respectively; @y, ..., @y,
I=1,2,..., N are the sequences of independent random phase angl% distributed uniformly over the
interval [O 2m]; and wy, is of the double-indexing of the frequencies.

Wy = (l-1+m/3n)dw | =1,2,...,N (20

The application of the fast Fourier transform technique to the above agorithm can dramatically
improve the computational efficiency for simulating the equivaent turbulent wind velocities f i (t) .
The detail procedure of the fast Fourier transform technique is given in Deodatis (1996).

Clearly, the smulated time histories of equivaent turbulent wind velocities along the bridge deck
associated with the drag force include not only the characteristics of incoming turbulent wind but
aso the aerodynamic admittance functions of bridge deck. The same procedure can be applied to
generate the time histories of equivalent turbulent wind velocities along the bridge deck associated
with other forces. Finaly, the time histories of buffeting forces along the bridge deck can be
obtained through Egs. (5) to (7).
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2.3. Self-excited forces due to skew winds

The sdlf-excited forces acting on the bridge deck due to wind-structure interaction can be
expressed as the function of mean wind speed U, the aerodynamic impulse functions associated
with the flutter derivatives measured under skew winds, and the bridge motion. By performing a
series of coordinate transformations, the vector of self-excited forces acting on the bridge deck due
to skew winds in the global structural coordinate system can be found as

FE) = 3 TR @y

where F(t) is the 12 x 1 vector of self-excited forces at the nodes of the ith element of the
bridge deck with respect to the global structural coordinate XYZ-system; and T¢(i = 1,...,n) is the
N x 12 matrix with its elements being either zero or unit to locate the vector F{*(t) at the proper
position in the global vector F *(t). The expression of F(t) can be written as

FE(t) = Tosts NI Tie, PE(1) (22)

where P7(t) isthe 6 x 1 vector of self-excited forces per unit length of the ith oblique element of
the bridge deck with respect to the local reference coordinate gph-system; T, ; is the 6% 6
transformation matrix from the loca reference coordinate system gph to the local structura
coordinate system xyz for the ith element. According to the coordinate systems of gph and xyz
shown in Fig. 1(b), the matrix T g, ; can be expressed as

= 100
TLer,i = [TLSLM _ 0 :|, TLer,i =10-10 (23)
0 TLer,i

The vector P*(t) includes six components
PE(t) = {C(1) DX(1) Lis(t) ME(t) MJS(t) Mos(oh ' (24)

where CZ%(t), Dy5i(t), Lii(t), Mg5, MJS(t) and MZS(t) are, respectively, the self-excited
crosswind force, drag, lift, pitching moment, rolling moment and yawing moment on the ith oblique
dement of the bridge deck with respect to the local reference coordinate gph system. Generaly,
only the self-excited drag force D%(t), lift force Ly5(t) and pitching moment MJS(t) are
regarded to be important to the buffeting response prediction of the bridge (Scanlan 1978, Jain, et al.
1996). Correspondingly, wind tunnel tests were performed to determine the flutter derivatives
associated with these three forces under skew winds (Zhu 2002c), and the other three forces,
Cgii(t), MPS(t) and Mii(t) are omitted in this study.

The vector Pi*(t) is the function of the air density p, the element width B;, the mean wind speed
a the center of the element U;, the aerodynamic impulse functions associated with the flutter
derivatives of the element under skew winds, and the structura motion at the center of the element.
The resulting expression is as follows
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PEE(Y)
Ll 0
O o 0O O J.‘ f Se(t—r)ace,(r)dr+It ¢ se(t_T)éﬁe'(T)dT"'B-J't f o (t—1)%e (1)dr O
= pse (1) B R P e OFS y oz 0
E se E p_-zg t ce t ce t E
=0 Lh |(t) - TID I ng?I(t_T)ap,i T)dT+I fLﬁﬁ (t—T)(Sh’i T)dT+ BiI ng?i(t_T)ag,ei T)dT i
Owmse () O o - - O
3% B Bl e tmnaeartef (0o (ar+ 82" e (= oge (ar -
| 0 0O O J Mz p,i J M h,i i I ME, a,i |
0 o O o —~ - .
[l 0 ]
0 0 0
(25)

