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ABSTRACT 

Many long-span cable-supported bridges with a steel box deck have been built in 

recent years, and some super long-span cable-supported bridges across the sea are 

also under design or planning. When these bridges are located in strong wind 

regions, buffeting-induced vibrations and responses, including displacement, 

acceleration and stress, could be considerable. Because buffeting-induced stress 

responses are imperative for the assessment of local failure and fatigue damage, 

an accurate and efficient stress-level buffeting analysis of such a bridge is of great 

necessity. 

To develop an accurate buffeting-induced stress analysis method, an appropriate 

modelling of distributed aerodynamic (buffeting) and aeroelastic (self-excited) 

pressures on the bridge deck is important. Therefore, this study first presents a 

modelling method for the distributed aerodynamic and aeroelastic pressures on 

the surfaces of a bridge deck based on the proper orthogonal decomposition 

(POD) method. The characteristic parameters of POD pressure modes, such as 

covariance modes, principal coordinates, pressure modal coefficients, pressure 

modal admittance functions and pressure modal derivatives, are introduced in the 

formulation. Indicial function-based parameter identification method is 

developed to identify pressure modal derivatives, and the aerodynamic and 

aeroelastic components are then separated in terms of POD pressure modes. On 

this basis, pressure modal admittance functions are finally identified with the 

isolated aerodynamic components by using a colligated least-square method. 

Moreover, the span-wise correlation of buffeting-induced pressures over the 

surface of a twin-box deck is investigated in terms of POD pressure modes. Each 

POD pressure mode obtained is likely to be associated with a particular excitation 

mechanism: aeroelastic pressure component due to motion or aerodynamic 
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pressure component due to both incident and signature turbulence. Because the 

spanwise correlation of each pressure component is different from each other, the 

aerodynamic and aeroelastic components are first separated by the 

aforementioned indicial functions. The empirical mode decomposition (EMD) 

method is then applied to the aerodynamic component to further separate the 

incident turbulence-induced component from the signature turbulence-induced 

counterpart. The spanwise correlation coefficient and root coherence of each 

pressure component can be finally figured out. 

To examine the accuracy of the POD-based modelling method for distributed 

aerodynamic and aeroelastic pressures, wind tunnel pressure tests were 

conducted on a sectional twin-box deck model of the Stonecutters cable-stayed 

bridge in Hong Kong. When the sectional model was set to be motionless, only 

aerodynamic components could be measured. When the sectional model was 

spring-suspended, both aerodynamic and aeroelastic components could be 

obtained from the measured wind pressures. The pressure modal coefficients, 

covariance modes, principal coordinates, pressure modal derivatives and pressure 

modal admittance functions were calculated from the measured wind pressures 

by using the proposed modelling method. The results show that the higher-order 

POD pressure modes provide a very limited contribution to the distributed 

pressures and could be truncated without notable loss of accuracy. The 

distributed pressures over the bridge deck surface could be well represented by 

the superposition of a limited number of POD pressure modes. The use of POD 

pressure modes thus greatly simplifies the identification of characteristic 

parameters used to describe the aerodynamic and aeroelastic pressures. It is also 

confirmed that the aerodynamic and aeroelastic components of buffeting-induced 

pressures, as well as the incident and signature turbulence-induced components, 

are separated successfully in terms of POD pressure modes. The spanwise 

correlation coefficient and root coherence of each component are also 
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investigated. The results show that the spanwise correlation coefficients of the 

aeroelastic pressures are close to 1. The root coherences of the signature 

turbulence-induced pressures show completely different characteristics from the 

incident turbulence-induced pressures. Therefore, a new coherence fitting 

scheme for signature turbulence-induced pressures is proposed based on the 

empirical functions for incident turbulence component. Accordingly, the root 

coherence of the pressures at any two points on the surface of the twin-box deck 

can be reconstructed with the root coherences of POD pressure modes. 

Based on the proposed POD pressure modes, a new framework for 

buffeting-induced stress analysis of long-span cable-supported bridges with a 

twin-box deck is then presented. Distributed aerodynamic and aeroelastic 

pressures on the surface of the twin-box deck are modelled in terms of POD 

pressure modes. The substructure modelling scheme is adopted to construct the 

finite element (FE) model of the bridge so that POD pressure modes can be 

applied, and both global (displacement and acceleration) and local (stress) 

responses of the bridge can be captured simultaneously and accurately. The 

pseudo-excitation method is used to solve the governing equations for 

buffeting-induced stress analysis in the frequency domain. The Stonecutters 

Bridge is also selected to examine the feasibility and accuracy of the proposed 

framework, in which the global and local responses of the bridge under Typhoon 

Hato are computed using the proposed framework and compared with the 

measured ones recorded by the wind and structural health monitoring system 

installed in the bridge. The comparative results show a good agreement between 

the computed and measured responses and confirm the necessity and accuracy of 

the proposed framework for buffeting-induced stress analysis. 

To compare the new proposed framework with the traditional one, two wind 

loading models (lumped force or distributed pressure) and two FE models 
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(spine-beam or substructure) are discussed and formulated for buffeting-induced 

stress analysis of long-span cable-supported bridges with a twin-box deck. These 

models and formulations are applied to the Stonecutters Bridge in the form of 

three combination cases: spine-beam FE and lumped force model (Case 1), 

substructure FE and lumped force model (Case 2), and substructure FE and 

distributed pressure model (Case 3). The aerodynamic and aeroelastic properties 

of the bridge deck section obtained from wind tunnel tests are used in the analysis. 

The buffeting-induced global (displacement and acceleration) and local (stress) 

responses of the bridge are finally predicted for all the three cases. The 

comparison results show that the use of spine-beam FE and lumped force models 

(Case 1) causes slight difference in the global response but yields distinct 

underestimation of the local stress response. The neglect of wind pressure 

distribution in Case 2 may underestimate the maximum local response to some 

extent. Therefore, the substructure FE and distributed pressure models are 

recommended to obtain accurate buffeting-induced stresses of the long-span 

cable-supported bridges. 
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CHAPTER 1 

INTRODUCTION 

1.1. Research motivation 

Wind effect is always a critical issue for long-span cable-supported bridges 

located in wind prone region (Simiu & Scanlan 1978; Xu 2013). With the 

increasing intensity of typhoons and the increasing frequency of strong typhoons 

due to climate change, long-span cable-supported bridges suffer considerable 

buffeting-induced vibration, which occurs across a wide range of wind speeds 

and persists over almost the entire lifetime of the bridges. Buffeting-induced 

stress responses accordingly become one of the major sources for local failure 

and fatigue damage to long-span cable-supported bridges. According to the 

recent fatigue analysis of long-span suspension bridges under multiple loadings 

(Chen et al. 2011), the fatigue damage induced by wind loading is compatible 

with that by highway loading, and the fatigue damage induced by multiple 

loading is larger than the summation of the fatigue damage induced by 

individual loadings due to the nonlinear nature of fatigue accumulation. 

This issue becomes especially critical for the bridges with a twin-box deck 

made of orthotropic steel plates (Chen et al. 2011; Gu et al. 1999; Xu et al. 2009), 

which has been widely applied in recent years (de Miranda et al. 2015; Kwok et al. 

2012; Larsen et al. 2008; Li et al. 2011; Yang et al. 2015; Zhu et al. 2017; Zhu & 

Xu 2014). With an appropriately designed twin-box deck, the critical wind speed 

for flutter instability can be improved and hence the span of a cable-supported 

bridge can be significantly increased. However, the orthotropic steel plates often 

used in the twin-box deck are susceptible to fatigue damage due to traffic load 

and buffeting load. Moreover, the wind pressure distribution over a twin-box 
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bridge deck is very complicated, and the excitation mechanisms due to 

aerodynamic interference between two boxes are not clear. Thereupon, an 

appropriate modelling of wind-induced loads on the twin-box bridge deck and 

an accurate and efficient stress-level buffeting analysis of long-span 

cable-supported bridges are required to predict buffeting-induced stress 

responses for not only the design but also the construction, operation, and 

maintenance of the bridges. 

Traditionally, dynamic wind loads on a cross-section of a bridge deck for 

buffeting analysis are represented by aerodynamic (buffeting) and aeroelastic 

(self-excited) forces including drag, lift and moment. Several major modelling 

schemes for integrated sectional forces have been summarized by Wu and 

Kareem (2013), in which the semi-empirical linear scheme, developed from 

linearized quasi-steady model, is most widely used nowadays (Scanlan, 1978a, 

1978b; Chen and Kareem, 2002; Tubino, 2005). The buffeting analysis is then 

conducted on a spine-beam finite element (FE) model of the bridge, in which 

the bridge deck is simplified as a series of beam elements with equivalent 

sectional properties. The buffeting analysis can be carried out in either the 

frequency domain (Davenport 1962; Jain et al. 1996; Scanlan 1978b; Xu et al. 

2000; Zhu et al. 2016b) or the time domain (Bucher & Lin 1988; Chen et al. 

2000b; Tubino & Solari 2007; Xiang et al. 1994). The frequency domain 

analysis is more predominant in practice since dynamic wind forces on the 

bridge deck are commonly modelled by a mixed frequency-time domain 

formulation with a series of parameters defined as the function of frequency. 

However, traditional buffeting analysis methods, either in the frequency domain 

or the time-domain, are based on sectional aerodynamic and aeroelastic forces 

and spine-beam FE model to determine the sectional displacement responses. 

The buffeting-induced stress responses are then determined in terms of a detail 

sectional deck model and based on the rigid plane assumption. The neglect of 
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the cross-sectional distribution of wind pressures and the adoption of the rigid 

sectional plane assumption are expected to have an impact on the accuracy of 

computed stress responses. 

In order to capture detailed wind-structure interaction and facilitate an effective 

stress-level analysis, an appropriate modelling method is firstly required to 

describe wind-induced distributed fluctuating pressures on the surface of a 

bridge deck, involving both aerodynamic pressures and aeroelastic pressures. In 

recent years, several studies have been carried out to investigate the 

characteristics of distributed aeroelastic and aerodynamic pressures on the 

surface of bridge decks (Argentini et al. 2012; Belloli et al. 2014; Rocchi et al. 

2015; Zhu et al. 2016b). According to the semi-empirical linear scheme, the 

aerodynamic and aeroelastic forces are usually considered separately by 

utilizing aerodynamic admittances and aeroelastic derivatives (flutter 

derivatives) without interaction (Chen & Kareem 2002; Scanlan 1978a, 1978b; 

Tubino 2005). On the one hand, the distribution characteristics of aerodynamic 

pressures on a simple single closed-box deck were directly measured through 

wind tunnel pressure tests (Argentini et al. 2012). Studies on the twin-box deck 

were also carried out and indicated that the signature turbulence effect might be 

considerably large for certain locations on the twin-box deck, especially on the 

leeward box (Zhu et al. 2016b; Zhu & Xu 2014). On the other hand, the 

knowledge of distributed aeroelastic pressures was explored by establishing the 

connection between distributed aeroelastic derivatives and the contribution of 

each pressure (Argentini et al. 2012). When the pressure test is not available, the 

distributed aeroelastic pressures can be derived from integrated aeroelastic 

forces based on the quasi-steady expression of aeroelastic forces (Liu et al. 2009; 

Zhu et al. 2016b), so that the distributed aeroelastic pressures can be derived 

from integrated aeroelastic forces measured by the traditional wind tunnel tests. 

However, this kind of distribution cannot fully reflect the real fluid-structure 
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interaction mechanism. Besides, the currently-used modelling approaches for 

wind-induced fluctuating pressures are usually established at each pressure 

point, which is not easy to reveal the characteristics of distribution pressure 

pattern and also demands an impractically immense amount of work for the 

determination of relevant parameters. Therefore, it is desirable to have a 

powerful statistical method that can describe the sectional distribution of the 

wind-induced aerodynamic and aeroelastic pressures with only a few 

to-be-identified parameters. 

The proper orthogonal decomposition (POD) method is one of the powerful 

statistical methods to deal with the random wind pressure field (Lumley 1970), 

which has been introduced into wind engineering as an effective method to 

understand the inner mechanism of the fluid-structure interaction (Carassale et 

al. 2007; Solari et al. 2007). While most of the related researches focused on the 

surface pressure field of buildings (e.g. Chen and Kareem, 2005; Katsumura et 

al., 2007; Tamura et al., 1999), and the studies on the fluctuating pressure field 

over the cross-section of vibrating square cylinder models have been carried out 

(de Grenet & Ricciardelli 2004; Le & Tamura 2008). The POD method has also 

been applied to analyse random pressure fields around a vibrating bridge box 

deck (Amandolèse & Crémona 2005; de Grenet & Ricciardelli 2004), with the 

aim of decoupling the random pressure fields into a number of uncorrelated 

random scalar processes. The applications on bridge decks have shown that 

each of the decoupled POD modes is likely to be associated with an excitation 

mechanism related to certain aerodynamic or aeroelastic component, depending 

on frequency. Therefore, by modelling wind-induced distributed pressures in 

terms of POD pressure modes, the distributed aerodynamic and aeroelastic 

pressures can also be detached more easily from each other and reflected more 

directly by using the covariance modes and the principle coordinates of pressure 

modes. 



5 

As we known, the spanwise correlation is adopted in the buffeting analysis to 

extrapolate the wind forces on one cross section to the entire span (Chen & 

Kareem 2002; Davenport 1962; Larose 1997; Scanlan 1978b). But the traditional 

force-based spanwise correlation analysis may not be suitable for the twin-box 

bridge deck, since the wind pressure correlations on a twin-box deck are much 

more complicated. Some recent researches explored the characteristics of 

spanwise correlation in terms of distributed wind pressures (Haan et al. 2016; Le 

2009; Matsumoto et al. 2003; Zhu & Xu 2014). The inspection of pressure 

correlation offers more detailed information at different locations on a bridge 

deck, which helps understanding the underlying physical mechanism of wind 

effect on the bridge deck. However, it is too cumbersome to find all the 

correlations between any two pressures on the deck. Therefore, instead of 

describing the pressure correlation one by one, the spatial correlation analysis can 

be conducted in terms of pressure modes calculated by using the POD method. 

Since the distributed wind pressures can be well represented by a superposition of 

a limited number of POD pressure modes, the coherence of pressures at any two 

points on the surface of the bridge deck can also be reconstructed by using 

pressure modal coherences. Besides, each POD pressure mode is likely to be 

associated with particular mechanisms, so that different spanwise correlations for 

different components can be achieved with the relevant physical interpretation. 

Even if the distributed wind pressures and their correlations can be accurately 

depicted in terms of POD pressure modes, the commonly used spine-beam FE 

model is not sufficient to accurately predict stress responses. To study local 

effects and compute the stress induced by the dynamic load, a more 

sophisticated model is adopted, employing shell/solid finite elements. However, 

the computation time of a bridge entirely modelled by shell and solid element 

could be too excessive. Thanks to the rapid development of computer facility 

and capacity, the multi-scale or substructure FE modelling scheme has been 
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introduced to build the FE model of the bridge by using different scales of 

elements (Chan et al. 2009; Duan et al. 2011; Kong et al. 2012; Sun et al. 2018; 

Zhu et al. 2015). The substructure FE model is capable of providing both global 

(displacement and acceleration) and local (strain and stress) responses of the 

entire bridge deck (Ding et al. 2010b; Kong et al. 2012). This kind of 

sub-structuring-based multi-scale modelling technique was then used together 

with a new model updating method using both modal frequencies and 

multi-scale (displacement and stress) static influence lines as updating 

objectives (Xiao et al. 2015; Zhu et al. 2015). Accordingly, dynamic wind loads 

on the bridge deck can be considered in terms of wind pressures distributed 

around the deck section. 

In addition, this study will take the Stonecutters Bridge in Hong Kong as an 

engineering background. The Stonecutters Bridge is one of the long-span 

cable-supported bridges with a twin-box deck, which is surrounded by a complex 

topography and prone to strong winds. The structural health monitoring (SHM) 

system installed on the bridge also provides a good opportunity for examining the 

proposed stress-level buffeting analysis framework for long-span 

cable-supported bridges by comparing the computed and field measured bridge 

responses. 

1.2. Research objectives 

In this study, a modelling method based on proper orthogonal decomposition 

(POD) is first presented for the distributed aeroelastic and aerodynamic pressure 

components on the surfaces of a bridge deck. Then, a new stress-level buffeting 

analysis framework is developed on the basis of POD pressure modes and 

applied to a substructure FE model of the Stonecutters Bridge. The major 

objectives of this research are specifically described as follows: 
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(1) To propose a modelling method for the distributed aerodynamic and 

aeroelastic pressures on the surface of the twin-box deck of the long-span 

bridge based on proper orthogonal decomposition (POD). 

(2) To investigate the characteristics of the POD pressure modes and identify 

the corresponding pressure modal parameters with the wind-induced 

pressures measured by wind tunnel pressure tests. 

(3) To separate aerodynamic and aeroelastic components, as well as the 

aerodynamic components induced by incident and signature turbulence, 

from each POD pressure mode and analyse the spanwise correlation of each 

component. 

(4) To develop a new framework for determining buffeting-induced stress 

responses of a long-span cable-supported twin-box bridge by applying the 

POD pressure modes to a substructure-based multi-scale FE model. 

(5) To examine the feasibility and accuracy of the proposed framework by 

taking the Stonecutters Bridge in Hong Kong as a case study and 

comparing with the field measurement data recorded by the structural 

health monitoring (SHM) system installed on the Stonecutters Bridge. 

(6) To compare the new proposed stress-level buffeting analysis framework 

based on substructure FE model and distributed force loading with the 

traditional buffeting analysis framework based on spine-beam FE model 

and lumped force loading under the design wind. 

1.3. Assumptions and limitations 

The framework of stress-level buffeting analysis under aerodynamic and 

aeroelastic pressures proposed in this study are subject to the following 

assumptions and limitations: 
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(1) It is assumed that the turbulent wind and the wind-induced pressures on the 

bridge deck are random processes which are stationary with respect to time 

and homogeneous along the span so that the proper orthogonal 

decomposition (POD) method can be accepted. 

(2) This study hypothesizes that both the turbulence intensity of the wind and 

the vibration of the bridge deck are not excessive so that the linearized 

quasi-steady theory can be adopted. As a result, the framework in this study 

is not suitable for any aerodynamic or aeroelastic instability or vortex 

shedding. 

(3) The mean wind velocity involved in this study is perpendicular to the 

bridge deck axis without consideration of the wind yaw angle as well as the 

effect of yaw wind. The longitudinal and vertical turbulences are 

considered as uncorrelated, and the contribution of the lateral turbulence is 

neglected. 

(4) The strip assumption is adopted in this study, which means the 

characteristics of wind-induced pressures and POD pressure modes are 

assumed to be same in any strip (section) along the bridge deck, and the 

spanwise correlation is then introduced to extrapolate the wind load on one 

cross section to the entire span. 

(5) Although the number of master nodes in the substructure FE model is 

limited due to the requirement of computation efficiency, the number of 

master nodes is assumed to be large enough so that the area corresponding 

to each master node is small, and the pressure distribution in the small area 

represented by each node can be considered uniform. 

1.4. Layout of the thesis 

This thesis covers a variety of research topics to achieve the aforementioned 
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objectives. It is divided into 8 chapters and organized as follows. 

Chapter 1 introduces the background of this study, states the objectives, 

assumptions and limitations of this research, and gives the following outline of 

the thesis. 

Chapter 2 contains an extensive literature review on relevant topics, including 

the characteristics of wind-induced loads a the long-span bridge, the basic 

theory of proper orthogonal decomposition (POD) method, the widely used 

buffeting analysis frameworks in both frequency and time domain, the FE 

modelling and model updating approaches for long-span bridges. 

Chapter 3 proposes a POD based modelling method based on the aerodynamic 

pressures measured from wind tunnel pressure tests on a motionless sectional 

model. The pressure modal admittance functions are introduced and identified 

by the colligated least-square method to consider the unsteadiness of 

aerodynamic pressures. The reconstruction of distributed aerodynamic pressures 

and integrated sectional aerodynamic forces by using the proposed POD 

pressure modes is confirmed as well. 

Chapter 4 extends the POD based modelling method to covert both 

aerodynamic and aeroelastic pressures obtained from wind tunnel tests on a 

spring-suspended sectional model. The aerodynamic and aeroelastic 

components are separated in terms of POD pressure modes by introducing the 

indicial functions, which also sever as an identification tool to achieve the 

pressure modal derivatives. The feasibility and accuracy of the proposed 

POD-based modelling method are examined once again in terms of both 

aerodynamic and aeroelastic components. 

Chapter 5 investigates the spanwise correlation based on the separated 

components of POD pressure modes, including the aerodynamic and aeroelastic 



10 

components separated by indicial functions. The aerodynamic components 

induced by incident turbulence and signature turbulence are also divided by 

using the empirical mode decomposition (EMD) method. The root coherences 

of principle coordinates are calculated and applied to the follow-up buffeting 

analysis. 

Chapter 6 develops a new framework for buffeting-induced stress analysis of 

long-span twin-box-deck bridges based on the aforementioned POD pressure 

modes. The pseudo-excitation method is then used to solve the governing 

equations for buffeting-induced stress analysis in the frequency domain. This 

framework is also verified by a case study of the Stonecutters Bridge under 

Typhoon Hato with the help of field-measured data recorded by the SHM 

system. 

Chapter 7 compares the new proposed framework of buffeting analysis with the 

traditional one by considering two wind loading models (lumped force or 

distributed pressure) and two FE models (spine-beam or substructure). 

Accordingly, three combination cases are formed as: spine-beam FE and 

lumped force model (Case 1), substructure FE and lumped force model (Case 2), 

and substructure FE and distributed pressure model (Case 3). Both 

buffeting-induced global (displacement and acceleration) and local (stress) 

responses of the bridge are then discussed for all the three cases. 

Chapter 8 summarizes the contributions, findings, and conclusions of this study. 

Limitations of this study are discussed and some recommendations for future 

study are provided. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1. Wind-induced loads on long-span bridges 

When the long-span cable-supported bridge is immersed in a turbulent wind field, 

a random vibration termed “buffeting” can be observed in a wide range of wind 

speeds, which is an important wind-induced vibration of long-span bridges. The 

wind-induced load usually includes mean wind, aeroelastic and aerodynamic 

components. The aerodynamic components are mainly caused by the turbulence 

in upcoming flow or the turbulence shed in the wake of upstream body, while the 

aeroelastic components are initiated by wind-bridge interactions and inject 

additional energy into the oscillating deck. To predict the buffeting responses, the 

aerodynamic effect resulting from turbulent winds and the aeroelastic influence 

due to wind-bridge interactions should both be taken into account. 

2.1.1. Mean wind loads 

The wind-induced mean pressures on the surface of bridge decks are critical 

indexes of the wind field and their effects on the decks. In the typical 2-D wind 

analysis, the wind-induced mean pressures usually reflected by the mean force 

which can be split into three parts: the lift force, the drag force and the pitching 

moment as shown in Figure 2-1. The lift and drag force equal to the integral of the 

distributed pressures on the section in the across wind and along wind direction 

respectively, while the pithing moment is the torsion force with respect to the 

centroid of the section, which can be calculated by the total resultant wind force 

times the moment distance. The wind-induced mean pressures are also used to 

give the distribution pattern of wind impact on the cross section. 
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Figure 2-1. Wind coordinate system and structural coordinate system 

It is conventionally assumed that the mean wind force acting on sections mainly 

depend on the upcoming flow and the cross-section shape. Therefore, three 

non-dimensional mean wind force coefficients, CD, CL and CM, are defined in the 

wind coordinate system 
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where FD, FL, and M are the mean wind drag force, lift force and pitching moment, 

respectively; ρ is the density of air; U  is the mean speed of incoming wind; and 

B is the bridge deck width. Those mean wind force coefficients can also be 

transformed to CH, CV, and CM in the structural coordinate system. 
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where θ is the mean attack angle of incident wind. 

Similarly, the non-dimensional mean wind pressure coefficients CP are defined at 
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each pressure point in the structural coordinate system. 
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  (2-6) 

Mean wind force/pressure coefficients can usually be obtained from either wind 

tunnel tests or computational fluid dynamics simulations. With these coefficients, 

the mean wind loads on bridge decks, towers, and cables can be calculated 

according to their section sizes as well as the wind field. 

The mean wind forces on a long-span bridge may cause the aerostatic instability 

of the bridge. The aerostatic instability of long-span bridges usually occurs in a 

pattern of lateral-torsional divergence, which has a larger impact on the long-span 

suspension bridges (Boonyapinyo et al. 2006; Cheng et al. 2002b; Ge & Shao 

2013). Some studies of aerostatic instability phenomenon on long-span 

cable-stayed bridges have also been carried out (Boonyapinyo et al. 1994; Cheng 

et al. 2002a). The results from these studies show that nonlinear aerostatic 

instability largely results from the coupling effect of displacement-dependent 

mean wind loads and the geometric nonlinearity of long-span bridges. 

2.1.2. Aerodynamic components and aerodynamic admittances 

When a long-span cable-supported bridge is immersed in a turbulent wind field, 

the bridge usually undergoes a random vibration, which is also known as 

buffeting. The buffeting response is essential for the determination of the 

structural members, and it is attributed to the aerodynamic components of 

wind-induced loads. Theoretically, the aerodynamic wind loads are contributed 

by both turbulence in the upcoming flow and turbulence shed in the wake of 

upstream body, i.e., incident turbulence and signature turbulence. The 

aerodynamic forces are also known as buffeting forces that can be expressed 

based on the quasi-steady assumption (Chen et al. 2001; Davenport 1962; 
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Larose 1997; Scanlan 1993). 
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where FD,b, FL,b, and Mb are the aerodynamic drag force, lift force and pitching 

moment, respectively; u and w are the horizontal and vertical turbulent 

components of the upcoming wind, respectively; and DC , LC  and MC  are the 

derivatives of the aerodynamic coefficients with respect to the angle of incidence. 

Davenport used 6 aerodynamic admittances to represent the ratios of the 

aerodynamic forces in fluctuating flows to their quasi-steady values. The 

aerodynamic admittances are introduced because the aerodynamic forces on any 

point are not only generated by the flow on this particular point but also related to 

the flow over some finite region (Davenport 1962). The aerodynamic admittance 

is defined as a function of frequency due to its obvious dependence on frequency. 

After the modification with aerodynamic admittances, the aerodynamic forces 

can be expressed as 
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where Du , Dw , Lu , Lw , Mu , Mw  are the aerodynamic admittance 
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functions, which are functions of the reduced frequency and dependent on the 

geometrical configuration of the cross section of the bridge deck. 

Obviously, the most commonly-used admittance functions are defined in a 

two-dimensional section based on the strip assumption and spanwise correlation 

assumption. There are still 3D one-wavenumber aerodynamic admittances and 

two-wavenumber aerodynamic admittances taking into account the spanwise 

variations to directly solve the three-dimensional problem (Li et al. 2018; 

Liepmann 1955). Therefore, the usage of the aerodynamic admittance functions 

should be decided according to the specific situation. 

Besides, it is usually considered that both incoming turbulence and signature 

turbulence attribute to aerodynamic forces. Signature turbulence is the 

turbulence produced by the structure itself in the flow, even if the incoming 

flow is perfectly smooth. Some studies have concluded that the signature 

turbulence has a significant influence on buffeting responses only at low wind 

speeds for a twin-box bridge deck. Since most other buffeting analyses of 

long-span bridges have focused on single-box decks, the signature turbulence 

effects may be rather small. 

2.1.3. Identification of aerodynamic admittances 

Since the concept of aerodynamic admittances is introduced from the issue of 

airfoil wind analysis, the Sears’ function (Sears 1941) for vertical turbulence 

impact on an airfoil is firstly considered to estimate the aerodynamic 

admittances of bridge decks. Therefore, when wind tunnel test results are not 

available, the aerodynamic admittances are sometimes taken as the Liepmann’s 

approximation of Sears’ function (Liepmann 1952). 

2
2

1

1 2 fB U






 (2-13) 
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However, because of the bluff body feature of bridge decks and the complicacy 

of turbulence wind in the atmospheric boundary, the aerodynamic admittances 

cannot be simply expressed by the Sears function but must be measured through 

wind tunnel test or CFD simulation in conjunction with a proper identification 

algorithm. To make it clear, the aerodynamic force in Equation.(2-10)-(2-12) can 

be given in a uniform expression as follows 

b Fu Fu Fw FwF C u C w      (2-14) 

Where F can be either drag (FD), life (FL) or pitching moment (M); symbol ~ 

denotes the non-dimensional value; and the corresponding coefficients related to 

u and w can be referred to 
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When neglecting the impact of horizontal turbulent component, the squared 

magnitude of this admittance function for the lift force can be obtained by 

(Kumarasena et al. 1991) 
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  (2-17) 

Assuming the admittance of a buffeting force due to the longitudinal fluctuating 

velocity is as the same as the counterpart due to the vertical fluctuating velocity, 

the equivalent admittances can be calculated (Larose, 1999; Gu and Qin, 2004). 

2 22 ,
2 2

FF b
F Fu Fw

Fu uu Fw ww

S

C S C S
    




   (2-18) 



17 

Other methods have been proposed to identify the aerodynamic admittance by 

using the test-obtained wind-induced loads and wind velocities, such as the 

separated frequency-by-frequency method (Han et al. 2010) and the 

cross-spectrum method (Ma et al. 2013; Zhao & Ge 2015). In addition, a 

colligated least square method based on a colligated residue of the 

above-mentioned auto- and cross-spectra has been proposed to consider the 

accuracy of both buffeting force auto-spectrum and cross-spectra between 

buffeting force and fluctuating wind speed components (Yan et al. 2018; Zhu et 

al. 2016a). The auto- and cross- spectra of the aerodynamic force with respect to 

two turbulent wind components can be expressed as follows 
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* *
,Fu b Fu Fu uu Fw Fw wuS C S C S      (2-20) 

* *
,Fw b Fu Fu uw Fw Fw wwS C S C S      (2-21) 

where the superscript * here represents the conjugate operation of a complex 

variable. 

The aerodynamic admittance functions can then be identified by using the 

least-square method to seek the minimal value of a colligated spectral residue 

function. To ensure the accuracy of both auto and cross spectra, the colligated 

spectral residue functions is defined by considering the residue of 

Equation.(3-15)-(3-17) as 

       22 2
, , , 1 1 2 2 3 3, ,F FF b Fu b Fw b F F FS S S b b b       (2-22) 

where bi (i=1, 2, 3) are user-defined weighting factors associated with ,FF bS , 

,F bS  and ,F bS , respectively, and they are all considered as 1 in this study; 1F , 
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2F , 3F  are the residues related to ,FF bS , ,Fu bS  and ,Fw bS  as follows 
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* *
2 ,F Fu Fu uu Fw Fw wu Fu bC S C S S        (2-24) 

* *
3 ,F Fu Fu uw Fw Fw ww Fw bC S C S S        (2-25) 

2.1.4. Aeroelastic components and aerodynamic derivatives 

Aeroelasticity is the discipline concerned with the phenomena that wind loads 

and structural motions interact appreciably. When the wind-induced deflections 

of the deck cannot be neglected, the boundary conditions of the flow are changed 

and thus affect the wind loads which in turn will influence the deflections. The 

aeroelastic character can be observed in purely aerodynamic instability triggered 

by flow alone such as vortex shedding occurring when a trail of vortices is shed 

from a fixed body. But it usually occurs when some initial force or deflection 

gives rise to succeeding deflections as in buffeting and flutter instability. In the 

conventional 2-D analysis of buffeting and flutter, the aeroelastic forces 

commonly use linear expressions as follows 
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where FL,se, and Mse are the aeroelastic lift force and pitching moment, 

respectively; and h and β are the vertical and torsional displacement of the deck, 

respectively. 

