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Abstract 

With the development of aerodynamic investigation methods, long-span bridge 

projects gradually became more open to adopt challenging geometric optimizations 

and countermeasure implementations. Thus the bridge girder decks improved as well, 

changing from the compact box-deck girders shapes, to twin-box and multi-box deck 

sections. The objectives of the current research are first to experimentally investigate 

the aerodynamic properties of a new type of bridge deck with multiple-decks 

consisting of two side decks for traffic lanes and two middle decks for railway traffic. 

Secondly, the aerodynamic effect of the windshield barriers with two different heights 

(30 mm and 50 mm) was experimentally analyzed for the multiple-deck bridge deck 

model. Finally, the Iterative Least Squares (ILS) method was used for extracting the 

eight flutter derivatives of this new type of deck section model. Furthermore, a 

detailed comparison of the aerodynamic characteristics between the current research 

model and other types of box girder bridges was carried out for identifying the 

similarities and discrepancies in the overall aerodynamic performance of the bridge 

deck. A wind tunnel facility was used for testing the force coefficients and the flutter 

derivatives for the multi-box deck model for wind speeds in the range of 0.8 m/s to 

11.0 m/s. In total, 301 test cases for 7 different attack angles (±6°, ±4°, ±2°, 0°) and 

two different windshield heights (30 mm and 50 mm) were carried out, as part of this 

research. 
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Chapter 1: Introduction 

1.1 Background of the bridge aerodynamics 

In November 1940, Tacoma Narrows Bridge, the third-longest suspension bridge at 

the time of its construction (after the Golden Gate Bridge and the George Washington 

Bridge) dramatically collapsed into the Puget Sound River due to wind effect [1]. This 

collapse is nowadays perceived as the most well-known bridge failure caused by 

lateral wind-induced vibrations, and it had a lasting effect on the advances recorded in 

the field of bridge engineering. Also this failure was presented as an example of 

elementary forced resonance with the wind speed providing an external periodic 

loading with a frequency that matched the bridge’s natural frequency, although the 

actual cause of this failure was aeroelastic flutter [2]. This failure boosted research 

related to aerodynamics of slender structures, and such studies had a significant 

influence on the design of the world’s great long-span bridges built since 1940 [3]. 

In the early 1960s, actual bridge tests, particularly those tests for simple single-span 

bridges, were undertaken to study the wind-induced vibrations, and to investigate the 

aerodynamic parameters of bridges [4]. Meanwhile, wind tunnel bridge model testing 

techniques were developed in order to further clarifying the aerodynamic 

characteristics and vertical and torsional motions of bridges subjected to different 

wind loading conditions in the laboratory. In addition, simplified beams and dynamic 

force analytical models were gradually applied to the finite element models of 

long-span bridges for performing the wind-vibration study. Later, much of the 

analytical work was performed for the vehicles-bridge interaction models to describe 

the bridge vibrations as computers became more available [4]. During the same period, 

actual field tests began on more complicated bridges such as continuous bridges. 
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Nowadays, bridge vibration studies cover almost all categories of bridges, such as 

suspension bridges, cable-stayed bridges, curved bridges, prestressed concrete bridges, 

high-speed transit structure bridges, etc. [5]. Analytical studies and computer models 

were used to handle parametrical studies such as accelerations and decelerations of 

vehicles, surface roughness of the bridge deck, seismic forces acting on the abutment, 

bridge aerodynamic parameters and multi-vehicle loading [6].  

1.2 Wind-induced bridge vibrations and bridge aerodynamic 

instability 

Bridge vibrations are mainly caused when the structure responds to dynamic loadings 

of increased amplitudes and with frequency components of the loading oscillations, 

exciting some of the structural frequencies of vibration. In other words, this means 

that if a structure begins to vibrate beyond serviceability limits, it is liable to fail 

mechanically, which can quickly lead to its total destruction. If these vibrations occur 

at a system’s resonance frequency, then oscillations will generate kinetic energies 

stored in the structural elements of the bridge. If the stored energy exceeds the load 

limit of the structure, the self-excited motion of such structure will be generated and 

due to both the external loading and the self-excited motion, the structural integrity of 

the bridge would be affected, which may cause the destruction of the bridge. 

Aerodynamic instability is an unstable state caused by oscillations of a structure that 

are generated by spontaneous and periodic fluctuations in the flow, particularly in the 

wake of the structure [6]. Structures produce a response under the dynamic wind 

forces. In general, because of the existence of the structural damping, the response 

reaches the maximum value but tends to be damped, which forms a kind of 

back-and-forth vibration known as "beats" [7]. Nevertheless, wind forces can produce 



Chapter 1 Introduction 

3 

 

negative damping components, when the velocity of wind reaches a certain critical 

value, the aerodynamic negative damping would become higher than the positive 

structural damping, and the wind-induced motion becomes more violent without 

stabilizing until the destruction is reached, which is known as the aerodynamic 

instability. As a whole, the aerodynamic instability of long-span bridges associated 

with the vibrations induced by wind can be categorized into four types: 

vortex-induced vibrations, buffeting vibrations, galloping instability and flutter 

instability; among them, vibration response of flutter and buffeting are divergent, 

which may cause destruction of the whole bridge [7]. The current research will focus 

on determining the flutter occurrence conditions for a bridge deck with multiple-box 

configuration, as it will be presented in the following sections and chapters. 

1.3 Box girder bridges and windshield barriers 

A bridge with main beams consisting of girders in the shape of a hollow box or 

multiple hollow boxes is called a box girder bridge. Normally, the geometric 

cross-section shape of the box girder bridges is rectangular or trapezoidal, and the 

construction material includes various kinds of concrete and steel. Compared to a 

classic I-beam bridge, the advantages of box girder bridges are as follows: (1) the box 

girder can carry more load than the I-beam section with equal height; and (2) the 

shape of the box girder is better for resisting torsional moment induced by wind. 