where 5;5(t) and &;5(t) are the transverse displacements along the axis p and the axis h,
respectlvely, and J,5(t) is the torsional displacement around the axis g at the center of the ith
element with respect to the local reference coordinate system gph. These displacements with respect
to the locd reference coordinate system can be related to those at the nodes of the dement with
respect to the local structural coordinate system through the coordinate transformation and
displacement interpolation function. fpe. (t), fLse (t), and fy(t)(@=p, h, a) are the aerodynamic
impulse functions, which can be obtai ned from the experlmentally measured flutter derivatives of
the oblique element of the bridge deck using the rationa function approximation approach. For
example, . (t) can be given by

dyse_ Ui
myse a, i’
MD,I

B ‘
fuze (1) = CMz?.,ldgi(t)+6CM§?.,25‘§'8‘(0 * Z Cuzi ], ®
[ K=3 -

(t-17)

S5 (1)drt (26)

B

where the value of my. determines the level of accuracy of the approximation; Cys ; and dys |
(i= o Mys 3 K= 3. My ) are the dimensionless coefficients, which can be’ determlned by
the non Ilnear east- -sguares fit of the flutter derivatives A; and A; as follows (Bucher and Lin
1988).

VZC se mMg'ei VZC Se VC se mMg?' V3C se d se
Ag(vl) - i Mgl,l + M3, k ’ AE(VI) - ivMg5, 2 + i VM35, Kk Ma,l,: (27)
47t K= 3V dMse k+47T 2m k:3Vi2dl€/I§,?,,k+8n

in which V,=(27U;)/ (B,w) is the reduced mean wind velocity.
The subgtitution of Eq. (26) to Eq. (25) then yields
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0 4 4 4 0 U
0 0 0 0. 00 o % o
= pUi ce u?
PR() = O 50 SEKD (” UBL el 8550 54 0055 (1) (29
0 M, (t) O 0 5gﬁ(t) 0 0 se(t) O
0 4 4 4 g e
N
o % o o 9 1 0O 0 O
0 0 0 0 00] 0 0 0 0 00]
Kse = 0 Cgi1 Cp1 BiCy i, 00 LCse = O Ciz2 Cue2 BiCse, 00 (29)
0 0 0 0 00 0 0 0 0 00
0 o 0 0 00] 0 o 0 0 00]
0
mDse mDrs‘,e mDse
Z Cog, k loge, k() + Z Coge, kI pge, k(1) + B z Cog, k oz, k(1)
mLSe mLﬁe mLse
_ Cre iz k(8 + % Cpge sl () + By Cree Iz (1)
Piag.i(t) = z Z z (309

mM se My ﬁe|

B z CMSS k MSS k(t) + B z CMSS k Mse k(t) + B2 Z CMSS k MSS k(t)

mM se

0
0

o o
o

where Ipe (1) (P25 = Dp DR%L Dais Lpdi Lt Lot ) MpG MRS MG% s k=3, ..., mpe) are the
convolution integrations of the ith element, which can be calculated using a recursive algorlthm For

instance, Iy 5(t) can be computed by

dMse 3U| dMse_ 3L_Ji
“é (t-1) —I At

o0 = f e Edr=Sagm e g, ot - o)+ S (- an|

(31)
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2.4. Step-by-step solution

In predicting the buffeting response of a long suspension bridge under skew winds, the
Newmark’s constant-average-acceleration scheme is used to find the step-by-step solution for the
governing equation of motion of the bridge under skew winds (see Eq. (1)). The sdection of the
Newmark’s constant-average-acceleration scheme is because of its unconditonal numerical stability
compared with other schemes (Bathe 1982). Rewrite the governing equation of motion for the time
step t + At.

M A(t + At) + CPA(t + At) + KPA(t + At) = F™(t + At) + F *(t + At) (32)
where At is the time interval.

The formulations for the noda displacement, velocity, and acceleration at time t + At can be
obtained as

A(t+ At) = K'E(t+ At) (33)
A(t+ At) = ag(A(t + At) — A(t)) — aA(t) — azA(t) (34)
A(t+ At) = A1) + aA(t) + a,A(t + At) (35)
where
K=K +aM®%+a,C® (36)
F(t+At)

=FU(t + At) + F (1 + At) + M 3(a,4(t) + a,A(t) + aA(t)) + C(a,A(t) + a,A(t) + asA(t)) (37)

inwhich g (i =0, 1, ..., 7) are the constant coefficients given by Bathe (1982).

