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ABSTRACT
Buffeting responses due to turbulent winds are one of the major sources that lead to
fatigue damage in long-span cable-supported bridges. Buffeting analyses that can
accurately predict fatigue-related stress responses are therefore important for these
bridges.
Traditional buffeting analyses are performed with beam-element models. For an
accurate stress-level buffeting analysis, however, finite element models need to be built
with detailed geometry using plate/shell/solid elements. A number of multi-scale
modeling techniques have been developed to model long-span bridges for accurate
dynamic stress analyses. Nevertheless, traditional buffeting analysis methods cannot be
performed with these models because they are all based on integrated sectional
aerodynamic and aeroelastic forces rather than distributed buffeting loads on the bridge
deck.
In view of these problems, this paper proposes a practical framework to perform
buffeting-induced stress analyses with multi-scale models of long-span bridges. In this
framework, the frequency-domain characteristics of the aerodynamic pressure are
obtained from pressure tests, and the distributed aeroelastic derivatives are estimated
from sectional aeroelastic derivatives.
The proposed framework was then applied to the Stonecutters cable-stayed
bridge in Hong Kong. The responses computed using the proposed buffeting analysis
framework were compared with those computed using the sectional-force-based
traditional method on a beam-element model. The maximum dynamic stress responses
of the multi-scale model are larger than those of the spine beam model on the edges of
the deck.
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1. INTRODUCTION
Wind induced responses, especially buffeting responses due to turbulent winds,
are one of the major sources that lead to fatigue damage in long-span cable-supported
bridges (e.g. Chen 2000; Li 2002; Pourzeynali 2005). Buffeting analyses that can
accurately predict fatigue-related stress responses are therefore important for modern
cable-supported bridges (e.g. Chan 2001; Xu 2009; Liu 2009).
Traditional buffeting analysis methods, either in the frequency-domain (e.g. Xu
2000) or the time-domain (e.g. Chen 2000), are almost all performed with beam-element
models. Traditional FE models that reduce bridge decks into beam elements with
equivalent sectional properties are not sufficient for accurate stress analyses. Advanced
FE models built in detailed geometry with plate/shell/solid elements are required in order
to obtain accurate stress responses. On the other hand, the computation capacity for
such analyses shall be considered as the large number of degrees of freedom (DOF)
resulting from such fine modelling can cause difficulties in the dynamic analyses. To
deal with this problem, multi-scale modelling methods that can simulate long-span
bridges with a simplified global model and detailed local models concurrently have been
developed (e.g. Liu 2001; Chan 2009).
However, traditional buffeting analysis methods are all based on integrated
sectional aerodynamic and aeroelastic forces rather than distributed forces on the
bridge deck. In order to work with multi-scale models of the bridge, it is imperative to
take into account the cross-sectional distribution of aerodynamic and aeroelastic forces.
Distributed aerodynamic and aeroelastic forces are closely related to wind
pressures and their distribution. Aerodynamic pressure time-histories can be obtained
from pressure tests of a motionless sectional deck model. Larose (1997) and Larose
and Mann (1998) directly measured the aerodynamic admittance and span-wise
coherence of aerodynamic forces based on the simultaneous measurements of
unsteady surface pressures on three chord-wise strips of sectional deck models. Hui
(2006) investigated the admittance and span-wise coherence of aerodynamic forces
induced by turbulent winds on a twin-box deck by wind tunnel pressure tests of the
sectional deck model with seven pressure-tapped strips. Nevertheless, these studies
focused on the integrated aerodynamic forces rather than distributed pressures. Zhu
and Xu (2014) have recently investigated the characteristics of distributed aerodynamic
forces on the surface of a motionless twin-box bridge deck model. The aerodynamic
admittances and span-wise correlation of the distributed aerodynamic forces have been
identified and analyzed. However, how to employ the distributed forces in a buffeting
analysis has not been discussed.
Aeroelastic pressures can be acquired from pressure tests on an oscillating deck
model. Haan and Kareem (2009) investigated the turbulence effects on the pressure
distribution over an oscillating rectangular prism using a forced-vibration test system
and a pressure-tapped model. Argentini et al. (2012) obtained distributed aerodynamic
admittance and derivatives using a forced-vibration pressure test of a sectional model.
Their studies show that the forced-vibration tests with a pressure-tapped model are
capable of obtaining both aerodynamic and aeroelastic pressure distributions. The
buffeting induced pressure distribution has the advantages of providing more
information about fluid-structure interaction. Nevertheless, forced-vibration tests may