Non-dimensional aerodynamic derivatives are introduced into the aeroelastic 
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expressions by Scanlan (1971) as 
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where iH   and iA  (i=1~4) are the aerodynamic derivatives; and K is the 

reduced frequency as 2K B U fB U   , where ω and f are circular 

frequency and frequency, respectively. 

The follow-up experience of Akashi Kaikyo Bridge suggests that the drag force 

induced by the torsional displacement has a considerable contribution on 

negative damping at higher wind velocities, which raises awareness to the effect 

of self-excited drag force and lateral displacement (Chen & Kareem 2002; 

Katsuchi et al. 1999). As a result, a complete model with 18 aerodynamic 

derivatives is used to capture the potential coupling among different 

displacement components. 
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However, not all the derivatives are needed in the engineering practice, so the 

Scanlan’s convention is still the most commonly used form for wind-induced 

aeroelastic forces (Jain et al. 1996). 
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2.1.5. Identification of aerodynamic derivatives 

Quasi-steady expressions of aerodynamic derivatives and their relationship 

between Scanlan’s aerodynamic derivatives have been studied on the thin airfoil. 

However, the linearized quasi-steady assumption does not hold for bluff bridge 

decks, thus the aerodynamic derivatives are commonly extracted via wind tunnel 

tests or numerical simulation. The wind tunnel test method includes two types, 

i.e., forced vibration (Chen et al. 2005; Falco et al. 1992; Larose 1997; Sarkar et 

al. 2009) and free vibration (Chen et al. 2002; Ding et al. 2010a; Gu & Qin 2004; 

Sarkar et al. 1994, 2009; Scanlan & Tomko 1971). 

For the forced vibration approach, a complicated driving apparatus is involved to 

make the rigid deck model vibrating in a sinusoidal mode with specified 

frequencies and amplitudes. It is possible to control the excitation forces and 

identify a series of flutter derivatives. The parameter extraction procedure for a 

constant-amplitude harmonic vibration is also more convenient. The free 

vibration approach, on the other hand, allows the fluid structure interaction to 

drive the motion, which can be classified into two types, i.e. the free decay and 

the buffeting tests. The free decay test offers the initial vertical and torsional 

displacements to the sectional deck model which experiences an attenuation 

vibration after released, while the buffeting test triggers steady random responses 

of bridge deck by the incident turbulent flow without any initial displacement. 

Compared with the free decay method, the buffeting test can simulate the real 

behaviours of bridge deck under wind flow more efficiently. But the random 

characters make the parameter extraction more difficult and more advanced 

system identification techniques are required. 

System identification techniques can be divided into two groups, deterministic 

and stochastic. The deterministic system identification techniques are widely 

used in previous studies, including Scanlan’s method (Scanlan & Tomko 1971), 
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Poulsen’s method (Poulsen et al. 1992), the Extended Kalman Filter Algorithm 

(Yamada et al. 1992), the Modified Ibrahim Time Domain method (MITD) 

(Sarkar et al. 1994), the Unified Least Square method (ULS) (Gu et al. 2000), and 

the Iterative Least Square method (ILS) (Chowdhury & Sarkar 2003). In these 

system identification techniques, the buffeting forces and their responses are 

regarded as external noises, so that it cannot be applied to the buffeting method. 

Therefore, the stochastic system identification technique is employed to estimate 

the aerodynamic derivatives of bridge decks under turbulent flow (Boonyapinyo 

& Janesupasaeree 2010; Gu & Qin 2004). Since the random aerodynamic loads 

are regarded as inputs rather than noises, the above-mentioned shortcomings of 

the deterministic system identification technique can be overcome. 

Moreover, the numerical simulation has been used for identifying the 

aerodynamic derivatives especially by the way of forced vibration (Mannini et al. 

2016; Vairo 2003; Walther & Larsen 1997; Xu et al. 2014; Zhu et al. 2007). The 

free vibration numerical simulation has also been applied to extract flutter 

aerodynamic derivatives recently (Xu & Zhang 2017). With the aid of 

computational fluid dynamics (CFD), one can obtain the synchronous 

time-varying aerodynamic forces, displacements, and velocities. Then, the 

aerodynamic derivatives can be extracted in the same way as that used for the 

experimental forced vibration method. Compared with the experimental one, the 

numerical technique has the following advantages: (1) A specialized testing 

apparatus is unnecessary, leading to greater convenience and lower cost; (2) The 

inertial forces are not included, and the quality of the aeroelastic forces and 

moments can be easily ensured. (3) Numerically-obtained sinusoidal oscillations 

can be very precise, whereas in wind tunnel tests, the deviation between the 

prescribed and the real oscillations is unavoidable. 
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2.1.6. Modelling schemes of wind-induced loads on a cross section 

Since the wind-induced response is critical to the survivability and fatigue 

performance of long-span cable-supported bridges, an accurate modelling of 

wind-induced loads on the bridge deck is of great necessity. Several major 

modelling schemes have been summarized by Wu and Kareem (2013), in which 

the semi-empirical linear scheme, developed from linearized quasi-steady 

model, is most widely used nowadays (Chen & Kareem 2002; Scanlan 1978a, 

1978b; Tubino 2005). In this scheme, the wind-induced loads consist of a linear 

superposition of aerodynamic and aeroelastic components if the oscillations of 

each responding mode are small. The unsteady parameters such as aerodynamic 

admittances and derivatives are introduced in the linear expression to account for 

the fluid memory effects. Since the theoretical equivalent analytical expression is 

intractable to acquire for the bluff cross section of bridge decks, the aerodynamic 

admittances and derivatives are usually derived from respective wind tunnel tests. 

Accordingly, the aerodynamic and aeroelastic components are considered 

separately by utilizing aerodynamic admittances and derivatives, and then 

constitute the entire wind-induced loads on the bridge deck. 

Although this semi-empirical, linear, unsteady scheme has been applied 

extensively to the analysis of aerodynamic and aeroelastic behavior of bridges 

under winds, another way to consider the fluid memory effects in the time 

domain has also been used. The complex mapping rules (static linear/ nonlinear 

relationships) and time lags (fluid-memory effects) between the aerodynamic 

inputs and outputs are considered by a superposition of scaled and time-shifted 

fundamental (elementary) responses, i.e., convolution, where the fundamental 

response is conventionally taken to be the unit-step or unit-impulse response 

function and the indicial or rational function approximation is employed in the 

indirect identification procedure (Caracoglia & Jones 2003; Scanlan 1984, 1993). 
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Wu et al. (2014) compares the indicial and rational function approximations and 

indicates that the unit-step (indicial) response function is helpful in illustrating 

the physical origin of the connection between the motion-induced and 

gust-induced aerodynamic forces. 

Since the conventional separate identification of aerodynamic admittances and 

derivatives does not agree with the real condition for buffeting analysis, which 

is influenced by turbulent wind and self-excited motion simultaneously, the 

indicial function can also serve as a powerful identification tool. Both 

aerodynamic and aeroelastic loads can be modelled by means of indicial 

functions, and aerodynamic admittances and derivatives can be approximated 

by comparing the traditional frequency-time domain expressions of 

wind-induced loads with the Fourier transform of the indicial function-based 

quasi-steady formula (Costa 2007; Costa & Borri 2006). Therefore, the 

aerodynamic admittances and derivatives can be synchronously identified by 

introducing the indicial functions, linked to aerodynamic and aeroelastic 

components, in the complete quasi-steady formulation of wind loads in the time 

domain. 

2.1.7. Span-wise correlation of wind-induced loads 

Conventional investigation of wind-induced effects on the long-span bridge is 

usually carried out based on semi-empirical analysis frameworks, where the 

aerodynamic and aeroelastic loads are given on the cross section of bridge deck, 

and the span-wise correlation is applied to extrapolate the sectional description to 

full span estimation (Chen & Kareem 2002; Davenport 1962; Larose 1997; 

Scanlan 1978b). 

The correlation pattern of aeroelastic and aerodynamic loads are completely 

different from each other and usually studied separately in different types of 
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wind-induced vibration. The vortex-induced vibration is considered as a typical 

nonlinear interactional behaviour between aerodynamic and aeroelastic effects, 

while the buffeting and flutter phenomena are investigated based on a linear 

assumption. Hence, the span-wise correlation of multiple components can be 

investigated separately in buffeting analysis. Scanlan (1978) suggested a perfect 

span-wise correlation for aeroelastic loads, and this assumption had been 

confirmed by Haan (2000). Li (2016) also separated the “pure” motion-induced 

forces from total wind load by a low-pass filter and confirmed the high synchrony 

of this kind of aeroelastic forces. On the other hand, Davenport (1962) assumed 

that the span-wise correlation of the aerodynamic load is the same as that of the 

incident wind velocity for the sake of engineering applications. Past 

investigations on this issue otherwise observed relatively larger span-wise 

correlation of the aerodynamic load on both thin airfoil (Etkin 1972), flat plate 

(Bearman 1971; Kimura et al. 1997), and bluff body (Haan et al. 2016; Kimura et 

al. 1997; Larose & Mann 1998; Matsumoto et al. 2003). Also, the aerodynamic 

correlation associated with different excitations, i.e., incident and signature 

turbulence, can be completely different. However, the aeroelastic and 

aerodynamic effects are usually concurrently exerted in the buffeting 

phenomenon, the most common vibration type of the long-span cable-supported 

bridges. Since the current buffeting analysis framework adopts the linear 

interaction assumption between aerodynamic and aeroelastic influences, the 

span-wise correlation of multiple components can be investigated separately with 

an appropriate component isolation tool. 

Although most of the classical span-wise correlation studies focus on integrated 

forces of the target section, some recent researches reveal the characteristics of 

the span-wise correlation in terms of distributed pressures (Haan et al. 2016; Le 

2009; Matsumoto et al. 2003; Zhu & Xu 2014). The inspection of pressure 

correlation offers more detailed information at different locations along the cross 
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section, which aids to understanding the underlying physical mechanism of 

wind-induced effect on bridge decks. Instead of describing the pressure 

correlation one by one, a proper orthogonal decomposition (POD) based 

modelling method can be introduced to describe the wind-induced pressure field. 

Since the distributed pressures can be well represented by a superposition of a 

limited number of POD pressure modes associated with particular mechanisms, 

the span-wise correlation of different components, as well as the relevant 

physical interpretation, are more easily to achieve. 

Two indexes are often used to characterize the spatial correlation, i.e., the 

correlation coefficients and the coherence functions. Where the correlation 

coefficients can illustrate the overall relationships of aerodynamic quantities to 

one another, while the coherence functions can offer information of frequency 

distribution required by the spectral scheme (Davenport 1962) for the 

wind-induced dynamic response analysis. A lot of empirical root coherence 

models concerning wind-induced aerodynamic load have been proposed in the 

past half century. Davenport model for incident wind is the first and most widely 

used one due to its simple form and explicit physical interpretation (European 

Committee for Standardization 2005; Ministry of Communication of PRC 2004). 

Many researchers modify the Davenport root coherence model in the following 

years (Flay & Vickery 1995; Jakobsen 1997; Larose & Mann 1998; Mann et al. 

1991). But the exponential functions cannot reflect the “low frequency peak” and 

tend to overestimate the coherence at low frequency range. Some other empirical 

models are raised to fit the “peak” (Larose & Mann 1998; Yan et al. 2016; Zhu et 

al. 2013). Among others, Mann (1991) presents a root coherence model for wind 

turbulence based on the von Karman spectrum, which is then applied to the 

aerodynamic load with a few modifications (Larose & Mann 1998). Since the 

Larose model is derived from the von Karman spectrum, the parameters are likely 

to have clear physical meaning and contribute to the comprehensive 
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understanding of wind-bridge interactions. 

2.1.8. Distributed wind loads 

Traditional buffeting analysis methods (e.g. Scanlan, 1978; Chen et al., 2000; Xu 

et al., 2000; Larsen and Larose, 2015) are almost all established on the basis of 

simple FE models that use beam elements of equivalent sectional properties to 

model a bridge deck. The corresponding wind load models are usually 

established in terms of integrated forces, which can hardly reflect the distribution 

characteristics and the local influences of wind-induced pressures. These 

strategies, however, are not sufficient to capture detailed wind-structure 

interaction and facilitate an effective stress-level analysis. To address this 

problem, a more detailed FE model is necessary. Nowadays, advanced FE models 

built in detailed geometry with plate/shell/solid elements, which often involve 

multi-scale modelling (e.g. Chan et al., 2009; Duan et al., 2011; Kong et al., 2012; 

Zhu et al., 2015), have been developed. Thereupon, a corresponding modelling 

method is required to describe the wind-induced distributed fluctuating pressures 

on the surface of a bridge deck, involving both aerodynamic and aeroelastic 

components. 

Several studies have been carried out in recent years to investigate the 

characteristics of distributed pressures. The distribution characteristics of 

aerodynamic loads on a simple single closed-box deck were directly measured 

through wind tunnel pressure tests (Argentini et al. 2012). The results suggest 

that the distributed representation serves as an effective tool to compare 

buffeting and self-excited effects and to clarify the physical meaning of an 

equivalent angle of attack. Studies on the twin-box deck were also carried out 

(Zhu et al. 2016b; Zhu & Xu 2014), and the aerodynamic admittances of the 

distributed aerodynamic pressures were identified and analysed. The results 



27 

indicate that the signature turbulence effect may be considerably large for 

certain locations on the twin-box deck, especially on the leeward box. On the 

other hand, the knowledge of distributed aeroelastic pressures was explored by 

establishing the connection between distributed aeroelastic derivatives and the 

contribution of each pressure (Argentini et al. 2012). When the pressure test is 

not available, another distribution method was suggested based on the 

quasi-steady expression of aeroelastic forces (Liu et al. 2009; Zhu et al. 2016b), 

so that the distributed aeroelastic forces can be derived from integrated forces 

measured by the traditional wind tunnel tests. However, this kind of distribution 

cannot fully reflect the real fluid-structure interaction mechanism. 

However, the currently-used modelling approaches for wind-induced fluctuating 

pressures are usually established at each pressure point (Argentini et al. 2012; 

Belloli et al. 2014; Rocchi et al. 2015; Zhu et al. 2016b), which is not easy to 

reveal the characteristics of distribution pressure pattern. Therefore, a powerful 

statistical method is in request to deal with the random wind pressure field. 

2.2. Introduction of POD method 

The Proper Orthogonal Decomposition (POD) is a statistical method of 

detecting a new coordinate system which can most efficiently represent the 

original fluctuating fields. Specifically, POD represents a random process as a 

linear combination of uncorrelated POD modes modulated by corresponding 

principal components. This method can identify the deterministic or systematic 

behaviour hidden in the random fluctuations and thus give an insight into the 

target phenomena. Apart from the physical interpretation benefit, the amount of 

relevant data can also be greatly reduced by employing the POD method, which 

is particularly suitable for dealing with wind engineering issues. 
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2.2.1. Basic theory of POD method 

POD is a kind of Karhunen-Loève decomposition, which intends to find out a set 

of orthogonal basic modes which can well represent all the elements of the 

multi-variate random process (Armitt 1968; Bienkiewicz et al. 1993; Tamura et al. 

1999). By utilizing the POD method, the original fluctuating wind pressure field 

in a two-dimensional plane can be expressed as 

         , , , ,i i
i

p x y t t x y t x y      (2-33) 

where p(x, y, t) represents the fluctuating wind pressure with a zero mean value; 

(t) and i(t) donate the complete and the ith principal coordinates; (x, y) and 

i(x, y) are the complete and the ith modal space functions respectively. 

The mathematical expression of optimality is to find out a space function (x, y) 

to maximize the projection of random field p(x, y, t) onto this space function as 

   , , , maxp x y t x y dxdy   (2-34) 

Equation (2-34) is normalized by the mean square. 
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Since p(x, y, t) can take positive and negative values, the above equation is 

maximized by a mean square method. 
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 (2-36) 

where the bar of the numerator denotes the temporal average. 

(1) Covariance matrix-based proper orthogonal decomposition 
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The optimality in Equation (2-36) can expand under the form of equality. 

     , , , , ,pR x y x y x y dx dy x y         (2-37) 

where Rp(x, y, x′, y′) denotes covariance value as spatial correlation between two 

points in the random field. 

Assuming the fluctuating pressure field as a discrete N points field, the solution 

of space function can be determined as the eigen problem as follows 

     , , , = ,pR x y t x y x y   (2-38) 

where Rp(x, y, t) is the covariance matrix of fluctuating pressure defined as 

   , ,, , = ijp N N
R x y tR x y t


    and      , , = , , , ,

T
ij i jR x y t E p x y t p x y t 

  ;  is 

the diagonal eigenvalue matrix  1 2, , , Ndiag     ; (x, y) is the 

eigenvector matrix (also called POD modes). 

The random fluctuating pressure field can be reconstructed due to a limited 

number of the lowest POD modes: 
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p x y t t x y t x y N N  


   


  (2-39) 

The principal coordinate can be computed from measured data 

         1
0 0, , , , , ,Tt x y p x y t x y p x y t      (2-40) 

where P0(x, y, t) is the measured data or observations. In the covariance 

matrix-branched POD, some characteristics can be deducted from the eigen 

problems as follows: 

         , , ; , , , ,T T
px y x y I x y R x y t x y        (2-41) 
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In order to estimate the contribution percentage of ith covariance POD mode on 

the whole random field, one is based on either proportion of eigenvalues as 

follows: 
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Afterward, this procedure is applied for analysis and identification of the 

random pressure field. 

(1) Spectral matrix-based proper orthogonal decomposition 

Similar to the covariance matrix-based POD, the cross spectral matrix is defined 

as    , ,, , = ijp N N
S x y fS x y f


   ,      , , = ˆ ˆ, , , ,

T
ij i jS x y f E p x y f p x y f 

  ; 

where “^” denotes the process of Fourier transforms. 

Then spectral space function (x, y, f) (depending on frequency) can be 

determined based upon the eigen problem of the cross spectral matrix Sp(x, y, f) 

of the fluctuating pressure p(x, y, t). 

       , , , , = , ,pS x y f x y f f x y f    (2-44) 

where (f) and (x, y) are the diagonal eigenvalue matrix and the eigenvector 

matrix respectively (also known as spectral POD modes). 

The random fluctuating pressure field can be reconstructed due to a limited 

number of the lowest spectral POD modes. 
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where subscripts * and T denote the complex conjugate and the transpose 

operations. 

         1 2
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      (2-47) 

Some characteristics can also be deducted from the spectral matrix-branched 

POD. 

           * *, , , , ; , , , , , ,T T
px y f x y f I x y f S x y f x y f f       (2-48) 

Energy contribution of ith spectral POD mode on total field energy can be 

determined as the proportion of spectral eigenvalues on limited frequency range 

as follows 
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This spectral matrix-branched procedure will be applied for analysis and 

identification of the pressure field. 

2.2.2. Application of POD method in wind engineering 

The POD method has been applied to random fields and introduced into wind 

engineering later on as an effective method to understand the inner mechanism 

of the fluid-structure interaction. Solari et al. have given some perspective of 

POD method in wind engineering and described the POD application in analysis 

of turbulent flows, bluff-body aerodynamics, structural dynamics, aeroelasticity, 
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digital simulation and the like (Carassale et al. 2007; Solari et al. 2007). 

Among others, bluff-body aerodynamics prevalently uses POD to compact the 

pressure data deriving from wind tunnels or full-scale measures, to construct 

reduced aerodynamic models, and to interpret the dominant mechanisms of the 

wind loading on structures. Armitt (1968) pioneered this application by 

analysing full-scale pressure measurements on a cooling tower. Lee (1975) 

represented the covariance matrix of the circumferential pressures derived from 

wind tunnel tests on a two-dimensional square cylinder in uniform and turbulent 

flows in terms of POD modes. Best and Holmes (1983) applied POD to 

measured pressures along the centre-line of a low-rise building model, using 

results to estimate the quasi-static loading effects and to show that pressure 

fluctuations were mainly connected with turbulence in the incident flow. 

Kareem and Cermak (1984) studied the pressure field on a square building 

model in boundary-layer flows, showing that the main portion of the fluctuating 

pressure energy along a circumference was associated with the first POD mode 

corresponding to vortex shedding. Holmes (1990) analysed the end bay pressure 

of a low-rise building model, discussing the links between POD modes and the 

underlying physical phenomena. Many other POD related studies on the surface 

pressure field of buildings have also been carried out in the following years (e.g. 

Chen and Kareem, 2005; Katsumura et al., 2007; Tamura et al., 1999). 

Although the POD method has been applied mostly to wind-induced pressure 

field analysis of buildings, the studies on the fluctuating pressure field over the 

cross-section of vibrating square cylinder models have been carried out (de 

Grenet & Ricciardelli 2004; Le & Tamura 2008). Recently, it has also been 

applied to bridge decks. The early applications on bridge decks have shown that 

each of the decoupled POD modes is likely to be associated with an excitation 

mechanism related to certain aerodynamic or aeroelastic component, depending 
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on frequency (Amandolèse & Crémona 2005; de Grenet & Ricciardelli 2004). 

Therefore, by modelling wind-induced distributed pressures in terms of POD 

pressure modes, the distributed aerodynamic and aeroelastic pressures can be 

detached more easily from each other and reflected more directly by using the 

covariance modes and the principle coordinates of pressure modes. 

In addition, discussion on whether or not POD modes have physical meanings 

has been carried on. Holmes, et al. (1997) note that POD modal shapes were 

constrained by the requirements of orthogonality, and hence the physical 

interpretation of modes could be misleading and probably fictitious in many 

cases. Even though, many application results show that there may be certain 

relationships between POD modes and aerodynamic or aeroelastic phenomena, 

only the relationships between the POD modes and excitation mechanisms are 

often not of one-to-one correspondence. Certain frequency peaks can occur in 

the spectra of different principal coordinates (Tamura et al. 1999), while one 

principal coordinate can also contain effects of different kinds of excitations (Le 

& Tamura 2008). Although no mode can be associated with just one flow 

mechanism and vice versa, Baker (2000) concludes that most energetic modes 

are likely to reflect different fluctuating flow mechanisms. 

Besides, in many practical situations, especially field studies, the pressures are 

acquired at locations that are not evenly spaced and a modified POD analysis is 

required. Jeong et al. (2000) propose a POD procedure appropriate for a case of 

pressure specified at non-uniformly distributed taps. The developed methodology 

is illustrated by considering both non-uniformly and uniformly distributed 

pressure on the roof of a low-rise building. A good agreement between the results 

for non-uniformly distributed pressures validates the feasibility of the modified 

POD procedure on the non-uniformly distributed pressure field. 
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2.3. Buffeting analysis of long-span bridges 

The prediction of wind-induced buffeting response under both aeroelastic and 

aerodynamic forces is of major concern in the design of long span bridges. The 

governing equation of motion of a bridge excited by fluctuating winds with 

respect to the static equilibrium position can be given in a matrix form by 

se b    MZ CZ KZ F F F 
 (2-50) 

where M, C, and K are the structural mass, damping, and stiffness matrix, 

respectively; Z , Z  and Z  are the nodal displacement, velocity, and 

acceleration vector; the subscripts se and b represent the aeroelastic and 

aerodynamic forces; and F  is the mean wind force. 

The analytical approach has been conducted in either the frequency domain 

(Davenport 1962; Jain et al. 1996; Scanlan 1978b) or the time domain (Bucher & 

Lin 1988; Chen et al. 2000b; Xiang et al. 1994). 

2.3.1. Buffeting analysis in the frequency domain 

As is well known, the wind-induced forces on bridge decks are commonly 

represented by a mixed frequency-time domain formulation with a series of 

parameters reflecting the relevant aeroelastic and aerodynamic behaviours. To be 

specific, the aerodynamic derivatives and admittance functions are 

conventionally considered as functions with respect to frequency. Thus, the 

buffeting response has been predominantly estimated in the frequency domain at 

early stage by using a mode-by-mode approach (Davenport 1962). But the 

aerodynamic coupling effect among different modes cannot be taken into 

consideration by using this approach. 

Since the aerodynamic coupling is confirmed to be important in predicting 
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buffeting responses at high wind velocities, the multi-mode framework 

incorporating both aerodynamic and aeroelastic forces has been proposed by 

Scanlan (1978). More investigations concerning the multimode response in the 

buffeting analysis of long-span bridges have also been performed in the last 

decade (Chen et al. 2000a; Jain et al. 1996; Katsuchi et al. 1999; Scanlan 1987). 

Among others, Jain et al. (1996) used the mode-superposition method to take 

account of the inter-mode coupling effect in the buffeting analysis. Chen et al. 

(2000) introduced self-excited forces in terms of rational function 

approximations in the buffeting analysis. Xu et al. (1998) used the 

pseudo-excitation method to solve the governing equations for fully-coupled 

buffeting analysis. 

Because the traditional integrated force based buffeting analysis is not able to 

accurately predict buffeting-induced stresses of the bridge decks, Zhu (2016) 

proposes a frequency-domain framework for stress-level buffeting analysis of a 

long-span cable-stayed bridge under distributed wind loads. This framework 

considers the distribution of both aerodynamic and aeroelastic forces over the 

surface of the bridge deck and performs on an accurate multi-scale model of the 

bridge. The comparative results with traditional method on a spine-beam model 

show significant differences in stress distribution and confirm the value of the 

proposed framework. 

Although the frequency domain approach is primarily due to the computational 

efficiency particularly when handling the frequency dependent parameters, it is 

generally restricted to linear structures excited by the stationary wind loads 

without aerodynamic nonlinearities. 

2.3.2. Buffeting analysis in the time domain 

Compared with the frequency domain approach, time domain analysis has 
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advantages to capture nonlinearities of structural and aerodynamic origins and 

also the influence of non-stationary features for the approaching wind. Lin et al. 

(1983) expressed the aeroelastic forces per unit length in terms of convolution 

integrals in the time domain. As the aerodynamic derivatives are normally 

obtained from wind tunnel tests at discrete values of the reduced frequency, 

approximate expressions are needed to express them as continuous functions of 

the reduced frequency for time domain analysis. Similarly, the buffeting forces 

per unit length can be expressed in terms of convolution integrals involving 

aerodynamic impulse functions, which are associated with indicial aerodynamic 

functions (Scanlan 1984) and fluctuating wind velocities (Chen et al. 2000b). The 

solution to the equation of motion in the time domain can be obtained with the 

Newmark-beta method. As the aeroelastic forces are dependent on motion, 

iteration is needed for each time-step until a certain convergence criterion is 

satisfied. 

To conduct a buffeting analysis in the time domain, the wind field must be 

simulated, which is generally represented by turbulence wind components. The 

simulation of wind field can be achieved by either spectral representation or 

digital filtering method (Kareem 2008). Li and Kareem (1995) introduced 

stochastic decomposition of the cross power spectral density matrix for the 

simulation of stationary random processes. Stochastic decomposition allows a 

relatively small number of modes to be involved in the simulation. Typical digital 

filtering methods use autoregressive–moving-average (ARMA) models to 

describe the stationary stochastic process in terms with two polynomials, one for 

the auto-regression and the second for the moving average (Li & Kareem 1990; 

Samaras et al. 1985). The ARMA representation uses weighted recursive 

relations that connect the random quantity being simulated at successive time 

increments. 
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Indicial aerodynamic functions or aerodynamic impulse functions need to be 

transformed from aerodynamic derivatives and admittances measured from wind 

tunnel tests. Aerodynamic derivatives, admittances and wind spectra are all 

naturally frequency-domain functions. As a result, although the time-domain 

approach can capture structural and aerodynamic nonlinear effects, the 

frequency-domain approach still has a certain advantage in practice (Scanlan 

1993). 

2.4. Finite element modelling and model updating for long-span 

bridges 

2.4.1. Finite element model 

An accurate stress analysis of a long-span bridge and the application of 

distributed aerodynamic and aeroelastic forces require a multi-scale FE model. 

The multi-scale modelling and model updating of long-span cable-supported 

bridges with steel box girders will therefore become an important task of this 

study. Spine-beam model, solid-element model, multi-scale model and 

substructure method are the most widely used model types in practice. 

The spine-beam model represents the bridge by using a series of beam elements, 

and the deck is usually modelled as a central beam (the spine beam) with 

equivalent cross-sectional properties, including the area, mass, neutral axe, 

moments of inertia, stiffness, and so on. Apart from the bridge deck, other 

components of the bridge such as towers and piers are also modelled with beam 

elements based on their geometric and material properties. Spring elements, rigid 

links and direct coupling of nodal displacements, are usually adopted to simulate 

the constraints between different parts of the model. For example, rigid links are 

usually used to connect the spine beam with cables. Due to the efficiency of 
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capturing the dynamic characteristics and global structural behaviour, 

spine-beam models have been widely used in the buffeting analysis of long-span 

bridges (Ding et al. 2002; Xu & Zhu 2005). 

Actually, a number of defects on the bridge are affected by local phenomena, 

such as stress concentration, crack initiation and propagation, fatigue and 

fracture, which cannot be captured by using the spine-beam model. Accordingly, 

many studies are then conducted to build detailed shell/solid element models for 

long-span bridges for the sake of accurate local performance. Fei et al. (2007) 

modelled the Tsing Ma Bridge tower with solid elements except for the steel 

trusses. More than 4000 solid elements were used in the tower model. Duan et al. 

(2011) used shell elements to model the deck plates of the Tsing Ma Bridge and 

solid elements to model the towers. The established bridge model contains 1.2 

million DOF. 

Due to the large amount of DOF, the fine FE model has difficulties in model 

updating and can hardly be applied to the dynamic analysis. To deal with this 

problem, the multiscale modelling scheme is then put forward by using different 

scales of elements in one FE model. McCune et al. (2000) proposed a mixed 

dimensional coupling FE method that allows the shell/solid element model of 

the regions of interest to be incorporated into the simplified global beam 

element model through multi-dimensional constraint equations. The mixed 

dimensional coupling method has been applied to the multi-scale modelling of 

truss structures to connect detail models of joints with beam-element models of 

the truss (Chan et al. 2009; Li et al. 2009). By using the multi-scale model, both 

global and local structural information can be simultaneously obtained for a 

comprehensive assessment of structural safety. 