However, disadvantages also exist; for example, the box girder bridges are more 

expensive to construct and are more difficult to maintain, mainly because of the 

confined space inside the box girder that needs to be accessed [8]. With the 

development of the transportation industry, the single box girder bridge cannot fulfill 

the requirement of a rapid increase in bridge span length, thus the twin box girder 

bridge has been introduced, such as the Tsing Ma Bridge and the Stonecutters Bridge. 
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These twin box girder bridges take the geometrical form of a single box, but their 

aeroelastic properties present better stabilization for the critical flutter wind speed, 

which indicates that the twin-box girder can be applied for long-span bridges with a 

main span of up to 1,500 m and higher [9]. The Xihoumen Bridge (China), the 

second-longest bridge ranked by the length of the middle span, is a twin-box girder 

bridge with a central span of 1,650 m. Only the Akashi-Kaikyo Bridge with a central 

span of 1991 m in Japan had a longer span when the Xihoumen Bridge opened to the 

public in 2009. Nonetheless, several other bridges, including some new types of 

bridges such as the Strait of Messina Bridge, which is a three-box girder bridge, were 

designed or are under construction, and the central span length will also be larger than 

that of the Akashi-Kaikyo Bridge and the Xihoumen Bridge. 

The present design of bridge structures does not only consider the basic bridge safety 

but also pays more attention to improving the functionality of the bridge decks. The 

traffic suffering from large lateral wind force might encounter some security problems 

such as vehicle sideslip or roll, which affect the driving security of vehicles. 

Automobiles collisions caused by lateral wind speeds have been reported sometimes, 

and the driving security affected by the high lateral wind speeds also needs to be 

considered. Thus, improving the functionality of the bridges became an urgent 

problem which needs a practical and immediate solution; for example, for long span 

bridges, the traffic should be controlled when the wind speed on the deck reaches 24 

m/s [10]. 
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Figure 1.1 Types of windshield: (a) strip windshield barrier and (b) slab windshield 

barrier [10] 

Windshield barrier is an additional structure for the bridge. It is set on both sides of 

the bridge decks and is used to decrease the incoming lateral wind speed, thus 

preventing the vehicles’ rollover and ensuring driving security under high lateral wind 

force. According to different geometrical forms, the windshield barriers are divided 

into strip windshield barrier and slab windshield barrier [10]. The slab windshield 

barriers are made by assemblies of columns and perforated plates with small porosity 

(Fig 1.1 (b)). Long-span bridges, especially the bridges built over the sea, are exposed 

to strong wind loads, and for this reason they usually need to adopt the strip 

windshield which are made of columns and strips with large porosity (Fig 1.1 (a)). 

The function of the columns is to support the windshield barriers and the strips are 

used as windshields for this type of strip windshield barriers. The sheltering efficiency 

can be changed by adjusting the width of the barrier strips, the space between them 

and the dimensions of the strips. 
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1.4 Research motivation 

For over-passing the main span limitations and reaching lengths of 2,000 m and more, 

improving the aerodynamic properties by adopting new geometric shapes for the 

bridge decks is required. As mentioned in section 1.3, the box girder bridge allows for 

a larger increase of the span length, when compared with the I-beam bridge deck, 

because the shape of the box girders can offer better resistance to torsion, and the two 

webs of the box girder allow larger and stronger flanges. However, a single box girder 

cannot satisfy the ever-growing transportation industry; the width and length of the 

main span needs to be increased. Therefore, bridge decks have evolved from 

traditional single-box bridge decks to twin-box bridge decks, with the increase in the 

main span lengths; for example, from 344 m for the Jindo Bridge with a single-box 

deck, the main span increased to 1,650 m for the Xihoumen Bridge which has a 

twin-box deck [10]. Due to the good efficiency for high wind speeds, the number of 

twin-box girder bridges with long spans, which have been constructed in recent years 

has increased, including the Yi Sun-Sin Bridge (2012, Korea) [11] with a main span of 

1,545 m, the Tsing Ma Bridge (1997, China) [12] with a main span of 1,377 m, the 

Stonecutters Bridge (2009, China) [13] with a main span of 1018 m, etc. However, the 

main spans of these bridges never exceeded 2,000 m, and as an engineering challenge 

of crossing wide rivers and sea straits, some proposals of multiple box girder bridges 

with super-long spans have been designed such as the Strait of Messina Bridge [14] 

with a proposed main span of 3,300 m, the Qiongzhou Strait Bridge [16] with a 

proposed main span of 2,800 m, the Limit Span Scheme Bridge [17] with a proposed 

main span of 5,000 m, the Gibraltar Strait I Bridge [18] with a proposed main span of 

3,500 m, etc. The data and the information regarding the main wind-induced 

instability problem and the type of the wind shields proposed for some of the bridges 

with super-long spans are presented in Table 1.1: 
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Table 1.1 Super-long span suspension bridges proposed in the world [19] 

Span 

Order 
Bridge Name 

Main 

Span 
Girder Type 

Wind-induce

d Instability 

Barrier 

Type 

Year of 

Design 

1 Bali Strait 2,100 m Single Box Flutter Strip 2001 

2 Tokyo Bay 2,300 m Single Box Flutter Strip 1998 

3 Qiongzhou Strait 2,800 m Twin Box Flutter Strip 2002 

4 Sunda Strait 3,000 m Triple Box Flutter Strip 1997 

5 Messina Strait 3,300 m Triple Box Flutter Strip 1993 

6 Gibraltar Strait I 3,500 m Twin Box Flutter Strip 1991 

7 Gibraltar Strait II 5,000 m Triple Box Flutter Strip 1991 

8 Limit Span Scheme 5,000 m Twin Box Flutter Strip 2003 

As a result of the increment of span length, besides the single-box girder bridge, the 

twin-box girder bridge and triple-box girder bridges have been considered to improve 

aerodynamic stability against strong winds. Flutter instability is estimated to be the 

main wind-induced problem, as it can be seen in Table 1.1. If the aerodynamic 

instability, especially the flutter, for super-long span bridges can be overcome, bridges 

with main spans of 5,000 m or even over 5,000 m can be reached by creating new 

structural shapes of bridge decks. 