not be able to fully represent real fluid-structure interaction as the mass of the
fluid-structure system is not simulated and the motion of the model is pre-set and not
induced by incoming winds. Besides, a full set of measured distributed aeroelastic
stiffness and damping matrices of the deck section is rarely available. Thus, a more
convenient method to obtain the distributed aeroelastic stiffness and damping matrices
is worth studying. Liu et al (2009) proposed a method of distributing traditional sectional
aeroelastic forces to the nodes of a multi-scale finite element (FE) model to enable
buffeting-induced stress analysis of a long-span suspension bridge. However, the
proposed distribution method is not based on measured wind pressures from either
wind tunnel tests or field measurements. It is based on the rigid body motion
relationships between the motions at the nodal lines and those at the center of elasticity
of the deck section. Therefore, this distribution method does not reflect real
fluid-structure interaction mechanism.
This paper proposes a practical framework to perform buffeting-induced stress
analysis using the multi-scale model of a long-span cable-stayed bridge with distributed
aerodynamic and aeroelastic forces. In this framework, distributed aerodynamic forces
are obtained from pressure tests of a motionless sectional model, and distributed
aeroelastic forces are acquired based on the quasi-static assumption and the sectional
aeroelastic forces. How to apply the buffeting-induced stress analysis with these
distributed wind loads to a multi-scale model constructed with sub-structuring method is
then discussed. In the end, the details of applying this framework to the Stonecutters
cable-stayed bridge in Hong Kong are then presented. The results of the analyses with
the proposed framework are presented and discussed. The differences between the
proposed framework and the traditional framework are examined.
2. FRAMEWORK OF BUFFETING ANALYSIS WITH DISTRIBUTED WIND LOADS
2.1 Key issues in buffeting analysis with distributed wind loads
As shown in Fig. 1, traditional buffeting analyses were performed with integrated
sectional wind forces on the beam-element model of a bridge deck while the proposed
framework considers distributed wind forces on a much detailed FE model. The finite
element (FE) model, the aerodynamic and aeroelastic characteristics used in the
proposed framework are all different from those in the traditional buffeting analyses.

Fig. 1 Distributed wind forces on a multi-scale model v.s. integrated forces on a beam
model of a twin-box deck
The governing equation of a coupled wind-bridge system under distributed
dynamic wind loads can be written as

M str u   Cstr  Cse  u   K str  K se  u  Fb

(1)

where Mstr, Cstr and Kstr are the mass, damping and stiffness matrices of the
multi-scale FE model of a bridge, respectively; Cse and Kse are the distributed
aeroelastic damping and stiffness matrices, respectively; Fb is the distributed
aerodynamic force vector; u is the displacement vector; a dot on u represents the
first-order derivative with respect to time and two dots represent the second-order
derivative.
As the multi-scale modelling technique of long span bridges has been presented
by the authors and their colleagues (Zhu 2015; Xiao 2015), the remaining key issues in
the stress-level buffeting analysis with distributed wind loads are (1) how to obtain the
distributed aerodynamic force vector; (2) how to obtain the distributed aeroelastic
damping and stiffness matrices; and (3) how to solve the above governing equation
efficiently with a multi-scale FE model. The solutions to these three issues are
presented in the following subsections.
2.2 Cross-spectral density matrix of distributed aerodynamic forces
To determine the cross-spectral density matrix of distributed aerodynamic forces,
three aerodynamic properties should be obtained: pressure coefficients; pressure
admittance functions; and the coherence functions of pressures. The pressure
coefficients can be naturally obtained from the wind pressure test of a motionless deck
model. The method to identify pressure admittance functions and span-wise pressure
coherence functions have been proposed by Zhu and Xu (2014).
The aerodynamic pressure on a surface point i of a bridge deck can be expressed
as
1
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where ρ is the density of air; －
U is the mean speed of the incoming wind flow; Cpi and
C’pi are the pressure coefficient and its derivative with respect to the angle of incidence,
respectively; u and w are the longitudinal and vertical turbulence component,
respectively; α0 is the mean angle of incidence; χpui and χpwi are the aerodynamic
pressure admittance functions of the fluctuating pressure at the ith surface point of the
bridge deck with respect to the fluctuating wind u and w, respectively.
The pressure admittance functions of pressure, which is the function of reduced
frequency and depends on the geometrical configuration of the cross section and the
location of each point on the deck surface, can be identified in the frequency domain.
The span-wise coherence function of aerodynamic pressures can also be calculated
from the measured time-histories.
The cross-spectra of the pressures on the deck surface cannot be fully represented
only by span-wise coherence functions. The chord-wise correlation of aerodynamic
pressures, which is automatically taken into account in the aerodynamic force
admittances but has not been investigated in detail in any literature, should also be
taken into account in the total cross-spectral matrix. However, the consideration of a full
3D correlation of aerodynamic forces over the entire surface of the bridge deck in the
computation is difficult and time consuming. To simplify the problem, the surface of both