_ 1 - _Y . _ 1. -1 Y
a, = tz’al_‘Bt’az_ﬁAt’a3_2ﬁ 1 (38a-d)
y At
a, = £-1; a5=%23—%5; a = (1-y)at; a; = yAt (38 e-h)

where yand 8 are taken as 0.5 and 0.25 in this study. It is noted that the self-excited force vector on
the bridge, F ®(t+At), in Eq. (37) is the function of bridge motion as shown in Eq. (28). Iterations
should be performed in each time step. For instance, for the time step t + At, use the self-excited se
force F *(t) in the time step t to replace F *(t+At) in Eq. (37) initialy to compute the motion of
the bridge deck. Then, use the computed bridge motion to calculate the self-excited forces again.
Repeat the above two steps until the bridge motion is converged to the prescribed criteria
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3. Tsing Ma suspension bridge and Typhoon Sam

3.1. Tsing Ma bridge and WASHMS

The Tsing Ma Bridge in Hong Kong is a long suspension bridge carrying a dua three-lane
highway on the upper level of the bridge deck and two railway tracks and two carriageways on the
lower level within the bridge deck. The aignment of the bridge deck deviaes from the east-west
axis for about 17° in anti-clockwise. The typica section of the bridge deck is 41 m wide and 7.643 m
high. The two bridge towers of 206 m high are made of pre-stressed concrete. The east bridge tower
sits on the northwest shoreline of Tsing Yi Island, called the Tsing Yi tower while the west bridge
tower sits on Ma Wan Island, called the Ma Wan tower (see Fig. 2).

To monitor the hedlth status of the Tsing Ma Bridge, an instrumentation system called the Wind
And Structural Health Monitoring System (WASHMS) was ingtalled in the bridge by the Hong
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Kong Highways Department (Lau, et al. 1998). The WASHMS has seven types of sensors including six
sets of anemometer and 24 uni-axia servo type accelerometers. Two digital ultrasonic anemometers
(AneU) were ingdled on the north side and south side, respectively, of the bridge deck at the
middle main span (75.314 m in eevation). They are specified as WITINOL and WITJSOL in Figs. 2
and 3. Two analogue mechanical anemometers (AneM) were located at two sides of the bridge deck
near the middle of the Ma Wan side span (62.944 m in eevation), specified as WITBNOL at the
north side and WITBSOL at the south side in Figs. 2 and 3. Another two analogue mechanical
anemometers (AneM) were arranged over the top of each bridge tower (217.084 m in elevation).
They are specified as WITPTOL for the Tsing Yi tower and WITETOL for the Ma Wan tower.

A totd of 12 uni-axid accderometers were used in AccU measurement, which was arranged a the
four deck sections ATTID, ATTJD, ATTFD and ATTBD (see Fig. 2). AccU means the uni-axid
measurement by using only one accelerometer to give signd in one prescribed direction. It is see from
Fig. 3 that a each section, there are two accelerometers, horizontally separated with 13 m, measuring
accderation in the vertical direction and one accelerometer measuring acceleration in the latera direction.

3.2. Typhoon Sam and wind characteristics

After developed at about 680 km east-northeast of Manila on 19 August 1999, the tropica
depression Sam moved west-northeast wards over the Pacific and intensified into a tropical storm at
that night. It then moved north-westly towards the coast of Guangdong and became a typhoon on a
late morning of 22 August near Hong Kong. Typhoon Sam finally made landfall over the eastern
part of Sai Kung in Hong Kong at around 6 p.m. on 22 August. Following landfdl, Sam traversed
the northeastern part of the New Territories at a speed of about 25 km/h and crossed into Shenzhen,
and then weakened gradually over inland Guangdong on 23 August. The WASHMS timely recorded
wind velacity and bridge buffeting responses. The sampling frequency for wind velocity was 2.56
Hz and the cutoff frequency was 1.28 Hz. The sampling frequency of acceleration response was
25.6 Hz and the cutoff frequncy was 12.8 Hz.