As mentioned in section 1.3, the super-long span bridges sensitive to wind loads need 

to be constructed with windshield barriers, and all the proposed super-long span 

bridges in the Table 1.1 have strip windshield barriers. According to the research 

outcomes presented by Nieto et al. [20] and Meng [21], the windshield barriers 

(breaks) play an important role in the aerodynamic properties of long-span bridge 

decks, and this structural element should be an inseparable part for an actual bridge 

deck or the sectional deck model used in experiments. The height of the windshield 
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barrier is an important factor for preventing vehicles overturning on their side, when 

subjected to  high lateral wind speeds. Moreover, the height of the windshield 

barriers has direct effect on the aerodynamic parameters of the bridge deck itself, such 

as the static aerodynamic coefficients and the flutter derivatives. However, current 

research related to windshield barrier effects on multi-deck bridges concentrated only 

on the static aerodynamic coefficients, and few studies have been performed for 

determining the optimum flutter derivatives for different heights of the windshield 

barriers.  

In order to investigate the multi-deck bridge and windshield barrier effect at the same 

time, a concept of a novel type of bridge deck consisting of four individual decks that 

are two side decks for traffic lanes and two middle decks for railways, named the 

Megane Bridge Deck, has been proposed for improving the aerodynamic stability for 

the super-long span. In order to prepare the Megane Bridge Deck for construction, the 

final configuration, including the windshield barriers must be implemented and the 

recommendations for the aerodynamic characteristics should be formulated. 

 

Figure 1.2 Geometrical dimensions of the Megane Bridge Deck 
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The real Megane Bridge multiple-box sectional deck, consisting of two 10 m width 

airfoil decks for railway in the middle and two 16 m airfoil decks for the traffic on 

either side, has a total dimension of 69.6 m wide including the 3.8 m sidewalk lane on 

both edges of the deck, as shown in Fig. 1.2. The depth of the railway and traffic 

box-decks is 3.0 m and 2.0 m, respectively; the width of the gap between the two 

railway decks is 2.8 m and the width of the deck between the railway and traffic decks 

is 3.6 m. 

The experimental and CFD research performed by Wang [15] for determining the 

aerodynamic characteristics for the simplified Megane Bridge deck, consisting in the 

bare multi-box deck shape model without windshield barriers and sidewalks, showed 

a good performance of this geometrical configuration. 

 

Figure 1.3 Simplified model of Megane Bridge deck [15] 

However the bridge cannot be constructed without the wind shields and barriers, and 

these two structural elements should be inseparable parts for an actual bridge deck. 

Therefore, the aerodynamic properties of the Megane Bridge deck model, including 
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the windshields and barriers, should be determined, in order to ensure the possibility 

of construction for such a multi-box deck. In addition, the flutter derivatives of 

multi-box bridge decks are currently available only for the angle of attack of 0° [15], 

however the most vulnerable cases for bridge decks are registered at ±4° to ±8° cases. 

Therefore, the main objective of the current research is building the complete bridge 

sectional model of the Megane Bridge deck with windshield barriers and sidewalks, 

then obtaining the aerodynamic properties of the model. Also identifying the static 

force coefficients and the flutter derivatives of the Megane Bridge sectional model 

under different attack angles, and different wind speeds will be performed. In order to 

achieve the best aerodynamic performance given by the multiple-box configuration of 

the deck and by the windshield barrier configuration, researching on the aerodynamic 

properties conferred by different heights of windshield barriers became a major 

contribution of the current research. 

1.6 Research objectives 

In order to determine the aerodynamic properties of the Megane Bridge multi-box 

deck model, two types of wind tunnel experiments were chosen for identifying the 

static force coefficients and the flutter derivatives respectively. The 2.1 m wide by 1.8 

m high and 27.0 m long wind tunnel facility of the wind engineering company 

Gradient Wind Engineering Inc. was used for carrying out these tests. Moreover, 

well-organized experimental steps need to be performed as follows: 

Through the experimental and analytical work carried out in this project, the current 

research aims at accomplishing three main objectives. The first objective is to build a 

proper bridge deck model with windshield barriers which respects all the aerodynamic 

similarity conditions. The second objective achievable from the static wind tunnel 

experiments is to determine the static drag and lift coefficients for applying the Den 
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Hartog criterion and for verifying if the current model would encounter the galloping 

instability. Also from the dynamic experiments the vertical and torsional vibrations for 

all the wind speeds allowable in the wind tunnel will be determined. As a third 

objective, based on the dynamic response obtained from the wind tunnel experiments, 

the ILS analytical method can be employed and the flutter derivatives for different 

angles of attack and for different wind speeds can be determined. Thus a full 

characterization of the aerodynamic characteristics of the Megane Bridge deck can be 

concluded. The final outcome of this research, is recommending the windshield 

barriers height with best aerodynamic performance, necessary for preparing the 

Megane Bridge deck for the potential construction stage. 