the windward and leeward boxes is divided into a deck plate and a bottom plate, and the
entire surface of a twin-box deck is thus divided into 4 plates as shown in Fig. 1. The
following assumptions are then adopted.
(1) The span-wise correlation of aerodynamic pressures on each plate is
considered line by line. The correlation of the aerodynamic pressures on each line is
represented by its own decay function.
(2) For each plate, the chord-wise correlation of aerodynamic pressures is
assumed to be only related to the chord-wise distance of pressure measurements. Thus,
only one chord-wise correlation function is required for each plate.
(3) The correlation of aerodynamic pressures between the deck plate and the
bottom plate is negligible.
(4) The correlation of aerodynamic pressures between the windward and leeward
deck is negligible
It should be noted that assumption (3) and (4), which are used to simplify the full 3D
correlation of pressures into a 2D correlation problem, were observed from the test data
of this study. These two assumptions might not hold for other deck shapes.
As a result of the above simplification, the aerodynamic forces of each plate can be
dealt with separately. For each plate, the cross-spectrum of any pair of pressures can
then be written as
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where i and j represent the locations of the two pressure points on the section; r and s
represent the longitudinal location of the pressure point; Δx and Δy represents the
span-wise and chord-wise distance, respectively.
The spectral density matrix of distributed aerodynamic forces SFb Fb ( ) can be
assembled using the pressure spectral density function computed by Eq.(3) and
multiplied by the area on the deck surface. The number of pressure points shall be large
enough so that the area corresponding to each point is small and that the pressure
distribution in the small area represented by each point can be considered uniform.
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where Ai and Aj are the areas that are represented by point i and point j, respectively.

(4)

Fig. 2 Chord-wise root coherence of incident turbulence induced pressure
Every function on the right side of Eq.(4) can be represented by a rational function
so that the cross-spectra of any pair of aerodynamic pressures can be simulated with
rational functions. The aerodynamic pressure admittances and the spanwise coherence
functions of pressures can be fitted using the functions proposed by Zhu and Xu (2014).
The measured chord-wise root coherences of the four plates are shown in Fig. 2. The
chord-wise root coherence of each plate can be fitted with exponential decay functions
like span-wise root coherence functions as
Coh1/2
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where A is the root coherence peak value at zero frequency; C is the decay factor.

(5)

2.3. Distribution of aeroelastic forces
In principle, aeroelastic pressures on a bridge deck can be obtained from pressure
tests of an oscillating deck model. However, the research on the identification of
distributed aeroelastic forces as well as the associated stiffness and damping matrices
from wind tunnel tests is very limited, and so no distributed aeroelastic forces are
available at this stage. An alternative to obtain the distributed aeroelastic forces is to find
a reasonable way to distribute the sectional aeroelastic forces measured from the
traditional wind tunnel tests. This distribution method can be achieved based on the
quasi-static expression of aeroelastic forces as described below.
As shown in Fig. 3, the wind pressure on a surface point of a vibrating 2D bridge
2
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where the relative transient incidence angle Δα can be expressed as
w h  B
(7)
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where h and α are the vertical and torsional displacement of the entire deck section,

respectively; and a dot represents the first-order derivative with respect to time.

