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Summary

The buffeting analysis of bridge structures considers both, the aero-elastic behaviour of the
structure and the wind loading correlation. This calculation is commonly performed in the modal
space and in the frequency domain. It includes aerodynamic damping and stiffness effects due to the
structural movement caused by the wind flow. The aero-elastic parameters of the cross-sections
(drag, lift, pitching moment and derivatives, usually determined in wind tunnel tests) are the basis
of thistype of analysis. The non-linear dependency of these parameters on the wind direction must
be accounted for during both, the static mean-wind and the buffeting analysis.

The wind profile is characterised by the mean wind velocity and the fluctuation (turbulence)
velocity where the height profile of the wind velocity is assumed to follow an exponential
expression. The stochastic nature of wind loading (longitudinal, vertical and lateral components of
the fluctuation velocity) is accounted for by using power spectrain the frequency domain. The
gpatial distribution (coherence) of the wind loading is commonly determined from an exponential
decay function of the frequency and the geometry of the structure.

This paper reports on performing a buffeting analysisin acommercial bridge design computer
program. The implementation of the buffeting analysis in a bridge design program means that all
nortlinear effects that may have taken place prior to the wind event can be included in the
calculation. This allows a complete global analysis of bridge structures and has been applied to the
buffeting analysis of the Rach Mieu Bridge in Vietnam and the Shenzhen Western Corridor as well
as the Stonecutters Bridge in Hong Kong that serve as application examplesin this paper.
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1. Introduction

As dynamic effects due to wind loading, especially buffeting, often influence the design of long-
span bridges considerably, the capability of performing a buffeting analysis was implemented in a
commercially available bridge-design software package called RM2004 (TDV 2004). Thisfeatureis
now fully integrated with all the other functions of the software package.

Much effort has recently been devoted to further improve the dynamic functionality in RM2004. In
addition to the previously available modules that included all standard procedures for earthquake
design (eigenmode analysis, response spectrum analysis and time history based on modal analysis)
avariety of new features have been added. The ability to perform buffeting analyses is among them.

Spectral definition of the wind loading requires that the analysis must include all frequency ranges
(from zero to frequency infinity). Both, the structural and the aerodynamic damping must be
considered in the analysis.

The structural buffeting calculation can be performed in the frequency domain (modal space) or in
the time domain (direct integration in time). The stochastic nature of the wind and the spectral
definition of the wind loading clearly indicate that a solution in the frequency domain is more
appropriate. The analysis covers all frequency ranges with a consistent definition of the structural
damping and aerodynamic damping and stiffness.

Structural and/or aerodynamic nonlinearities are generally required to be included in the calculation
of longer-span bridges and therefore time domain approaches become more attractive again.
Structural nonlinearities can be covered in the time domain, but several difficulties arise: the time
history of the wind loading is unknown, the definition of the structural damping is restricted, and



the numerical cut-off of the high-frequency response depends on the chosen time steps.

This paper reports on the implementation of a solution to the buffeting issue in the bridge design
software package RM2004 [1]. Thisimplementation is carried out in the frequency domain.

2. Buffeting Analysis— General Description

The structural buffeting calculation is performed in the modal space and in the frequency domain. It
includes aerodynamic damping and stiffness effects due to structural movement caused by the wind
flow. All computations are based on the tangential stiffness of the structure at a given moment in
time — the structure under permanent loading and mean wind - ensuring the inclusion of all non
linear effects which may have taken place prior to the stochastic wind event.

The basis of the implemented buffeting analysis functions is the aero-elastic cross-section
parameters of the structural members (drag, lift, pitching moment and derivations) as determined in
wind tunnel tests. The dependency of these parameters on the wind direction is automatically
accounted for during the static mean-wind analysis and the buffeting analysisin RM2004.

The wind profile is characterised by the mean wind velocity and the fluctuation (turbulence)
velocity where the height profile of the wind velocity is assumed to follow an exponential
expression. The stochastic nature of wind loading (longitudinal, vertical and lateral components) is
accounted for by using power spectrain the frequency domain (Kaimal, Karman, Harris, Davenport
or individually defined). Narrow band analysis as well as broad band analysis with full modal
correlation has been implemented. The spatial distribution (coherence) of the wind loading is
determined froman exponential decay function of the frequency and the geometry of the structure.

Peak results for design are estimated combining mean wind analysis results with root-mean-square
buffeting analysis results using the corresponding peak factors. These results are provided in such a
way that they can be used for post-processing like any other analysis results produced by RVIi2004.