One major constraint of the multi-scale modelling strategy is that the number of 

concerned regions is limited according to the computation capacity. Therefore, 
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the substructure method has been proposed in recent years to cover the global 

and local information on the entire bridge. Ding et al. (2010b) have introduced 

the multi-scale modelling method to the FE model of Runyang cable-stayed 

bridge, where the selected local model was built with detailed geometry and 

then condensed and assembled into a global structure. Kong et al. (2012) 

condensed all of the deck segments of a long-span cable-stayed bridge to reduce 

the total number of DOF in the FE model. Taking the Stonecutters Bridge as an 

example, Zhu et al. (2015) presented the details of establishing a multiscale 

model, in which the bridge deck was modelled in detail with shell elements and 

then condensed into a super-element. With the help of the substructure model, 

an accurate stress analysis was enabled and the number of DOFs could be 

reduced to save the computation time for the subsequent dynamic analysis. 

2.4.2. Model updating method 

Due to the uncertainties of large civil structures, model updating processes are 

usually needed after the initial establishment of FE models to ensure the 

modelling accuracy (Brownjohn et al. 2003; Friswell & Mottershead 1995). For 

the entire FE model of a long-span bridge, the choice of model updating methods 

is limited because of the high computation demand of updating algorithms. Due 

to the discretized nature of FE models, iterative methods that work with a 

parameterized FE model, the “error model”, and introduce changes to a 

pre-defined number of design parameters on an elemental basis are widely used 

in FE model updating. The updating of the parameters is usually based on 

sensitivity analyses of selected parameters, and such methods are thus referred to 

as “sensitivity-based model updating methods” (Friswell & Mottershead 1995; 

Jaishi & Ren 2005; Ren & Chen 2010). Static responses such as displacements, 

stress, and strain, which can reflect the local behaviour of the structure, are thus 

taken as promising objectives for model updating (Ren et al. 2011; Wang et al. 
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2013). 

Although static tests and data processing are less complicated and static 

measurements are more accurate, pure static-based model updating is not 

sufficient for a multi-scale model of long-span cable-supported bridges. 

Thereupon, an FE updating method considering both static responses and 

dynamic properties have attracted increasing attention (Catbas et al. 2007; 

Schlune et al. 2009; Wang et al. 2013). Recently, the features of influence lines 

have begun to draw attention in bridge engineering. Zaurin and Catbas (2010) 

measured the influence lines of a four-span bridge using a fusion of video 

imaging and sensing data. A model updating method has been proposed using 

both modal frequencies and multi-scale (displacement and stress) static influence 

lines as updating objectives (Xiao et al. 2015; Zhu et al. 2015). In addition, to 

ensure the multi-scale accuracy of multi-scale FE models, the model updating 

process needs to use both global and local measured data. Chan et al. (2009) 

updated a local model of truss joints with the nominal stress acquired from static 

tests. Wang et al. (2013) proposed a multi-objective optimization technique and 

updated the refined segment model with global modal frequencies, modal 

assurance criteria, static displacements, and hot-spot stresses. 

As mentioned, the traditional sensitivity-based updating method requires 

iterative FE analyses of the model. For a large FE model, such as a multi-scale 

model of a long-span bridge, the updating process consumes excessive 

computation time. One solution to this problem is to replace the FE model with an 

approximate meta-model that is more efficient in computation. The response 

surface is one of the commonly used meta-models and has been used in the model 

updating of FE models since the late 1990s (Doebling et al. 2002). Ren and Chen 

(2010) used the response surface method to update the model of a bridge, where 

the residuals between the analytical and measured natural frequencies were 



41 

selected to be the objective function. Ren et al. (2011) updated a continuous box 

girder bridge model based on the measured static responses. Both studies showed 

that the response surface method remarkably improved the efficiency of the FE 

model updating process. 
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CHAPTER 3 

POD BASED MODELLING OF DISTRIBUTED 

AERODYNAMIC PRESSURES 

3.1. Introduction 

As mentioned in Chapter 1 and Chapter 2, an appropriate modelling of 

wind-induced loads on the bridge deck is of great necessity for the stress-level 

buffeting analysis of long-span cable-supported bridges. This chapter, therefore, 

presents a new approach to model distributed wind pressures over a bridge deck 

section with a few pressure modes by using the proper orthogonal 

decomposition (POD) method. To be concise, only aerodynamic components 

are discussed in this chapter, while the aeroelastic components will be 

considered in the following chapter. The pressure modal admittance functions 

are introduced to consider the unsteadiness of aerodynamic pressures. As 

traditional equivalent admittance method (EAM) cannot separate u- and w- 

related admittance functions of aerodynamic forces, a colligated least-square 

method is applied to the auto and cross spectra of the measured wind speeds and 

pressures to identify and distinguish the two components of pressure modal 

admittance functions. Wind tunnel pressure tests on a sectional motionless deck 

model represented the typical steel deck of Stonecutters Bridge were carried out 

as a case study to validate the proposed method. The characteristics of 

distributed aerodynamic pressures, such as pressure coefficients, covariance 

modes, principal coordinates, pressure modal coefficients, and pressure modal 

admittance functions are discussed. 

3.2. Modelling of distributed aerodynamic pressures 

This section presents a framework to describe the distributed unsteady 
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aerodynamic pressures over a bridge deck section based on the POD method. 

Aerodynamic pressure covariance modes, pressure principal coordinates, 

pressure modal coefficients, and pressure modal admittances are introduced in 

the modelling. 

3.2.1. POD-based modelling method and modal admittances 

Based on the linear quasi-steady assumption, the aerodynamic pressures on the 

surface of a bridge deck section can be described by the following equation (Zhu 

& Xu 2014). 

         , 0 0
1

2
2 i ii b p pp t U C u t C w t       (3-1) 

where ρ is the density of air; U  is the mean speed of incoming wind; u(t) and 

w(t) are the longitudinal and vertical turbulent components, respectively; 

 0ipC   and  0ipC   are the pressure coefficient and its derivative defined in 

the structural coordinate system; and 0  is the mean attack angle of incident 

wind. 

Furthermore, admittance functions are introduced into the expressions of 

distributed aerodynamic pressures to consider unsteady aerodynamic effects. 

Since the admittance function is frequency-based parameter, the aerodynamic 

pressures can be presented in mixed time-frequency domain as follows 

             , 0 0
1

2
2 i i i ii b p p u p p wp t U C u t C w t           (3-2) 

where  
ip u   and  

ip w   are the pressure admittance functions of the 

aerodynamic pressure at the ith surface point of the bridge deck section with 

respect to the fluctuating wind speeds u and w, respectively. 

The use of Equation (3-2) to describe distributed aerodynamic pressures 
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requires the identification of a large number of admittance functions of 

aerodynamic pressures, which is time-consuming and not reliable. To 

circumvent this difficulty, the POD method is employed in this study. With the 

POD, aerodynamic pressures over a bridge deck section can be represented as 

the superposition of the products of a series of principal coordinates and 

uncorrelated covariance modes, and the distributed aerodynamic pressures can 

be expressed accordingly as 

     ,
1

N

b b j b j
j

t t t


 p ΦΑ 
 (3-3) 

where           1, 2, , ,, , , ,
T

b b b i b N bt p t p t p t p tp    is the aerodynamic 

pressure vector;           1, 2, , ,, , , ,
T

b b b j b N bt t t t t       is the 

principal coordinate vector of aerodynamic pressure modes; 

 1 2, , , ,j N        represents the corresponding covariance mode matrix; 

and N is the total number of pressure points in the measured bridge deck 

section. 

The solution of the covariance mode matrix  is usually found by solving the 

eigenvalue problem of the covariance matrix as (Bienkiewicz et al. 1993) 

=pR Φ ΦΛ  (3-4) 

where = T
pR pp  represents the covariance matrix of distributed pressures; Φ 

and  1 2, , , ,j N   Λ diag    are the eigenvector matrix and the 

corresponding diagonal matrix of eigenvalues, respectively. 

Since the pressure points may not uniformly distribute, a weighting matrix should 

be introduced to modify the covariance matrix (Jeong et al. 2000). 

, =m m m
p bR Φ Φ Λ  (3-5) 
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where 1 2 1 2
, =m T

p b b bR W p p W represents the modified covariance matrix of 

distributed aerodynamic pressures;  1 2, , , ,i N    W diag   is a 

dimensionless weighting matrix considering the characteristic length of each 

pressure while   is the mean characteristic length; Φm is the modified 

eigenvector matrix. Once ʌ and Φm are found, the sought eigenvectors can be 

obtained by 

1 2= mΦ W Φ  (3-6) 

In this study, ʌ and Φm are assumed to be found from the fluctuating pressure 

field measured from a bridge deck section in a wind tunnel. Then, the jth 

principal coordinate  ,j b t  can then be calculated with the measured 

aerodynamic pressures and expressed by the following equation if admittance 

functions of aerodynamic pressures are not considered. 

           , , 0 0
1 1

1
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2 i i

N N

j b i b ij p p ij
i i

t p t U C u t C w t     
 

       (3-7) 

Equation (3-7) can be simplified by introducing the pressure modal coefficient 

 0j
C   and its derivative  0j

C   as 
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0 0
1

0 0
1

j i

j i

N

p ij
i

N

p ij
i

C C

C C





  

  










  




 (3-9) 

To take into account the unsteady aerodynamic effect, admittance functions are 

now introduced into the principal coordinate of each aerodynamic pressure 

mode in a similar way as those for aerodynamic forces or pressures, and they 

are termed as “aerodynamic pressure modal admittance functions”. In this way, 
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the number of admittance functions can be reduced significantly, compared with 

admittance functions of aerodynamic pressures. The aerodynamic pressure 

modal principal coordinate  ,j b t  is then expressed as 

             , 0 0
1

2
2 j j j jj b u wt U C u t C w t               (3-10) 

Where  
ju   and  

jw   are the aerodynamic pressure modal 

admittance functions with respect to longitudinal and vertical turbulent wind, 

respectively. 

The energy contribution of each pressure mode can be defined as the proportion 

of corresponding eigenvalues in all the POD pressure modes as 

1

100%
j

N

j j
j

E  


 
   
 

  (3-11) 

According to the basic characteristic of the eigenvalue problem, the energy 

proportion falls rapidly with the increase of mode order. Thus, the aerodynamic 

pressure of each point can be rebuilt within a limited number of the low-order 

POD modes. 
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N

i b j b ij
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p t t 





 (3-12) 

where N  is the truncation order of POD modes determined based on the 

energy contribution. 

3.2.2. Identification of pressure modal admittances 

The proposed framework for distributed aerodynamic pressures over a bridge 

deck already indicates the way of determining characteristic parameters of POD 

pressure modes, including principal coordinates, covariance modes, and 
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pressure modal coefficients. Only the aerodynamic pressure modal admittance 

functions need to be identified. By following the traditional way used in the 

EAM (Larose, 1999; Gu and Qin, 2004), the admittance functions in the 

pressure modal coordinate can also be identified as equivalent admittances by 

assuming that u- and w- related admittance functions are equal. 
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 (3-13) 

where  ,j j bS    is the auto-spectrum of the aerodynamic pressure principal 

coordinate;  uuS   and  wwS   are the auto-spectra of turbulent wind 

components u and w, respectively; and  is the modular operation. The square 

of the module of aerodynamic pressure modal admittance can then be 

determined by: 
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As is known, the EAM approach cannot separate the effects of different turbulent 

components (u and w) due to the assumption of equivalent admittances. 

Therefore, Zhu et al. (2016) have applied the colligated least-square method to 

the auto and cross spectra to separate the two aerodynamic pressure admittance 

functions associated with different wind turbulence. The auto and cross spectra of 

the aerodynamic pressure model principal coordinate with respect to two 

turbulent wind components can be obtained based on Eq.(3-10) by using Fourier 

transformation. 
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         * *
,

1
2

2j j j j ju b u uu w wuS U C S C S                (3-16) 

         * *
,

1
2

2j j j j jw b u uw w wwS U C S C S                (3-17) 

where  ,ju bS   and  ,jw bS   are the cross-spectra between aerodynamic 

pressure modal principal coordinate and turbulence u and w, respectively; 

 uwS   and  wuS   are the cross-spectra between u and w; and the 

superscript * here represents the conjugate operation of a complex variable. 

The aerodynamic pressure modal admittance functions ju , jw  can then be 

identified by using the least-square method to seek the minimal value of a 

colligated spectral residue function. To ensure the accuracy of both auto and 

cross spectra, the colligated spectral residue functions is defined by considering 

the residue of Equations (3-15)-(3-17) as 

       2 2 2
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* *
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1
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2j j j j j ju uu w wu u bU C S C S S              (3-20) 

* *
3 ,

1
2

2j j j j j ju uw w ww w bU C S C S S              (3-21) 

where bi (i=1, 2, 3) are user-defined weighting factors associated with ,j j bS  , 

,ju bS  and ,jw bS , respectively, and they are all considered as 1 in this study. 

3.2.3. Relationships among three types of admittance functions 

The aerodynamic pressure and force admittance functions can be derived by 
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building their relationship with the aerodynamic pressure admittance functions 

identified in section 3.2.2. By substituting Equation (3-10) into Equation (3-12), 

the ith aerodynamic pressure can be expressed as 
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By comparing Equation (3-22) with Equation (3-2), the relationship between 

aerodynamic pressure admittance functions and pressure modal admittance 

functions can be found and expressed as follows by separating u and w related 

components. 
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To obtain the relationship between aerodynamic force admittance functions and 

aerodynamic pressure modal admittance functions, the force should be expressed 

by using POD pressure modes. Taking the lift force as an example, the 

aerodynamic force on a unit length of the bridge deck section can be calculated 

as the integration of the distributed aerodynamic pressures and then transferred 

to POD pressure modes as 

         , , 0 , 0
1 1 1

sin sin
N N N

L b i b i i j b ij i i
i i j
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 (3-25) 

where  ,L bF t  is the aerodynamic lift force acting on the bridge deck section; 

i  is the characteristic length along the cross-section outline for the ith 

aerodynamic pressure  ,i bp t ; and i  is the angle between the ith pressure 
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direction and the horizontal structural axis y (see Figure 3-4). 

Substituting Equation (3-10) into Equation (3-25) yields 
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The traditional function of aerodynamic lift force on a bridge deck section is 

commonly expressed as: 
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where  0LC   and  0DC   are the aerodynamic lift and drag coefficients; 

 0LC   is the derivative of lift coefficient with respect to the wind angle of 

attack;  Lu   and  Lw   are the traditional aerodynamic force 

admittance functions with respect to turbulent wind components u and w, 

respectively. 

The relationship between aerodynamic force admittance functions and 

aerodynamic pressure modal admittance functions can now be obtained by 

comparing Equation (3-26) with Equation (3-27) and separating u and w related 

components. 
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3.3. Wind tunnel tests 

Wind tunnel pressure tests of a sectional motionless bridge deck section model 

were conducted to identify the aerodynamic characteristics of distributed 

aerodynamic pressures on the surfaces of the Stonecutters cable-stayed bridge 

with a twin-box deck in Hong Kong and to validate the proposed framework. 

The pressure tests on the motionless sectional model were carried out in the 

TJ-2 Wind Tunnel at Tongji University as shown in Figure 3-1 and Figure 3-2. 

The model section represents the typical twin-box deck geometry of the 

Stonecutters Bridge with a length scale of 1:50 (see Figure 3-3). The model is 

1.740m in length and 0.390m in width for a single box and it has a 0.286m wide 

slot between the two boxes. The strip was arranged with 49 pressure taps around 

one single box, and the pressure tap arrangement is shown in Figure 3-4. The 

pressure taps on the windward box are denoted by numbers 101 to 149 while the 

pressure taps on the leeward box are denoted by 201 to 249. During the tests, 

the turbulent wind was simulated with a fence installed at 8.5m upstream of the 

model. The attack angle of incident wind (–3°, 0°, and +3°) was simulated by 

changing the installation angle of the sectional model. 

The surface pressures were measured by using a multi-channel pressure 

measurement system with ESP-64HD electronic pressures scanners. The wind 

speed was measured simultaneously with the pressure measurement by Series 

100 cobra probes mounted 400mm above the front wind fairing, where the wind 

turbulence characteristics were little affected by the bridge and could represent 

the surrounding wind turbulence near the bridge deck. The sampling frequency 

for the measurements of the pressure and wind speed was set as 200Hz. 
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Figure 3-1. Wind tunnel test setup 

 

 

Figure 3-2. Wind tunnel test layout (Unit: mm) 

 

 

Figure 3-3. Twin-box deck sectional model 
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Figure 3-4. Deck cross section, pressure tap arrangement, and coordinate system 

(Unit: mm) 

 

Turbulent wind field used in this study was generated at a mean wind speed of 

10.4m/s with 10.6% longitudinal turbulence intensity and 8.7% vertical 

turbulence intensity. Figure 3-5 shows the auto-spectra of turbulent wind 

components u and w. For the sake of convenient comparison, all spectra in this 

study are presented in dimensionless form with respect to the reduced frequency 

K B U . The auto-spectra indicate that the energy of the turbulence is 

mainly distributed in the low-frequency range. 

 

  

(a) Longitudinal component u (b) Vertical component w 

Figure 3-5. Auto-spectra of turbulent wind 
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3.4. Results and discussions 

3.4.1. Pressure coefficients and derivatives 

The characteristics of distributed aerodynamic pressures at different 

cross-sections are confirmed to be alike, and the pressure data recorded one 

strip are used as an example. The aerodynamic pressure coefficients and their 

derivatives are the key parameters to describe the distributed aerodynamic 

pressures. In this study, wind-induced pressures were measured from –10° to 10° 

angles of attack with a 1° increment, and the pressure coefficients and their 

derivatives are computed by Equation (3-30) and Equation (3-31), respectively. 

    2
0 02

ip iC P U    (3-30) 

     0 0 0 2
i i ip p pC C C                (3-31) 

where  0iP   is the mean pressure at the ith surface point of the deck section 

when the angle of attack is 0 ; and   is the increment of attack angle for 

the central difference method. 

Figure 3-6 and Figure 3-7 shows the cross-sectional distributions of the 

aerodynamic pressure coefficients and their derivatives for three different attack 

angles of incident wind (–3°, 0°, and +3°). Figure 3-6 suggests that most 

pressure taps yield negative pressures except a few points at the windward 

edges of two boxes. The pressure coefficients vary significantly, and the largest 

negative pressures occur on the leeward box other than the windward box. By 

comparing Figure 3-6 with Figure 3-7, it can be found that the derivatives of 

pressure coefficients are apparently larger than the corresponding pressure 

coefficients in most locations, indicating that the w-related pressure modal 

coefficients  0j
C   are likely to be larger than u-related pressure modal 

coefficients  02
j

C   (see Equations (3-9)). Therefore, if the assumption 
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j j ju w       is valid, the aerodynamic pressures are dominated by the 

vertical turbulence w. However, if the actual admittance functions are taken into 

consideration, the effect of vertical and longitudinal turbulence on the 

aerodynamic pressures may be changed. It is also found that the derivatives of 

pressure coefficients vary significantly, but the largest derivatives occur on the 

windward box other than the leeward box. 

 

 

(a) –3° attack angle 

 

(b) 0° attack angle 

 

(c) +3° attack angle 

Figure 3-6. Distribution of pressure coefficients pC   
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(a) –3° attack angle 

 

(b) 0° attack angle 

 

(c) +3° attack angle 

Figure 3-7. Distribution of derivatives of pressure coefficients pC   

 

3.4.2. Aerodynamic POD pressure modes 

The POD method decomposes the fluctuating surface pressure into a series of 

spatial and temporal functions based on the assumptions of orthogonality. The 

principal coordinates reflect the temporal information of decoupled POD 

pressure modes while the orthogonal covariance modes represent the spatial 
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distribution pattern of the corresponding mode. Since the POD modes are both 

spatially and temporally independent of each other, they are likely to be related to 

some physical phenomena. Baker (2000) addresses that the most energetic 

(lowest three or four) modes are likely to reflect different physical behaviours 

and the less energetic (higher) modes tend to represent interactions between 

different flow mechanisms. The spectra of modal principal coordinate and the 

covariance modes of the first three POD pressure modes at –3°, 0°, and +3° 

angles of attack are shown in Figure 3-8 and Figure 3-9, respectively. 

 

(a) –3° attack angle 

(b) 0° attack angle 

(c) +3° attack angle 

Figure 3-8. Principal coordinate spectra of first three POD modes 
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(a) –3° attack angle 

 

(b) 0° attack angle 

 

(c) +3° attack angle 

Figure 3-9. Covariance mode distribution of first three POD modes 
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It can be seen that the first mode reflects mainly low-frequency components 

related to incident turbulence, while the second mode is attributed more to 

high-frequency signature turbulence. The third mode reflects a mix of small 

contributions of both incident turbulence and signature turbulence. With this 

kind of separation, the influence of incident turbulence and signature turbulence 

on the distribution of aerodynamic pressures over the deck section can be 

reflected directly by the first and second covariance modes. However, it should 

be noted that the separation done by the POD method is not perfect and it could 

not thoroughly divide different physical components in some cases, such as the 

first and second modes when the angle of attack is +3°. 

Figure 3-9 shows the covariance modes of the first three POD pressure modes at 

–3°, 0°, and +3° angles of attack. It is interesting to see that the distinct 

differences in the covariance modes at all three angles of attack occur mainly 

around the windward regions of both boxes. The marked variation in the 

windward regions indicates that the aerodynamic pressures contribute much 

more on the windward side than other areas, thus the pressure tap arrangement 

near windward edges is more crucial to the study of aerodynamic pressure 

distributed around the bridge deck. Although the specific value differs from one 

another, the forms of first three modes are alike at three different attack angles. 

The first mode mainly focuses on the windward box, while the second mode 

contributes more on the leeward box. As previously mentioned for pressure 

modal principal coordinates, the first two POD modes mainly represent the effect 

of incident turbulence and signature turbulence respectively. Therefore, the 

incident turbulence mainly controls the upstream box, while the signature 

turbulence plays a significant role in the downstream box. The third mode, on the 

other hand, exhibits an approximately uniform distribution across the surface of 
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the bridge deck, serving as a supplement for both incident and signature 

components. However, although the lower (more energetic) modes are likely to 

be primarily associated with particular physical causes, no mode is likely to be 

associated with just one flow mechanism or vice versa. In another word, a 

thorough separation, as well as the relevant physical interpretation, cannot be 

guaranteed due to the constraint of orthogonality condition (Holmes et al. 1997). 

 

Table 3-1. Energy contributions proportions of first twenty modes 

Mode 
No. 

–3° attack angle 0° attack angle +3° attack angle 

j
E (%) j

E (%) j
E (%) j

E (%) j
E (%) j

E (%) 

1 39.00 39.00 29.81 29.81 27.25 27.25 

2 17.52 56.53 20.81 50.62 19.75 47.00 

3 11.67 68.19 16.55 67.16 14.22 61.22 

4 4.74 72.93 4.86 72.02 8.63 69.85 

5 4.28 77.22 3.46 75.48 2.67 72.53 

6 3.05 80.26 2.71 78.19 2.24 74.77 

7 2.45 82.71 2.11 80.30 2.16 76.93 

8 2.11 84.82 1.95 82.26 2.08 79.01 

9 1.72 86.55 1.94 84.20 1.89 80.89 

10 1.41 87.95 1.87 86.07 1.76 82.65 

11 1.13 89.09 1.49 87.56 1.55 84.20 

12 0.97 90.06 1.24 88.80 1.55 85.75 

13 0.95 91.01 1.16 89.95 1.42 87.17 

14 0.86 91.87 1.06 91.01 1.38 88.55 

15 0.80 92.66 1.01 92.03 1.21 89.76 

16 0.76 93.42 0.83 92.85 1.05 90.81 

17 0.66 94.08 0.82 93.67 0.80 91.61 

18 0.65 94.73 0.70 94.36 0.75 92.36 

19 0.59 95.33 0.57 94.93 0.72 93.08 

20 0.54 95.87 0.48 95.41 0.56 93.64 
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The energy contribution proportions of the first twenty modes have been 

calculated by using Equation (3-11) and listed in Table 3-1. The contributions 

of the first twenty POD modes add up to more than 93% of the total energy, in 

which the contributions of the first three modes alone exceed 61%. This energy 

distribution character is also reflected in the modal principal coordinate spectra, 

for the amplitude of the spectra reduces remarkably with the increase of mode 

order, especially in the low frequency range. The mode truncation order can be 

determined by balancing computation time and result accuracy. An energy 

threshold of 90% is set to determine the mode truncation order in this study. As 

a result, the aerodynamic pressure field is represented by the superposition of 

the first twelve, fourteen, sixteen modes for –3°, 0°, and +3° attack angle, 

respectively. 

 

3.4.3. Force and pressure modal admittances 

The aerodynamic drag, lift and pitching moment can be calculated by 

integrating the aerodynamic pressures around the whole section. The force 

admittances can also be identified by using the colligated least-square method. 

Figure 3-10 shows the least-square admittances of the aerodynamic drag, lift, 

and pitching moment with respect to the longitudinal and vertical turbulent 

winds, respectively, at –3°, 0°, and +3° angles of attack. The equivalent 

admittance method conventionally used to identify aerodynmaic admittances 

assumes that the u- and w- related admittance functions are the same. However, 

as is shown in Figure 3-10, the separated least-square admittances with respect to 

the longitudinal (u) and vertical (w) turbulence can be of different orders of 

magnitude. This manifests that the assumption of conventional equivalent 

admittance functions may not always coincide with the facts. In general, the 
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EAM is more reasonable for the aerodynamic drag rather than lift or pitching 

moment in this study. This might be attributed to the fact that the values of 

aerodynamic force coefficients DC  and  D LC C   are relatively comparable 

but LC  and  L DC C   as well as MC  and MC  are very different (see 

Table 3-2). Consequently, the contribution of the turbulent wind u to lift or 

pitching moment is largely underestimated by using EAM. 

 

(a) –3° attack angle 

(b) 0° attack angle 

(c) +3° attack angle 

Figure 3-10. Least-square force admittances at different attack angles 
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Table 3-2. Aerodynamic force coefficients at different attack angles 

Attack 
Angle 

Drag Force Lift Force Pitching Moment 

DC   D LC C   LC   L DC C   MC  MC  

–3° 0.0408 0.198 –0.260 3.19 –0.0186 0.494 

0° 0.0409 0.0645 –0.0947 3.00 0.0127 0.634 

+3° 0.0436 0.0586 0.0503 2.34 0.0437 0.498 

 

Aerodynamic pressure modal admittances are also calculated by using the 

colligated least-square method. Figure 3-11 shows the least-square admittances 

of the first three modes with respect to the longitudinal and vertical turbulent 

winds, respectively, at –3°, 0°, and +3° angles of attack. Similar to the separated 

aerodynamic force admittances, the separated aerodynamic pressure modal 

admittances are closely related to the corresponding pressure modal coefficients 

as shown in Table 3-3, where the u-related admittances are associated with 

2
j

C  and the w-related admittances are related to j
C . When the pressure 

modal coefficients 2
j

C  and j
C  are quite different, such as in the case of 

all the three modes at –3°attack angle and the first mode at 0° attack angle, the 

u-related admittance functions are significantly different from the w-related 

admittance functions. When the modal coefficients 2
j

C  and j
C  are 

comparable, the admittance functions related to the two different turbulent 

components are close to each other. 

 

Table 3-3. Pressure modal coefficients of the first three modes 

Attack 
Angle 

Mode 1 Mode 2 Mode 3 

2
j

C  j
C  2

j
C  j

C  2
j

C  j
C  

–3° 3.60 –37.2 0.768 14.0 –2.92 –16.9 

0° –0.372 –29.9 1.75 0.534 –4.46 –7.21 

+3° –5.05 –11.9 1.02 –4.33 –1.90 8.07 
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Mode 1 Mode 2 Mode 3 

(a) –3° attack angle 

Mode 1 Mode 2 Mode 3 

(b) 0° attack angle 

Mode 1 Mode 2 Mode 3 

(c) +3° attack angle 

Figure 3-11. Least-square pressure modal admittances of the first three modes 

 

3.4.4. Reconstruction of aerodynamic pressures 

To examine the feasibility and accuracy of the proposed framework, the 

aerodynamic pressures are reconstructed by using the proposed method with the 

truncated POD modes and compared with the actually measured ones. The case 
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of 0° attack angle is taken as an example to exemplify the feasibility and 

accuracy of the proposed modelling method. As mentioned in section 3.4.2, the 

aerodynamic pressures are reconstructed by the superposition of the first fourteen 

POD modes which retain ninety percent of the energy. Since the windward 

pressures on both boxes are much larger and play a more vital role in buffeting 

analysis, the accurate reconstruction of windward pressures is of crucial 

importance. Several pressure taps near the windward edges (Tap 101, Tap 221, 

and Tap 224) are selected as key points. The measured and rebuilt pressure 

spectra of these key taps are shown in Figure 3-12. 

 

(a) Tap 101 (b) Tap 221 (c) Tap 224 

Figure 3-12. Measured and POD truncated pressure spectra 

 

It can be seen that the rebuilt spectra are in good agreement with the original 

ones, especially for the case of leeward box (Tap 221 and Tap 224). For the 

windward Tap 101, an additional peak can be observed at the frequency of 

signature turbulence due to the neglect of cross spectra of the principal 

coordinates. Nevertheless, the additive energy is actually very small in view of 

the logarithmic coordinate. To further investigate the roles of different POD 

modes, the pressure spectral components related to the first three modes are 

computed and shown in Figure 3-13. 
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(a) Tap 101 

(b) Tap 221 

(c) Tap 224 

Figure 3-13. Spectral components related to the first three modes 

 

The results presented in Figure 3-13 indicate that the energy contribution of 

each mode varies among different pressure taps, even if the rebuilt pressure 

spectra are all consistent well with the measured ones shown in Figure 3-12. It 

can be seen that for Tap 101 the first POD mode is dominant while for Tap 221 

the second POD mode contributes more. 

To clarify the contribution of different turbulent wind components, Figure 3-14 

shows Suu-related components in rebuilt pressure spectra calculated by 

 
2

2 2
01 j j

N
u uu ijj

U C S    



and Sww-related components calculated by 
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2
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j j

N
w ww ijj

U C S    





. It is noticeable that the proportions of 

vertical and longitudinal turbulent wind-related components are quite different 

among three pressure taps. Vertical turbulence takes control of the aerodynamic 

pressure at Tap 101, while both vertical and longitudinal turbulences have 

similar influences on the aerodynamic pressures at Tap 221 and Tap 224. 