Moreover, in order to obtain very good results, a systematic preparation of the wind 

tunnel experiment, can be conducted if the following experimental steps are carried 

out: 

1. To measure the static aerodynamic coefficients, the bridge sectional model is fixed 

in the wind tunnel by the force balances installed into the wooden plate system during 

static tests. The lift and drag forces are measured by the force balances and are 

recorded by the data acquisition system under different attack angles and wind speeds. 

In total, 21 cases were carried out for the static coefficient tests with the testing cases 

of attack angles being in the range of -6° to 6° (in steps of 2°) and wind speeds of 8 

m/s, 9 m/s and 10 m/s. The results obtained from the wind tunnel experiments are 

then used in the related quasi-steady wind load formulation presented by Simiu and 

Scanlan [22], to obtain the static force coefficients 𝐶𝐷 and 𝐶𝐿. Thereafter, the results 

of 𝐶𝐷 and 𝐶𝐿 of the Megane Bridge multiple-deck without windshield barrier and 

other kinds of box deck bridges are used for comparison with those of the current 

model. 

2. To measure the vibration amplitudes and flutter derivatives, the bridge model is 
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suspended by eight springs of the spring suspension system, in which two springs 

were on the top and two springs were on the bottom of the transverse bar for each side. 

The displacement sensors are stuck on the wooden plate to measure the distances 

from the two measuring points to the transverse bar, which was varied with the 

vibration under smooth wind flow. Average amplitudes of vertical displacement and 

rotational angle need to be calculated for each in order to determine the vibration 

effect produced by different heights of windshield barriers in the edge. By using the 

system identification method — the Iterative Least Squares (ILS) method — the 

flutter derivatives of the sectional model can be extracted under different wind speeds 

and attack angles. Similarly, as the static coefficient tests, results of the flutter 

derivatives of the Theodorsen's thin plate theory, the Megane Bridge without 

windshield barrier case and other kinds of box girder bridges are used as comparison 

with the current model. In total, there are 280 cases for dynamic tests including 140 

cases on 30 mm high windshield barrier and 140 cases on 50 mm high windshield 

barrier. The testing attack angles will increase from 0.8 m/s to 3.0 m/s in 0.2 m/s 

increment and then increase from 3.0 m/s to 11.0 m/s in increment of 1.0 m/s.  

1.7 Thesis layout 

The background, the introduction, the research motivation and objectives related to 

the Megane Bridge multi-box deck aerodynamic performance has been presented in  

Chapter 1. Some of the detailed background for the aerodynamic instability of bridge 

decks and various types of windshield barriers, the basic theoretical concepts of the 

analyzed methods, the evaluation of different kinds of bridge decks and the relevant 

deck shapes will be presented in Chapter 2, along with the Iterative Least Squares 

(ILS) method employed for determining the flutter derivatives from the performed 

wind tunnel experiments. 
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In Chapter 3, the model-making process and the presentation of the geometric shape 

of the Megane Bridge multi-box deck are presented. The experimental setup and 

testing procedures for the static force coefficients and for the flutter derivatives are 

then introduced in detail. A case for calibration of the free vibration test is then 

shown. 

The results obtained for the static force coefficient tests and for the free vibration tests 

have been measured and these are discussed in Chapter 4. The amplitudes of vibration 

motions have been measured and are compared for different angles of attack and wind 

speeds in Chapter 4. Also, the results of the static force coefficients of the Megane 

Bridge without windshield barriers and for other kinds of box deck bridges were 

collected for comparison with the results obtained for the current model. For the 

flutter derivatives, the data referenced from Theodorsen's thin plate theory, the 

Megane Bridge without windshield barrier case and other kinds of box deck bridge 

cases were used for comparison with the flutter derivatives of the current model.  

Conclusions derived from the experimentally obtained results and from the 

numerically estimated flutter derivatives are summarized in Chapter 5, followed by 

the recommendations for future work. 
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Chapter 2 Literature Review 

2.1 Divergent vibrations phenomenon 

For an airplane or streamline bridge deck under smooth wind flow, two static 

aeroelastic effects (vertical and torsional vibrations) may occur simultaneously, which 

is referred to as the aeroelastic coupling effect [23]. When the slope of the airfoil 

wind-induced response gradually increases until very high amplitude, the 

phenomenon called divergence occurs, causing the structural instability to occur.  

A detailed explanation of divergence is presented by Hodges and Pierce [24], which 

mentions that the divergence occurs when a lifting surface deflects under aerodynamic 

load, so that when the applied load increases, the twisting effect on the structure 

increases as well. Vibration of the structure affected by the gradually increasing load 

can eventually reach the divergent point. In other words, divergence can be 

understood as a simple property of the differential equations governing the structure 

deflection [24]. The uncoupled torsional equation of motion for modelling the 

airplane wing or streamline as an isotropic Euler-Bernoulli beam can be expressed as: 

'
2

2

M
dy

d
GJ 


                         (2.1) 

where 𝑦 is the spanwise dimension, 𝜃 is the elastic twist of the beam, 𝐺𝐽 is the 

torsinal stiffness of the beam, 𝐿 is the beam length and 𝑀′ is the aerodynamic 

moment per unit length, which can be expressed by free-stream fluid velocity 𝑈 and 

initial angle of attack 𝛼0. By substituting a parameter 𝜆2 = 𝐶/(𝐺𝐽), Eq. 2.1 can be 

rewritten as an ordinary differential equation of the form:  
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After substituting the boundary conditions, 0
0







Ly

y dy

d
 , for a clamped-free 

beam, the yielded solution is: 

]1)cos()sin()[tan(0  yLL 
               

(2.3) 

As seen from Eq. 2.3, when 𝜆𝐿 = 𝑛/2 + 𝑛𝜋, the item tan (𝜆𝐿) is infinite. This will 

correspond to a single value of free-stream velocity 𝑈 for the torsional divergence 

speed. Therefore, for some boundary conditions and wind speeds implemented in a 

wind tunnel, it is possible to obtain the divergence phenomenon [24].  