After a careful examination of al the measured wind velocity time histories, one-hour record of
wind velocity between 14:11 to 15:11 Hong Kong Time (HKT) on 22 August 1999 was selected for
the analysis. During this period, incident wind blew to the Tsing Ma Bridge from the direction near
to the north. Therefore, the wind data recorded by the anemometers installed at the south side of the
bridge deck were contaminated by the bridge deck itself and were not suitable for the anaysis of
natural wind structures. Due to the technica reason, the mechanical anemometers installed at the
deck and the top of the towers failed to record the wind azimuth. As a result, wind characteristics of
Typhoon Sam surrounding the bridge could be extracted only from the wind speed histories
recorded by the three-component ultrasonic anemometer installed on the north side of the bridge
deck at the mid-span. By analyzing the three-components of the recorded wind velocity, it was
found that the hourly-mean wind speed was about 17.1 m/s and the mean wind blew from north-
northeast. The globa hourly-mean wind yaw angle 3, and inclination 6, were, respectively, —29.15°
and 2.25°. The time histories of fluctuating wind speeds u(t), v(t) and w(t) in the longitudinal
(along-wind), lateral, and upward directions were also extracted from the measured three
components of wind velocity, respectively. It was found that the turbulence intensities were about
18.6%, 20.4% and 14.5%, for u(t), v(t) and w(t), respectively, and the corresponding integral
scales of turbulence were 228 m, 116 m, and 84 m based on the Taylor’s hypothesis.

The spectra analysis was performed on the measured three fluctuating wind speeds u(t), v(t) and
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w(t) with the hamming window and the piecewise smoothing method. A genera objective function
of four parameters for wind spectrum was used to fit the measured normalized auto and cross
spectra of wind turbulence by minimizing the residue function via non-linear least squares fitting
technique (Zhu 2002a). The one-side three auto spectra obtained from this exercise were given as

ns,,(n) 44.,65f
W = - (399)
; 1 e
E*L +18.71f %%
O
nS,(n) 30.44f
uV2 = - (39b)
* _1 _ Gosm3
%L +11.25f %%
0
nS,w(N) 9.573f
uW2 - . —C (390)
* ——— 0.5608
%I. + 51.74f °'56°E

where ¢ is the congtant of 5/3; n is the frequency in Hz, f=nz / U(z) is the non-dimensiona
reduced frequency; z is the height above the sea level; and u. is the friction velocity, estimated as
1.69 m/s from the measured horizontal shear stress.

The one-side co-spectra between every two of the three fluctuating wind speeds were given as

nS.(n) _ —19.24f
uv2 - , 24 (408)
* —— 0.70
E*L + 46.65f *™C
0
nS,(N) —8.66f
e = — (40b)
3 + 56,93 o5
: 0
nS,,(n) _ 2.08f
JVZ = o (40c)
* —— 056
%I. +13.33f O'S‘H

The quadrature spectra between every two of the three fluctuating wind speeds were insignificant
and neglected in this study. The coherence function used in the study is taken the form as

Rao(P; Pio ) = exp(fan(P, P N)) (@ =U,v,w; b=1u,v,w) (41a)
. N,/ [C2 (X=X, ) Z+[C2 (Y, =Y, )]°+[C2 (Z0 —Zu )]’
PP = IO, O =X 01 F 1O, (Y = Yol + (G2, (Zuy = 2]’
(Uj+Uy/2
. faa(P:, Py, ) + fon(P;, Py,
fab(Pj, Pk, n) — ( l K n)+ bb( i k n) (410)
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where X, ;, Y,; and Z,; are the coordinates of spatial points P;(i = j, k) in the globa wind
coordinate X.Y,Z,-system; Ui(i =j, k) is the mean wind velocity at the point P;(i = j, k); Ciu,
Cy, and C7 (a=u,v,w) ae the exponentid decay coefficients, takenas Cy = 3.0, Cy = 3.0,
CX =30, Cy =160, Cy =110, CY =80, C; =100, C; =70,and C; =70
in this study.

3.3. Measured bridge deck acceleration responses

To be consistent with wind characteristics analysis, only the acceleration response data recorded
from 14:11 to 15:11 HKT on 22 August 1999 were analysed. They include the lateral, vertical and
torsional accelerations at the three deck sections in the main span (ATTJD, ATTID and ATTFD) and
one deck section in the Ma Wan side span (ATTBD). The root mean square (RMS) acceleration
responses of the bridge deck at the four deck sections (ATTJD, ATTID, ATTFD and ATTBD) are
plotted in Fig. 10 to compare with the computed resullts.

4. Comparison between computed and measured buffeting responses

A computer program was written for the time domain buffeting anaysis of long suspension
bridges under skew winds based on the formulae derived in Section 2. The computer program is
now used to perform the buffeting analysis of the Tsing Ma suspension bridge under skew winds
during Typhoon Sam between 14:11 to 15:11 HKT on 22 August 1999. The computed buffeting
responses are then compared with the field measurement results.