Fig. 3 2D vibrating deck section
By substituting Eq. (7) into Eq. (6) and considering the first-order Taylor expansion
of the pressure coefficient, Eq. (6) can be expanded as
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The first and second parts of the right side of Eq. (11) are the mean-wind-induced
pressure and aerodynamic pressure, respectively. The third part is actually the
aeroelastic pressure as
1
1
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The 2D quasi-static aeroelastic forces acting on a surface point of a vibrating bridge
deck section can be derived in a similar way. With respect to the structural coordinate,
the 2D quasi-static aeroelastic forces on a surface point of a vibrating bridge deck can
be expressed as
(10)
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(12)
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(13)
where Cse,i and Kse,i are the aeroelastic damping and stiffness matrix for the surface
point i; p, h and  are the lateral, vertical and torsional displacement of the centroid of
the deck section, respectively; C piD , C piL and C piM are the three components of

pressure coefficient Cpi with respect to the elastic center of the section and can be
obtained by

CPiL  CPi  cos  i   0    i , CPiD  CPi  sin  i   0    i , CPiM  CPi   cos i  yi  sin i  zi    i
(14)
where βi is the angle between the vertical axis of the deck section and the pressure
direction which is perpendicular to the surface outline; yi and zi are the coordinates of
the surface point in the structural axis; and δi is the certain length on the section outline
that is represented by the point i.
These three coefficients have the relationship with integrated aerodynamic force
coefficients as follows
m

m

m
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In reality, the quasi-static assumption does not hold. The aerodynamic derivatives
of wind pressure, which is similar to the aerodynamic derivatives of integrated sectional
forces, should be introduced into Eqs.(11) and (12). Therefore, the distributed
aeroelastic property matrices can be expressed as (Tubino 2005)
 2C piD p1*  C piD  C piL  p5*  B  C piD  C piL  p2* 
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where hi* , ai* and pi* (i=1,2,3,5) are the distributed aerodynamic derivatives.
It was found that the span-wise coherence of aeroelastic forces are close to unity in
sectional model tests (Hann 2000), but no research has been conducted to investigate
the chord-wise correlation of aeroelastic forces. It is assumed in this study that the
compensation for non-quasi-static effects (i.e. the distributed aerodynamic derivatives)
is uniform along the section outline. As a result, the sum of the distributed aeroelastic
forces with respect to the sectional elastic center can be performed in conjunction with
Eq.(15), yielding the following equation for aeroelastic forces on the entire section.
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By comparing Eqs. (19) and (20) with the conventional Scanlan’s aerodynamic
derivatives, the distributed aerodynamic derivatives hi* , ai* and pi* (i=1,2,3,5) can be
derived. The distributed aeroelastic forces and the associated aeroelastic damping and