 

(a) Tap 101 (b) Tap 221 (c) Tap 224 

Figure 3-14. Spectral components related to u and w wind turbulence 

 

3.4.5. Reconstruction of aerodynamic forces and force admittances 

To further exemplify the feasibility and accuracy of the proposed framework, 

the aerodynamic force admittances are reconstructed using Equations (3-28)- 

(3-29) and the identified pressure modal admittances. Figure 3-15 compares the 

force admittances directly identified by using the integrated aerodynamic forces 

with those reconstructed by using the pressure modal admittances. It can be 

confirmed from Figure 3-15 that the characteristics of | |Du , | |Dw , | |Lw  

and | |Mw  can be represented rather well by superposing the pressure modal 

admittances, while the reconstructed | |Lu  and | |Mu  may not completely 

agree with the directly identified ones. This kind of discrepancy can be attributed 

to the low identification sensitivity of | |Lu  and | |Mu . Nevertheless, the 

impact of such discrepancy will hardly affect the accuracy of buffeting analysis 

due to the small values of LC  and MC . In addition, Figure 3-16 compares the 
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integrated aerodynamic forces with the POD reconstructed aerodynamic forces 

computed from the pressure modal admittances. 

 

Figure 3-15. Directly identified and POD rebuilt force admittances 

 

(a) Drag force (b) Lift force (c) Pitching moment 

Figure 3-16. Measured and POD truncated force spectra 

 

It can be seen that the rebuilt spectra are in good agreement with the original 

ones, especially for the drag and lift force. For the pitching moment, an 

additional peak can be observed at the frequency of signature turbulence due to 

the neglect of cross spectra. In general, the decomposed POD modes are 
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considered as uncorrelated because of the orthogonality of the eigenvectors, 

thus the cross spectra of principal coordinates are usually neglected in the 

reconstruction of distributed pressures as well as the integrated forces. However, 

small as they are, the values of cross spectra of principal coordinates are not 

zero, especially in the frequency range of signature turbulence, thus leading to 

some addictive energy in some cases, such as the pressure at Tap 101(see Figure 

3-12a) and the pitching moment (see Figure 3-16c). Even so, the additive energy 

is actually very small, and the reconstruction accuracy can therefore be 

considered satisfactory. 

3.5. Summary 

In this chapter, a framework for modelling distributed aerodynamic pressures on 

the surfaces of a bridge deck has been developed based on the proper orthogonal 

decomposition (POD) method. The advantages of the proposed modelling 

method are: (1) The distributed aerodynamic pressures can be reproduced 

satisfactorily by using a limited number of POD pressure modes, and therefore 

the number of to-be-identified parameters can be effectively reduced with the 

introduction of pressure modal coefficients and pressure modal admittance 

functions; (2) The effects of different turbulence (u and w) can be separated in the 

proposed identification process for the pressure modal admittance functions by 

applying the colligated least-square method to the auto and cross spectra; and (3) 

The distribution pattern of major components, such as incident and signature 

turbulence-induced components, can be unveiled by the corresponding 

covariance modes. 

By applying the proposed framework to the motionless twin-box sectional model 

of the Stonecutters cable-stayed bridge, the following findings can be concluded. 

(1) Most pressure taps yield negative pressures except a few points at the 
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windward edges of the two boxes. The pressure coefficients vary 

significantly, and the largest negative pressures occur on the leeward box 

other than the windward box. 

(2) The first two POD modes mainly represent the effect of incident turbulence 

and signature turbulence, respectively, and the incident turbulence mainly 

controls the upstream box, while the signature turbulence plays a key role 

in the downstream box. 

(3) The u- and w- related pressure modal admittance functions are generally 

different from each other, which does not agree with the assumption of the 

equivalent admittance method. 

(4) The satisfactory reconstruction results of the distributed pressures and the 

integrated forces validate the feasibility and effectiveness of the proposed 

framework. 
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CHAPTER 4 

POD BASED MODELLING OF DISTRIBUTED 

AERODYNAMIC AND AEROELASTIC PRESSURES 

4.1. Introduction 

A POD based modelling method for wind-induced pressures on the surface of a 

bridge deck has been proposed in Chapter 3. But the previous discussion mainly 

focuses on the aerodynamic components caused by the turbulence in the 

incident flow. The disregard of the aeroelastic components of the wind loads 

shall affect the accuracy of predicted buffeting-induced stress responses. 

Therefore, it is imperative to extend the POD based modelling scheme so that it 

can take into account both aerodynamic and aeroelastic wind pressures 

distributed on the bridge deck. 

In this chapter, the semi-empirical linearized quasi-steady theory is applied to 

the POD pressure modes with the introduction of characteristic parameters, such 

as pressure modal admittance functions and pressure modal derivatives. Since 

the aerodynamic admittances and derivatives are more appropriate to be 

identified synchronously rather than respectively, a powerful tool named 

indicial functions, linked to the aerodynamic admittances and derivatives, are 

introduced as a fitting scheme to address this problem. The aerodynamic and 

aeroelastic components can also be separated in this process. Wind tunnel 

pressure tests have been conducted on the same sectional deck model 

represented the typical steel deck of Stonecutters Bridge, while the deck model 

was spring-suspended to capture the wind pressures with both aerodynamic and 

aeroelastic components and examine the feasibility and accuracy of the 

proposed modelling method. 
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4.2. Modelling of aerodynamic and aeroelastic pressures 

4.2.1. POD-based modelling method and modal derivatives 

A unit-length section of a bridge deck subjected to turbulence wind flow, as 

shown in Figure 4-1, is investigated here based on “strip theory”. With the 

quasi-steady assumption, the wind-induced pressure on a surface point i of the 

bridge deck can be expressed by 

         2 2
0

1 1

2 2i ii r p r pP t U t C U t C        (4-1) 

where ρ is the density of air; rU  represents the relative velocity of incoming 

wind to the deck motion; 
ipC  is the pressure coefficient defined in the structural 

(global) coordinate system; 0  is the wind angle of attack when the bridge deck 

at its equilibrium position; and   is the transient attack angle increment. 

 

Figure 4-1. Observation section and coordinate system 

Suppose that the bridge deck undergoes a vertical displacement h and a torsion 

motion β excited by turbulent wind, which is similar to a 2 degree-of-freedom 

(DOF) sectional deck model test in a wind tunnel, wind-induced pressure can be 

further expressed in a way analogous to wind-induced force. 
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 (4-2) 

where U  is the mean speed of incoming wind; u and w are the longitudinal and 
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vertical turbulent components, respectively; and b=m1B, where B is the bridge 

deck width and m1 is a parameter considering averaged angular velocity-induced 

effect (Wu and Kareem, 2013). 

Since the fatigue assessment of a long-span bridge due to buffeting is carried out 

within a wide range of wind speeds rather than extreme wind speeds, it is proper 

to assume that both the turbulence intensity and vibration are not remarkable. 

Because θ is small, it can be assumed that 0sin 0   and 0cos 1  . As a result, 

Equation (4-2) can be simplified as follows: 

            22
0

1

2 ii pP t U u t w t h t b t C             
   (4-3) 

The transient attack angle increment can be expressed as 

       
         w t h t b t w t h t b t

t t
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Thus, the pressure coefficient 
ipC  can be approximated as 
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   (4-5) 

where 
i ip pC dC d   is the derivative of 

ipC with respect to the wind attack 

angle θ. Substituting Equation (4-5) into Equation (4-3) and neglecting quadratic 

terms yields 

       

         

2 2
0 0

0

1 1
2

2 2i i

i

i p p

p

u t
P t U C U C

U

w t h t b t
C t

U

   


 


  


     

  

   (4-6) 

The expression of the fluctuating pressure can be obtained by subtracting the first 
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part, which represents the mean wind pressure component, from Equation (4-6). 

               2
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 (4-7) 

Similar to the case of pure aerodynamic pressures, the fluctuating pressures 

including both aerodynamic and aeroelastic components can be represented as 

the superposition of the products of principal coordinates and uncorrelated 

covariance modes when the POD method is applied. 

     
1

N

j j
j

t t t


 p    (4-8) 

where           1 2, , , ,
T

i Nt p t p t p t p tp    is the vector of distributed 

pressures;           1 2, , , ,
T

j Nt t t t t       is the principal 

coordinate vector of pressure modes;  1 2, , , ,j N        represents the 

corresponding covariance mode matrix; and N is the total number of 

measurement points (pressure points) in the observed bridge deck section. 

The solution of the covariance mode matrix Φ can be found by solving the 

eigenvalue problem of the covariance matrix (see Section 3.2). Then, the 

principal coordinate can be calculated from the measured fluctuating pressure 

field, and it can also be expressed in terms of the analytical fluctuating pressure 

field using Equation (4-7) as follows: 
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   (4-9) 

By introducing the pressure modal coefficient  0j
C   and the pressure modal 

derivative  0j
C  , the jth principal coordinate can be rewritten as 
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 (4-11) 

Based on the linearized quasi-steady theory, the principal coordinate can be 

expressed as a superposition of aerodynamic and aeroelastic components 

     , ,j j b j set t t     (4-12) 

where the subscript b and the subscript se indicate aerodynamic (buffeting) and 

aeroelastic (self-excited) components, respectively, which are given as follows 
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Since the linearized quasi-steady assumption does not hold for bluff bridge 

decks, the Scanlan’s semi-empirical data-driven scheme is invoked, similarly to 

the traditional buffeting and self-excited forces. Accordingly, the aerodynamic 

and aeroelastic principle coordinates of pressure modes can be refined by 

introducing pressure modal admittance functions and pressure modal derivatives. 
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where ju  and jw  are the pressure modal admittance functions of the jth 

pressure POD mode with respect to the longitudinal and vertical turbulent wind 

velocities of u and w , respectively; 1j
X


and 4j
X


, 2j

X


and 3j
X


 are the 

pressure modal derivatives of the jth pressure POD mode related to the vertical 

and torsional self-excited motions, respectively; and K is the reduced frequency 

as 2K B U fB U   , where ω and f are the circular frequency and 

frequency, respectively. It is noted that the displacement item h is introduced into 

the semi-empirical expression Equation (4-16), for the completeness and the 

comparability with the aeroelastic forces. It is also noted that the parameter m1 is 

now merged in the pressure modal derivative 2j
X


. 

According to the basic characteristic of the eigenvalue problem, the energy 

proportion falls rapidly with the increase of mode order. Thus, the distributed 

pressure at each point can be rebuilt within a limited number of the low-order 

POD modes. The aerodynamic and aeroelastic pressures can also be rebuilt in the 

same way in consideration of the linearized quasi-steady assumption. 
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where N  is the truncation order of POD modes determined based on the energy 

contribution. The energy contribution of each mode is often defined as the 

proportion of corresponding eigenvalues in all the POD modes as follows: 
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4.2.2. Identification of pressure modal derivatives 

In order to recast wind-induced distributed pressures for stress-level buffeting 

analysis of long-span bridges, the pressure modal admittance functions and the 

pressure modal derivatives need to be identified properly. The indicial function 

approximation offers a better physical interpretation of wind-induced effects on 

long-span bridges and can also be utilized as a parameter identification method. 

Conventionally, the indicial function is introduced in the function of 

non-dimensional time as s Ut B , leading to    h t h s U B  and 

   t s U B   . Therefore, the principal coordinate expressed by Equation 

(4-10) is converted to the time-dimensionless form of 

           21
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2 j jj

u s w s h s b s
s U C C s
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 (4-21) 

As the bridge deck is a typical bluff body, the hypothesis that the coefficients of 

 h s B ,  s , and  b s B   are equal with each other does not hold any 

more. By adopting the Scanlan’s formulation for aeroelastic forces in the pure 

time domain, the principal coordinate can be formulated by introducing different 

indicial functions associated separately with h and β. Analogously, the unsteady 

effect caused by turbulent wind u and w can also be featured by allowing for 

additional indicial functions. Thus, the expression of the principal coordinate of 

wind-induced fluctuating pressures can be expressed as follows: 
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The integration by parts is then used to facilitate the Fourier transform. 
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where j x  (x= u, w, h, β) is the indicial function representing the transient 

evolutionary characteristic of the jth principle coordinate j . The general form 

of the indicial function can be expressed analogously to the transient part of the 

Wagner function as follows: 
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In order to establish the relationship between the indicial functions and the 

pressure modal derivatives or admittances, the principal coordinate, expressed by 

Equation (4-23), needs to be converted to the frequency domain by using the 

Fourier transform. 
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where the non-superscript and non-subscript i represents the imaginary unit 

defined as 1i   ; and the variables marked with “^” indicate that they are the 

frequency-domain Fourier transform. By substituting Equation (4-26) below for 
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the Fourier transform of the indicial function, the final expression of each 

principal coordinate in the frequency domain is derived as Equation (4-27). 
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The indicial function parameters j x
a  and j x

d  (x= u, w, h, β) can be 

determined with the help of the measured wind pressure field, fluctuating wind 

components, and deck responses. From the measured wind pressure field, the 

principle coordinate can be obtained and converted to the frequency domain. 

From the measured fluctuating wind components and deck responses, their 

Fourier transforms can be obtained. Hence, the residue function of each principle 

coordinate can be derived as 
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The real and imaginary parts are considered separately to ensure both modulus 

and phase of the principle coordinate, thus leading to the residue function within 

a frequency range of (K0, Kn) as 
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  (4-29) 

The indicial function parameters can then be identified by using the least 

squares method to seek the minimal value of the residue function defined above. 

With the identified indicial function parameters, the aerodynamic and 

aeroelastic components of the principle coordinate of each pressure mode can 

be separated as 
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Meanwhile, the semi-empirical expressions of aerodynamic and aeroelastic 

components of the principle coordinate of the pressure mode in the frequency 

domain are presented by 
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Finally, the pressure modal derivatives can be calculated by comparing Equation 

(4-31) with Equation (4-33). 
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 (4-34) 

The pressure modal admittance functions can also be calculated by comparing 

Equation (4-30) with Equation (4-32). 
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Compared with the pressure modal derivatives, the indicial function-identified 

pressure modal admittance functions are less accurate due to the strong unsteady 

effects caused by incident and signature turbulences, especially for the bluff body 

such as bridge decks. Therefore, the proposed indicial function-based method is 

only proper for identifying the pressure modal derivatives and extracting the 

aeroelastic pressure components from the total fluctuating pressures. On this 

account, the indicial functions are more important for identifying the aeroelastic 

component rather than the aerodynamic component of fluctuating pressures. To 

this end, a two-term expression of indicial functions has been proved accurate 

enough to identify the aeroelastic components although three- or four-term 
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expression may obviously improve the identification accuracy of the 

aerodynamic components. Nevertheless, it is worthwhile to emphasize that the 

indicial functions related to turbulent wind speeds (u and w) still need to be 

included in the above least squares fitting procedure to ensure the identification 

accuracy of the indicial function parameters related to the aeroelastic 

components. 

In addition, a re-identification process is provided to increase the accuracy of 

pressure modal admittances. The aerodynamic component of the principle 

coordinate of each pressure mode is firstly obtained by subtracting the aeroelastic 

component from the full principal coordinate. Then, the aerodynamic admittance 

functions can be identified by the colligated least-squares approach of auto and 

cross spectra, similar to the identification process developed for the pure 

aerodynamic pressure measured from the wind tunnel test on motionless 

sectional deck model (see Section 3.2.2). After the least squares identification 

process, each pressure modal admittance function can be fitted with a rational 

equation as (Zhu & Xu 2014) 
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 (4-36) 

where KI and KS are the predominant reduced frequencies for incident and 

signature admittances respectively; cI(1~2) and cS(1~2) are the fitting parameters for 

incident and signature admittance respectively. The first part of the equivalent 

admittance function represents the incident admittance while the second part 

represents the signature admittance. 

4.2.3. Relationship between forces, pressures and pressure modes 

The POD-based modelling of wind pressures on a bridge deck renders some 

interesting relationships between the traditional forces, wind pressures, and 
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pressure modes. Let us take the lift force as an example in this section to explain 

the relationship between pressure modes and integrated forces. Since the 

relationship between distributed pressures and integrated forces is well-known, 

the distributed pressures can be used as a transfer medium between the POD 

pressure modes and the integrated forces. The aerodynamic and aeroelastic lift 

forces on a unit length of a bridge deck section can be calculated as the 

integration of the distributed aerodynamic and aeroelastic pressures over the 

entire deck cross-section. 
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where i  is the characteristic length along the deck cross-section outline for the 

ith pressure; and i  is the angle between the pressure direction and the horizontal 

structural axis y (see Figure 4-1). 

Substituting Equation (4-15) into Equation (4-37) yields: 
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Substituting Equation (4-16) into Equation (4-38) yields: 
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It is well known that the traditional aerodynamic and aeroelastic lift forces acting 

on the deck section are expressed by 
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where LC  and DC  are the traditional aerodynamic lift and drag coefficients; 

LC  is the derivative of lift coefficient with respect to wind attack angle; Lu  

and Lw  are the traditional admittance functions with respect to fluctuating 

wind components u and w, respectively; 1H  ~ 4H   are the traditional flutter 

derivatives of lift force. 

The relationships of admittance functions between the aerodynamic force and 

aerodynamic pressure mode can be obtained by comparing Equation (4-41) with 

Equation (4-39). Analogous relationships for drag force and pitching moment can 

also be acquired in a similar way. 
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where yi and zi are the horizontal and vertical distance between the ith pressure 

point and the section centre in the structural system. 
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The relationships of aeroelastic derivatives between the aeroelastic force and 

aeroelastic pressure mode can be obtained by comparing Equation (4-42) with 

Equation (4-40). 
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Clearly, if we know the pressure modal admittance functions and the pressure 

modal derivatives, the traditional force admittance functions and derivatives can 
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be found, but it is not reversible. The knowledge of the pressure modal 

admittance function and the pressure modal derivatives will give us a more 

comprehensive understanding of the mechanism of wind-induced vibration of 

long-span bridges. 

4.3. Wind tunnel tests 

To capture the characteristics of wind-induced aerodynamic and aeroelastic 

pressures on the typical twin-box deck of the Stonecutters Bridge, wind tunnel 

pressure tests of a spring-suspended sectional deck model were carried out in the 

TJ-2 Wind Tunnel at Tongji University, as shown in Figure 4-2. The details of 

the sectional model are given in Section 3.3. 

During the tests, the turbulent wind was simulated with a fence (Figure 4-3) 

installed at 8.5m upstream of the model. The turbulent wind, wind-induced 

pressures, and displacements were recorded simultaneously. The turbulent wind 

was measured by Series 100 cobra probes mounted 400mm above the front 

wind fairing, where the wind turbulence characteristics were little affected by 

the bridge model. The surface pressures were measured by using a 

multi-channel pressure measurement system with PSI ESP-64HD miniature 

pressures scanners fixed inside the sectional model. The vertical displacement 

and torsion motions were recorded by the Panasonic HL-C235CE-W long range 

CCD lasers shown in Figure 4-4. During the wind tunnel tests, the three 

acquisition systems are synchronously triggered through controlling computer 

software. The very small time difference caused by signal transmission and 

equipment difference between pressure and displacement signals can also be 

obtained and then eliminated by using the free vibration signal with an initial 

stimulation. The sampling frequency for all measured quantities (wind speed, 

pressure, and displacement) was set to be 200Hz. 
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Figure 4-2. Wind tunnel test setup 

 

  

Figure 4-3. Turbulence simulation fence Figure 4-4. Springs and sensors 

 

Turbulent wind field used in this study was generated at a mean wind speed of 

10.4m/s with longitudinal turbulence intensity 10.6%uI   and vertical 

turbulence intensity 8.8%wI  . The spanwise turbulent length scales of u and 

w are 0.155 mx
uL   and 0.114 mx

wL  , respectively. Figure 4-5 shows the 

auto-spectra of turbulent wind components u and w. For the sake of convenient 

comparison, all spectra in this study are presented in dimensionless form with 

respect to the reduced frequency K. The auto-spectra indicate that the energy of 

the turbulence is mainly distributed in the low-frequency range. 
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(a) Longitudinal component u (b) Vertical component w 

Figure 4-5. Auto-spectra of turbulent wind 

 

The vertical and torsional natural frequencies of the sectional model were 

identified to be 2.05Hz and 3.71 Hz, respectively. The corresponding reduced 

frequencies (K) are 1.32 and 2.39, respectively, where B=1.066m. The tests 

were carried out at three different attack angles of incident wind (–3°, 0°, and 

+3°), which were simulated by changing the installation angle of the sectional 

model. The section model vibration observed in this study was induced only by 

the incoming turbulent wind without any initial excitation. 

4.4. Results and discussions 

4.4.1. POD pressure modes 

By using the POD method, the wind-induced fluctuating pressures on the bridge 

deck can be decomposed into a series of pressure modes. Among these 

decoupled modes, the most energetic ones (usually lower-order modes) tend to 

reflect different excitation mechanisms, although no mode is likely to be 

associated with just one mechanism and vice versa (Baker 2000). The 

distribution pattern of aerodynamic and aeroelastic pressures can thus be 

directly depicted by the corresponding covariance modes. The power spectra of 
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the principle coordinates of the first three POD pressure modes at three different 

attack angles of incident wind (–3°, 0°, and +3°) are shown in Figure 4-6, with 

the vertical and torsional frequency marked by dot line and dash line 

respectively. The corresponding covariance modes of the first three POD 

pressure modes at –3°, 0°, and +3° angles of attack are shown in Figure 4-7, and 

the covariance modes of the first twenty POD pressure modes can also be found 

in Appendix A. 

 

(a) –3° attack angle 

(b) 0° attack angle 

(c) +3° attack angle 

Figure 4-6. Principal coordinate spectra of first three POD modes 

(dot line: vertical frequency; dash line: torsional frequency) 
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(a) –3° attack angle 

 

(b) 0° attack angle 

 

(c) +3° attack angle 

Figure 4-7. Covariance modes distributions of first three POD modes 
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In Figure 4-6, the vertical coordinate systems with different scales are employed 

for the first mode and the other two modes to make the figures more legible. 

Since the excitation mechanism and the affected area of incident turbulence and 

signature turbulence are quite different, the two wind turbulence effects are 

respectively analysed. It can be seen that the low-frequency incident turbulence 

component is mainly contributed by the first pressure mode and supplemented 

by the third mode in terms of energy, while the high-frequency signature 

turbulence component is attributed more to the second pressure mode. On the 

other hand, the case of aeroelastic component is much more complicated. Figure 

4-6 indicates that the first three pressure modes make a significant contribution 

to the distributed aeroelastic pressure. With such a separation, the distribution 

pattern of aerodynamic (associated with incident and signature turbulence) and 

aeroelastic (associated with self-excited motion) pressures can be depicted with 

the limited POD pressure modes and directly reflected by the covariance modes 

shown in Figure 4-7. However, it is noticed that a thorough separation, as well 

as the relevant physical interpretation, cannot be guaranteed due to the 

constraint of orthogonality condition (Holmes et al. 1997). 

Figure 4-7 shows clearly that the main variations of covariance modes among 

different POD modes concentrate on the windward edges of the two boxes, 

suggesting that the windward region plays a more significant role in distributed 

fluctuating pressures. By taking the pressure modal principal coordinates and 

covariance modes into consideration at the same time, the incident turbulence 

mainly influences the upstream box while the signature turbulence plays a vital 

role in the downstream box. The self-excited component, on the other hand, 

influents both upstream and downstream boxes, especially the windward regions 

of the two boxes. In a word, the windward edges of the bridge deck are likely to 

suffer more from wind-induced fluctuating loads, including both aerodynamic 

and aeroelastic components. 
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Moreover, it can be noticed from Equation (4-7) that the 
ipC  relevant 

components, including the self-excited motion velocities (h
．
, β
．
, β) and vertical 

turbulence (w) related component, dominate the wind-induced fluctuating 

pressure, for the 
ipC  is usually much larger than the corresponding 

ipC . The 

pressure coefficient derivative can be expressed according to the POD method as 
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By only considering the predominant first POD mode, an interesting 

relationship can be found between the first covariance mode and the pressure 

coefficient derivative. Figure 4-8 compares the distribution of pressure 

coefficient derivatives pC  and the factored covariance mode of the first 

pressure mode 
1 1C  . The resemblance of their shape confirms the feasibility of 

the POD pressure modes based on the quasi-steady assumption. 

 

 

(a) –3° attack angle 

 

(b) 0° attack angle 
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(c) +3° attack angle 

Figure 4-8. Distribution of aerodynamic pressure coefficient derivatives pC  

 

Table 4-1. Energy contribution proportions of first twenty modes 

Mode 
No. 

–3° attack angle 0° attack angle +3° attack angle 

j
E (%) j

E (%) j
E (%) j

E (%) j
E (%) j

E (%) 

1 33.78 33.78 26.16 26.16 19.92 19.92 

2 16.34 50.13 16.66 42.83 15.99 35.91 

3 12.02 62.14 16.54 59.36 15.50 51.41 

4 7.87 70.02 7.68 67.04 8.93 60.34 

5 3.96 73.97 5.17 72.21 8.51 68.86 

6 3.75 77.72 3.81 76.02 3.21 72.07 

7 3.17 80.89 2.73 78.75 2.54 74.61 

8 3.05 83.95 2.32 81.06 2.36 76.97 

9 1.82 85.76 2.08 83.14 2.35 79.32 

10 1.51 87.27 2.07 85.22 1.96 81.29 

11 1.26 88.53 1.58 86.80 1.89 83.18 

12 1.00 89.53 1.31 88.11 1.52 84.70 

13 0.92 90.45 1.25 89.36 1.48 86.17 

14 0.89 91.33 1.16 90.52 1.33 87.51 

15 0.82 92.15 1.01 91.53 1.17 88.68 

16 0.72 92.87 0.96 92.49 0.98 89.66 

17 0.70 93.57 0.84 93.33 0.92 90.58 

18 0.65 94.22 0.69 94.02 0.79 91.37 

19 0.61 94.83 0.51 94.54 0.79 92.15 

20 0.59 95.42 0.50 95.03 0.73 92.88 

 

Furthermore, the energy contribution proportions of the first twenty POD modes 
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are listed in Table 4-1. As shown in Table 4-1, the energy proportion falls 

rapidly with the increase of mode order, and the contributions of the first three 

modes alone exceed 50%. Thus, the fluctuating pressures can be reconstructed 

using a limited number of the low-order POD modes. For example, an energy 

threshold of 90% is set to determine the mode truncation order in this study. The 

pressures can thus be reconstructed by the superposition of the first thirteen, 

fourteen, seventeen modes for –3°, 0°, and +3° attack angle, respectively. 

4.4.2. Force and pressure modal derivatives 

As described hereinbefore, in the proposed method, only the aeroelastic 

parameters identified by indicial functions are directly used to rebuild the 

aeroelastic components, while the aerodynamic parameters are identified by 

using the extracted aerodynamic components. On this account, the indicial 

functions are more important for the identification of aeroelastic parameters. 

Thus, a two-term expression has been used to satisfy the requirement of 

aeroelastic components although three or four terms may improve the accuracy 

of aerodynamic components. By taking the case of 0° attack angle as an 

example, Table 4-2 gives out the indicial function parameters of the first three 

POD modes. The pressure modal derivatives obtained from the identified 

indicial functions are plotted in Figure 4-9 (Appendix B) with respect to the 

reduced velocity 2 2redU K U B    . Since the first POD pressure mode 

dominates the whole pressure field, the corresponding pressure modal 

derivatives are greater than the counterpart of other pressure modes. The values 

of the pressure modal derivatives decrease rapidly with the increase of the mode 

order, just like the energy contribution. Besides, 
31X
  and 

3 4X
  of the third 

mode are much smaller than others. This is probably because in this mode the 

aeroelastic component contributed by the vertical vibration is much smaller than 

that contributed by the torsional vibration, as shown in Figure 4-6 (b). 
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Table 4-2. Indicial function parameters of first three POD modes 

Mode φ a1 d1 a2 d2 

1 

h 7.67E–1 2.28E–2 2.43E–1 1.52E–3 
β 9.44E–1 2.20E–2 1.82E–2 3.49E–1 
u 2.27E+0 3.55E–3 1.44E+0 1.17E–1 
w 1.06E+0 5.48E–4 3.17E–2 5.48E–4 

2 

h 1.00E+0 7.19E–2 1.91E–2 6.13E–3 
β 1.01E+0 2.78E–1 1.32E–1 1.21E+0 
u 4.17E–1 2.82E–3 –4.99E+0 2.52E–1 
w 3.82E+0 5.16E–4 –1.99E+0 3.52E–3 

3 

h 7.76E–1 7.58E–3 2.51E–1 8.33E–4 
β 3.43E–1 4.36E–1 1.09E–1 6.90E+0 
u 1.39E+0 5.53E–4 3.50E–2 5.53E–4 
w 2.24E+0 7.46E–4 6.91E–1 4.30E–1 

 

(a) Mode 1 (b) Mode 2 (c) Mode 3 

Figure 4-9. Pressure modal derivatives of first three modes 

 

To exemplify the feasibility and accuracy of the proposed framework, the 

traditional force derivatives are reconstructed using the truncated POD modes 

by Equation (4-46) for lift force and other corresponding equations for drag force 

and pitching moment. The comparison between the directly identified and POD 

reconstructed force derivatives is carried out and shown in Figure 4-10. It can be 

seen that slight differences can be noticed only at high reduced velocities. It is 
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also noted that the reduced velocities corresponding to the two natural 

frequencies of the bridge deck model are rather low of 2.5 and 4.6, respectively. 

Hence, it can be concluded the slight differences have a negligible impact on the 

aeroelastic forces. 

 

(a) Drag force (b) Lift force (c) Pitching moment 

Figure 4-10. Directly identified and POD reconstructed force derivatives 

 

4.4.3. Separation of aerodynamic and aeroelastic components 

As the pressure modal derivatives are settled, the aeroelastic components of POD 

pressure modes can be calculated by using Equation (4-16), and the aerodynamic 

components can then be obtained by subtracting the aeroelastic components from 

the total pressure modal principal coordinates. The aerodynamic and aeroelastic 

principal coordinate time histories, as well as the power spectra of the first three 

POD pressure modes, are directly compared in Figure 4-11 and Figure 4-12. It 

can be seen that the aeroelastic components have relatively smaller amplitude and 

weaker randomness than the aerodynamic components. Furthermore, aeroelastic 

self-excited components of the first and second POD pressure modes concentrate 

within two narrow frequency-bands, respectively, around the vertical and 

torsional natural frequencies of the sectional model system, whilst that of the 

third mode concentrates within a narrow frequency-band around the torsional 
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natural frequencies. Different from the narrow frequency-band behaviour of the 

aeroelastic components, the aerodynamic components distribute randomly within 

a wide frequency-range. Moreover, the aerodynamic components of the second 

and third modes contain remarkable contributions of the signature turbulence 

which distribute within a frequency-band around the Strouhal frequency. The 

results also demonstrate that the vertical and torsional oscillation frequencies 

change slightly to 2.12Hz and 3.66Hz, respectively because of the aeroelastic 

effect, i.e., aerodynamic stiffness effect. Comparing with those in the still air, 

which are 2.05Hz and 3.71Hz, respectively, the vertical frequency increases by 

about 3.4% while the torsional frequency decreases by about –1.3%. 