4.1. The bridge model

The three-dimensional dynamic finite element model of the Tsing Ma suspension Bridge has been
established and updated by Xu, et al. (1997) using the dynamic properties from the ambient
vibration measurement. Three-dimensional Timoshenko beam elements with rigid arms were used to
model the two bridge towers. The cables and suspenders were modelled by cable elements
accounting for geometric nonlinearity due to cable tenson. The hybrid sted bridge deck was
represented by a single beam with equivalent cross-sectiona properties determined from a finite
element analysis using detailed sectional modes. The connections between bridge components and
the supports of the bridge were properly modelled. The first 150 natural frequencies range from
0.068 to 2.008 Hz. Fig. 4 shows the first two modes of vibration in vertical, lateral and torsiona
directions, respectively.

To constitute the damping matrix of the bridge, the Rayleigh damping assumption is used in this
study. The two modal damping ratios of the bridge of 1% each, measured from the first symmetric
lateral and vertical modes of the main span of the bridge deck, are used to form the damping matrix.
The corresponding naturd frequencies of the bridge are 0.068 Hz and 0.210 Hz, respectively, in the first
symmetric lateral and vertical modes of vibration.

4.2. Aerodynamic properties of an oblique strip of bridge deck

To carry out the comparison of buffeting response of the Tsing Ma suspension bridge under skew
winds between field measurement and analysis, the aerodynamic coefficients and flutter derivatives
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Fig. 4 First two modes of vibration of Tsing Ma Bridge in vertical, lateral and torsiond directions

of the bridge deck under skew winds were measured through wind tunnel tests by Zhu, et al.
(2002b, 2002c). The measured aerodynamic coefficients and their derivatives with respect to wind
inclination and yaw angle ([3,=-29.15° 6,=2.25° of a typical oblique strip of the bridge deck
under skew wind are listed in Table 1 and used in the simulation of buffeting forces.

The measured eight flutter derivatives of H and A (i =1,2,3,4) of the oblique strip of the
bridge deck under skew wind (B, =-29.15° 6,=2.25°) as a function of reduced velocity are fitted
by the rationa functions (see Eq. (27)) for the determination of self-excited forces. The measured
flutter derivatives and the fitting curves are shown in Fig. 5 and the resulting dimensiona
coefficients are listed in Table 2. The flutter derivatives P; and P; are not available from the wind
tunnedl tests. The formulae based on the quasi-steady theory were thus employed and fitted by the
rational functions. All other flutter derivatives were considered insignificant to the bridge buffeting
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Table 1 Aerodynamic force coefficients of oblique strip of bridge deck (3, = -29.15°, 6,= 2.25°) (Zhu 2002b)
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Fig. 5 Measured flutter derivatives versus rational function approximations

response and neglected in the computation. It is seen from Fig. 5 that except for A; and A;, al the
concerned flutter derivatives can be well fitted. However, the measured flutter derivatives A; and
A, oscillate so irregularly that they cannot be fitted properly.

There are no measurement data available on the aerodynamic admittance functions of the Tsing
Ma bridge deck. The aerodynamic admittance function proposed by Davenport (1962) is employed
for the 9 aerodynamic admittance functions associated with the buffeting drag, crosswind force, and
yawing moment of the bridge deck.
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Table 2 Coefficients of rational functions of oblique strip of bridge deck ( 3, = -29.15°, 6, = 2.25°)

Pe=DF PE=DF® PE=LF PEF=L® PEF=ME PE=ME
Cpsy  -0.0001 0.0303 0.2827 -1.9181 -0.0639 -0.9046
Cpsp 00024 0.0000 0.7103 -0.8908 0.4210 -0.2415
Cpss 01982 0.0760 -5.7327 -2.2933 -0.8920 0.1605
Cper 4 0.1661 -0.0760 -0.9180 -0.8439 -0.2929 1.1088
Cpse 5 0.0 0.0 -0.5231 3.2382 0.1661 0.0

Opse 5 3.9003 15000 36314 0.7516 1.6889 1.4665
dpse 4 3.4999 15000 2.0643 0.0261 5.2505 0.0753
dpse 5 0.0 0.0 0.1746 05261 0.3669 0.0

Note: (1) Cpee ; = Cpsep, = 0.0 for PZ* = Dgf L3¢, Mg® in Eq. (29)
(2) mpee = 5 for P3° = D% D&’ L%y LeY M%, M and Mpsee = O for PZ* = D% L% M€ in