stiffness matrices can be obtained in terms of the conventional sectional aerodynamic
derivatives and the measured pressure coefficients as
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where Ai* and Hi* (i=1~4) are Scanlan’s aerodynamic derivatives.
2.4 Buffeting analysis with distributed wind loads on sub-structuring multi-scale
models
In the multi-scale modelling methods proposed for long-span bridges,
sub-structuring method has been quite popular in dealing with bridges with repetitive
geometry such as a box deck (Ding 2010; Kong 2012). The sub-structuring method has
an advantage in modelling box decks of long-span bridges because it allows the
geometry of all the plates, stiffeners, and others in the whole deck to be retained in
sub-structures of segments while the global solution only handles the selected master
DOFs.
The authors and their colleagues have proposed a modelling method for a
long-span cable-stayed bridge with sub-structuring method (Zhu 2015) and a
corresponding model updating method that uses modal frequencies, displacement and
stress influence lines to ensure the multi-scale accuracy of the model (Xiao 2015). How
to apply the stress-level buffeting analysis with distributed wind loads on such a
sub-structuring model is introduced as follows.
Using the sub-structuring method, the DOF in the FE model can be divided into the
master DOF and the slave DOF. Then the governing equation of the entire structure can
be written as (Guyan 1965)
M mm M ms  um  Cmm Cms  um  K mm K ms  u m  Fm 
(22)
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ss   s 
 sm
 sm ss   s   sm ss   s   s 
where the subscript ―m‖ denotes the master DOF and the subscript ―s‖ denotes the slave
DOF,
Eq. (22) can be condensed into the governing equation of the global structure with
only master DOF as
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The above equations depict the general process of the condensation of the
sub-structure property matrices and force vectors. In practice, it is usually preferable
that the external forces are applied on the master nodes only (Fs=0) so that iterative
generations of the sub-structures can be avoided in the analyses of the global structure.
In this regard, the aerodynamic and aeroelastic forces should be lumped onto the
master nodes and the buffeting analysis can be applied to the governing equation of the
global structure as
ˆ C
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and K
are the condensed structural mass, damping and stiffness
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matrices that are associated only with the master DOF; C
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aeroelastic damping and stiffness matrix on the master nodes, respectively; and Fˆ is
b

the lumped aerodynamic forces on the master nodes.
The distributed aeroelastic damping and stiffness matrices established in the last
section and expressed by Eqs. (16) and (17) can be assembled into the lumped
aeroelastic stiffness and damping matrices as
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where Re is the 63 matrix consisting of 0 and 1, which expands a 3-dimensional
aeroelastic property matrix into a 6-dimensional matrix with respect to all 6 DOFs of a
node; and N is the number of nodes; the superscript T represents matrix transposition.
In consideration that a large number of DOFs are involved in the buffeting-induced
stress analysis, a computationally efficient algorithm shall be used to find the solution of
Eq.(28). The pseudo-excitation method (Lin 1992; Xu 1998) is selected in this study.
The pseudo displacement responses of the slave DOF in a sub-structure can
therefore be obtained in the expansion of the sub-structure as
u s ,k  K ss1Fs  K ss1K smu m,k
(31)
Once the nodal displacement vector of every element is obtained, the element
stress vector induced by the elastic deformation without considering the initial strains
and stresses can be obtained as
(32)
σ j ,k  k j L j N j Tj u j ,k
where σj,k is the stress vector of the jth element; uj,k is the nodal displacement vector in
the global coordinate; Tj is the coordinate transformation matrix from global to local
coordinates; Nj is the shape function; Lj is the differential operator that transforms the
element displacement to the element strain; and kj denotes the elastic stiffness matrix

that represents the stress-strain relationship.
3. BUFFETING ANALYSIS OF STONECUTTERS BRIDGE UNDER INTEGRATED
AND DISTRIBUTED WIND LOADS
3.1 Stonecutters Bridge
The Stonecutters Bridge (see Fig. 4a) is currently the world’s third longest
cable-stayed bridge which has a total length of 1596 m and a main span of 1018m.
The Stonecutters Bridge has adopted a twin-box deck with a wide clear separation
of 14.3 m between the two longitudinal girders (see Fig. 4b) as the twin-box
configuration of the deck enhances the aeroelastic stability of such a long-span bridge.
The structure of this deck not only induces intricate wind-structure interactions, but also
causes complicated stress distribution in the deck. Simplifying such a twin-box deck into
a series of rigidly connected beams may cause large error in calculating stress
responses. As a result, the deck of the bridge was modelled with shell elements to
maintain its complex structure in its FE model in this study.

Fig. 4 Configuration and typical cross section of Stonecutters Bridge
3.2 FE modelling of Stonecutters Bridge
A 3D multi-scale FE model of the Stonecutters Bridge is established with commercial
FE software ANSYS as shown in Fig. 5. All structural components, connections and
boundary conditions of the bridge are properly modelled.