2.2 Aerodynamic instability 

As mentioned in Chapter 1, aerodynamic instability induced by wind can be 

categorized into four aspects: vortex-induced vibration, buffeting vibration, galloping 

instability and flutter instability; among them, vibration response of flutter and 

buffeting are divergent; the divergent vibrations gradually increase until the entire 

bridge deck is losing its structural stability.  

2.2.1 Vortex vibration 

When the cross section of the bluff body is immersed in uniform flow, shedding of the 

periodic vortices downstream the body will induce a periodic aerodynamic force, the 

vortex-excited force. When the flow-around an object is a system of vibration, the 

periodic vortex-induced force behind the object will produce vortex-induced vibration 

http://dict.cnki.net/dict_result.aspx?searchword=%e6%b6%a1%e6%bf%80%e5%8a%9b&tjType=sentence&style=&t=vortex-excited+force
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of the entire structural system. In addition, the vortex-excited resonance happens 

while vortex shedding frequency is equal to the natural frequency of the structure. 

Vortex-induced vibration (VIV) is not a hazardous divergent vibration because this is 

attenuated with the next increase on wind speed; the amplitude of vortex-induced 

vibration could be kept in an acceptable range by increasing the damping value or by 

using an appropriate correcting rectifying device [25]. 

In fluid dynamics, vortex-induced vibrations are the motions induced on bodies 

interacting with an external fluid flow, produced by periodical irregularities on this 

flow. One of the classical open-flow problems concerns the flow around a circular 

cylinder, or more generally, a bluff body. At very low Reynolds numbers (based on 

the diameter of the circular member), the streamlines of the resulting flow is are 

symmetric as expected from potential energy theory. However, as the Reynolds 

number is increased, the flow becomes asymmetric and the so-called Kármán vortex 

street (Figure 2.2.1) occurs [26]. 

 

Figure 2.2.1 Karman vortex street created by a cylindrical object [27] 

During past decades, both numerical and experimental studies have focused on 

understanding the dynamics of the VIV vibration of bluff bodies, including bridge 

decks. The fundamental reason is that VIV is not a small perturbation superimposed 

http://en.wikipedia.org/wiki/Fluid_dynamics
http://en.wikipedia.org/wiki/Reynolds_number
http://en.wikipedia.org/wiki/Analytical_dynamics
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on a mean steady motion, but it is an inherently nonlinear, self-governed or 

self-regulated multi-degree-of-freedom phenomenon. Also, for higher Re number, the 

unsteady flow characteristics are manifested by the existence of two 

unsteady shear layers and large-scale vortices structures [28]. 

For example, the wind tunnel results obtained for rectangular prisms with various 

aspect ratios (length to width ratio) presented by Nakamura and Mizota [29] show that, 

for the aspect ratios of 1:1 to 1:2, the boundary layers separate at the two front edges, 

under the attack angle of 0°, however, for the aspect ratio of 1:4, the separated shear 

layers reattach to the object, frpm the sides of the prisms. They suggested that 

experimental research for other structures should be under taken at comparatively 

smaller aspect ratio of the length to width, which can reduce the vortex-induced forces. 

Bishop [30] summarized a number of experiments in order to establish the basic 

concepts for numerical models. The systematical results of the stationary circular 

cylinder and fluctuating static force coefficients were presented. Other reviews 

[31][32][33] summarized the development of the VIV vibrations and presented the 

detailed properties for these vibrations. 

2.2.2 Galloping instability 

Galloping is a kind of self-excited oscillation of a single degree of freedom system. 

Galloping oscillation usually happens for a slender structure with a specified 

cross-section, and is divided into two types: the cross-flow galloping and the wake 

galloping. Cross-flow galloping is a divergent self-excited vibration due to the 

negative slope of the lift coefficient or torsional moment. Wake galloping is a type of 

vibration which happens when the structure is in the wake flow of the previous 

structure, and this is influenced by the turbulent wake generated behind the previous 

structure.  

http://en.wikipedia.org/wiki/Shearing_(physics)
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Galloping instability happening at high wind speeds has two main parts: one is the 

vertical vibration influencing the bridge deck, and the other is the across-wind 

vibration (Figure 2.2.2) in the horizontal direction, which has a great effect on the 

towers [34].  

 

Figure 2.2.2 Across-wind galloping: Lift and drag forces (induced by wind) on a bluff 

body [34]  

Particularly, for slender structures of nearly constant cross-section caused by 

wind-induced excitation, transverse galloping may happen as a dynamic instability. 

According to an explanation given by Glauert [35], if the negative slope of the lift 

coefficient becomes higher than the vertical coordinate of the drag coefficient, then 

transverse galloping occurs. Den Hartog [36] proposed the well-known Den Hartog 

stability criterion for evaluating the potential susceptibility of a structure under 

galloping. The corresponding Den Hartog formulation is related to the static 

aerodynamic coefficients of the structures, which can be obtained from wind tunnel 

experiments. Both static and dynamic wind tunnel tests were carried out to evaluate 

which one is better for galloping analyses; as a result, there were no big differences 

between the two methods [37]. Several experiments on different kinds of 

cross-sections of the bridge deck have been performed for verifying the galloping 
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instability,  most of which were focused on the cross-sections with rectangular 

shapes [38]. However, galloping phenomenon can also occur for bodies of other 

cross-sections shapes. Alonso and Meseguer performed the galloping analyses on 

other two degree-of-freedom bodies with various cross-sections such as triangular 

shape, biconvex shape and rhomboidal shape [39][40].  