Eq. (30).
Tepa(n) T (n) = Topee(n)Tops () = Tysea(n) Tras (n) =] xp(n)
(a=u,v,w;b=u,v,w) (42
| Xo(M)? = 2(c—=1+€°)/c?, c=AnD/U (43)

where the decay factor A is set to 7; and D is taken as the height of the bridge deck of 7.643 m.
The other 9 aerodynamic admittance functions associated with the buffeting lift force, pitching
moment, and rolling moment of the bridge deck are set to unity, namely

Tuma(n)Tipee (n) = Twema(n) Tweee(n) = Tyea(n) Thes (N)=1.0 (2= u,v,w;b = u,v,w)
(44)

The above assumptions on the aerodynamic admittance functions were found suitable for the
frequency domain buffeting analysis of the Tsing Ma suspension bridge (Zhu 20023).

4.3. Simulation of equivalent turbulent wind velocities

Based on the concept of equivalent turbulent wind velocities described in Section 2, only two sets
of equivaent turbulent wind velocities need to be simulated according to the aerodynamic
admittance functions used for the Tsing Ma Bridge. One set of equivaent turbulent wind velocities
is used for simulating the buffeting lift force, pitching moment, and rolling moment acting on the
bridge deck, in which the aerodynamic admittance functions are set to unity and the spectra of the
equivalent turbulent wind velocities are actually equa to the measured wind spectra from Typhoon
Sam for a given position. Another set of equivaent turbulent wind velocities is used for simulating
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the buffeting drag force, crosswind force, and yawing moment on the bridge deck, in which the
gpectra of the equivalent turbulent wind velocities are the measured wind spectra from Typhoon
Sam times the Davenport’s aerodynamic admittance functions for a given position. The measured
auto spectra expressed by Eg. (39) and the co-spectra expressed by Eq. (40) are assumed to be the
same for all the points along the bridge deck and used in the simulation of buffeting forces. Thus,
the two sets of equivaent turbulent wind velocities to be smulated both are three-dimensional
multivariate stochastic processes. It is noted that the two sets of equivalent turbulent wind velocities
are respective to the global wind coordinate X,Y.Z,-system. Therefore, in the simulation the
coordinate vector of each point on the bridge deck with respect to the global structural coordinate
XYZ-system should be transformed to the global mean wind coordinate X,Y,Z,-system through the
transformation matrix Tg,gs, Which is given by

—cosB,sinf, cosB,cosB, sinf,
Towes = —cosp, —sing, 0 (45)
sing,sinf, —sinf,cosfB, cosh,

The time interval and duration used in the simulation are 0.0625s and 3600s, respectively. The
variation of the bridge deck elevation between 58.73 m and 75.31 m is also taken into consideration
via the mean wind speed profile of a power law. The total number of points along the bridge deck
in the simulation N is 119. The upper cutoff frequency w,, is 4rrand the frequency increment Aw is
47171024. Therefore, about 150 maodes of vibration of the bridge are naturaly included in the time
domain buffeting analysis. The mgjor parameters used in the simulation and the time domain
analysis are summarized in Table 3 for easy reference. The two sets of equivaent turbulent wind
velocities are generated with the same independent random phase angles distributed uniformly over
the interval [0, 2 so that al the buffeting forces can be regarded to simulate simultaneously. The
time histories of the smulated three-dimensional turbulent velocity at point ATTJD are shown in
Figs. 6 and 7, respectively, for the first and second sets of equivalent turbulent wind velocities. To
examine the accuracy of the simulated results, the auto spectra and cross spectra of the simulated
equivalent wind velocities a point ATTJD are computed using the time histories plotted in Fig. 7
for the second set of equivalent turbulent wind velocities and compared with the targeted auto

Table 3 Major parameters used in the simulation and the time domain analysis

Major Parameters Values
Mean wind speed at the deck level 17.1m/s
Power law of mean wind speed profile a=0.33
Mean wind yaw angle and inclination Bo=-29.15° 6,=2.25°
Total number of simulation points along the bridge deck N=119
Longitudinal, lateral, and vertical turbulent intensities 18.6%, 20.4%, 14.5%
Upper cutoff frequency wyp = 4rrrad/s
Frequency points N =1024
Fregquency interval Aw=0.012 rad/s
Time interval At = 0.0625s

Time duration 3600s
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Fig. 7 The second set of equivalent fluctuating wind velocities at point ATTJD

spectra and cross spectra |XD(w)|ZSab(w)(a =u,v,w; b=u,v,w), expressed by Egs. (39),(40),
and (43). The comparison is shown in Fig. 8, and it is seen that the smulated auto spectra and cross
spectra match quite well to their respective targeted auto spectra and cross spectra.