Fig. 5 Multi-scale model of Stonecutters Bridge
In the FE model, each of the 65 segments of the steel deck, including all its plates,
webs, troughs and stiffeners, is modelled with shell elements. Each segment is then
condensed into a super-element by the sub-structuring method to reduce computation
time for the subsequent buffeting analyses. The concrete decks are modelled similarly
with lower resolution. The concrete parts of the bridge towers from the base level to
level +175m are modelled as series of beam elements with equivalent properties. The
composite parts of towers above level +175m are modelled with two series of separated
and parallel beam elements of different material and section properties. The DOF of
stainless steel elements and concrete elements are coupled at the corresponding nodes.
Each of the 224 stay cables is modelled with one truss element (tension-only). The piers
and pier shafts are modelled with beam elements of equivalent section properties. The
total number of DOF in the global structure, including all the DOF of the normal
elements and master DOF of super-elements, amounts to about 75,000. The details of
this model can be found in the work of Zhu et al. (2015).
The multi-scale model is then updated with an objective function that includes both
modal frequencies and multi-scale (displacement and stress) influence lines (Xiao 2015).
The updated model shows good resemblance with the prototype bridge in term of both
dynamic properties and stress responses.

Fig. 6 Spine-beam model of Stonecutters Bridge
The spine-beam model of the Stonecutters Bridge is also established in ANSYS for
an effective comparison (see Fig. 6). The windward and leeward box decks are
modelled as two parallel beams with equivalent cross-sectional properties for both the
steel and concrete decks. The windward and leeward box decks are connected by
cross-girders with 18 m intervals in the longitudinal direction. The modelling of the
towers, piers and cables is the same as in the multi-scale model. The cables are
connected to the longitudinal girders by rigid arms.
The modal frequencies of the first 10 modes of the established spine-beam model
are listed and compared with those of the multi-scale model and the real bridge in Table
1. The differences between the modal frequencies of the two models are small. The

maximum difference in the modal frequencies is only about 3%. The two models both
exhibit good consistencies with the prototype bridge in the case of the modal
frequencies. In addition to the global dynamic properties, the multi-scale model also
captures the detailed geometry of the bridge deck. Furthermore, having been updated
with both modal frequencies and multi-scale (displacement and stress) influence lines,
the accuracy of the stress responses yield by the multi-scale model is better assured.
3.3 Aerodynamic and aeroelastic properties of the bridge deck
The established multi-scale model provides the mass, damping and stiffness
matrices of the bridge. The distributed aerodynamic force vector, Fb, as well as the
distributed aeroelastic damping and stiffness matrices, Cse and Kse, can be acquired
from the methods stated in Section 2. The aeroelastic properties can be added to nodes
of the FE model using a stiffness/damping matrix element MATRIX27 in ANSYS (Hua
2008; Wang 2014).
Table 1. Modal frequencies of the spine-beam and multi-scale models
Diff*

Mode shape description

0.161
0.212
0.212
0.219
0.260

Multi-scale
Model
(Hz)
0.166
0.217
0.215
0.222
0.261

-3.19%
-2.44%
-1.21%
-1.58%
-0.08%

0.327

0.327

0.323

1.24%

0.334
0.395
0.413
0.459

0.332
0.399
0.391
0.450

0.339
0.393
0.398
0.450

-2.10%
1.68%
-1.86%
0.07%

symmetric lateral, deck
symmetric vertical, deck
asymmetric lateral, tower
symmetric lateral, tower
asymmetric vertical, deck
longitudinal, piers and
towers; vertical, deck
symmetric vertical, deck
asymmetric lateral, deck
asymmetric vertical, deck
symmetric torsional, deck

Mode
NO.

Measured
(Hz)

Beam model
(Hz)

1
2
3
4
5

0.161
0.210
0.213
0.217
0.263

6
7
8
9
10

* Diff refers to the frequency difference between the beam and multi-scale models.
The aerodynamic derivatives of the Stonecutters bridge deck at the complete
stage without traffic were obtained with the aeroelastic section model tests in wind
tunnel. The distributed aeroelastic stiffness and damping matrices can be computed
with the derivatives. Fig. 7 and Fig. 8 give two examples of the distributed aeroelastic
damping and stiffness on the section outline. Distributed by this technique, the
aeroelastic damping and stiffness are concentrated on the windward region of the deck.
The aeroelastic damping and stiffness on the leeward box are very small. The
aeroelastic properties and the aerodynamic coefficients are assumed to be uniform
along the bridge deck in the buffeting analysis.