 

Figure 2.2.3 Definition of 3-dof section-based dynamic system [41] 

By using the proven two degree-of-freedom model, Gjelstrup and Georgakis (2011) 

[41] proposed the onset of bluff body galloping instability in a three 

degree-of-freedom model (Fig 2.2.3) based on quasi-steady theory. The conclusion 

obtained in the research shows that the proposed three degree-of-freedom model is 

capable of estimating instabilities due to negative aerodynamic damping, while the 

results of the same model but with two degree-of-freedom presented by Macdonald 

and Larose [42] shows good agreement with the 3-DOF one. 
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2.2.3 Flutter instability 

Flutter is a kind of self-excited aeroelastic phenomenon and occurs by the interaction 

of three types of forces: aerodynamic force, elastic force and inertia force. The 

vibration of a structure system absorbs the energy from the wind flow to offset the 

decaying trend resulting from the structure damping under a specified frequency and 

phase. When the positive structure damping reaches the zero net damping point or 

decreases further, a self-oscillation phenomenon occurs, and the corresponding 

amplitudes for deflection, rotational or torsional angle increases quickly until the 

structure breaks up. According to the decreasing speed of the net damping value, 

flutter is classified as two types: hard flutter (net damping decreases immediately to 

zero damping) and soft flutter (net damping decreases gradually to zero damping). For 

the majority of bridges, hard flutter phenomenon is commonly exhibited with modal 

damping decreasing rapidly as wind velocity increases [43]. 

Several methods have been proposed for flutter instability. Hodges and Pierce [24] 

presented three methods of predicting flutter for linear structures: the p-method, 

the k-method and the p-k method. For nonlinear systems, the nonlinear beam theory 

and the ONERA aerodynamic stall model were used for investigating the effects of 

nonlinearity on flutter, where a limit cycle oscillation (LCO) was used and the critical 

of flutter wind speed could be determined [44].  

For a long-span cable-supported bridge, aerodynamic stability will not be affected by 

the buffeting forces when flutter occurs, and the predominant forces acting on the 

bridge are the self-excited forces. The governing equation of motion can be expressed 

as [22] 

seFKXXCXM  
                     

(2.4) 

http://en.wikipedia.org/w/index.php?title=P-method&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=K-method&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=P-k_method&action=edit&redlink=1
http://en.wikipedia.org/wiki/Nonlinear_system
http://en.wikipedia.org/wiki/Limit_cycle
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where M, C and K are the structural mass, damping and stiffness matrix, respectively; 

X is the nodal displacement matrix, 𝑋̇ is the nodal velocity matrix and 𝑋̈ is the 

acceleration matrix; 𝐹𝑠𝑒  represents the nodal equivalent self-excited force matrix. For 

a 2-DOF, 𝐹𝑠𝑒  is the lift force and the rotational moment, while, for a 3 DOF linear 

dynamic system, 𝐹𝑠𝑒  is the lift force, the drag force and the rotational moment. For 

the 2-DOF system, the 𝐹𝑠𝑒  can be expressed as: 

)2( 2

se hhahmL hhh   
               

(2.5) 
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             (2.6) 

where m is the mass of the modal system, I is the mass moment of inertia of the modal 

system, rg is the radius of gyration of the body about the centre of the rotation, 𝜁ℎ 

and 𝜁𝑎  are the mechanical damping ratios-to-critical in bending and torsion, 

respectively. 𝜔ℎ  and 𝜔𝑎  are the natural and circular frequencies, 𝐿𝑠𝑒  is the 

self-excited aerodynamic lift force and 𝑀𝑠𝑒 is the self-excited aerodynamic moment. 

In order to find the linear solution of Eq. 2.5 and 2.6, Theodorsen proposed the 

Theodorsen's circulation function to simplify the formula of aerodynamic self-excited 

forces [45]: 

)()()( KGiKFKC                    (2.7) 

where 𝐹(𝐾)  is the real part of the Theodorsen function 𝐶(𝐾) , 𝐺(𝐾)  is the 

imaginary part of 𝐶(𝐾) and 𝐾 is the relevant frequency. The values of 𝐹(𝐾) and 

𝐺(𝐾) vary with 1/𝐾 as shown in Figure 2.2.4. 
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Figure 2.2.4 Values of 𝐹(𝐾) and 𝐺(K) varied with increment of 1/k [46] 

The real and imaginary parts of 𝐶(𝐾) can be presented as [46]:  
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After substituting the Theodorsen 's circulation function, Eq. (2.4) and (2.5) can be 

written as: 
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where U is the average speed of the wind flow, 𝜌 is the air density, 𝑎 is the distance 

from the midpoint of the plate to the point of rotation, b is the width of model, 𝛼0 is 
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the rotational angle, ℎ0 is the vertical displacement and 𝐾 is the reduced frequency. 

After the formula presented by Theodorsen was successfully applied on the 

aerodynamic forces on airfoil, the attempt of applying the theory on bridge decks was 

made [47], but the results showed the Theodorsen theory cannot accurately predict the 

aerodynamic forces of the bluff body. In 1971, Scanlan and Tomoko [48] introduced 

the concepts of flutter derivatives to express the aerodynamic self-excited forces in a 

brand-new way. For a 2-DOF system, the aerodynamic self-excited forces for lift and 

moment are expressed as: 
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where B is the deck width of the experimental model, 𝐻 
  and   

  (i=1,2,3,4) are the 

flutter derivatives in terms of non-dimensional factor. The reduced frequency K is 

defined as: 

U

B
K




                       
(2.14)

 