3.  Fundamental aerodynamic characteristics of the bridge deck

The aerodynamic coefficients that are needed for all used cross sections are usually obtained from
sectional wind tunnel tests (usually deck section) or from public literature. These aerodynamic
coefficients lead to the derivation of curves for drag, lift force and pitching momentum.
Aerodynamic coefficients Cp, C. and Cy depend on the “wind attack angle & . Wind attack angleis
an angle between a projection of the wind vector in the element cross plane and a chosen cross
plane axis. ThisaxisisaxisZ in Figure 1 below.
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Figure 1: Velocity of the structure and wind fluctuation
Drag, lift and moment coefficient are usually given in nonrdimensional form. They are nornmalised
with some reference length and area (usually width B and area B2) from the sectional model. Steady
state coefficients Cp, C, and C,, are used to calculate forces on structural elements.

Equation 1

4. Buffeting forces acting on the bridge deck

It is necessary to take into account the possible movement of the structural sections relative to the
wind flow in the final expression for the buffeting forces. Only the simple case of the mean wind
profile direction vector lying completely paralel to the element local +Z axis will be discussed

here. Velocity of the structure in the local Z direction (r.) and inthelocal Y direction (r, ) together
with atwisting around local X axis (J, ) will change relative to the wind velocity vector and relative
to the wind attack angle.



Figure 1 shows the additional wind attack angle a due to the velocity of the structure and wind
fluctuation components. Taking into account twisting rotation around local X axis (J, ) total change
of the wind attack angle a can be approximated as shown in Equation 3.

Ga=G+axg . Gla)=G+axg . G,(a)=G,+axq, Linearization of the steady state drag, lift

Equation 2 and moment coefficient is done around the
: _ wind attack angle under the mean wind

a zJX+Uﬂ- | Equation 3 loading (Equation 3).

Wind buffeting forces are finally separated into static (mean wind), dynamic (wind fluctuation) and

aerodynamic terms (aerodynamic damping and stiffness). Static terms are covered in the nortlinear

static calculation. Dynamic and aerodynamic terms will be analysed in the frequency domain. The

final expression for the buffeting forces is shown in Equation 4.
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5. Mean wind profile- non-linear static calculation

The first step of the analysisis the nortlinear static calculation under a given permanent loading
and a chosen mean wind profile in agiven direction. All structural static nonlinearities can be
included by RM2004 in this step. The cable sagging effects, p-delta and large displacement effects,
nortlinear spring and/or buffer elements are combined with an additional mean wind loading. Even
creep and shrinkage effects (additional strains, stress and displacement terms) are included in the
analysis from time zero up to the wind event, provided the construction history is known.

Constant mean wind Wind loading has a stochastic nature
because wind speeds vary randomly with
time. This variation is due to the turbulence
of the wind flow. Wind speed at one single
Wind fluctuation 3D point can be separated into the mean
wind speed and the fluctuation (turbulence)
term as shown in Figure 2.

RMS Height(m)
Wind velocity

x Mean wind

| T Wind velocny (m/s)

domain at one 3D point over the height

Mean wind speed varies with the height. Different assumptions for this variation are available, and
ausual assumption is some kind of exponential expression: U(h) = U ( h/ he)®. Coefficient a is
an exponent dependant upon roughness of the terrain and varies between 0.15 and 0.4.

Dependency of the steady-state drag, lift and pitching moment coefficients on the wind attack angle
are consistently included in this analysis step.

e — RM 2004 takes interaction of the structure and

: o < =" the mean wind loading into account by

i T recal culating the current position of each

S structural e ement due to the mean wind,

¢ o5 following each diagram (Cp, C,, Cy) as shown
oz in Figure 4 (Rach Mieu Bridge).

At each iteration step the mean wind loading is
e s s e updated and the overall equilibrium is checked
Figure 4: Aerodynamic coefficients of bridge deck for 3.5 with the general Newton-Raphson procedure.




6. EigenmodeAnalysis

The next step is a determination of the structural eigenmodes and eigenvalues under current total
loading in the displaced structural shape. The state of one fictive structural degree of freedomis
shown in Figure 7. This state is prior to the turbulence (fluctuation) wind loading in the numerical
analysis. Instead of the linear structural stiffness, the structural “tangent stiffness’ under permanent
and mean wind loading is used by RM 2004, and the classical eigenmode analysis can be performed.
The solution of |[K] —w? [M] | = O gives eigenmodes
and eigenvalues. This step is repeated for each new
mean wind direction.

The usage of the structural “tangent stiffness’ resultsin
the best possible linearization for the subsequent
dynamic analysis steps in the frequency domain.

Figure5: state of onestructural degree of freedom
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7. Buffeting analysisin the frequency domain — RM Sresponse

Buffeting loading (fluctuation part) is defined as the unsteady |oading of a structure by velocity
fluctuation in the oncoming flow. The magnitude of velocity fluctuations is characterised by the
nortdimensional quantity termed the turbulence intensity.