Fig. 7 Distributed torsional aeroelastic damping on pressure taps at K=10 (Ns/m)

Fig. 8 Distributed torsional aeroelastic stiffness on pressure taps at K=10 (N/m)
3.4 Buffeting analyses of the Stonecutters Bridge
The buffeting analyses of the multi-scale model of the Stonecutters Bridge adopt
the framework introduced in Section 2. The transfer parameters and functions used in
these analyses, such as the distributed aerodynamic coefficients, derivatives and
admittances, are identified from the wind tunnel tests. The wind characteristics used in
the analyses, such as the wind profile and spectra, are those summarized from site
measurements. In these analyses, the aerodynamic and aeroelastic forces on the
bridge deck are applied only on the master nodes to avoid calculating, generating, and
assembling the sub-structures iteratively during the analyses.
The buffeting analyses on the spine-beam model of the Stonecutters Bridge uses
the traditional framework with integrated aerodynamic and aeroelastic forces. The
test-measured transfer parameters and functions and site-measured wind
characteristics are also used in these analyses. The longitudinal stress responses of the
beam model are calculated using nodal forces and moments based on the rigid section
assumption.
For both models, except for the decks, only the mean wind loads on the towers,
piers and cables are considered in the analyses.
The maximum total buffeting responses of the bridge deck are calculated as the
mean wind response plus the corresponding peak buffeting response (the root mean
square (RMS) buffeting response multiplied by a peak factor) and the peak factor of the
buffeting response is taken as 3.5 in this paper.
The buffeting analyses were carried out in the frequency domain with the first 50
modes of vibration included. To compute the RMS buffeting responses within the
frequency range of interest, a frequency interval of 0.002Hz was used within the range
from 0.06 to 1Hz. A damping ratio of 0.36% for all modes of vibration was used. Both
structural and aeroelastic couplings between modes of vibration are naturally retained.
Mean wind loads on the bridge towers, piers and cables were taken into consideration in
addition to those on the bridge deck whereas the dynamic wind loads were applied only
on the bridge deck.

4. RESULTS AND DISCUSSIONS
4.1 Mean wind responses
Fig. 9 compares the mean wind induced displacements of the multi-scale and
spine-beam models. In this figure and other figures below, UY and UZ denote the
displacement in the lateral and vertical directions, respectively; ROTX denotes the
torsional displacement. Fig. 9 shows the displacement responses due to a 46 m/s mean
wind speed. The mean wind induced lateral and vertical displacements of the
multi-scale model are slightly smaller than those of the spine-beam model. The
difference may be because the multi-scale model has a slightly higher lateral and
vertical stiffness, judging from its modal frequencies. The mean wind induced torsional
displacements of the multi-scale model are slightly larger than those of the spine-beam
model. It should be noted that the torsional displacements of the multi-scale model were
calculated with the vertical displacements of the two nodes on the windward and
leeward edges of each box. Thus, the calculated torsional displacement may be
different from that of the section centroid due to possible local deformation.

Fig. 9 Mean wind induced displacements (N-E wind direction, U = 46 m/s)

Fig. 10 Mean wind-induced stresses (N-E wind direction, U = 46 m/s) (MPa)