4.4. Comparison of acceleration response of bridge deck

The time histories of lateral, vertical, and torsional acceleration responses of the Tsing Ma
suspension bridge deck at the mid-main span (point ATTJD) under skew winds during Typhoon
Sam from 14:11 to 15:11 HKT on 22 August 1999 are computed and displayed in Fig. 9. It is seen
that the vertical acceleration response is much larger than the lateral acceleration response of the
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Fig. 10 Acceleration response spectra of bridge deck at point ATTJD

bridge deck a point ATTJD. Since point ATTJD is at the mid-span of the bridge deck, the
acceleration responses are mainly attributed to the first a few symmetric modes of vibration in each
direction.

Fig. 10 depicts the spectra of lateral, vertical, and torsional acceleration responses shown in Fig.
9. It is seen that the lateral acceleration response at point ATTJD is dominated by the firgt laterd
symmetric mode of the bridge main span with a natural frequency of 0.068 Hz. The second
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dominant spectral peak locates at a frequency of 0.271 Hz, which is the natura frequency of the
first torsional symmetric mode of the bridge main span. The coupling effect between the lateral and
torsional vibrations increases the lateral acceleration response. Furthermore, the second, third and
fourth lateral symmetric modes of the bridge main span with natural frequencies of 0.232 Hz, 0.285
Hz and 0.365 Hz, respectively, also make moderate contributions to the total lateral acceleration
response.

Similar observation can be made for the vertical acceleration at point ATTJD. The vertica
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acceleration response at point ATTJD is dominated by the first vertical symmetric mode of the
bridge main span with a natura frequency of 0.137 Hz. The second and third vertical symmetric
modes of the bridge main span with natura frequencies equa to 0.189 Hz and 0.325 Hz,
respectively, have moderate effects on the total vertical acceleration response. The contribution from
the further higher verticad symmetric modes of vibration is small. The torsional acceleration
response at point ATTJD is dominated by the first torsional symmetric mode of the bridge main
gpan with a natural frequency of 0.271 Hz. The second torsional symmetric mode of the bridge
main span with a natural frequency of 0.4755 Hz has a moderate effect on the total torsiona
acceleration response.

The root mean sguare (RMS) acceleration responses of the bridge deck computed from the
response time higtories are plotted in Fig. 11 together with the measured RMS accderation responses at
the four specified deck sections in the lateral, vertical, and torsional directions, respectively. It is
seen that for the main span, the computed RMS acceleration responses of the bridge deck in the
lateral, vertical, and torsional directions are close to the measured results. By taking the measured
results at the three points ATTFD, ATTID and ATTJD as references, the rdative differences between the
computed and measured results are -19.72%, -3.31% and -0.28%, respectively, for the laterd RMS
acceleration responses; -7.57%, 6.25% and 8.22%, respectively, for the vertical RMS acceleration
responses, and -7.37%, -1.89% and -1.10%, respectively, for the torsiona RMS acceleration
responses. For the Ma Wan side span, the computed RMS acceleration response in the vertical
direction deviates from the measured one at point ATTBD, and the relative difference is -30.45%. In
the lateral and torsiond directions, the relative differences between the computed and measured
RMS acceleration responses reach -63.16% and 45.71%, respectively.

The RMS acceleration responses of the bridge deck in the lateral, vertical, and torsiona
directions, obtained by using the frequency domain method (Xu, et al. 2003), are also plotted in
Fig. 11. The buffeting forces on the bridge deck, the bridge towers and the main cables and their
interactions were taken into consideration in the frequency domain anaysis. It is seen that the time
domain solutions are close to the frequency domain solutions for the bridge main span. However,
the frequency domain solutions appear to contain the effects from the main cables, which are not
considered in the time domain anaysis. Furthermore, the time domain results are significantly
smaller than the frequency domain results for the Ma Wan side span. This may be attributed to
buffeting forces on the bridge towers and cables, which were taken into consideration in the
frequency domain analysis but not in the time domain analysis. The incluson of the interaction
between the three mgjor bridge components in the time domain analysis deserves to be considered
in the future work.