 

(a) Mode 1 (b) Mode 2 (c) Mode 3 

Figure 4-11. Aerodynamic and aeroelastic principal coordinate time histories of 

first three POD modes 

 

(a) Mode 1 (b) Mode 2 (c) Mode 3 

Figure 4-12. Aerodynamic and aeroelastic principal coordinate spectra of first 

three POD modes 
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4.4.4. Force and pressure modal admittances 

As mentioned in Section 4.2.2, the pressure modal admittance functions can be 

identified by using indicial function method or the colligated least-squares 

method, however, the former has lower accuracy than the latter. The indicial 

function produced admittance functions and the colligated least-squares method 

produced admittance functions of the first three modes are compared directly in 

Figure 4-13, where IF and LS in the legends of the figure represent that the results 

were identified with the indicial function method and the colligated least-square 

method, respectively. To check the reliability of these two identification 

approaches for admittance functions, they are both used to rebuild the 

aerodynamic component of each POD pressure mode, and the results are shown 

in Figure 4-14. 

(a) Mode 1 (b) Mode 2 (c) Mode 3 

Figure 4-13. Indicial function and least-squares pressure modal admittances of 

first three modes 

 

(a) Drag force (b) Lift force (c) Pitching moment 

Figure 4-14. Rebuilt aerodynamic components of pressure modal coordinates 

with indicial function and least-squares pressure modal admittances 
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It can be observed from Figure 4-13 that the values estimated by the indicial 

function method are smaller than those by the least-squares-method for most of 

the pressure modal admittances. Therefore, the aerodynamic components cannot 

be successfully rebuilt by using the indicial function pressure modal admittances, 

but they can be rebuilt very well with the least-squares pressure modal 

admittances. This means that the introduction of the least-square reidentification 

procedure for pressure modal admittances is quite necessary. It is also noted that 

the effect of each turbulent component should be considered together with the 

corresponding pressure modal coefficients listed in Table 4-3, where the 

u-related admittances are associated with 2
j

C  and the w-related admittances 

are related to j
C  (see Equation (4-15)). Since some of the corresponding 

pressure modal coefficients such as 
1

C  are quite large, the underestimation by 

the indicial function admittances is usually not acceptable. Moreover, due to the 

characteristics of the indicial functions, all the curves obtained via indicial 

functions start from 1 and then shrink to 1
j x

a  (x= u, w) with the increase of 

K. Therefore, the signature component is hard to be reflected by the indicial 

function curves, which is clearly shown in the second pressure mode (see Figure 

4-13(b)), while the least-squares produced admittances can accurately reflect the 

trend of the aerodynamic component. In this sense, the indicial function method 

can only provide a rough estimation instead of an accurate result of the 

admittance functions, while the colligated least-square method is more applicable 

in practice for identifying the pressure modal aerodynamic admittance functions. 

Therefore, the colligated least-squares method produced admittance functions of 

the first twenty POD modes are calculated and given in Appendix C. 

 
Table 4-3. Pressure modal coefficients of the first three modes 

Attack Angle Mode 1 Mode 2 Mode 3 

2
j

C  –0.855 0.276 –4.252 

j
C  –29.381 –2.734 –1.200 
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Also, to exemplify the feasibility and accuracy of the proposed identification 

approaches of the pressure modal aerodynamic admittance functions, the 

aerodynamic admittance functions of the integrated forces are assembled 

according to Equation (4-43) with the identified pressure modal admittance 

functions. Figure 4-15 exhibits the comparisons between the force admittances 

directly identified from the integrated aerodynamic forces with those assembled 

with the pressure modal admittances, both of which are obtained with the least 

squares method. The results then suggest that there is a satisfactory agreement 

for the least-squares-produced admittance functions, which reconfirms the 

reliability of the least squares identification method. 

 

(a) Drag force (b) Lift force (c) Pitching moment 

Figure 4-15. Identified and reconstructed least-squares force admittances 

 

4.4.5. Reconstruction of aerodynamic and aeroelastic pressures 

Several pressure taps near windward edges (Tap 103, Tap 221, and Tap 223) are 

selected as key points to exemplify the feasibility of pressure reconstruction 

using the POD pressure modes. The measured and reconstructed pressure 

spectra of these key taps are shown in Figure 4-16. It can be seen that the 

reconstructed spectra are in good agreement with the original ones obtained 

directly using the measured pressure time histories from Tap 103 and Tap 223. 
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This validates the feasibility of the proposed method to some extent. The slight 

differences of the pressure spectra at Tap 221 focus on the aerodynamic 

components, and could be possibly caused by the neglect of the cross spectra 

between the principal coordinates of POD modes in the rebuilding process. 

Because of the orthogonality of the eigenvectors of POD modes, the 

decomposed POD modes are traditionally considered as uncorrelated, and thus 

the cross spectra between the principal coordinates of POD modes are usually 

neglected in the reconstruction of the pressure spectra as well as the integrated 

force spectra. However, although the values of cross spectra between the 

principal coordinates may be not large, they are not zero, especially for the 

signature turbulent frequency range the cross spectral values may be significant. 

 

(a) Tap 103 (b) Tap 221 (c) Tap 223 

Figure 4-16. Measured and POD truncated pressure spectra 

 

As the pressure modal admittances and derivatives have been successfully 

identified, the aerodynamic and aeroelastic pressures can then be separated. The 

directly measured wind-induced fluctuating pressure time histories and spectra, 

as well as the divided aerodynamic and aeroelastic components, are shown in 

Figure 4-17 and Figure 4-18, respectively. For the three key taps located at 

windward edges of two boxes as mentioned before, their pressure characteristics 

are of significant difference. It can be found that the stochastic vibration due to 

incident turbulent wind can excite large aeroelastic pressures, especially at the 
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windward edge zone of the top plate of the downstream box (see Tap 221). 

Furthermore, it can be seen from Figure 4-18 that the high-frequency signature 

turbulence has a significant impact on the downstream box, which can be 

attributed to the vortices caused by the upstream box and intensified by the slot 

between two boxes. 

 

   

(a) Tap 103 (b) Tap 221 (c) Tap 223 

Figure 4-17. Aerodynamic and aeroelastic pressure time histories 

 

(a) Tap 103 (b) Tap 221 (c) Tap 223 

Figure 4-18. Aerodynamic and aeroelastic pressure spectra 

 

To further investigate the influence of different POD pressure modes on the 

pressure, the spectra of the total fluctuating pressures related to the first three 

POD modes are given in Figure 4-19 for the case of 0° attack angle. Although 

the first two modes play important roles as a whole, the proportions of different 

modes vary from one location to another. The first mode contributes more to the 

incident turbulence related component, while the second mode mainly reflects 
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the signature turbulence related component. The third mode has comparative 

contributions to the incident turbulence-related component and the signature 

turbulence-related component. Furthermore, all of the three modes contain 

significant self-excited components. It can also be found that the incident 

turbulence affects the pressures on the whole deck while the signature 

turbulence is much more influential on the pressures on the downstream box 

than on the upstream box. Moreover, the third POD pressure mode can play a 

vital role on some pressure taps such as Tap 221 and Tap 223. 

 

(a) Tap 103 

(b) Tap 221; 

(c) Tap 223 

Figure 4-19. Spectral components related to first three modes 
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4.4.6. Reconstruction of aerodynamic and aeroelastic forces 

The spectra of the integrated forces rebuilt by the POD method are plotted in 

Figure 4-20 and compared with those of the forces directly integrated from the 

measured pressures. In addition, the separated aerodynamic and aeroelastic 

components of the integrated forces are shown in terms of both the time histories 

and spectra in Figure 4-21 and Figure 4-22, respectively. 

(a) Drag force (b) Lift force (c) Pitching moment 

Figure 4-20. Measured and POD reconstructed force spectra 

 

   

(a) Drag force (b) Lift force (c) Pitching moment 

Figure 4-21. Aerodynamic and aeroelastic force time history 

 

(a) Drag force (b) Lift force (c) Pitching moment 

Figure 4-22. Aerodynamic and aeroelastic force spectra 
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Obviously, the shares of aeroelastic component in lift force and pitching moment 

are much larger than that in drag force. This result is reasonable because the 

sectional model was controlled to vibrate mainly in the vertical and torsional 

degree of freedoms. On the other hand, Figure 4-20 exhibits a rather high 

agreement between the spectra of the measured and rebuilt forces, especially for 

the lift force. Although slight discrepancies can be observed at low-frequency 

incident turbulence range or high-frequency signature turbulence range due to 

the neglect of cross spectra, the energy loss is actually very small. In general, the 

feasibility of the proposed POD-based modelling method for the distributed 

aerodynamic and aeroelastic pressures on the surface of a bridge deck can be 

confirmed. 

4.5. Summary 

A proper orthogonal decomposition (POD) based modelling method for 

distributed aerodynamic and aeroelastic pressures over a bridge deck has been 

presented in this study. The indicial functions are used to identify the pressure 

modal admittances and derivatives so that the aerodynamic (buffeting) and 

aeroelastic (self-excited) components of wind-induced fluctuating pressures can 

be separated. Since the pressure modal admittances identified via indicial 

functions have its limitations, a re-identification process has been introduced in 

this study to obtain the accurate pressure modal admittances by applying the 

colligated least-squares method to the auto and cross spectra of the measured 

wind speeds and the extracted aerodynamic pressures. 

The proposed method has been applied to a typical twin-box deck section of the 

Stonecutters cable-stayed bridge in Hong Kong via free-vibration wind-pressure 

aeroelastic sectional-model tests. The characteristics of POD pressure modes, 
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including covariance modes, principal coordinates, pressure modal admittances, 

and pressure modal derivatives were investigated in detail and the major 

findings were summarized as follows: 

(1) The proposed modelling method can effectively separate the aerodynamic 

pressure component and the aeroelastic pressure component from the 

measured distributed pressures and unveil the distribution characteristics of 

the total fluctuating pressures and their components. 

(2) The incident turbulence-induced pressure component is mainly represented 

by the first POD mode and dominates the upstream box, while the signature 

turbulence-induced component is mainly reflected by the second POD 

mode which has a great influence on the downstream box. 

(3) The self-excited components are controlled by first three POD modes while 

the affected areas mainly focus on the windward edge zones of the two 

boxes. 

(4) The distributed pressures and the integrated forces, as well as their 

aerodynamic and aeroelastic components, were reconstructed by the 

proposed method and compared with the directly measured ones. The 

comparative results confirm the feasibility and accuracy of the proposed 

modelling approach. 
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CHAPTER 5 

SPAN-WISE CORRELATION ANALYSIS BASED ON 

POD PRESSURE MODES 

5.1. Introduction 

In this chapter, the correlation of wind pressures over the surface of a twin-box 

bridge deck is investigated in terms of POD pressure modes. Both the covariance 

modes and principle coordinates of the POD pressure modes are taken into 

account. As mentioned before, the effects of aeroelastic (self-excited) and 

aerodynamic (buffeting) pressure components are considered separately with the 

help of indicial function. In addition, the aerodynamic components induced by 

incident turbulence and signature turbulence are also separated by using the 

empirical mode decomposition (EMD) method. The proposed POD based 

correlation analysis method is then applied to wind pressure data obtained from 

wind tunnel tests on the spring-suspended sectional model mentioned in Chapter 

4. The correlation coefficients are first calculated to present the overall variation 

trend of spanwise correlation in the time domain, and then the root coherences 

offer more information in the frequency domain. Moreover, the root coherences 

of distributed pressures are also reconstructed to confirm the efficacy and 

accuracy of the proposed POD-based spanwise correlation analysis method. 

5.2. Framework for POD-based spanwise correlation analysis 

This section will establish a framework to reveal the spanwise correlation of wind 

pressures over the surfaces of a twin-box bridge deck. The POD-based method is 

employed as a powerful tool to describe the wind pressure field around a given 

section (strip) of the bridge deck. The spanwise correlation is then discussed in 

terms of POD covariance modes and pressure modal coordinates. Since the 
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correlation feature of wind pressures is closely related to the characteristics of 

wind pressure components, the indicial functions are introduced to separate 

aeroelastic (self-excited) pressure component from aerodynamic (buffeting) 

pressure component, and the empirical mode decomposition (EMD) method is 

used to further separate the aerodynamic pressure component into incident 

turbulence and signature turbulence-induced pressure components. The 

correlation coefficients and root coherences of the pressure modal coordinates are 

worked out for each pressure component, and the root coherence of any two 

pressures are reconstructed. 

5.2.1. Spanwise correlation of POD pressure modes 

The definition of the POD pressure modes indicates that the characteristics of 

wind pressure field are reflected by two quantities, the time-varying principal 

coordinates uncorrelated to each other and the corresponding time-independent 

covariance modes. Each POD pressure mode distributes according to the 

corresponding covariance mode and varies with time in the same way as the 

principal coordinate. This implies a full chordwise correlation of wind pressures 

in each POD mode. However, different POD modes are assumed to be 

completely uncorrelated to each other. 

According to the strip assumption, wind pressure distribution in any strip (section) 

along the bridge deck is equal if the incident wind is fully correlated along the 

deck. Thereupon, the decomposed pressure modes should also be exactly the 

same under a fully correlated oncoming flow. However, the natural turbulent 

wind is usually considered as a stochastic field that is instantaneously coherent 

over the bridge deck. Therefore, it is reasonable to assume that this temporal 

coherence between different strips is reflected by the coherence of time-varying 

principal coordinates of the pressure mode, while the corresponding 
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time-independent pressure covariance modes are identical for all strips. 

Nevertheless, a strict consistency of pressure covariance modes may not appear 

because of the uncertainties in measured wind pressures and the non-uniformity 

of turbulent wind field along the bridge deck. On this account, the following 

Pearson product-moment coefficient is employed as a similarity index to evaluate 

the consistency between two modal covariance modes of the same order obtained 

from two different strips. 
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where  1 2,Cor
j x x   is the correlation coefficient of the POD covariance modes; 

 1,j x  and  2,j x  are the covariance modes of the jth POD pressure modes 

obtained at two separated sections x1 and x2;    , ,1 2
,C

j x j x   is the cross covariance 

function;  , 1j x  and  , 2j x  are the standard deviations of  1,j x  and  2,j x . 

If the consistency of the decomposed POD covariance modes exists, the spanwise 

correlation of wind pressures can be reflected by the correlation of pressure 

modal principle coordinates. Since the aerodynamic and aeroelastic pressure 

components have different characteristics, their spanwise correlations should be 

considered separately. 

Traditionally, the correlation coefficient is adopted to represent the spanwise 

correlation. The correlation coefficient of the pressure modal principle 

coordinates can be accordingly defined as 
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where  1 2,Cor ,
j x x   is the correlation coefficient of pressure modal principle 

coordinates;  1,j x  and  2,j x represent the pressure components (aeroelastic 
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or aerodynamic) of the jth modal principal coordinates at sections x1 and x2; 

   
 

, ,1 2
,C

j x j x    is the cross covariance function;  , 1j x  and  , 2j x  are the 

standard derivations of the jth modal principal coordinates at sections x1 and x2. 

5.2.2. Root coherence of pressure modal coordinates 

The correlation coefficient cannot offer the frequency information required by 

the buffeting analysis method in the frequency domain (Davenport 1962). Thus, 

the coherence functions are used to address this problem. According to the 

conventional definition, the root coherence function of a modal principal 

coordinate can be defined as 
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where  
1 2

1 2
,Coh ,

j x x K   is the root coherence function of the jth pressure modal 

coordinate;    
 

, ,1 2j x j x
S K   is the cross-spectrum between  1,j x  and  2,j x at 

sections x1 and x2;  
 

, 1j x
S K  and  

 
, 2j x

S K  are the auto-spectra of  1,j x  

and  2,j x  at section x1 and x2, respectively. 

Several empirical root coherence models concerning wind-induced aerodynamic 

load have been proposed in the past half century. For engineering application, 

Davenport (1962) first assumed that the spanwise correlation of aerodynamic 

forces on the bridge deck is the same as that of the incident flow and proposed an 

exponential decay function with respect to the reduced frequency for the root 

coherence. 

 1 2Coh , exp
K

K c
B

    
 

 (5-4) 

where the collective term K∆/B is the reduced frequency with respect to the 
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spanwise distance ∆; and c is the decay factor. 

The Davenport’s model is the first and most widely used empirical root 

coherence model due to its simple form and explicit physical interpretation 

(European Committee for Standardization 2005; Ministry of Communication of 

PRC 2004). Afterwards, some researchers modified the Davenport root 

coherence model (Flay & Vickery 1995; Jakobsen 1997; Larose & Mann 1998; 

Mann et al. 1991). Among others, Mann (1991) modified the Davenport’s model 

to cover wider frequency range and larger separation distance. The modified 

model is expressed by the following equation. 

 1 2
2 1Coh , 1 exp

K
K c c

B

      
 

 (5-5) 

where c1 is the decay factor; and c2 controls the root coherence peak value at zero 

frequency. 

However, as discussed in the introduction section, many researches indicate that 

aerodynamic forces are more highly correlated than incident wind turbulence 

along the bridge deck. Also, the conventional exponential functions for wind 

coherence cannot reflect the “low frequency peak” and tend to overestimate the 

coherence at low frequency range. Thus, a series of new empirical root coherence 

models have been put forward, especially for the aerodynamic forces (Larose & 

Mann 1998; Yan et al. 2016; Zhu et al. 2013). Among others, the Larose’s 

empirical model (Larose & Mann 1998) was developed based on the analytical 

expression of the wind coherence derived from the von Kármán spectrum (Mann 

et al. 1991), so that the parameters are likely to have clear physical meaning and 

contribute to the comprehensive understanding of wind-bridge interactions. 

Therefore, the Larose’s empirical fitting function is also considered in this study 

in terms of the POD pressure modal coordinates as follows 
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where K1/6 and K5/6 are the modified Bessel functions of the second kind; k1 is a 

wave number 1 2k U f U   ; and η is the von Kármán collapsing 

parameter defined as 
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     (5-7) 

In this expression, the exponent a and the length scale Lα are kept as 

to-be-determined parameters from the least-squares fits. 

It should be noted that all the above fitting functions are developed based on the 

wind field or wind effect on streamline-liked sections, where the signature 

turbulence impact is negligible. Thus, the above fitting functions can be directly 

applied to the incident turbulence. The twin-box deck, however, is also relatively 

vulnerable to the signature turbulence component, which can be attributed to the 

vortices caused by the upstream box and intensified by the slot between two 

boxes. Unlike the incident turbulence component, the spanwise root coherence of 

signature turbulence component shows a high frequency peak at the predominant 

signature frequency. In order to coalesce the spanwise coherence of incident and 

signature components, Zhu (2014) defines a new reduced frequency with respect 

to the predominant signature frequency as 

2s s
s

f fB B
K KK

U U

   
     (5-8) 

where the subscript S indicates the (reduced/circular) predominant frequency of 

the signature turbulence-induced pressure. 
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The new reduced frequency can then be applied to the empirical equations to 

replace the normal reduced frequency K, so that the spanwise root coherence of 

signature turbulence component can also be fitted by Equation (5-5). The root 

coherence value at the predominant signature frequency is usually not equal to 1 

so that Equation (5-4) is not used here. Same as the reduced frequency, the wave 

number in the Larose’s model can be redefined as follows 

1

2s sf f
k

U U

   
    (5-9) 

The new wave number can then be applied to Equation (5-6) to fit the spanwise 

root coherence of signature turbulence component. On the other hand, instead of 

transforming the frequency term, Zhu (2013) suggests introducing the rational 

fractions to reflect the contribution of the signature turbulence as 
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where p1 and p2 are the parameters to be fitted. 

5.2.3. Root coherence of pressures 

In the light of POD-based framework for spanwise correlation analysis, the root 

coherence of wind pressures at any two points on the surface of the bridge deck 

can be reconstructed. Successful reconstruction of pressure root coherence, in 

turn, validates the feasibility of the POD based framework for spanwise 

correlation analysis. The function of root coherence of any two pressures can be 

conventionally written as 
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where  1 1,i xp  and  2 2,i xp  are wind pressures of two arbitrary points on the deck 

but at two different strips; i1,2 denote the positions of the pressure points in the 

strip, while x1,2 represent the positions of their strips (sections) along the span as 

shown in Figure 5-1; and  
 

,1 1i xpS K ,  
 

,2 2i xpS K ,    
 

, ,1 1 2 2i x i xp pS K  are the 

corresponding auto and cross spectra which can be calculated by using POD 

pressure modal coordinates. 

 

 

Figure 5-1. Reconstruction of root coherence of two pressure points 

 

According to the basic characteristic of POD method, the distributed pressure of 

each point can be reconstructed by using a limited number of the low-order POD 

pressure modes. 
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 (5-12) 

Because of the orthogonality of the pressure covariance modes, the decomposed 

POD modal coordinates are considered as uncorrelated. Thus, the cross-spectra 

of principal coordinates are neglected in the reconstruction of pressure spectra. 
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Analogously, the cross-spectra of wind pressures at any two points on the deck 

can be obtained by introducing the root coherence function of pressure modes. 
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By substituting Equations (5-13) and (5-14) into Equation (5-11), the spanwise 

coherence of any two pressures can be calculated. 

A flow chart of POD-based spanwise correlation analysis is given in Figure 5-2. 

 

  

Figure 5-2. Flow chart of POD-based spanwise correlation analysis 
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5.3. Wind tunnel tests 

Wind-induced pressure data were obtained from the wind tunnel pressure tests 

of a spring-suspended sectional deck model described in Section 4.3. Seven 

pressure-tapped strips were distributed along the span of the sectional model with 

a series of separation distances to study the spanwise correlation of 

wind-induced pressures (see Figure 5-3). The distances between measurement 

strips were arranged from D/8 (Strip 2&3) to 3D (Strip 1&7), where D is the 

distance between adjacent transverse beams. Each measured strip has 98 pressure 

taps, 49 for one single box. The pressure tap arrangement is shown in Figure 3-4. 

Moreover, the measurement system has also been described in Section 4.3. 

 

 

Figure 5-3. Positions of 7 pressure-tapped strips (Unit: mm) 
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5.4. Results and discussions 

5.4.1. Character of POD pressure modes 

To better reveal the features of the spanwise correlation of wind pressures on 

bridge decks, wind-induced fluctuating pressures are represented as the 

superposition of the products of principal coordinates and uncorrelated 

covariance modes by using the POD method. The characteristics of the POD 

pressure modes for the concerned twin-box bridge deck have already been given 

in Section 4.4. 

Moreover, the aerodynamic components of pressure modes are induced by both 

incident and signature turbulences, which have different characteristics and cause 

difficulty in buffeting analysis without separation. Therefore, the empirical mode 

decomposition (EMD) method (Huang et al. 1998; Zhu & Xu 2014) is introduced 

to decompose the aerodynamic pressure modal principle coordinate into incident 

and signature turbulence-induced components as 

     , ,I ,Sj b j jt t t     (5-15) 

where the subscript I and the subscript S denote incident and signature 

turbulence-induced components respectively. 

By using the EMD method, each pressure modal coordinate can be decomposed 

into a series of intrinsic mode functions (IMFs) ranging from short period to long 

period components. Then, several short period components can be added up to 

represent the effect of high frequency signature turbulence, while the rest part is 

mainly caused by the incident turbulence (Zhu & Xu 2014). In this study, the first 

two IMFs are selected to reflect the signature turbulence effect. Figure 5-4 shows 

the spectra of the first three pressure modal coordinates and their first six IMFs. 

Figure 5-5 depicts the original and decomposed incident and signature 
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turbulence-induced spectra of the first three pressure modal coordinates. 

 

(a) Mode 1 (b) Mode 2 (c) Mode 3 

Figure 5-4. EMD components of first three POD modes 

 

(a) Mode 1 (b) Mode 2 (c) Mode 3 

Figure 5-5. Incident and signature components of first three POD modes 

5.4.2. Spanwise correlation of POD covariance modes 

As previously mentioned, the covariance modes with the same order but on 

different cross sections (strips) are consistent with each other if the wind field is 

uniform enough in span wise. However, they are actually not strictly consistent 

with each other because of the non-uniformity of turbulent wind field simulated 

in the wind tunnel as well as measurement errors. It is thus necessary to make a 

consistency check of the covariance modes as the first step of the POD-based 

spanwise correlation analysis. Figure 5-6 compares the first three covariance 

modes at the five separated strips (strips 1, 3, 4, 5 and 7 shown in Figure 5-3). 
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Figure 5-6. Covariance modes from different measured strips 

 

It can be seen that the shapes of covariance modes are alike within the same POD 

order, although slight distinctions can be observed especially at the windward 

edges of both two boxes. For the sake of quantification, the correlation 

coefficient of POD covariance modes is calcualated accordding to Equation (5-1). 

The correlation coefficients of first three POD covariance modes are shown in 

Figure 5-7. Although a slight decrease can be observed as the distance increases, 

the values of correlation coefficients are above 0.9 within the studied spanwise 

separation distance. Therefore, the POD covariance modes obtained from 

different sections are considered to be identical with each other. Only one set of 

POD covariance modes are used to calculate the pressure modal coordinates of 

different sections to make the spanwise correlation analysis of pressure modes 

simple and feasible. 
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Figure 5-7. Spanwise correlation of first three POD covariance modes 

 

5.4.3. Spanwise correlation of pressure modal coordinates 

Considering the decomposed POD covariance modes are quite stable along the 

span, the spanwise correlation of wind pressures can be reflected by the 

correlation of pressure modal coordinates. Because the aerodynamic and 

aeroelastic effects are considered as a linear superposition in the buffeting 

analysis, and the signature turbulence effects (high frequency) are largely 

separated from the incident turbulence effects (low frequency), the spanwise 

coherence function can be identified for them separately by assuming these three 

parts are uncorrelated. Therefore, after the different components were separated 

from each pressure modal coordinate (refer to Section 5.4.1), the spanwise 

correlation coefficients of the aeroelastic pressure modal components and the 

incident and signature turbulence-induced aerodynamic pressure modal 

components can then be calculated and presented in Figure 5-8. Figure 5-8(b) 

also gives the spanwise correlation coefficient of incoming wind turbulent 

component w for comparison. 
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(a) Aeroelastic component (b) Incident turbulence- 

induced aerodynamic 

component 

(c) Signature turbulence- 

induced aerodynamic 

component 

Figure 5-8. Span-wise correlation of first three pressure modal coordinates 

 

Notably, the correlation coefficients in Figure 5-8(a) are rather close to 1, which 

suggest that the aeroelastic components of each POD pressure mode at different 

strips are highly correlated within the entire spanwise separation distance. This 

result supports the conventional assumption of perfectly correlated aeroelastic 

(self-excited) forces in the buffeting analysis of long-span bridges (Scanlan 

1978a). The aerodynamic components, on the other hand, decay with the increase 

of distance in general. Particularly, the incident turbulence-induced pressure 

components are mainly affected by the incident wind turbulent flows. It can be 

seen from Figure 5-8(b) that on one hand, the spanwise correlations of incident 

turbulence-induced aerodynamic pressure components of the POD pressure 

modes have a similar pattern with the spanwise correlation of incoming vertical 

wind turbulence component. On the other hand, the spanwise correlations of 

incident turbulence-induced aerodynamic pressure components of the POD 

pressure modes are much higher than that of the incident wind turbulent flow, 

especially for the first and third pressure modes, in which the incident 

turbulence-induced component is dominant. By contrast, the signature 

turbulence-induced pressure components are less correlated with the incident 

wind turbulence than the incident turbulence-induced pressure counterpart, and 
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they decay much faster. In the current case, the spanwise correlation coefficients 

of signature turbulence-induced pressure components fall below 0.2 within one 

fifth of the deck width. 

5.4.4. Root coherence of pressure modal coordinates 

The spanwise correlations of pressure modal coordinates are also examined in the 

frequency domain via root coherence functions. Four distances (1Δ0, 2Δ0, 4Δ0, 

8Δ0) are selected to cover the possible decaying range, where one fourth of the 

distance between two adjacent transverse beams, D/4, is selected as a reference 

Δ0. Figure 5-9 exhibits the root coherences of aeroelastic components for the first 

three pressure modes with different spanwise distances, in which the vertical dot 

line represents the vertical frequency while the vertical dash line refers to the 

torsional frequency of the deck model. It can be seen that the spanwise root 

coherence values are close to 1 at the vertical and torsional frequencies but the 

spanwise root coherence tends to be comparatively discrete at some of other 

frequencies. This phenomenon can be understandable due to the narrow-band 

characteristics of the aeroelastic pressure component. A slight deviation appears 

at the vertical frequency of the third pressure mode because this mode makes 

little contribution to the vertical motion, as shown in Figure 4-12(c). 

 

(a) Mode 1 (b) Mode 2 (c) Mode 3 

Figure 5-9. Root coherence of first three pressure modal aeroelastic components 

(dot line: vertical frequency; dash line: torsional frequency) 
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The Davenport’s model (Davenport 1962), Mann’s modified model (Mann et al. 

1991) and the Larose’s model (Larose & Mann 1998), given by Equations 

(5-4)-(5-6) respectively, are selected to fit the root coherence of incident 

turbulence-induced aerodynamic components. Because the incident turbulence 

effect contributes mainly to the first POD mode, the corresponding root 

coherence is selected as a representative case and shown in Figure 5-10. The root 

mean squared error (RMSE) is also employed to evaluate the aforementioned 

models, and the results are listed in Table 5-1. It can be seen that the RMSE 

values from the Larose’s model are smaller than those from the other two 

empirical models at all separation distances, which indicates a better fitting result. 

The sharp increase of RMSE at large separation distances also indicates the 

inherent limitation of the Davenport’s model. Figure 5-10 shows that the root 

coherence decreases obviously with the increase of the distance separation in 

accordance with the decay trend of the relevant correlation coefficients. For some 

separations, a peak can be observed at a rather low frequency, and this peak can 

be well fitted by the Larose’s empirical model. Except for the low frequency peak, 

it can be seen that the Larose’s model agrees well with the measured data over the 

whole frequency range. On the other hand, the Davenport’s model can be 

considered reasonable only when the separation distance is small, while the 

Mann’s modified model also abandons the accuracy at high frequencies. 

 

 

Figure 5-10. Root coherence of incident turbulence induced aerodynamic 

component (POD mode 1) 
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Table 5-1. RMSE of the empirical models for incident turbulence component 

 1Δ0 2Δ0 4Δ0 8Δ0 

Davenport’s model 0.1585 0.2271 0.3673 0.4705 

Mann’s model 0.1849 0.1103 0.1451 0.1483 

Larose’s model 0.0878 0.0834 0.1224 0.0973 

For a more direct illustration, the root coherence of incident turbulence-induced 

aerodynamic components of the first POD mode and the fitted surfaces by the 

Mann’s and Larose’s empirical models are plotted in the 3D coordinate system in 

Figure 5-11. The parameter a for the Larose’s model is fitted by an exponential 

decay function which will be discussed in the subsequent part. It can be seen that 

both the fitting models meet the requirement of perfect correlation when the 

distance is zero. However, limited by the exponential decay form, the Mann’s 

model cannot reflect the peak at low frequency. Moreover, it overestimates the 

coherence at low frequency but underestimates at high frequency. 