— The turbulence intensity component | is defined in
' Equation 5 below, where s; isthe standard deviation of the
‘ ' fluctuation velocity component in each direction.
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Turbulence intensity generally varies over the height as
Flgure6 shown in Figure 8. at the Stonecutters Bridge, Hong Kong

Velocity fluctuation of the incoming flow is usualy defined by wind power spectra. Empirical
formulae for some well-known spectraimplemented in RM 2004 are given in Equation 6.
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Equation 6

The cross-spectrum between two pointsin space is generally complex-valued despite the fact that
the single-point spectrum in either of the pointsis real-valued.
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Equation 7



The absolute value of the two-point cross-spectrum is generally expressed by means of the root
cross-coherence function S as shown in Equation 7, where k, | = u, v or w. Subscriptsi and j refer to
the pointsi and j in space, respectively. The empirical exponential decay law iswidely appliedin
wind engineering applications, where ¢ and D, arethe decay coefficient and the separation in the
direction of | = x, y or z coordinate.

Multimode buffeting calculation is done in the frequency domain taking aerodynamics damping and
stiffness into account. Narrow band analysis as well as broadband analysis with full modal
correlation can be done. In bridge engineering, where structural damping is rather small,
aerodynamics damping plays an important role as its order of magnitude is the same as that of the
structural damping. The result from this calculation step is the RM S envel ope result for forces,
stresses, displacement, velocity and acceleration.

8. Prediction of the peak buffeting response

Thelast step in the analysisis a prediction of the expected value of the largest peak. The peak
response is taken as the sum of the mean wind response and an RM S buffeting response increased
by peakfactors K(n).

i 2S, (n)dnj _ 12 0.577 Usually it is assumed that the probability
1 R K(n) = InnT)"* + (2innTy?2  distribution of the wind event may be of the
L oS, (nydn ! Equation 8 Poisson type.
f o b It can be shown that the peak factor K for
Mode number | Frequency (Hz) | Aerodynamic|  Peak such asignal depends on its spectral density
damping | factor K(n) function and frequency n.
1 0,1484 0,00899 3,1852 o ] ) ) )
2 0,1889 0,01246 3,2568 The approximation given in Equation 8 is
3 01918 0,01115 | 32631 adequate for use in practical calculations.
4 0,1975 0,05510 3,2409 .
5 0,2423 0,04361 3,3150 Vauesfor displacement peak factor K(n) are
673 ggég 88?282 gigéi usually in the range between 3 and 3.5 asis
> 55070 500266 VR shown in Table 1 (Stonecutters Bridge, HK).

Table 1: K(n) valuesfor the first 8 modes

9. Application examples

Global analysisincluding wind-buffeting response has been successfully applied to the Rach Mieu
Bridge in Vietnam, the Shenzhen Western Corridor and the Stonecutters Bridge in Hong Kong. This
experience shows that with a growing span wind events and non-linear effects become important
design criteriain bridge engineering.

The Rach Mieu Cable Stayed Bridge (Project Engineers. Transport Engineering Design Inc., Hanoi)
with a span arrangement of 117 : 270 : 117 m comprises a prestressed concrete deck girder with
reinforced concrete pylons and substructure

Figure 8: Eigenmodes mainly induced in buffeting

Figure 7: Sructural RM2004 model, Rach Mieu Bridge,
response

Vietnam.



A cable stayed bridge with a main span of 210 mison
the Hong-Kong side of the Shenzhen Western Corridor
(Project Engineers: Ove-Arup, Hong-Kong).
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Figurel: Vertical bending moment

Figure 9: Sructural RM2004 model, Shenzhen Western Corridor
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The steel girder is supported by an inclined pylon 158m
high. Wind buffeting responses are shown in
Figure 10 to Figure 12. Figure 12: Normal force

The Stonecutters bridge (Project Engi neers: Ove-Arup, Hong-Kong) is a cable-stayed bridge with a
main span of 1018m, side spans of 298m, and a towers height of 290m. The deck to the main span
isatwin girder steel deck, whilst the side spans are of concrete, which are to be built in advance of
cable stay erection to counterbalance and stabilise the slender lightweight main span deck.

Wind buffeting responses are shown in
Figure 14 to Figure 16.
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Prefabricated cable stays are
arranged in alaterally inclined
fan arrangement to maximise
the transverse and torsional ':'!H JIIT2

stability of the main span and ' UL

include the world's longest Figure 16: Deck normal force
= bridge stay to date.

Figure 13: Structural RM2004 model, Stonecutters Bridge, HK
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