5. Conclusions

A time domain approach for predicting the buffeting response of long suspension bridges under
skew winds has been proposed in this study. The time histories of buffeting forces of six
components along the bridge deck under skew winds are simulated in terms of the aerodynamic
coefficients of an oblique deck strip measured under skew winds, the equivalent fluctuating wind
velocities with aerodynamic impulse functions included, and the spectral representation method. The
self-excited forces on the bridge deck are represented by the convolution integrals involving
structural motions and aerodynamic impulse functions derived from experimentally measured flutter
derivatives under skew winds.
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Wind structures and buffeting responses measured by the Wind and Structural Health Monitoring
System ingtalled on the Tsing Ma suspension Bridge in Hong Kong during Typhoon Sam were
analyzed. The proposed time domain approach was then applied to the Tsing Ma suspension bridge
to compute its buffeting response caused by skew winds during Typhoon Sam and to compare the
computed responses with the measured results and those computed by the frequency domain
approach. The comparisons were found satisfactory in genera for the bridge response in the main
span but not for the bridge response in side spans.

It should be pointed out that in this study, the buffeting forces on the main cables and towers of
the bridge were not included in this analysis because it was very time-consuming with the current
spectral representation method to simulate a complete three-dimensional turbulent wind velocity
field to cover not only the bridge deck but also the main cables and bridges towers. The inclusion
of the interaction between the three major bridge components in the time domain anaysis is
deserved to consider in the future work. It is aso the writers' intention that after a liner buffeting
anaysis of long span bridges under skew winds in the time domain is satisfactorily completed, a
nonlinear buffeting analysis in the time domain for the case of skew winds will be explored.
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Appendix A - Expressions of coefficients ay of oblique bridge deck strip in Eq. (7)

The expressions of coefficients ay(j=1,2,...,6; k=1,2,...,3) in Eq. (7) are given in the following with the
subscript “i” omitted (Zhu 2002a)

ay; = 2Cc,ay = 2Cp, a3 = 2C,a, = 2BCy, a5 = ZBCM,V, ag = ZBCM;p (A-1 &f)

O

— ! 8
a;, = _SlCDﬁ +5C L+ 5C gq + 5C'c,
— ! 'e
8y = —53C +5,Cc * 5,C gp * 5Ch,
- hB ,9
8 = —5;Cc, + $:Cp, + S,C1, : $C'L, e (A-2 af)
ap = B(— SlCM’v+ S7CM<}:+ SZC'MB + 33C'Ma )

T '9
asp = B(_S3CMED+ $1Cu_ + $C I\LA;—V + 5C'w,
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o o |

— T '9
ag, = B(—s,Cy_+ $3Cy, + € I\LA;ED + 5C,
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r 0

813 = —$,Cp, +5C + SC g’* * sC,
— ! '9
323 = = S6Cy, 854G, + 55C g” ¥ %Ch,
- _ IB '9
agy = SSCCq + SGCD,,) + 5C Lq : SsC L , (A-3 &af)
as; = B(— S4C|v|,y+ SSCME”+ $sC'm, + S6C'm, )

] '9
as; = B(— S6CMb+ S4CM5 + 5C ’ay + SC My )

— 'ﬁ IG
a63 - B(_ SgC:Ma + SGCME/+ SSC Mﬁ? + SGC pr )

o o o

where B is the characterigtic width of the bridge deck; ch, CDp, C._ﬁ, Cwm., CM,y and M,,_ are the aerodynamic

coefficients of buffeting crosswind force, drag, lift, pitching moment, rolling moment arid yawing moment of

the bridge deck oblique strip with respect to the local wind coordinate gph system, respectively;

()B=9()/dBad()?=2()/d0;and B and 6 are mean wind yaw angle in the horizontal plane

and the inclination angle in the vertical plane respect to the local wind coordinate gph system, respectively.
The coefficients s(i = 1, ..., 8) are given as follows

S; = (tute —tatp)/ Jth + 5 E
S = (tuty —tats)/ (tf +15) E
S3 =t/ WJth T 15 E
Ss = (tutes = tatis)/ /i + Gy E (A-4 &h)
S5 = (tutas —tartss)/ (thy + t3) E
So =t/ Wt T 15 E
S7 = tay(tyatyy — o)/ (th +15) E
Ss = tar(tutos — ttia)/ (th +15) O

where t; (i = 1,2,3; ] = 1,2,3) is the element of the ith row and jth column of the matrix T, gy
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