Nowadays, using flutter derivatives to express the aerodynamic self-excited forces is 

very common because only the real number appears in the formula, which is easier for 

calculating relevant parameters for a gradually complicated system. As for the 3-DOF 

system, the flutter derivatives change from 𝐻 
  and   

  (i=1,2,3,4) to 𝐻 
  ,  

  and 

  
  (i=1,2,3,4). These flutter derivatives can only be obtained through the system 

identification method, which will be introduced in Chapter 3. 
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2.2.4 Buffeting instability 

The concepts of flutter, galloping and vortex-induced vibrations, are developed 

according to uniform flow assumptions, as discussed above. Buffeting vibration is a 

high-frequency instability caused by the airflow separation or by the random 

oscillations of one object influencing the motion of another. It is also caused by a 

random forced vibration due to fluctuating force acting on the object. Thus, according 

to different phenomena associated with the turbulence in the fluctuating wind, 

buffeting can be divided into three categories. The first is produced by the turbulence 

in the flow itself, the second is caused by the fluctuations of the characteristic 

turbulence in boundary layer, and the third is induced by the wake flow of the upper 

structure. Similar to the vortex vibration, buffeting is a finite amplitude vibration. The 

buffeting vibrations will induce local fatigue of the structure or can make individuals 

uncomfortable at higher levels buffeting can even affect the security of high-speed 

driving, but usually will not bring destructive damage to the bridge structures[49]. 

The analysis of buffeting response can be treated by the frequency-domain and 

time-domain approaches. The frequency domain method includes quasi-steady 

buffeting forces, turbulence modelling (power spectral density) and the spectral 

analysis method (correction functions). But the frequency domain methods can only 

apply to linear analysis, while time domain methods such as the quasi-steady 

buffeting model, time-history turbulence simulation and time-history analysis can 

satisfy both linear and non-linear situations. Since the 1920s, time domain buffeting 

response analysis was introduced and the relationship of unsteady aerodynamic lift 

forces on angle of attack and force coefficient were expressed under the form of 

polynomial one on the Laplace variable [50]. Unsteady aerodynamic response of 

airfoil under uniform gust of airfoil was solved first by developing the Wagner’s [51] 

problem, after which Sears [52] developed a solution for vertical gust in 1941. A 
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framework method for buffeting analysis of bridge structures was firstly introduced 

by Davenport [53], which combined spectrum analysis and statistical computation in 

the modal space. Davenport also invented the so-called joint acceptance function, but 

only the single mode-based response prediction has been taken into consideration; 

cross-coupling between modes was neglected. 

However, coupled buffeting must be considered for three reasons: first, turbulence or 

unsteady wind is the nature of wind; second, flutter and buffeting potentially occur 

simultaneously in high wind velocities; and third, aerodynamic forces by the 

quasi-steady theory is able to predict the bi-modal pressure probability distribution 

seen at laps under vortex. 

2.3 Aeroelastic investigations of long-span bridges and 

windshield barriers 

2.3.1 Similarity principles in wind tunnel experiments 

Currently, wind tunnel testing is considered as an effective tool for studying the 

aerodynamic characteristics of bridges, airplanes or other structures exposed to wind 

flow. The wind tunnel experimental conditions should follow the similarity principles 

applicable to the flow and to the tested structural models. According to the specificity 

of aerodynamic characteristics, not only the geometric shape, mass, mass moment of 

inertia and elastic properties must be scaled, but also some of the following 

prerequisite need to be considered before carrying out wind tunnel experiments: 

1.Geometric similarity of flow distribution 

For aerodynamic research on long-span bridges, the boundary layer in the wind tunnel 
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should be under similar conditions as the actual one; the ratio of turbulence scale 

between the model and prototype can be calculated as: 
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where 𝐿𝑚/𝐿𝑠 is the ratio of turbulence scale between the model and prototype; 

𝜂𝑚/ηs is the ratio of eddy scale between the model and prototype; √μ̅1
2 (m/s) is the 

root-mean square value of vertical turbulent wind velocity; and ν1 (m/s) is 

Kolmogorov velocity. 

2. Kinematic similarity of flow 

Kinematic similarity requires flow velocity on each node in the model should keep the 

same ratio of velocity and distribution of non-dimensionless turbulent value √μ2̅̅ ̅/𝑈 

(𝑈 is the velocity at the top of the boundary layer) must be the same between the 

model and actual bridge. 

3. Reynolds number 𝑅𝑒 

Reynolds number is the ratio between inertial and gravitational force, which is 

presented as the similarity principle of flow affected by fluid viscosity. All the 

physical quantities related to flow, such as drag force, lift force, etc., are related to the 

value of 𝑅𝑒. 
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where ρ is the air density, v is the flow speed, μ is the fluid viscosity and l is the 

characteristic length of the structure. 
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4.Mach number 𝑀𝑎 

Mach number is the ratio between inertial and elastic force, which is presented as the 

similarity principle of flow effected by gassy compressibility. For low speed 

(𝑀𝑎 < 0.4) fluid, gassy compressibility can be neglected, while for flow with 

comparatively high speed (𝑀𝑎 ≥ 0.4 ), the corresponding gassy compressibility 

should be considered. 
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where 𝑎 is velocity of sound. 

5. Euler number 𝐸𝑢 

Euler number is the ratio between pressure force and inertial force, which is presented 

as the similarity principle of flow effected by momentum loss. The value of  𝐸𝑢 is 

related to the pressure or intensity of pressure  
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Except for the above frequently used similarity principles, some wind tunnel 

experiments need consider other similarity principles like Prandtl number Pr  , 

Nusselt number 𝑁𝑢 , Lagrange number 𝐿𝑎 , Strouhal number 𝑆𝑟 , etc. For an 

investigation of aerodynamic properties, geometric similarity of flow distribution and 

kinematic similarity of flow are the main similarity principles for wind tunnel 

experiments on bridges. 
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2.3.2 Types of wind tunnel tests 

The wind-induced dynamic and static parameters, such as flutter derivatives and 

aerodynamic force coefficients can be converted from wind tunnel tests results by 

using related similarity calculation methods. Usually the stability of bridge decks can 

be proved by performing sectional model tests which are less expensive comparing 

with other aerodynamic full-scale tests necessary for the stability verification methods. 