(a) Measured surface (b) Fitted surface (Mann) (c) Fitted surface (Larose) 

Figure 5-11. Root coherence surface of incident turbulence-induced 

aerodynamic component (POD mode 1) 

Now, the second POD mode is selected as an example to analyse the root 

coherence of signature turbulence-induced aerodynamic component due to its 

great contribution to the signature turbulence effect. As described in Section 5.2.2, 

a reduced frequency with respect to the predominant signature frequency is 

introduced to make the traditional root coherence models available for the root 
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coherence of signature turbulence component. The root coherence of three 

different distances and the corresponding fitted curves are given in Figure 5-12, 

while the RMSE values are listed in Table 5-2. Compared with the incident 

turbulence component, the root coherence of the signature turbulence 

components decreases more rapidly with the increase of distance separation. 

This suggests that the signature turbulence-induced pressure component has 

much weaker correlation than the incident turbulence-induced component. 

Since the signature turbulence of the twin-box deck is mainly caused by the 

flow separation in the slot between two boxes and it affects the downstream box 

much more, the spanwise correlation of the wind pressures on the downstream 

box is expected to be weak. Moreover, an axis of symmetry at the predominant 

signature frequency can be observed by employing the Mann’s or Larose’s 

empirical model to fit the root coherence of signature turbulence-induced 

components, while the Zhu’s model can avoid this problem and offer a smooth 

root coherence curve. 

 

Figure 5-12. Root coherence of signature turbulence-induced aerodynamic 

component (POD mode 2) 

 

Table 5-2. RMSE of the empirical models for signature turbulence component 

 1Δ0 2Δ0 4Δ0 

Mann’s model 0.1160 0.2414 0.2061 

Larose’s model 0.0973 0.1334 0.1163 

Zhu’s model 0.0936 0.1204 0.0971 
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5.4.5. Parameter analysis of Larose’s model 

Some interesting features of the parameters in the Larose’s model are found in 

this study, which is slightly different from the trend described by Larose himself. 

Firstly, the identified length scale Lα in this study is observed quite stable even for 

small separation. Therefore, instead of keeping Lα as a variable parameter with 

respect to Δ, a unified length scale can be settled to reflect the spanwise 

correlation scale for simplicity and practical application. The integral length 

scales in the spanwise direction are also calculated as a comparison by the 

following equation. 

   
0

xL Cor d


    (5-16) 

where the superscript x denotes the span-wise direction and  Cor   is the 

span-wise correlation, which can be applied to either incoming wind turbulence 

or aerodynamic pressure modal coordinate components. The spanwise 

correlation curve is assumed to obey an exponential decay law and fitted by the 

following function. 

   expCor     (5-17) 

where λ is a decay parameter, and the reciprocal of λ is the integral length scale. 

1xL   (5-18) 

The exponential function-fitted spanwise correlations of the incoming wind 

turbulence w and the incident and signature turbulence-induced pressure modal 

components are given in Figure 5-11. The corresponding integral length scales 

are listed in Table 5-3 together with the identified length scales in the empirical 

model derived from the von Kármán spectrum (Larose & Mann 1998; Mann et al. 

1991). 
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(a) Vertical turbulence (b) Incident turbulence- 

induced component 

(c) Signature turbulence- 

induced component 

Figure 5-13. Exponential fit of span-wise correlation 

 

Table 5-3. Comparison of length scales 

 Lw (m) Lα1, I (m) Lα2, S (m) 

Integral length scales xL  0.114 0.480 0.155 

Empirical model length scales L  0.308 0.325 0.124 

 

As mentioned in the introduction section, wind-induced forces (mainly incident 

turbulence-induced components) are more correlated than the incident turbulence 

wind, and this phenomenon is extremely obvious when the integral length scale 

of the wind is smaller than the deck width. Some results from thin airfoils or 

streamlined closed-box bridge decks indicate that the ratio of the integral length 

scale of the force to the integral length scales of turbulence w, ,
x x
L M wL L , follows 

an exponential decay with respect to the vertical scale of turbulence (Larose & 

Mann 1998; Yan et al. 2016). For conditions representative of full-scale 

conditions for closed-box decks, the ratio of ,
x x
L M wL L  tends to be around 2. For 

the case of pressure modes on a twin-box deck in this study, similar studies can be 

carried out. A comparatively large ratio of 
1 , 4.21x x

I wL L   appears because of 

the rather small vertical scale of the turbulence that is less than one ninth of the 

deck width. On the other hand, since the Larose’s force coherence model is 

derived from the Mann’s wind coherence model, the ratio of corresponding 
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length scale identified by the empirical model is around 1, 
1, 1.05I wL L  . As 

for the length scale of the signature turbulence components, it can be expected to 

be smaller than the length scale of incident turbulence components because of the 

high frequency feature. Both integral and empirical model-identified length 

scales support this conjecture with 
1 1, , 0.32x x

S IL L    and 
1 1, , 0.38S IL L   . 

The other fitted parameter a gives an indication of the decay rate of the coherence 

with frequency. According to the Larose’s observation, the exponent a tends to 

be rather stable, but the results of incident component in this study do not reach 

the stable stage as shown in Figure 5-14. To help understand the physical 

significance of the parameter a, an exponential decay function is used to describe 

the relation between a and ∆/B as shown in Figure 5-14 instead of the fractional 

function given by Larose. 

1 2expa a a
B

   
 

 (5-19) 

where a1 is the peak value of a, and a2 is a decay parameter. 

  

(a) Incident turbulence-induced 

component 

(b) Signature turbulence-induced 

component 

Figure 5-14. Parameter a of Larose root coherence fit function 

It can be seen that the exponents a obtained from the twin-box deck in this study 

are comparatively larger than the counterpart of flat cylinders (Kimura et al. 1997) 

or closed-box decks (Larose & Mann 1998). Smaller exponents suggest a slow 
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decay with respect to frequency, and a=0 represents a situation of constant 

coherence without decay as frequency increases. Since the slot between two 

boxes can cause signature turbulences and then have a greater influence on the 

high frequency range, a slow decay represented by smaller exponents a is 

reasonable. However, it should be noted that the shape of the fitted curve is 

insensitive to a when the value is rather small, say less than 0.5 in this case. 

Therefore, a slight fluctuation of a may occur when the separation distance is 

relatively large. 

5.4.6. Reconstruction of pressure root coherence 

One major advantage of the POD-based spanwise correlation analysis is that the 

pressure root coherence of any two points on the surface of the bridge deck can be 

reconstructed. Two taps on the windward edge of the upstream box (Tap 

104&106) are chosen as an example to check the reconstruction performance of 

the coherence of incident turbulence component, while the other two taps on the 

downstream box (Tap 220&222) are selected to rebuild the coherence of 

signature turbulence component. The results are plotted in Figure 5-15 in terms of 

the Larose’s empirical model-fitted curve. Because the correlation of signature 

turbulence component decays rapidly with respect to the separation distance, 

only the root coherence of shortest distance ∆0 is considered. Figure 5-15 shows 

satisfactory reconstructions for both incident and signature turbulence 

components, which confirms the accuracy of reconstructed root coherence for 

distributed wind pressures and also validates the feasibility and effectiveness of 

the proposed POD-based spanwise correlation analysis framework. Although it is 

observed in this study that the root coherences of weakly correlated pressures are 

not always well reconstructed, the stress-level buffeting analysis is hardly 

affected due to the small value of the coherence itself as well as the 

corresponding cross-spectrum. 
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(a) Incident turbulence-induced 

component for Tap 104&106 

(b) Signature turbulence-induced 

component for Tap 220&222 

Figure 5-15. Reconstruction of pressure root coherence 

 (K∆=ω∆/U=2πf∆/U is the reduced frequency with respect to the span-wise 

distance ∆) 

5.5. Summary 

A detailed study has been conducted in this chapter to investigate the spanwise 

correlation of the wind-induced pressures on the surface of a twin-box bridge 

deck. The spanwise correlation is presented in terms of the POD pressure mode 

and quantified for aeroelastic and aerodynamic components, in which the 

aerodynamic component is further separated into both incident and signature 

turbulence-induced component. 

Two indexes, the correlation coefficient and the root coherence, are used to 

evaluate the spanwise correlation of the POD pressure modes. The high 

correlation coefficients between covariance modes indicate a stable 

decomposition by using the POD method, so the pressure modal coordinates at 

different sections (strips) can be calculated by only one set of covariance modes. 

The spanwise correlation coefficients of the aeroelastic pressure components for 

the first three pressure modes are all close to 1, which confirms the perfect 

correlation assumption. The spanwise correlation of aerodynamic pressure 

components decays with the increasing of separation distance in general, but the 

decay of signature turbulence-induced component is much faster than that of the 
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incident turbulent flow. The coherence of incident turbulence-induced 

component is investigated by using the data of the first pressure mode. A low 

frequency peak can be observed in the root coherence cure and well fitted by the 

Larose’s empirical model. The coherence of signature turbulence-induced 

component, on the other hand, is represented by the results of the second pressure 

mode and shows a high frequency peak at the predominant signature frequency. 

Hence, a new reduced frequency is defined to make the empirical functions for 

the coherence of the signature turbulence-induced component available. 

With the proposed framework for POD-based spanwise correlation, the 

correlation of wind-induced pressures on the surface of bridge decks can be 

described in an appropriate way, and the root coherences of wind pressures at any 

two points can be reconstructed. The satisfactory reconstruction results obtained 

from this study confirm the feasibility and accuracy of the POD-based spanwise 

correlation analysis method. 
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CHAPTER 6 

BUFFETING-INDUCED STRESS ANALYSIS BASED 

ON POD PRESSURE MODES 

6.1. Introduction 

This chapter presents a new framework for buffeting-induced stress analysis of 

long-span twin-box-deck bridges based on the POD pressure modes proposed in 

this study and the substructure-based finite element (FE) model of the bridge. The 

pseudo-excitation method is used to solve the governing equations for 

buffeting-induced stress analysis in the frequency domain. The proposed 

framework is then applied to the substructure FE model of the Stonecutters 

cable-stayed bridge under Typhoon Hato as a case study. The POD pressure 

modes with parameters (pressure modal derivatives, pressure modal admittance 

functions, and pressure modal root coherence) are identified from wind tunnel 

sectional aeroelastic model tests. The wind data recorded by the wind and 

structural health monitoring system installed in the bridge are taken as inputs, 

while the recorded global and local structural responses (displacements, 

accelerations, stresses) serve as output reference. The buffeting-induced global 

and local responses obtained by the proposed framework are finally compared 

with the field-measured ones to verify the feasibility and accuracy of the 

proposed framework. 

6.2. New framework based on POD pressure modes 

This section will first present the governing equations for buffeting-induced 

stress analysis of a long-span cable-supported bridge in terms of the 

substructure-based FE model of the bridge and the POD pressure modes of the 

wind load. This section will then introduce how to construct the distributed 
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aerodynamic pressures with spanwise correlation and the distributed aeroelastic 

pressures as aeroelastic damping and stiffness through wind tunnel sectional 

model pressure tests. This section will finally introduce how to use the 

pseudo-excitation method to find the solution of the governing equations. 

6.2.1. Governing equations for buffeting-induced stress analysis 

In the currently-used buffeting analysis methods, the twin-box deck of a 

long-span cable-supported bridge is often modelled using a series of beam 

elements with equivalent properties to form the so-called beam FE model, as 

shown in Figure 6-1 (a). Lumped sectional aerodynamic an aeroelastic forces, 

which are obtained primarily from wind tunnel sectional model force tests, are 

applied to the beam FE model to calculate the buffeting-induced displacement 

responses at the nodes of the beam model. Stress analysis is then conducted on a 

detail sectional structural model using these nodal responses and based on the 

rigid plane assumption. The use of beam elements to model twin-box deck and 

the disregard of the distribution of buffeting forces encumber the accurate 

prediction of stress responses in the twin-box deck. In this study, the 

substructure-based modelling technique, which can be seen as one type of 

multi-scale modelling techniques, is used to model the bridge deck in order to 

achieve accurate stress analysis within affordable computation time. The 

twin-box deck segment of the bridge is modelled in detail with shell elements, 

as shown in Figure 6-1 (b), so that all stress responses could be directly 

computed, while other bridge components (e.g. tower and cable) are modelled 

using either beam or truss elements. Each segment of the deck is then 

condensed into a super element using the substructuring method to reduce the 

number of degree-of-freedom (DOFs) to the number of master nodes. All 

segments are then interconnected with the master nodes only. Distributed wind 

pressures over the surface of the bridge deck are accordingly condensed at the 
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master nodes to form distributed aerodynamic forces and aeroelastic forces. The 

number of master nodes is selected entirely depending on the stress computation 

accuracy required and the computer capacity available. If the number of master 

nodes is large enough so that the area corresponding to each master node is 

small, the pressure distribution in the small area represented by each node can 

be considered uniform. The further details of the substructure-based modelling 

technique for a long-span cable-supported bridge with a twin-box deck can be 

found in the literature (Xiao et al. 2015; Zhu et al. 2015). 

 

  

(a) Beam FE model (b) Substructure FE model 

Figure 6-1. Finite element models of a twin-box deck 

 

The governing equation for buffeting-induced stress analysis of a long-span 

cable-supported bridge of a twin-box deck, based on the substructure FE model, 

can be written as 

str str str b se M U + C U + K U F F   (6-1) 

where U represents the master nodal displacement vector, and one dot represents 

a first-order derivative with respect to time; Fb and Fse are the distributed 

aerodynamic and aeroelastic force vector respectively; Mstr, Cstr, and Kstr are the 

condensed mass, damping and stiffness matrices that are associated with the 

master nodes. 

The aerodynamic force vector can be derived from aerodynamic pressures on the 
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surface of the deck, while the aeroelastic force vector can be described in terms of 

aeroelastic damping and stiffness matrices. Thus, Eq. (6-1) can be expressed as 

b b MU + CU + KU F Tp   (6-2) 

strM M  (6-3) 

str seC C + C  (6-4) 

str seK K + K  (6-5) 

where pb denotes the wind-induced aerodynamic pressure vector for the master 

nodes of the bridge deck; T represents a transfer matrix to transfer the 

aerodynamic pressure vector to the distributed aerodynamic force vector; Cse and 

Kse are the aeroelastic damping and stiffness matrices for the master nodes of the 

bridge deck. 

The transfer matrix, the distributed aerodynamic force vector, the aeroelastic 

damping matrix, and the aeroelastic stiffness matrix are introduced and discussed 

in the subsequent sections based on POD pressure modes. Once the master nodal 

displacement responses are found, the displacement responses of all the slave 

DOFs in a substructure can be obtained and the stress responses in any element of 

the substructure can be finally determined. 

6.2.2. Distributed aerodynamic force vector 

As mentioned before, both the aerodynamic and aeroelastic forces should be 

assembled at each master node of the substructure-based FE model according to 

wind-induced pressure field on the bridge deck. However, it is impossible to 

obtain the pressure field over the entire bridge deck. Analogous to the current 

way of obtaining sectional aerodynamic and aeroelastic forces, the relationship 

between the aerodynamic pressures and the incoming wind and the relationship 
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between the aeroelastic pressures and the deck motions can be investigated on 

one cross-section and then extrapolated to the entire deck by considering the 

correlations of both aerodynamic and aeroelastic pressures. However, it is a very 

challenging task to find these two relationships together with pressure 

correlations. The POD-based modelling method proposed in this study can then 

be adopted to deal with this issue. 

For the buffeting-induced stress analysis, the incoming wind and its 

characteristics are regarded as known inputs. The wind-induced pressure field on 

the bridge deck can be depicted in terms of POD pressure modes, and the 

parameters of POD pressure modes, including pressure modal coefficients, 

pressure modal admittance functions and pressure modal derivatives, can be 

identified based on the measured wind pressures on the aeroelastic sectional 

model in wind tunnel tests. Consequently, the distributed aerodynamic force 

vector and the distributed aeroelastic damping and stiffness matrices can be 

respectively constructed in terms of the aerodynamic and aeroelastic components 

of a limited number of POD pressure modes together with the spanwise 

correlation of aerodynamic and aeroelastic pressures. 

The distributed aerodynamic forces at the point i can be determined by 

multiplying the aerodynamic pressure at the same point by a certain area and then 

presented with respect to the structural coordinate as shown in Figure 6-2. 

, , , ,

TH V
i b i b i b i i i bF F p   F T  (6-6) 

 cos sin
T

i i i T  (6-7) 

where ,
H

i bF and ,
V
i bF  are the lateral and vertical forces acting on the point i of the 

substructure-based FE model; i  is the characteristic area of this point on the 

surface of the deck; and i  is the angle between the pressure direction and the 
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horizontal structural axis y. 

 

 

Figure 6-2. Deck cross-section and coordinate system 

 

Thereupon, the distributed aerodynamic force vector for the cross-section x of the 

bridge deck can be assembled and expressed in terms of POD pressure modes as 

, , ,x b x x b x x b F T p T   (6-8) 
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  (6-9) 

where Tx is defined as a transfer matrix from px,b to Fx,b; Re is the 6×2 matrix 

employed to expand the 2-component force into the 6-component force with 

respect to a master node in the global structural coordinate. 

0 1 0 0 0 0

0 0 1 0 0 0

T

e
 

  
 

R  (6-10) 

On this basis, the global distributed aerodynamic force vector can be assembled. 

1 2, , ,, , ,
m

TT T T
b x b x b x b

   F F F F  (6-11) 

The above force vector can be expressed directly by using the POD pressure 

modes and assuming the covariance mode matrix is the same for all the 

cross-section of the bridge deck. 

b bF   (6-12) 
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m

TT T T
b x b x b x b

        (6-13) 
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The power spectral matrix of distributed aerodynamic force can be calculated as 

Fb b

T
S S   (6-15) 

The submatrix ( , ,1 2x b x b
S  ) of 

b
S  with respect to the sections x1 and x2 can be 

calculated by considering the cross-spectrum of POD pressure modes of the 

same order at the two sections. The cross-spectrum of pressure POD modes of 

different orders can be ignored due to the orthogonal nature of the POD 

pressure modes. 
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   (6-16) 

The spanwise correlation of distributed aerodynamic forces can be described in 

terms of the root coherence of POD pressure modes. The cross-spectrum of any 

POD pressure mode between two sections can be calculated as follows: 

   
     

1 2, , , ,1 2

1 2
, ,Coh ,

jj x b j x b j x x bS K K S K     (6-17) 

where    
 

, , , ,1 2j x b j x b
S K   is the cross-spectrum of the jth aerodynamic pressure 

modal coordinate at sections x1 and x2;  
1 2

1 2
,Coh ,

j x x K   is the root coherence 

function of the jth pressure modal coordinate, which is the function of the distance 

1 2,x x  between sections x1 and x2 and the reduced frequency;  ,j bS K  is the 
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auto-spectra of the jth aerodynamic pressure modal coordinate. The root 

coherence function of the pressure modal coordinate  
1 2

1 2
,Coh ,

j x x K  can be 

identified through sectional model pressure tests, while the auto-spectra of the 

aerodynamic pressure modal coordinate  ,j bS K  can be obtained from 
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6.2.3. Distributed aeroelastic damping and stiffness matrices 

Wind-induced aeroelastic pressure component at the point i can be constructed by 

using a limited number of the low-order POD pressure modes as follows: 
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Similar to the aerodynamic forces at the point i, the aeroelastic forces at the point 

i of the bridge deck in the substructure-based FE model can be given by 

, , , ,

TH V
i se i se i se i i i seF F p   F T  (6-20) 

The substitution of Eq. (6-19) to Eq. (6-20) leads to 
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where Ci,se and Ki,se are the aeroelastic damping and stiffness matrices for the 

point i. Thereupon, the distributed aeroelastic damping and stiffness matrices for 

the cross-section x can be given by 
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e se e
x se

e n se e
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where R'e is the transfer matrix employed to expand the 2-dimensional motion 

into a 6-dimensional motion with respect to all 6 DOFs of the master node. 

0 0 1 0 0 0

0 0 0 1 0 0e
    
 

R  (6-27) 

It has been confirmed that the aeroelastic component can be considered as 

perfectly correlated, and thus the global distributed aeroelastic damping and 

stiffness matrices can be achieved as follows: 
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6.2.4. Solution by the pseudo-excitation method 

Although the substructure-based FE model is used in this study, the size of the 

governing equation is still very large. In consideration that the buffeting response 

of a long-span bridge is often dominated by the first few modes of vibration, the 

size of the governing equation can be further reduced by the mode superposition 

method. Consequently, based on random vibration analysis in the frequency 

domain, the power spectral matrix of master nodal displacement responses can be 

determined by 

   U V
T S S   (6-30) 

         * *
V Fb b

T T T     S H S H H S H       (6-31) 

where V is the structural modal coordinate vector; Θ is the corresponding 

structural mode shape matrix; H is the system transfer matrix in terms of the 

modal coordinates. 

    12 i  


  H M C + K  (6-32) 

The above equations are difficult to be solved by using the conventional complete 

quadratic combination (CQC) method because the computational effort 

significantly escalates with increasing modes of vibration and the number of 

correlated response components of interest. The pseudo-excitation method (Xu et 

al. 1998) is used in this study to find the solution. 

The spectrum matrix 
b

S  can be obtained in terms of the root coherence 

functions and spectra of the pressure modal coordinates while the spectra of the 

pressure modal coordinates can be obtained in terms of incoming wind spectra. 

Since the 
b

S  is a Hermitian matrix, it can be decomposed as 
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where L is the lower triangular matrix; D is the diagonal matrix; Lk is the kth 

column of L; dk is the kth diagonal element of D; m is the number of the 

pseudo-excitation which depends on the rank of the Hermitian matrix; and the 

subscript "*" denotes the conjugate transpose of a matrix. Thereupon, a series of 

harmonic pseudo-excitation vectors can be constituted as 

 , expb k k kd i t L  (6-34) 

For each pseudo-excitation vector, a pseudo displacement response vector 

containing the responses of all the master DOFs can be calculated through the 

harmonic analysis of the bridge structure as follows: 

k kU V  (6-35) 

  ,
T

k b kV H    (6-36) 

Once the pseudo displacement responses of all the master nodes are obtained, the 

pseudo displacement responses of all the slave DOFs of the substructure can be 

obtained following the substructuring method (Zhu et al. 2016b). After all the 

nodal pseudo displacement responses of the substructure are obtained, the pseudo 

stress responses of the element s in the substructure can be calculated by 

, ,s k s s s s s kσ K J N I U  (6-37) 

where ,s kσ  is the pseudo stress response vector of the element s; ,s kU  is the 

pseudo nodal displacement response vector of the same element in the global 

coordinate; Is is the coordinate transformation matrix from the global to local 

coordinates; Ns is the shape function; Js is the differential operator that 

transforms the element displacement into the element strain; and Ks denotes the 
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elastic stiffness matrix reflecting the stress-strain relationship.  

It can be readily proved that the spectral density matrix of the nodal displacement 

responses can be obtained by 

  *
U

1

m

k k
k




S U U  (6-38) 

The standard deviation of displacement response can then be obtained by 

   2
U0

E d


  U S  (6-39) 

Likewise, the spectral density and the standard deviation of stress response can be 

obtained in the same way of displacement response. 

A flow chart of the proposed framework for buffeting-induced stress analysis is 

given in Figure 6-3. 

 

 

Figure 6-3. Flow chart of framework for buffeting-induced stress analysis 
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6.3. Case study: Stonecutters Bridge under Typhoon Hato 

The proposed framework is now applied to the Stonecutters cable-stayed bridge 

in Hong Kong to conduct buffeting-induced stress analysis under Typhoon Hato. 

The computed results are compared with field-measured buffeting responses as a 

validation. 

6.3.1. Stonecutters Bridge 

The Stonecutters Bridge in Hong Kong, as shown in Figure 6-4, is a cable-stayed 

bridge with a twin-box deck, a total length of 1596 m, and a main span of 1018 m. 

A Wind and Structural Health Monitoring System (WASHMS) was installed in 

the bridge to monitor and evaluate the performance of the Stonecutters Bridge 

under in-service condition (Wong 2007). Among all the sensors in the WASHMS, 

the anemometers, accelerometers, GPS receivers, and strain gauges make it 

possible to validate the proposed framework. The locations of the sensors used in 

this study are shown in Figure 6-4, which include one 3D ultrasonic anemometer 

installed at the middle span of the bridge deck on the north side, two 3D 

accelerometers installed at the middle and quarter span respectively, two GPS 

receivers installed at the middle and quarter span respectively, and nine strain 

gauges installed on the segment 32 of the bridge deck near the middle span. The 

natural frequencies and the damping ratios of different vibration modes were 

identified by using the measured data. Information on the first ten vibration 

modes is listed in Table 6-1, and information of all used thirty vibration modes is 

also given in Appendix D. 

 



145 

 

Figure 6-4. Configuration of Stonecutters Bridge and locations of sensors 

 

Table 6-1. First ten vibration modes of Stonecutters Bridge 

Mode 
No. 

Frequency (Hz) Damping 
ratio (%) 

Mode shape description 
Measured FE model Diff (%) 

1 0.161 0.161 –0.27 0.74 Symmetric lateral (deck) 

2 0.210 0.213 1.51 0.68 Symmetric vertical (deck) 

3 0.213 0.214 0.39 0.70 Asymmetric lateral (tower) 

4 0.217 0.219 0.86 0.70 Symmetric lateral (tower) 

5 0.263 0.257 –2.43 1.08 Asymmetric vertical (deck) 

6 0.327 0.324 –0.87 0.79 Longitudinal (towers&deck) 

7 0.334 0.336 0.70 0.79 Symmetric vertical (deck) 

8 0.395 0.393 –0.63 0.70 Asymmetric lateral (deck) 

9 0.413 0.397 –3.83 0.58 Asymmetric vertical (deck) 

10 0.459 0.450 –1.97 0.41 Symmetric torsional (deck) 

 

A substructure-based FE model has been developed to predict the static and 

dynamic responses of the bridge (Xiao et al. 2015; Zhu et al. 2015). The bridge 

deck was modelled with shell elements and then condensed into super-elements 

by using the substructuring method. The bridge towers and piers were modelled 

with beam elements of equivalent section properties. The stay cables were 

modelled by truss elements (tension only) with equivalent elastic modulus and 

initial stresses. Other structural components, connections and boundary 

conditions of the bridge were also properly modelled. This FE model for the 

Stonecutters Bridge is shown in Figure 6-5. On this basis, more master nodes (24 
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nodes on each box each section) are selected to distribute aerodynamic forces, 

and the distribution of master nodes on each box each section is given in Figure 

6-6. The entire FE model contains nearly 10,000,000 DOFs, while the number 

can be decrease to about 80,000 DOFs by condensing the model into a series of 

super-elements. After updating by using both modal frequencies and 

displacement/stress influence lines, the frequencies are calculated from the FE 

model and listed in Table 6-1. The maximum difference between the measured 

and calculated frequencies is less than 4%. The accuracy of the 

substructure-based FE model is assured. The first 30 modes of vibration of the 

bridge within 1 Hz are used to carry out the buffeting-induced stress analysis. 

 

Figure 6-5. Substructure-based FE model of Stonecutters Bridge 

 

 

Figure 6-6. Distribution of master nodes on one single-box section 
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6.3.2. Typhoon Hato 

Typhoon Hato occurred in August 2017, one of the strongest typhoons impacting 

Hong Kong in the past 50 years. Typhoon Hato came closest to Hong Kong 

around 10 am on 23 August 2017, and its centre passed only about 60 km 

south-southwest of the bridge. After a careful examination of the recorded wind 

data, a 10-minute record of wind velocity from 09:47 to 09:57 was selected as an 

input for the buffeting analysis of the bridge. During this period, the wind speed 

was large, wind direction was almost perpendicular to the bridge deck, and wind 

velocity could be regarded as a stationary random process. Moreover, during this 

period the Stonecutters Bridge was closed, and no traffic load needs to be 

considered. In consideration that wind blew from the northeast to the southwest 

during this period, the wind data recorded by the 3D ultrasonic anemometer 

installed at the north side of the bridge deck were used. The sampling frequency 

of the anemometer was 50 Hz, and the measured turbulent wind speeds in three 

directions are shown in Figure 6-7. By analysing the wind speed records, the 

10-minite mean wind speed is about 19.29 m/s and the turbulent intensities are 

20.5%, 22.5%, and 18.7% for longitudinal, lateral and vertical components 

respectively. The wind attack angle and the wind yaw angle to the bridge deck are 

–0.36° and –0.60°, respectively, which are quite close to 0°. The statistical 

characteristics of wind velocity mentioned above are considered uniform along 

the whole span of the bridge deck in the buffeting analysis. 

(a) longitudinal component u  (b) lateral component v  (c) vertical component w 

Figure 6-7. Time histories of turbulent wind components 
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Since the proposed framework is developed in the frequency domain, the 

characteristics in the frequency domain are of crucial importance. The 

auto-spectra of three turbulence components are calculated and fitted by some 

empirical models such as von Karman spectrum (Morfiadakis et al. 1996; von 

Karman 1948), Kaimal spectrum (Kaimal et al. 1972), Panofsky spectrum 

(Panofsky & McCormick 1960) and Simiu spectrum (Simiu & Scanlan 1978). 

The measured spectra and empirical fitting curves are shown together in Figure 

6-8. It can be seen that the von Karman spectrum fit the measured data better than 

the Kaimal spectrum and the Simiu spectrum, especially at the low frequency for 

the key component w. Thus, the fitted von Karman spectra are used to perform 

the buffeting analysis. The integral scales of three turbulence components are 

approximately 67.87 m, 94.97 m, and 51.58 m for longitudinal, lateral and 

vertical components respectively. 

(a) longitudinal component u  (b) lateral component v  (c) vertical component w 

Figure 6-8. Auto-spectra of turbulent wind components 

6.3.3. POD-based aerodynamic and aeroelastic parameters 

The aerodynamic and aeroelastic properties of the twin-box deck have been 

studies though the wind tunnel pressure tests of a sectional aeroelastic deck 

model. Accordingly, a proper orthogonal decomposition (POD) based-modelling 

method for aerodynamic and aeroelastic pressures over a bridge deck has been 

developed and validated. It has been confirmed that the total contribution of the 
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first twenty POD pressure modes to the entire pressure field exceeds 95%, which 

is large enough for the buffeting analysis. The first three POD covariance modes 

are shown in Figure 6-9 as an example. The pressure modal coefficients and the 

derivatives of pressure modal coefficient of the first ten POD modes are listed in 

Table 6-2. The pressure modal derivatives of each POD mode can be identified 

by introducing the indicial functions, while the pressure modal admittances can 

then be obtained by using the colligated least-squares method. The pressure 

modal derivatives and admittances of first three POD modes are shown in Figure 

6-10 and Figure 6-11 respectively as an example. 