Fig. 10 compares the mean wind-induced stress of the multi-scale and
spine-beam models. This figure shows the stress responses due to a 46 m/s mean wind
speed. For both models, the absolute values of the stresses increase with the distance
from the section centroid of each box. The stresses increases linearly with the distance
in spine-beam model, while the stress increase in the multi-scale model is nonlinear,
resulting in much larger stresses than the spine-beam model on the edges.
The stress responses of the multi-scale model are much larger than those of the
spine-beam model on the edges of both boxes. This difference probably results partly
from the larger mean-wind-induced forces on the edges and the local deformation of the
deck plates allowed by the multi-scale model, and partly from the stress concentration
induced by the longitudinal-and-cross-girder connections on the inner edge and the
cable-deck connections on the outer edge.
4.2 Maximum total buffeting responses
Fig. 11 shows the maximum total displacement responses due to the wind from
the N-E direction. The maximum total lateral, vertical and torsional displacements of the
multi-scale model are all smaller than those of the spine-beam model. This difference
may be attributed to the differences between the two models as mentioned in the last
subsection, or the assumptions on the chord-wise correlation of pressures made in this
study. To further examine this phenomenon, the effects of the assumptions on the
chord-wise correlation of pressures are examined in Subsection 4.3.
Fig. 12 compares the maximum total stress of the multi-scale and spine-beam
models. The stresses increase with the distance from the section centroid of each box
for both models. The maximum total stresses in the windward box are larger than those
in the leeward box.
The dynamic longitudinal stress responses in the quarter-span section are much
smaller than those in the mid-span section due to the larger dynamic moments in the
mid-span.
The stress responses of the multi-scale model are larger than those of the
spine-beam model on the edges of both boxes. This difference probably results partly
from the larger wind-induced forces on the edges and the local deformation of the deck
plates allowed by the multi-scale model, and partly from the stress concentration
induced by the longitudinal-and-cross-girder connections on the inner edge and the
cable-deck connections on the outer edge.
4.3 Effects of chord-wise correlation of aerodynamic forces
This study enables investigates the chord-wise correlation of the aerodynamic
forces in addition to the span-wise correlation. This is necessary for a complete buffeting
analysis framework that takes into account the distributed wind loads. But as mentioned
in Subsection 2.2, the chord-wise and diagonal correlation is remarkably weaker than
the span-wise correlation. This suggests a possibility to neglect the chord-wise
cross-spectra of aerodynamic pressures to simplify the analyses. In order to examine
this possibility, a buffeting analysis was performed on the multi-scale model neglecting
all the chord-wise cross-spectra of the aerodynamic pressures, that is assuming

Fig. 11 Maximum total displacements (N-E wind direction, U = 46 m/s)

Fig. 12 Maximum total stresses (N-E wind direction) (MPa)
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The maximum total stresses in the mid-span of this analysis are shown in Fig. 13.

Fig. 13 Maximum total stresses in the mid-span neglecting chord-wise cross-spectra
(Mpa)
A comparison between Fig. 13 and Fig. 12b shows that neglecting the chord-wise
cross-spectra of the aerodynamic forces only lead to about 2.5% decrease in the
calculated stress responses.
5. CONCLUDING REMARKS
This paper proposes a stress-level buffeting analysis framework for a long-span
twin-box deck bridge under distributed wind loads. Special features included in this
framework are : (1) obtaining the distributed aerodynamic pressure admittance and
identifying the frequency-domain characteristics of the aerodynamic pressure of a
twin-box deck based on wind tunnel pressure test results; (2) obtaining the distributed
aeroelastic parameters from wind-tunnel-measured integrated aeroelastic parameters;
(3) establishing a 3D multi-scale FE model for the bridge using the sub-structuring
method; (4) updating the multi-scale FE model using the measured modal frequencies
and multi-scale influence lines; and (5) how to combine stress-level buffeting analysis
with a sub-structuring multi-scale FE model of a long-span bridge for both global and
local buffeting responses.
The proposed framework was then applied to the Stonecutters cable-stayed
bridge in Hong Kong. The responses computed using the proposed buffeting analysis
framework were compared with those computed using the sectional-force-based
traditional method on a spine-beam model. The mean wind stress responses of the
multi-scale model are significantly larger than those of the spine-beam model on the
edges of both boxes. The dynamic stress responses of the multi-scale model are also
larger than those of the spine beam model on the edges of both boxes. This difference
results partly from the larger aerodynamic and aeroelastic loads on the edges, and
partly from the stress concentration induced by the longitudinal-and-cross-girder
connections on the inner edge and the cable-deck connections on the outer edge.
This study also investigates the chord-wise correlation of aerodynamic pressures.
This is necessary for a complete buffeting analysis framework that takes into account
the distributed wind loads. The results show that the chord-wise and diagonal
correlation is remarkably weaker than the span-wise correlation and neglecting the

chord-wise cross-spectra of the aerodynamic forces only lead to about 2.5% decrease
in the calculated stress responses.
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