Furthermore, although the aerodynamic and aeroelastic properties are assumed to 

be uniform along the bridge deck in the buffeting analysis, the spanwise 

correlation shall be considered in terms of the pressure modal coordinates. A 

simple full correlation satisfies the aeroelastic component, while the root 

coherence is used to reflect the spanwise correlation of aerodynamic component. 

 

 

Figure 6-9. Covariance modes distributions of first three POD modes 

 

Table 6-2. Pressure modal coefficients and derivatives of first ten POD modes 

POD Mode No. Cα C′α POD Mode No. Cα C′α 

1 –0.43 –29.38 6 1.76 –2.58 

2 0.14 –2.73 7 –0.67 3.73 

3 –2.13 –1.20 8 0.53 –1.18 

4 –0.42 –12.25 9 1.03 –2.29 

5 –1.48 1.60 10 –0.05 –3.06 
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Figure 6-10. Pressure modal derivatives of first three POD modes 

 

  

(a) Longitudinal component u (b) Vertical component w 

Figure 6-11. Pressure modal admittances of first three POD modes 

 

6.4. Results and discussions 

Wind-induced responses such as displacements, accelerations, and stresses of the 

Stonecutters Bridge were recorded by the WASHMS and calculated by using the 

proposed framework. The calculated results are now compared with the directly 

measured ones to validate the proposed buffeting-induced stress analysis 

framework. The comparison focuses on dynamic responses, and a frequency 
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range should be set for the frequency domain analysis. This frequency range 

depends on the number of vibration modes included in the computation. In this 

study, the first 30 vibration modes within 1 Hz are included in the buffeting 

analysis. Accordingly, a digital filter with the same frequency range is applied to 

the measured data to ensure a reasonable comparison. 

 

6.4.1. Displacement responses and comparison 

The standard deviations of displacement responses measured by the GPS 

receivers and calculated from the proposed framework are given in Table 6-3. 

Figure 6-12 shows the measured and calculated spectra of lateral and vertical 

displacement responses at middle and quarter-span of the bridge deck within the 

frequency range of 1 Hz. It can be seen that the calculated vertical displacement 

responses and spectra match the measured ones reasonably well. The lateral 

dynamic displacement responses are relatively small. The calculated 

displacement responses and spectra reasonably agree with the measured ones at 

low frequency (the first lateral vibration mode) but they are smaller than the 

measured ones at high frequency. As a result, the calculated standard deviations 

of lateral displacement responses are smaller than the measured ones. 

 

Table 6-3. Standard deviations of displacement responses 

  Measured (m) Calculated (m) Difference (%) 

Mid-span 
Lateral 0.0090 0.0081 –10.08 

Vertical 0.0536 0.0488 –8.93 

Quarter-span 
Lateral 0.0059 0.0048 –18.45 

Vertical 0.0158 0.0151 –4.08 
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(a) Spectra at middle-span 

  

(b) Spectra at quarter-span 

Figure 6-12. Comparison of measured and calculated displacement spectra 

 

6.4.2. Acceleration responses and comparison 

The measured and calculated standard deviations of lateral and vertical 

accelerations of the bridge deck at its middle and quarter-span are listed in Table 

6-4. The corresponding spectra within 1 Hz are shown in Figure 6-13. It can be 

observed that the calculated acceleration responses agree well with the measured 

ones. The acceleration responses are larger in the vertical direction than in the 

lateral direction. Because the measured and calculated spectra are very close to 

each other at the natural frequencies of the bridge, one may infer that the 

aerodynamic parameters identified by wind tunnel tests are quite reliable. 
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Table 6-4. Standard deviations of acceleration responses 

  Measured (m/s2) Calculated (m/s2) Difference (%) 

Mid-span 
Lateral 0.0123 0.0125 0.89 

Vertical 0.0932 0.0907 –2.69 

Quarter-span 
Lateral 0.0102 0.0110 8.61 

Vertical 0.0481 0.0517 7.44 

 

  

(a) Spectra at middle-span 

  

(b) Spectra at quarter-span 

Figure 6-13. Comparison of measured and calculated acceleration spectra 

 

6.4.3. Stress responses and comparison 

A series of strain gauges were installed on the segment 32, a steel deck section at 

the middle-span of the bridge, to monitor the stress responses at different 

locations of the orthotropic steel plate. Nine strain gauges at key points of the 

leeward (south) box are selected to examine the results of buffeting-induced 

stress responses (see Figure 6-14). The measured and calculated standard 
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deviations of stress responses are listed in Table 6-5. The dynamic stress 

responses are not very large at these points, but a good agreement can be found at 

most measurement points. Apart from the selected key points, the distribution of 

standard deviation of buffeting-induced stress responses (normal stress in the 

longitudinal direction of the bridge deck) over the cross-section of the bridge 

deck at middle-span is also given in Figure 6-15. It can be found that the stress 

distribution is not uniform and the stress distribution on the windward box is 

different from that on the leeward box. The buffeting-induced stresses tend to be 

larger around the corners of each box. The distributed aerodynamic and 

aeroelastic forces at these locations are also larger. However, these areas are not 

easy to be directly measured by strain gauges due to the narrow space inside the 

box, but buffeting-induced stress analysis demonstrated in this study can serve as 

an alternative to provide detailed information on stress response and distribution. 

 

 

Figure 6-14. Strain gauge locations on the leeward (south) box of segment 32 

 

Table 6-5. Standard deviations of stress responses 

Stress No. Measured (MPa) Calculated (MPa) Difference (%) 

1 1.2674 1.3880 9.51 

2 0.9935 0.9558 –3.79 

3 0.9994 1.0459 4.65 

4 1.0394 0.9886 –4.89 

5 1.1028 1.1622 5.39 

6 1.1028 1.0115 –8.28 

7 1.2495 1.3339 6.76 

8 1.5933 1.6081 0.93 

9 2.3499 2.7028 15.02 
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Figure 6-15. Distribution of standard deviation of longitudinal stress responses 

over the cross-section of bridge deck at middle-span 

6.5. Summary 

A new framework for buffeting-induced stress analysis of long-span 

twin-box-deck bridges has been presented in this chapter based on the POD 

pressure modes and the substructure-based finite element (FE) model of the 

bridge. The characteristic parameters of POD pressure modes, such as pressure 

modal coefficients, pressure modal derivatives, pressure modal admittance 

functions, and root coherences of pressure modal coordinates, are all identified 

from wind tunnel pressure tests on a spring-suspended sectional deck model. The 

Stonecutters cable-stayed bridge of a twin-box deck under Typhoon Hato has 

been selected to examine the feasibility and accuracy of the proposed framework, 

in which the global and local responses of the bridge under Typhoon Hato are 

computed using the proposed framework and compared with the measured ones 

recorded by the wind and structural health monitoring system installed in the 

bridge. The major conclusions can be drawn are as follows: 

(1) The calculated vertical displacement responses and spectra of the bridge deck 

at the middle and quarter-span match well with the measured ones. The lateral 

dynamic displacement responses are relatively smaller compared with the 

vertical dynamic displacement responses. The calculated lateral displacement 

responses and spectra also agree well with the measured ones at low 
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frequency (the first lateral vibration mode) but they are smaller than the 

measured ones at high frequency. As a result, the calculated standard 

deviations of lateral displacement responses are smaller than the measured 

ones. 

(2) The calculated acceleration responses and spectra agree well with the 

measured ones. The acceleration responses are larger in the vertical direction 

than in the lateral direction. Because the measured and calculated spectra are 

very close to each other at the natural frequencies of the bridge, one may infer 

that the aerodynamic parameters identified by wind tunnel tests are quite 

reliable. 

(3) The dynamic stress responses are not very large at the measurement points 

selected. A good agreement can be found at most measurement points 

between the measured and computed stress responses. 

(4) The distribution of standard deviation of buffeting-induced stress responses 

(normal stress in the longitudinal direction of the bridge deck) over the 

cross-section of the bridge deck at middle-span has been computed. It is 

found that the stress distribution is not uniform and the stress distribution on 

the windward box is different from that on the leeward box. The 

buffeting-induced stresses tend to be larger around the corners of each box. 

However, these areas are not easy to be directly measured by strain gauges 

due to the narrow space inside the box. This confirms the necessity of the 

proposed framework for buffeting-induced stress analysis. 
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CHAPTER 7 

EFFECT OF WIND LOADING AND STRUCTURAL 

MODELS ON BUFFETING-INDUCED STRESS 

ANALYSIS 

7.1. Introduction 

In this chapter, two wind loading models (lumped force or distributed pressure) 

and two FE models (spine-beam or substructure) are discussed and formulated 

for buffeting-induced stress analysis of long-span twin-box bridges. These 

models and formulations are then applied to the Stonecutters cable-stayed bridge 

in the form of three combination cases: spine-beam FE and lumped force model 

(Case 1), substructure FE and lumped force model (Case 2), and substructure FE 

and distributed pressure model (Case 3). The aerodynamic and aeroelastic 

properties of the bridge deck section obtained from wind tunnel tests are used in 

the analysis. The buffeting-induced global (displacement and acceleration) and 

local (stress) responses of the bridge are predicted for all the three cases. The 

buffeting-induced global and local responses obtained from the three cases are 

finally compared to each other to ascertain which loading model and structure 

model are the best. 

7.2. Two structural models and two wind loading models 

In the traditional buffeting analysis method, a long-span cable-stayed bridge 

with a twin-box deck is often modelled using a series of beam elements with 

equivalent properties to form the so-called spine-beam FE model, as shown in 

Figure 6-1 (a). Lumped sectional aerodynamic and aeroelastic forces, which are 

obtained primarily from wind tunnel sectional model tests, are applied to the 

spine-beam FE model to calculate buffeting-induced displacement responses at 
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the nodes of the spine beam model (Xu & Zhu 2005; Zhu & Xu 2005). Stress 

analysis is then conducted on a detail sectional structural model using these 

nodal responses and based on the rigid plane assumption. The use of beam 

elements to model twin-box deck and the disregard of the distribution of 

buffeting forces may encumber the accurate prediction of stress responses in the 

twin-box deck. 

Therefore, the substructure-based modelling technique, which can be seen as 

one type of multi-scale modelling techniques, is used to model the bridge deck 

in order to achieve accurate stress analysis within affordable computation time 

(Xiao et al. 2015; Zhu et al. 2015). The twin-box deck segment of the bridge is 

modelled in detail with shell elements, as shown in Figure 6-1 (b), so that all 

stress responses could be directly computed, while other bridge components (e.g. 

tower and cable) are modelled using either beam or truss elements. Each 

segment of the deck is then condensed into a super element using the 

substructuring method to reduce the number of degree-of-freedom (DOFs) to 

the number of master nodes. All segments are then interconnected with the 

master nodes only. Distributed wind pressures over the surface of the bridge 

deck are accordingly condensed at the master nodes to form distributed 

aerodynamic forces and aeroelastic forces (Zhu et al. 2016b). The number of 

master nodes is selected entirely depending on the stress computation accuracy 

required and the computer capacity available. If the number of master nodes is 

large enough so that the area corresponding to each master node is small, the 

pressure distribution in the small area represented by each node can be 

considered uniform and the distributed aerodynamic and aeroelastic forces can 

be formed. 

It can be seen from the discussion above, there are the two bridge structural 

models (spine-beam and substructure) and the two wind loading models (lumped 
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force and distributed pressure/force) currently used for the buffeting-induced 

stress analysis of long-span cable-supported bridges. The new proposed buffeting 

analysis method based on substructure and distributed force models has been 

described very carefully in Chapter 6, while the tradition buffeting analysis 

method will be presented in the next session. 

7.3. Buffeting-induced stress analysis based on spine-beam and 

lumped force models 

7.3.1. Governing equation 

In the traditional buffeting analysis, the bridge deck is often modelled using a 

series of beam elements with equivalent properties to form the so-called 

spine-beam FE model. The governing equation for buffeting-induced stress 

analysis of a long-span cable-supported bridge can then be given as 

str str str b se M U + C U + K U F F   (7-1) 

where U represents the displacement vector, and the number of degrees of 

freedom depends on the FE model refinement; one dot represents a first-order 

derivative with respect to time; Fb and Fse are the wind-induced aerodynamic 

and aeroelastic load vector; Mstr, Cstr, and Kstr are the mass, damping and 

stiffness matrices of the structure respectively. Since the aeroelastic wind loads 

are motion related, it is usually reflected in the governing equation as added 

damping and stiffness as follows. 

b b MU + CU + KU F Tp   (7-2) 

strM M  (7-3) 

str seC C + C  (7-4) 

str seK K + K  (7-5) 
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where Cse and Kse are the aeroelastic damping and stiffness matrices, 

respectively. 

 

7.3.2. Determination of lumped aerodynamic and aeroelastic forces 

Traditionally, wind loading acting on a cross section of the bridge deck is 

represented by lift force, drag force and pitch moment with reference to the 

centre of elasticity of the deck section in order to match the spine-beam FE 

model. Based on the strip theory and the quasi-steady theory, the buffeting 

(aerodynamic) and self-excited (aeroelastic) forces per unit length are given in 

the following by assuming no interaction between those two component forces. 
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where ρ is the density of air; U  is the mean speed of incoming wind; B 

represents the bridge deck width; FC  and FC  (F=D, L, M) are the force 

coefficient and its derivative with respect to wind attack angle; K is the reduced 

frequency as 2K B U fB U   , where ω and f are the circular frequency 

and frequency, respectively; u and w are the longitudinal and vertical turbulent 

components, respectively; the bridge deck undergoes a vertical displacement h 

and a torsion motion β excited by the turbulent wind; the dot above the variables 

indicates a derivative of time; the admittance functions Fu , Fw  (F=D, L, M) 

and the flutter  derivatives 2,3,5,6P , 1~4H  , 1~4A  are introduced to modify the 

unsteady aerodynamic effect. 

Wind tunnel quasi-static sectional model tests are often used to obtain the force 

coefficients and its derivatives of a bride deck as well as the admittance 

functions, while wind tunnel aeroelastic section model tests are often performed 

to achieve the flutter derivatives. Consequently, the aerodynamic and 

aeroelastic components can be used to construct the aerodynamic load vector 

and the aeroelastic damping and stiffness matrices. To construct the aeroelastic 

damping and stiffness matrices for the spine-beam FE model with respect to the 

structural coordinate, the aeroelastic force vector can be expressed as follows: 

, , , , ,
T T

x se H se V se se x D se L se seF F M F F M       F T  (7-8) 

0 0

0 0

cos sin 0

sin cos 0

0 0 1
x

 
 

 
   
  

T  (7-9) 

where FH,se and FV,se are the lateral and vertical aeroelastic forces with respect to 

the structural coordinate as shown in Figure 7-1; and 0  is the mean attack 

angle of the incident wind. 
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Figure 7-1. Deck cross section and coordinate system 

 

Accordingly, the aeroelastic forces for section x can be given in terms of 

matrices, thus providing the aeroelastic damping and stiffness matrices for one 

section. 
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Thereupon, the global aeroelastic damping and stiffness matrices can be lumped 

as follows: 
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where Re is the transfer matrix employed to expand the 3-component aeroelastic 

force into a high-component force with respect to all DOFs of nodes on one 

section of the spine-beam FE model; and R'e is the transfer matrix employed to 

expand the DOFs of motion. If the governing equation is developed based on a 

spine-beam FE model, Re and R'e should be the 6×3 and 2×6 matrixes 

consisting of 0 and 1 as the following ones. 

0 1 0 0 0 0

0 0 1 0 0 0

0 0 0 1 0 0

T

e

 
   
  

R  (7-16) 

0 0 1 0 0 0

0 0 0 1 0 0e
    
 

R  (7-17) 

Similarly, the aerodynamic forces can be firstly given in one section and then 

assembled to a global aerodynamic load vector as follows: 

, , , , ,
T T

x b H b V b b x D b L b bF F M F F M       F T  (7-18) 

1 2, , ,, , ,
m

TT T T T T T
b x b e x b e x b e

   F F R F R F R  (7-19) 

7.3.3. Spatial correlation of lumped aerodynamic forces 

The power spectral matrix of the aerodynamic forces Fb
S  can then be obtained. 

The spanwise correlation should be considered when calculating the 

cross-spectra, and the cross-spectrum of aerodynamic forces can be calculated as 

follows: 

     
, , 1 21 2

1 2
, ,Coh ,

x b x bF F x x F bFS K K S K   (7-20) 

where  
, ,1 2x b x bF FS K  (F=D, L, M) is the cross-spectrum of aerodynamic forces 

with respect to sections x1 and x2;  1 2

1 2
,Coh ,x xF K  (F=D, L, M) is the 
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corresponding root coherence function of aerodynamic forces, which is the 

function of the distance 
1 2,x x  between sections x1 and x2 and the reduced 

frequency;  ,F bS K  (F=D, L, M) is the auto-spectra of the aerodynamic force 

which can be obtained from Eq. (7-6). The root coherence function of 

aerodynamic forces could be obtained through wind tunnel sectional model tests 

or field measurements. 
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7.3.4. Solution for stress analysis in frequency domain 

Based on random vibration theory and modal analysis, the power spectral matrix 

of displacement response can be estimated by combining the response of a 

number of structural modes. 

   U V
T S S   (7-22) 

     *
V Fb

T  S H S H   (7-23) 

where V is the structural modal coordinate matrix; Θ is the corresponding 

structural mode shape matrix; H is the transfer matrix in terms of the modal 

coordinates given as follows. 

    12 i  


  H M C + K  (7-24) 
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The equations can be solved by using the conventional complete quadratic 

combination (CQC) method or a computationally efficient algorithm, 

pseudo-excitation method (Xu et al. 1998). When the spectral density matrix of 

the system displacement response is obtained, the standard deviation of 

displacement can be obtained as 

   2
U0

E d


  U S  (7-25) 

The wind-induced stress attributed to the elastic deformation can be estimated by 

considering the stress-strain relationship together with nodal displacement in the 

element. When the framework is carried out based on a spine-beam FE model, 

stress analysis is then conducted on a detail sectional structural model using these 

nodal responses and based on the rigid plane assumption. 

A flow chart is given in Figure 7-2 to compare two frameworks for the 

buffeting-induced stress analysis. 

 

 

Figure 7-2. Comparison of two buffeting-induced stress analysis frameworks 
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7.4. Case study and comparison 

In this section, the two buffeting-induced stress analysis methods are applied to 

the Stonecutters cable-stayed bridge in the form of three combination cases: 

spine-beam FE and lumped force model (Case 1), substructure FE and lumped 

force model (Case 2), and substructure FE and distributed pressure model (Case 

3). The aerodynamic and aeroelastic properties of the bridge deck section 

obtained from two different types of wind tunnel tests are used in the analysis. 

The buffeting-induced global (displacement and acceleration) and local (stress) 

responses of the bridge are predicted for all the three cases. The 

buffeting-induced global and local responses obtained from the three cases are 

finally compared to each other to ascertain which loading model and structure 

model are the best. 

7.4.1. Two structural models of Stonecutters Bridge 

The Stonecutters Bridge in Hong Kong is a twin-box deck cable-stayed bridge 

with a main span of 1018 m. To predict the buffeting response of the Stonecutter 

Bridge, the finite element (FE) model is necessary. Two FE models have already 

been established by using beam elements and multi-scale elements respectively 

with the commercial FE software ANSYS as shown in Figure 7-3. In the 

spine-beam FE model, 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 18m intervals in the longitudinal direction. Additional mass 

resulting from the secondary components of the deck, including the pavement 

and the diaphragms, is added to the model with additional mass elements. The 

bridge towers and piers were also modelled with beam elements of equivalent 

section properties, while the stay cables were modelled by truss elements (tension 
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only) with equivalent elastic modulus and initial stresses and connected to the 

longitudinal girders by rigid arms. In the substructure FE model, the bridge deck 

was modelled with shell elements and then condensed into super-elements by 

using the sub-structuring method (Zhu et al. 2015). On this basis, more master 

nodes (24 nodes on each box) are selected on every section to distribute the wind 

load (see Figure 7-3). The modelling of the towers, piers, and cables is the same 

as in the spine-beam FE model. Other structural components, connections and 

boundary conditions of the bridge were also properly modelled. This substructure 

FE model had been updated with an objective function that includes both modal 

frequencies and multi-scale (displacement and stress) influence lines (Xiao et al. 

2015). The first 30 vibration modes within 1 Hz were used to carry out the 

buffeting analysis. The frequencies computed by spine-beam FE model and 

substructure FE model are listed in Appendix D. It has been found that the 

difference between computed and measured frequencies were less than 4% and 

thus the accuracy of the computed stress responses can be assured. 

 

(a) Beam FE model 
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(b) Substructure FE model 

Figure 7-3. Finite element model of Stonecutters Bridge 

 

Table 7-1. First ten vibration modes of Stonecutters Bridge 

Mode 
No. 

Frequency (Hz) Damping 
ratio (%) 

Mode shape description 
Measured FE model Diff (%) 

1 0.161 0.161 –0.01 0.74 Symmetric lateral (deck) 

2 0.210 0.212 1.00 0.68 Symmetric vertical (deck) 

3 0.213 0.212 –0.29 0.70 Asymmetric lateral (tower) 

4 0.217 0.218 0.64 0.70 Symmetric lateral (tower) 

5 0.263 0.261 –0.94 1.08 Asymmetric vertical (deck) 

6 0.327 0.327 0.12 0.79 Longitudinal (towers&deck) 

7 0.334 0.331 –0.77 0.79 Symmetric vertical (deck) 

8 0.395 0.391 –1.00 0.70 Asymmetric lateral (deck) 

9 0.413 0.399 –3.39 0.58 Asymmetric vertical (deck) 

10 0.459 0.444 –3.20 0.41 Symmetric torsional (deck) 

 

It should be noticed that two loading models can be applied to the substructure FE 

model, and the loading types are shown in Figure 7-4. Thereupon, three cases are 
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considered to examine the influences of the FE models (beam model or 

substructure model) and wind load models (lumped force and distributed force). 

The case arrangements are listed in Table 7-2. 

 

(a) Lumped force 

 

(b) Distributed force 

Figure 7-4. Wind load on bridge deck 

 

Table 7-2. Buffeting analysis cases 

 Finite element model Wind loading model 

 Beam Substructure Lumped force Distributed force 

Case 1 √  √  

Case 2  √ √  

Case 3  √  √ 

 

7.4.2. Wind characteristics 

The designed wind speed and characteristics specified in the design 

memorandum are adopted for the bridge in this study (Xu 2013). The mean wind 

velocity is considered to be perpendicular to the bridge longitudinal axis with 

zero angle of attack. To take a full consideration of wind turbulence-induced 

dynamic response, the wind from the North-East (NE) direction (overland fetch) 

is selected as an example. The 10-minute mean wind speed at 10 m height above 

ground is defined as the reference wind speed. For the NE direction, the reference 

wind speed is 24.5 m/s, and thus the mean wind speed profile is taken as 
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Accordingly, the 10-minute design mean wind speed is 46 m/s at a height of 87.7 

m, the height of the deck level at the middle of the main span of the bridge. The 

longitudinal turbulent intensity Iu and the relationship between longitudinal (u) 

and vertical (w) turbulence intensities for wind from the NE direction are given 

by the following expressions. 
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0.6w u   (7-28) 

Moreover, the longitudinal turbulence integral scale Lu for wind from the NE 

direction is assumed to be 200 m, and the vertical turbulence integral scale Lw for 

is defined as one-ninth of Lu as 22.2 m. In addition, the power spectra of the 

longitudinal (u) and vertical (w) turbulences are defined by the von Kármán 

empirical model as follows 
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It should be noted that the aforementioned statistical characteristics are 

considered to be uniform along the whole span of the bridge during the buffeting 

analysis. 
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7.4.3. Aerodynamic and aeroelastic parameters 

The aerodynamic and aeroelastic properties of the twin-box deck have been 

investigated though the wind tunnel pressure tests of a sectional deck model. 

According to the aforementioned framework, the aerodynamic and aeroelastic 

parameters can be given in terms of forces or POD pressure modes. The force 

coefficients and their derivatives are listed in Table 7-3. The pressure modal 

coefficients and their derivatives are listed in Table 7-4. The corresponding POD 

covariance modes are shown in Figure 7-5 by taking the first three POD modes as 

examples. The force and pressure modal derivatives can be identified by 

introducing the indicial functions, while the force and pressure modal 

admittances can then be obtained by using the colligated least-squares method to 

the auto and cross spectra. The aforementioned derivatives, admittances, and 

other parameters used in this study such as span-wise correlation, are all carefully 

identified in terms of force and POD pressure mode. The aeroelastic and the 

aerodynamic properties are assumed to be uniform along the bridge deck in the 

buffeting analysis. 

 

Table 7-3. Force coefficients and their derivatives 

CD C′D CL C′L CM C′M 

0.0409 –0.0302 –0.0947 2.9568 0.0127 0.6339 

 

 

Figure 7-5. Covariance modes distributions of first three POD modes 
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Table 7-4. Pressure modal coefficients and derivatives of first ten POD modes 

POD Mode No. Cα C′α POD Mode No. Cα C′α 

1 –0.43 –29.38 6 1.76 –2.58 

2 0.14 –2.73 7 –0.67 3.73 

3 –2.13 –1.20 8 0.53 –1.18 

4 –0.42 –12.25 9 1.03 –2.29 

5 –1.48 1.60 10 –0.05 –3.06 

 

7.4.4. Wind-induced displacement and comparison 

The mean displacements induced by mean wind are presented along the main 

span of the bridge and the results from all three cases are shown in Figure 7-6. A 

good agreement can be observed for the lateral displacements, and the results of 

vertical displacement are also in close proximity to each other. Only a 

disagreement of torsion appears around the quarter-span. However, it should be 

noticed that the torsion induced by mean wind is quite small in terms of value. 

Considering the complexity of the twin-box cable-stayed bridge, this difference 

of torsional displacement might be attributed to various reasons such as the 

stiffness equivalence and the neglect of local deformation on the deck section. In 

addition, the lateral and torsional displacements of windward and leeward boxes 

are really close to each other, while the difference shown in vertical displacement 

is considerable due to the torsion of the whole deck. It can also be found that the 

mean wind has a greater influence on the total lateral displacement than the total 

vertical displacement, which makes the agreement of lateral displacement more 

valuable. 
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(a) Lateral displacement (windward box) (b) Lateral displacement (leeward box) 

  

(c) Vertical displacement (windward box) (d) Vertical displacement (leeward box) 

  

(e) Torsional displacement (windward box) (f) Torsional displacement (leeward box) 

Figure 7-6. Wind-induced mean displacements 

On the other hand, the total displacements on the main span are given in Figure 

7-7, considering both wind-induced mean and standard deviation responses with 

a peak factor of 3.5. By comparing Case 2 with Case 3, some differences can be 

found in all three components, which indicates that different wind load type 

(force or pressure) may lead to a slight deviation of global responses of the bridge. 

Meanwhile, the good agreement between Case 1 and Case 2 shows that the 

influence of types of FE model on buffeting-induced displacements can be quite 

limited on the whole span. 
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(a) Lateral displacement (windward box) (b) Lateral displacement (leeward box) 

  

(c) Vertical displacement (windward box) (d) Vertical displacement (leeward box) 

  

(e) Torsional displacement (windward box) (f) Torsional displacement (leeward box) 

Figure 7-7. Wind-induced maximum displacements 

The wind-induced displacements at middle, quarter, and side-span of the bridge 

deck are essential for the performance assessment of the bridge. The mean and 

total values of the displacements at these locations (see Figure 7-8) are listed in 

Table 7-5 and Table 7-6 respectively. It can be seen that the results from three 

cases are quite close to each other at the quarter and side span, compared with 

those at the middle span. 
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Figure 7-8. Key locations of Stonecutters Bridge 

 

Table 7-5. Mean displacements at key locations 

  Windward Leeward 

  Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 

Middle- 
span 

Lateral 0.3290 0.3349 0.3336 0.3290 0.3348 0.3336 

Vertical 0.0886 0.0922 0.0950 0.1799 0.1793 0.1787 

Torsional 0.1058 0.1026 0.0988 0.1068 0.0998 0.0964 

Quarter- 
span 

Lateral 0.1971 0.2041 0.2035 0.1971 0.2041 0.2034 

Vertical 0.0119 0.0129 0.0143 0.0989 0.1058 0.1054 

Torsional 0.1012 0.1105 0.1085 0.1017 0.1064 0.1047 

Side- 
span 

Lateral 0.0463 0.0499 0.0497 0.0463 0.0498 0.0497 

Vertical –0.0217 –0.0225 –0.0221 0.0422 0.0445 0.0443 

Torsional  0.0749 0.0792 0.0786 0.0753 0.0763 0.0760 

Unit: Lateral and vertical displacement (m); Torsional displacement (°) 

 

Table 7-6. Maximum displacements at key locations 

  Windward Leeward 

  Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 

Middle- 
span 

Lateral 0.5588 0.5560 0.5388 0.5589 0.5559 0.5388 

Vertical 1.5026 1.4672 1.5731 1.6005 1.5558 1.6312 

Torsional 0.7923 0.7696 0.7043 0.7929 0.7668 0.7029 

Quarter- 
span 

Lateral 0.3304 0.3370 0.3265 0.3304 0.3369 0.3264 

Vertical 0.4299 0.4604 0.5006 0.5317 0.5545 0.5732 

Torsional 0.3815 0.3833 0.3460 0.3812 0.3791 0.3451 

Side- 
span 

Lateral 0.0735 0.0763 0.0743 0.0735 0.0763 0.0742 

Vertical 0.0358 0.0433 0.0507 0.1074 0.1108 0.1137 

Torsional  0.1359 0.1314 0.1272 0.1365 0.1287 0.1259 

Unit: Lateral and vertical displacement (m); Torsional displacement (°) 
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7.4.5. Wind-induced acceleration and comparison 

The peak accelerations on the main span are shown in Figure 7-9, and the values 

at key locations are listed in Table 7-7. It is obvious that the results of three cases 

are also close to each other in the most significant vertical direction, while some 

differences can be found on the other two directions. According to the results, the 

wind-induced acceleration can be overrated a little due to the neglect of wind 

distribution on the deck, while the difference brought by the FE model type 

mainly concentrates on the lateral acceleration. 

  

(a) Lateral acceleration (windward box) (b) Lateral acceleration (leeward box) 

  

(c) Vertical acceleration (windward box) (d) Vertical acceleration (leeward box) 

  

(e) Torsional acceleration (windward box) (f) Torsional acceleration (leeward box) 

Figure 7-9. Wind-induced maximum acceleration 
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Table 7-7. Maximum accelerations at key locations 

  Windward Leeward 

  Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 

Middle- 
span 

Lateral 0.3831 0.4671 0.4116 0.3831 0.4671 0.4116 

Vertical 3.7444 3.6913 3.7106 3.7520 3.6931 3.7392 

Torsional 5.7736 5.5259 4.9324 5.7734 5.5260 4.9335 

Quarter- 
span 

Lateral 0.3069 0.4504 0.3882 0.3069 0.4504 0.3882 

Vertical 2.6899 2.5635 2.5275 2.6975 2.5644 2.5433 

Torsional 4.3920 3.9802 3.3118 4.3918 3.9801 3.3118 

Side- 
span 

Lateral 0.1056 0.1551 0.1331 0.1056 0.1551 0.1330 

Vertical 0.9266 0.9766 1.0830 0.9283 0.9776 1.0835 

Torsional  0.5012 0.7730 0.6382 0.5013 0.7727 0.6394 

Unit: Lateral and vertical acceleration (m/s2); Torsional acceleration (°/s2) 

7.4.6. Wind-induced stress and comparison 

By comparing the stress responses at middle, quarter and side-span sections, it 

has been confirmed that the wind-induced stresses at middle span outstrip the 

others. Even though the mean stress at side-span can be comparable to the 

middle-span value, the maximum stress is still much larger at the middle-span 

section due to the larger vibration in the middle-span, which makes the results at 

middle-span more important. Accordingly, the distribution of mean and peak 

stresses calculated by different cases are compared for the middle-span section, 

which are shown in Figure 7-10 and Figure 7-11, and the results at quarter and 

side-span sections can be found in Appendix E and Appendix F. It can be seen 

that the results of mean stress are quite comparable among all three cases except 

for some small differences on the bottom plate. On the other hand, the peak 

stresses calculated by substructure FE model are much larger than those of the 

spine-beam FE model on the edges of both boxes. This difference can be caused 

by the local deformation of the deck plates allowed by the substructure FE model 

and the stress concentration brought by the boundary conditions. Meanwhile, the 
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comparison between Case 2 and Case 3 indicates that the distribution of wind 

effect can cause some differences on the bottom plates of both decks. 

 

 

 

Figure 7-10. Distribution of mean stresses on the section at middle-span 

 

 

 

Figure 7-11. Distribution of maximum stresses on the section at middle-span 
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To be explicit, twenty key points on the deck section shown in Figure 7-12 are 

selected to compare the specific values of mean and maximum stress at 

middle-span and the results are all listed in Table 7-8 and Table 7-9. By 

comparing Case 1 with Case 2, the stress underestimation for the beam FE model 

is rather obvious at corners and also on the inner bottom plates, especially for the 

windward box. Therefore, it is necessary to use the multi-scale FE model, such as 

the substructure model in this study, instead of the traditional spine-beam FE 

model. On the other hand, the effect of wind load model can be obtained by 

comparing Case 2 with Case 3. Although the differences induced by the type of 

wind load seems to be quite small in terms of percentage, the underestimate of 

absolute values at some critical regions cannot be ignored due to the 

accumulation effect, say bottom plate corners (points 8 and 18). The detailed 

wind pressure distribution is still recommended to obtain accurate wind-induced 

stresses on the bridge deck. 

 

Figure 7-12. Key point locations on the deck section 

 

Table 7-8. Mean stresses at key points on the cross-section at middle-span 

Stress No. Case 1 Case 2 Case 3 Stress No. Case 1 Case 2 Case 3 

1 –21.67 –18.92 –18.85 11 20.22 18.54 18.36 

2 –21.51 –21.82 –21.73 12 19.83 21.36 21.15 

3 –12.93 –12.25 –12.24 13 10.77 11.19 11.12 

4 –3.66 –4.38 –4.47 14 1.04 2.77 2.72 

5 –2.52 –2.30 –2.36 15 2.16 2.94 2.88 

6 –3.77 –3.03 –3.12 16 6.49 6.14 6.20 

7 –4.73 –4.02 –3.95 17 9.91 7.01 6.99 

8 –5.30 –4.20 –4.16 18 10.89 8.29 8.26 

9 –13.90 –10.56 –10.54 19 17.90 14.67 14.48 

10 –21.33 –16.71 –16.57 20 22.05 18.28 18.16 
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Table 7-9. Maximum stresses at key points on the cross-section at middle-span 

Stress No. Case 1 Case 2 Case 3 Stress No. Case 1 Case 2 Case 3 

1 –2.97 45.72 50.41 11 34.83 71.16 77.27 

2 –1.63 45.86 56.44 12 35.63 86.35 87.00 

3 8.25 2.58 3.30 13 34.17 26.31 27.33 

4 22.96 146.37 162.24 14 32.66 169.13 174.80 

5 4.37 146.56 156.13 15 31.62 150.85 164.52 

6 20.80 151.74 152.66 16 50.03 123.79 120.33 

7 43.14 116.55 125.32 17 71.74 119.97 131.95 

8 46.60 149.65 162.67 18 75.80 157.39 171.49 

9 26.49 62.77 55.45 19 65.57 62.19 69.22 

10 –2.65 57.25 64.54 20 40.39 107.98 112.98 

 

7.5. Summary 

This chapter discusses the influence of wind loading and structure models on 

buffeting analysis of a long-span twin-box bridge by comparing the 

wind-induced global and local responses on the bridge deck. The Stonecutters 

cable-stayed bridge with a twin-box deck is selected to carry out the buffeting 

analysis, and the wind speed and characteristics specified in the design 

memorandum are considered as the input. Two wind load models (pressure and 

force) and two FE model models (spine-beam and substructure) are included to 

provide three combination cases. The following conclusions can be drawn by 

comparing the results obtained from different cases. 

(1) The use of spine-beam FE model and lumped force model leads to slight 

differences in the global response like displacement and acceleration but 

distinct underestimation of the local stress responses.  

(2) The neglect of wind load distribution also impacts the accuracy of the stress 

response. Even though the difference seems to be small in terms of 
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percentage, it is still not acceptable at some critical region due to the 

accumulation effect on local failure fatigue damage.  

(3) Since the use of the spine-beam model and the disregard of the distribution 

of wind load encumber the accurate prediction of stress responses on the 

bridge deck, the detailed wind pressure distribution and the substructure FE 

model are recommended to obtain accurate wind-induced stresses on the 

bridge deck. 
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CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS 

8.1. Conclusions 

This thesis focuses on the stress-level buffeting analysis of a long-span 

twin-box-deck bridge considering both aerodynamic and aeroelastic pressures in 

terms of POD pressure modes. In particular, this study aims to: (1) propose an 

appropriate modelling method for the distributed aerodynamic and aeroelastic 

pressures on the surface of the twin-box deck of the long-span bridges by 

introducing a powerful statistical tool named proper orthogonal decomposition 

(POD); (2) reveal the characteristics of the POD pressure modes and determine 

parameters of POD pressure modes through wind tunnel pressure tests on an 

aeroelastic sectional model; (3) separate aerodynamic and aeroelastic 

components, as well as the aerodynamic components induced by incident and 

signature turbulence, in terms of POD pressures modes and then analyse the 

spanwise correlation of each pressure component; (4) develop a new framework 

for buffeting-induced stress analysis of long-span twin-box-deck bridges based 

on the POD pressure modes and a substructure FE model; and (5) apply the 

proposed framework on the substructure FE model of the Stonecutters Bridge and 

examine the feasibility and accuracy by comparing with the field measurement 

data recorded by the SHM system. The main contributions and conclusions of 

this study are summarized below. 

(1) A new modelling method of distributed aerodynamic pressures on the 

surfaces of a bridge deck section has been developed in terms of the proper 

orthogonal decomposition (POD) method. The framework has been applied 

to the motionless twin-box sectional model of the Stonecutters Bridge in 

Hong Kong. Most pressure taps yield negative pressures except a few 
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points at the windward edges of the two boxes. The pressure coefficients 

vary significantly, and the largest negative pressures occur on the leeward 

box other than the windward box. The derivatives of pressure coefficients 

are apparently larger than the corresponding pressure coefficients in most 

pressure locations. By introducing the proposed method, the POD pressure 

modes, pressure modal coefficients, and pressure principal coordinates 

could be obtained from the measured distributed aerodynamic pressures. 

The first two POD modes mainly represent the effect of incident turbulence 

and signature turbulence, respectively, and the incident turbulence mainly 

controls the upstream box, while the signature turbulence plays a key role 

in the downstream box. The pressure modal admittance functions could be 

identified by using a colligated least-squares method to the auto and cross 

spectra of the measured wind speeds and pressures. The aerodynamic 

pressures and forces, as well as the corresponding admittance functions, 

could be reproduced by using a limited number of POD pressure modes, in 

which the first two POD modes often provide major contributions. 

Meanwhile, the introduction of POD pressure mode greatly simplifies the 

identification of many individual parameters for aerodynamic pressures 

such as admittance functions. 

(2) The POD-based modelling method has been applied to wind-induced 

fluctuating pressures on bridge decks including both aerodynamic and 

aeroelastic components. During the process, the indicial functions are used 

to identify the pressure modal derivatives so that the aerodynamic and 

aeroelastic components of wind-induced fluctuating pressures can be 

separated. A re-identification process is then introduced to obtain the 

pressure modal admittances by applying the colligated least-squares method 

to the auto and cross spectra of the measured wind speeds and the extracted 

aerodynamic pressures. The aforementioned method has also been applied 
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to the twin-box deck section of the Stonecutters Bridge via free-vibration 

wind-pressure wind-tunnel tests. The characteristics of POD pressure 

modes, including covariance modes, principal coordinates, pressure modal 

admittances, and pressure modal derivatives were investigated in detail. It 

was found that the incident turbulence-induced pressure component is 

mainly represented by the first POD mode and dominates the upstream box, 

while the signature turbulence-induced component is mainly reflected by 

the second POD mode which has a great influence on the downstream box. 

The self-excited components are controlled by the first three POD modes 

while the affected areas mainly focus on the windward edge zones of the 

two boxes. It was also found that the proposed modelling method can 

effectively separate the aerodynamic pressure component and the 

aeroelastic pressure component from the measured distributed pressures 

and unveil the distribution characteristics of the total fluctuating pressures 

and their components. The distributed pressures and the integrated forces, 

as well as their aerodynamic and aeroelastic components, were 

reconstructed by the proposed method and compared with the directly 

measured ones. The comparative results confirm the feasibility and 

accuracy of the proposed modelling approach. 

(3) The spanwise correlation is investigated and presented in terms of POD 

pressure mode. The effects of different components are considered 

separately by introducing the indicial function to tell apart the effects of 

aeroelasticity and aerodynamics and adopting the empirical mode 

decomposition (EMD) method to separate the incident and signature 

turbulence-induced components. Two indexes, the correlation coefficient 

and the root coherence, are used to evaluate the spatial correlation of POD 

pressure modes. The high correlation coefficients between covariance 

modes indicate a quite stable decomposition by using the POD method, so 
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the pressure modal coordinates at different sections can be calculated by 

only one set of covariance modes. The spanwise correlation coefficients of 

aeroelastic components for the first three pressure modes are all quite close 

to 1, which confirms the perfect correlation assumption suggested by 

Scanlan. The spanwise correlation of aerodynamic components decays with 

the increasing of separation distance, and the decay of signature 

turbulence-induced component is much faster than that of the incident 

turbulent flow. The coherence of incident turbulence-induced component is 

investigated by using the data of the first pressure mode and well fitted by 

Larose’s empirical model. The coherence of signature turbulence-induced 

component is represented by the results of the second pressure mode and 

well fitted by introducing a new reduced frequency according to the 

predominant signature frequency. With the proposed framework of 

POD-based spanwise correlation, the correlation of wind-induced pressures 

on the surface of bridge decks can be described in an appropriate way, and 

the root coherences of pressures at any two points can be reconstructed. 

(4) A new stress-level buffeting analysis framework for a long-span twin-box 

deck bridge is developed based on POD pressure modes and a substructure 

FE model. In this framework, the wind-induced pressure field around the 

twin-box deck is represented by a limited number of POD pressure modes. 

A substructure FE model of the long-span bridge is developed and carefully 

updated with the measured modal frequencies and influence lines. By 

taking the substructure approach, both global and local information can be 

obtained on the entire bridge. The wind-induced response of the 

Stonecutters Bridge under Typhoon Hato is selected as a case study to 

validate the proposed framework. The Wind and Structural Health 

Monitoring System (WASHMS) installed on the Stonecutters Bridge has 

been used to capture the wind velocity during the Typhoon Hato pass 
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through as the input. The wind-induced responses such as displacements, 

accelerations, and stresses are also recorded, which are then compared with 

the responses calculated by using the proposed framework. The results 

show that the calculated global responses agree well with the measured 

ones except for some moderate discrepancies of lateral vibration modes. 

Several key points on the surface of the leeward box are then selected to 

examine the stress results show a good result. Furthermore, the distribution 

of wind-induced stress on a cross-section at mid-span indicates that the 

maximum value of wind-induced stress concentrate at the corner of the 

boxes. However, these regions are usually hard to be monitored, and the 

proposed stress-level buffeting analysis framework can thus provide 

necessary supplements for local failure and fatigue analysis. 

(5) The influence of wind loading and structure models on buffeting analysis of 

a long-span twin-box bridge has been discussed as well by comparing the 

wind-induced response on the bridge deck. The Stonecutters Bridge is also 

selected to carry out the buffeting analysis, and the wind loads specified in 

the design memorandum is considered as the input. Two wind load types 

(pressure or force) and two FE model types (spine-beam model or 

substructure model) are included to provide three combination cases. The 

following conclusions can be drawn by comparing the results obtained from 

different cases. The comparison results show that the use of spine-beam FE 

model leads to slight differences for the global response like displacement 

and acceleration but distinct underestimation for the local stress response. 

The neglect of wind load distribution also impacts the accuracy of the stress 

response. Even though the difference seems to be small in terms of 

percentage, it is still not acceptable at some critical region due to the 

accumulation effect. Since the use of the spine-beam model and the 

disregard of the distribution of wind load encumber the accurate prediction 
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of stress responses on the bridge deck, the detailed wind pressure 

distribution and the substructure FE model are recommended to obtain 

accurate wind-induced stresses on the bridge deck. 

8.2. Recommendations for future studies 

Although progress has been made in this study for the development and 

application of frequency-domain buffeting analysis of long-span bridges with 

aerodynamic and aeroelastic pressures in terms of POD pressure modes, several 

important issues require further investigations. 

(1) The POD based modelling method proposed in this study can only be 

applied to the aerodynamic and aeroelastic pressures on the surface of the 

bridge deck, which suffers a stationary (with respect to time) and 

homogeneous (with respect to space) upcoming wind. However, 

non-stationary is one of the prominent characteristics of strong wind and 

has been observed in many field-measured typhoon data. Therefore, the 

non-stationary issue should be taken into consideration in future works. 

(2) The linearized quasi-steady theory has been adopted in this study to achieve 

a simplified expression of the wind-induced pressures on the bridge deck, 

and the unsteady effect was then taken into account by aerodynamic and 

aeroelastic parameters obtained from wind tunnel tests. To fully consider 

the fluid-structure interaction, however, further investigations are required 

to deal with the nonlinear effects. 

(3) In this study, the orthotropic steel plates of the bridge deck are modelled by 

one layer of shell elements because of limited computation capacity. 

Meanwhile, the connections between different components are roughly 

modelled by sharing nodes, and the condensed super-elements adjacent to 

each other are then connected by coupling the corresponding DOF of the 
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master nodes. All these approximations can cause errors in the computed 

stress responses. In further studies, a more refined FE model with detailed 

modelling of orthotropic steel plates and connections should be developed. 

(4) Although the substructure-based modelling scheme significantly benefits 

the computational efficiency, the preciseness of computed stress responses 

has to be sacrificed to a certain degree. For the sake of an accurate 

prediction of the wind-induced dynamic stress responses, a refined FE 

model without condensation is in need. 

(5) To simply establish the buffeting analysis model, the behaviour of the 

structure has been assumed to be linear-elastic. In practice, however, some 

structural nonlinearity and material plasticity may occur when the 

long-span bridges undergo super strong winds such as a powerful typhoon 

or the wind close to the design wind speed. Such nonlinearity and plasticity 

shall be considered further if possible. 

(6) As mentioned before, buffeting-induced stress responses can be one of the 

major sources for local failure and fatigue damage to long-span 

cable-supported bridges. With the stress-level analysis framework proposed 

in this study, the wind effect on fatigue damage can be investigated together 

with highway loading, railway loading, and even other multiple loadings. 

The nonlinear fatigue accumulation caused by wind loading can then be 

considered in a more reasonable way in the future. 
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APPENDIX A 

COVARIANCE MODES OF POD MODES 

 
Figure A-1. Covariance mode distribution of POD modes at –3° attack angle 

(Mode 1 — Mode 10) 
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Figure A-1. Covariance mode distribution of POD modes at –3° attack angle 

(Mode 11 — Mode 20)  
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Figure A-2. Covariance mode distribution of POD modes at 0° attack angle 

(Mode 1 — Mode 10) 
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Figure A-2. Covariance mode distribution of POD modes at 0° attack angle 

(Mode 11 — Mode 20)  
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Figure A-3. Covariance mode distribution of POD modes at +3° attack angle 

(Mode 1 — Mode 10) 
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Figure A-3. Covariance mode distribution of POD modes at +3° attack angle 

(Mode 11 — Mode 20)  
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APPENDIX B 

PRESSURE MODAL DERIVATIVES 

(0° ATTACK ANGLE) 

 

  
Mode 1 Mode 2 

  
Mode 3 Mode 4 

  
Mode 5 Mode 6 

Figure B-1. Pressure modal derivatives of POD modes 

(Mode 1 — Mode 6) 
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Mode 7 Mode 8 

  
Mode 9 Mode 10 

  
Mode 11 Mode 12 

  
Mode 13 Mode 14 

Figure B-1. Pressure modal derivatives of POD modes 

(Mode 7 — Mode 14) 



197 

Table B-1. Indicial function parameters of POD modes 

(Mode 1 — Mode 7) 

Mode  φ a1 d1 a2 d2 

1 

h 0.7672 0.0228 0.2431 0.0015 

β 0.9443 0.0220 0.0182 0.3489 

u 2.2712 0.0036 1.4350 0.1177 

w 1.0620 0.0005 0.0322 0.0005 

2 

h 0.9995 0.0719 0.0191 0.0061 

β 1.0079 0.2784 0.1318 1.2104 

u 0.4167 0.0028 –4.9898 0.2518 

w 3.8203 0.0005 –1.9910 0.0035 

3 

h 0.7763 0.0076 0.2512 0.0008 

β 0.3425 0.4358 0.1087 6.9026 

u 1.3884 0.0006 0.0350 0.0006 

w 2.2418 0.0007 0.6906 0.4297 

4 

h 0.6299 0.0066 0.3682 0.0007 

β 0.6235 0.0063 0.3644 0.0007 

u 1.4404 0.0008 0.9856 0.4605 

w 1.0987 0.0005 0.0341 0.0005 

5 

h 0.7820 0.0091 0.2496 0.0010 

β 0.4624 0.0076 0.1493 0.0008 

u 1.2805 0.0005 0.0200 0.0005 

w 0.1108 0.0149 0.0198 0.0148 

6 

h 0.6305 0.0115 0.3656 0.0088 

β 0.5319 0.0063 0.3115 0.0007 

u 1.6839 0.0018 –0.9366 0.0339 

w 2.3803 0.0008 –1.0107 0.2449 

7 

h 0.6156 0.0063 0.3594 0.0007 

β 1.6708 0.0883 –0.6165 0.0329 

u 3.4778 0.0015 –2.0000 0.0095 

w 0.9740 0.0036 –0.2551 0.1538 
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Table B-1. Indicial function parameters of POD modes 

(Mode 8 — Mode 14) 

Mode φ a1 d1 a2 d2 

8 

h 0.7367 0.0076 0.2348 0.0008 

β 1.3011 0.3960 –0.2159 0.9890 

u 2.2581 0.0157 –1.9717 0.0224 

w 3.7375 0.0009 –2.0000 0.0096 

9 

h 0.9388 0.0231 0.0873 0.0227 

β 0.6458 0.0063 0.3777 0.0007 

u 0.7524 0.0020 –0.0476 0.4124 

w 1.2659 0.0013 0.1189 0.0677 

10 

h 0.7391 0.0076 0.2355 0.0008 

β 1.0936 0.1598 –0.0724 0.7687 

u 6.5024 0.0477 2.0168 5.8543 

w 1.2302 0.0015 0.0550 0.0015 

11 

h 0.7581 0.0076 0.2425 0.0008 

β 0.7678 0.0648 0.2459 0.0042 

u 0.6197 0.0139 –0.6461 6.3858 

w 1.1043 0.0008 0.0495 0.0008 

12 

h 0.8049 0.0136 0.2014 0.0008 

β 0.9920 0.0271 0.0318 0.6171 

u 1.2879 0.0007 0.2483 0.3879 

w 0.8563 0.0051 –0.0356 0.0023 

13 

h 0.9069 0.0247 0.0980 0.0019 

β 0.7918 0.0076 0.2538 0.0008 

u 0.0542 0.0009 –0.6570 0.3620 

w 1.0554 0.0008 0.1143 0.0047 

14 

h 0.7293 0.0076 0.2332 0.0008 

β 0.8876 0.0551 0.0335 0.5430 

u 0.8501 0.0175 –0.1252 0.5478 

w 0.9510 0.0006 0.3736 0.0815 
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APPENDIX C 

PRESSURE MODAL ADMITTANCES  

(0° ATTACK ANGLE) 

 

  
Mode 1 Mode 2 

  
Mode 3 Mode 4 

  
Mode 5 Mode 6 

Figure C-1. Pressure modal admittances of POD modes 

(Mode 1 — Mode 6) 
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Mode 7 Mode 8 

  
Mode 9 Mode 10 

  
Mode 11 Mode 12 

  
Mode 13 Mode 14 

Figure C-1. Pressure modal admittances of POD modes 

(Mode 7 — Mode 14)  
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APPENDIX D 

NATURAL MODES OF STONECUTTERS BRIDGE 

Table D-1. Natural frequencies of first thirty modes of Stonecutters Bridge 

Mode 
No 

FE model 1 FE model 2 
Damping 
ratio (%) 

Mode shape description 

1 0.161 0.161 0.74 Symmetric lateral (deck) 

2 0.212 0.213 0.68 Symmetric vertical (deck) 

3 0.212 0.214 0.70 Asymmetric lateral (tower) 

4 0.218 0.219 0.70 Symmetric lateral (tower) 

5 0.261 0.257 1.08 Asymmetric vertical (deck) 

6 0.327 0.324 0.79 Longitudinal (towers&deck) 

7 0.331 0.336 0.79 Symmetric vertical (deck) 

8 0.391 0.393 0.70 Asymmetric lateral (deck) 

9 0.399 0.397 0.58 Asymmetric vertical (deck) 

10 0.444 0.450 0.41 Symmetric torsional (deck) 

11 0.450 0.461 0.80 Symmetric vertical (deck) 

12 0.514 0.529 0.80 Asymmetric vertical (deck) 

13 0.577 0.590 0.90 Symmetric vertical (deck) 

14 0.606 0.613 0.41 Asymmetric torsional (deck) 

15 0.615 0.622 0.81 Symmetric lateral (deck) 

16 0.641 0.631 0.81 Asymmetric lateral (tower) 

17 0.646 0.639 0.82 Symmetric vertical (deck) 

18 0.656 0.658 0.81 Asymmetric lateral (tower) 

19 0.659 0.663 1.50 Asymmetric vertical (deck) 

20 0.713 0.701 0.81 Asymmetric lateral (tower) 

21 0.722 0.724 0.52 Symmetric torsional (deck) 

22 0.735 0.737 0.79 Symmetric vertical (deck) 

23 0.775 0.789 0.62 Symmetric lateral (deck) 

24 0.796 0.807 0.79 Asymmetric vertical (deck) 

25 0.861 0.851 0.52 Asymmetric torsional (deck) 

26 0.867 0.873 0.75 Symmetric vertical (deck) 

27 0.908 0.875 0.75 Asymmetric vertical (deck) 

28 0.919 0.889 0.75 Symmetric vertical (deck) 

29 0.924 0.946 0.75 Asymmetric vertical (deck) 

30 0.981 0.974 0.46 Symmetric torsional (deck) 

* FE model 1 and 2 represent spine-beam and multi-scale FE model respectively. 
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Figure D-1. Mode shape of first thirty modes of Stonecutters Bridge 

(Mode No. 1 — Mode No. 5) 
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Figure D-1. Mode shape of first thirty modes of Stonecutters Bridge 

(Mode No. 6 — Mode No. 10) 
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Figure D-1. Mode shape of first thirty modes of Stonecutters Bridge 

(Mode No. 11 — Mode No. 15) 
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Figure D-1. Mode shape of first thirty modes of Stonecutters Bridge 

(Mode No. 16 — Mode No. 20) 
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Figure D-1. Mode shape of first thirty modes of Stonecutters Bridge 

(Mode No. 21 — Mode No. 25) 
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Figure D-1. Mode shape of first thirty modes of Stonecutters Bridge 

(Mode No. 26 — Mode No. 30)  
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APPENDIX E 

COMPARISON OF MEAN STRESSES 

 

 

 

 

Figure E-1. Distribution of mean stress on the cross-section (Middle-span) 

 

Table E-1. Mean stresses at key points on the cross-section (Middle-span) 

Stress No. Case 1 Case 2 Case 3 Stress No. Case 1 Case 2 Case 3 

1 –21.67 –18.92 –18.85 11 20.22 18.54 18.36 

2 –21.51 –21.82 –21.73 12 19.83 21.36 21.15 

3 –12.93 –12.25 –12.24 13 10.77 11.19 11.12 

4 –3.66 –4.38 –4.47 14 1.04 2.77 2.72 

5 –2.52 –2.30 –2.36 15 2.16 2.94 2.88 

6 –3.77 –3.03 –3.12 16 6.49 6.14 6.20 

7 –4.73 –4.02 –3.95 17 9.91 7.01 6.99 

8 –5.30 –4.20 –4.16 18 10.89 8.29 8.26 

9 –13.90 –10.56 –10.54 19 17.90 14.67 14.48 

10 –21.33 –16.71 –16.57 20 22.05 18.28 18.16 
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Figure E-2. Distribution of mean stress on the cross-section (Quarter-span) 

 

 

Table E-2. Mean stresses at key points on the cross-section (Quarter-span) 

Stress No. Case 1 Case 2 Case 3 Stress No. Case 1 Case 2 Case 3 

1 –5.78 –4.62 –4.68 11 2.90 2.20 2.16 

2 –5.69 –5.13 –5.19 12 2.83 2.51 2.46 

3 –2.69 –3.07 –3.12 13 0.00 0.50 0.52 

4 0.54 0.68 0.57 14 –3.05 –3.08 –3.10 

5 0.41 0.32 0.23 15 –3.21 –2.41 –2.46 

6 –0.71 –0.83 –0.94 16 –2.52 –1.13 –1.06 

7 –1.59 –2.34 –2.31 17 –1.98 –0.79 –0.78 

8 –1.88 –2.45 –2.46 18 –1.76 –0.11 –0.12 

9 –4.41 –3.20 –3.28 19 0.88 1.44 1.32 

10 –6.17 –4.39 –4.38 20 2.99 2.31 2.31 
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Figure E-3. Distribution of mean stress on the cross-section (Side-span) 

 

 

Table E-3. Mean stresses at key points on the cross-section (Side-span) 

Stress No. Case 1 Case 2 Case 3 Stress No. Case 1 Case 2 Case 3 

1 13.20 14.04 13.96 11 –16.55 –17.07 –17.04 

2 12.91 15.93 15.83 12 –16.15 –19.39 –19.36 

3 7.17 7.03 6.97 13 –10.37 –10.17 –10.09 

4 0.99 2.30 2.22 14 –4.16 –4.97 –4.94 

5 0.71 0.94 0.85 15 –4.24 –3.42 –3.46 

6 2.17 1.65 1.51 16 –6.17 –4.15 –4.11 

7 3.31 0.71 0.66 17 –7.69 –5.15 –5.15 

8 3.77 1.38 1.30 18 –8.21 –5.47 –5.47 

9 9.08 8.24 8.19 19 –13.25 –11.34 –11.32 

10 13.28 12.66 12.60 20 –16.90 –15.53 –15.50 
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APPENDIX F 

COMPARISON OF MAXIMUM STRESSES 

 

 

 
Figure F-1. Distribution of maximum stress on the cross-section (Middle-span) 

 

Table F-1. Maximum stresses at key points on the cross-section (Middle-span) 

Stress No. Case 1 Case 2 Case 3 Stress No. Case 1 Case 2 Case 3 

1 –2.97 45.72 50.41 11 34.83 71.16 77.27 

2 –1.63 45.86 56.44 12 35.63 86.35 87.00 

3 8.25 2.58 3.30 13 34.17 26.31 27.33 

4 22.96 146.37 162.24 14 32.66 169.13 174.80 

5 4.37 146.56 156.13 15 31.62 150.85 164.52 

6 20.80 151.74 152.66 16 50.03 123.79 120.33 

7 43.14 116.55 125.32 17 71.74 119.97 131.95 

8 46.60 149.65 162.67 18 75.80 157.39 171.49 

9 26.49 62.77 55.45 19 65.57 62.19 69.22 

10 –2.65 57.25 64.54 20 40.39 107.98 112.98 
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Figure F-2. Distribution of maximum stress on the cross-section (Quarter-span) 

 

 

Table F-2. Maximum stresses at key points on the cross-section (Quarter-span) 

Stress No. Case 1 Case 2 Case 3 Stress No. Case 1 Case 2 Case 3 

1 13.01 65.46 68.86 11 21.55 66.87 70.86 

2 13.43 71.93 76.45 12 21.84 77.32 80.63 

3 18.07 10.59 11.39 13 20.20 12.75 13.19 

4 24.00 137.27 142.18 14 19.03 126.01 137.17 

5 19.03 121.51 121.18 15 15.95 77.31 83.19 

6 20.26 93.14 86.58 16 20.90 95.37 83.17 

7 27.42 62.29 67.51 17 29.52 59.19 64.16 

8 28.76 78.31 85.67 18 31.22 78.94 85.71 

9 20.98 48.31 46.62 19 26.76 51.61 49.80 

10 11.70 73.22 69.88 20 20.33 60.00 63.52 
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Figure F-3. Distribution of maximum stress on the cross-section (Side-span) 

 

 

Table F-3. Maximum stresses at key points on the cross-section (Side-span) 

Stress No. Case 1 Case 2 Case 3 Stress No. Case 1 Case 2 Case 3 

1 28.45 53.46 55.12 11 –2.70 13.11 15.83 

2 27.74 64.04 67.25 12 –2.33 21.14 24.95 

3 19.18 19.44 19.93 13 6.92 5.66 6.65 

4 11.64 71.11 70.56 14 17.31 52.79 58.34 

5 11.51 60.18 58.48 15 17.92 36.68 38.39 

6 15.61 32.33 34.12 16 16.71 24.35 24.35 

7 20.05 28.14 30.38 17 16.65 24.56 27.44 

8 21.19 35.16 37.95 18 16.27 30.71 33.61 

9 26.39 28.59 29.48 19 6.57 11.35 13.59 

10 29.54 79.25 75.84 20 –2.23 22.78 24.68 
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