In other conditions, choosing different types of wind tunnel tests, mostly depends on 

the economic and the time frame requirements for the construction project. Simiu and 

Scanlan [22] summarized different types of wind tunnel tests for bridge structures and 

explained them briefly. 

1. Full bridge aeroelastic model test: The full bridge aeroelastic test is performed on a 

scaled-down model of real bridge structure. This type of models are not only 

satisfying the reduced geometric similarity aspect, but also are satisfying the 

similarity conditions of mass, mass moment of inertia, damping, modal frequency and 

vibration modes. 

2. Three-dimensional partial test: The three-dimensional partial wind tunnel test is 

carried out in order to simplify the full bridge aeroelastic model and to reduce the 

expenditure for the bridge modeling. This type of models still follow the similarity 

rules which includes the mass, mass moment of inertia, damping, modal frequency 

and vibration modes, but they only build the main span of the bridge or half of the 

whole bridge usually due to considerations of cost or dimensions. 

3. Sectional model test: The sectional model test cost comparatively less than the full 

bridge aeroelastic model and three-dimensional partial model test. This type of test is 

employing usually only a segment of the deck, cable, or other part of the bridge, 

which is supported by a spring system or is connected to a force-balance system for 

http://dict.cnki.net/dict_result.aspx?searchword=%e4%b8%89%e7%bb%b4%e8%8a%82%e6%ae%b5%e6%a8%a1%e5%9e%8b&tjType=sentence&style=&t=three-dimensional+partial+model
http://dict.cnki.net/dict_result.aspx?searchword=%e4%b8%89%e7%bb%b4%e8%8a%82%e6%ae%b5%e6%a8%a1%e5%9e%8b&tjType=sentence&style=&t=three-dimensional+partial+model
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allowing the wind-induced motions of the model and for measuring the aerodynamic 

force coefficients, respectively. Because of the low cost of the bridge model, the 

scales of the model can be relatively high, compared with the other two types of 

models, as more than 1/80 scale can be employed, which is considered to have an 

effect on the accuracy and reliability of the results more reliable and less inaccurate. 

The small scale models also reduce the difference of results between the section 

models and the full bridge models. In addition, for this type of models, the aeroelastic 

parameters can be simply calculated by comprehensive methods such as Ibrahim Time 

Domain (ITD) method, Modified Ibrahim Time Domain (MITD) method, Iterative 

Least Square (ILS) method, Gradient Declining Algorithm, etc. 

2.3.3 Bridge aerodynamics of different deck shapes 

One of the most effective factors of bridge aerodynamic properties is the shape of the 

bridge deck or the geometry of the cross-section. Streamline shapes provide a 

relatively high stability against wind, such as the airplane wing, on which no 

turbulence is created by the wind and the boundary layers show no separation. 

However, currently developed long-span suspension bridges  like the single box 

deck bridge, the Great Belt Bridge [54]; and the twin-box girder bridge, the 

Stonecutters Bridge [55]  took the trapezoidal deck shape as their decks. Although 

the rhombus or the trapezoidal shape has better aerodynamic stability than the 

rectangular or square shape [56], wind-induced phenomenon like flutter or vortex 

shedding might affect the aerodynamic behaviours of the bridge. Therefore, in order 

to fulfill the requirement of longer bridge spans, it is necessary to investigate 

aerodynamic characteristics effected by different shapes of bridge decks.  

More than 16 types of trapezoidal box sections were tested for the design of the Great 

Belt East Bridge, under smooth or turbulent flow for establishing the influence of 
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deck depth, edge configuration and side wall slopes by Larson (1993) [57] (Figure 

2.3.1). 

 

Figure 2.3.1 Critical wind speed for onset of aerodynamic instability for selected 

girder cross-sections performed in smooth and turbulent flow at 0° [57] 

Flutter was identified as the conclusive factor for aerodynamic stability of the 

trapezoidal deck shape of the Great Belt East Bridge. Parts of the prominent cases are 

shown in Figure 2.3.1; case H 3.1 presents a comparatively high stability among all 

the cases. Later, the discrete vortex method (DVM) was used on five specified bridge 

decks to obtain the flow field and calculate the flutter derivatives [58]. Silva and 

Tarini (1998) found results obtained through the finite difference method and the 

finite element method are in agreement with those from the wind tunnel [59]. Based 

on those cases, Wang (2009) expanded more types of bridge shapes about rostra with 

different widths and acutance on the Nanjing Yangtze 4th Bridge [60]. The results 

obtained from the comparison between the cases shown in Fig. 2.3.2 concluded that 
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wider and acutance section rostra has a stronger aerodynamic stability of the girder, 

but the width of the girder can't exceed 3 m. Moreover, flutter critical wind speed 

increases as the web slope decreases. 

 

Figure 2.3.2 Critical wind speed for selected cross-sections performed in smooth flow 

at 0° [60] 

They also found a small dead wake region appears when the slope of the inclined web 

is decreased to 15° and the flow along the bottom plate stays mainly attached to the 

web, which means it is not easy to format large vortices. As the wind speed increases 

to the critical flutter wind speed, the opposite vortices reduce and the girder cannot be 

provided with efficient excitation. In addition, for some scaled models, vortex 

shedding vibration may not happen or cannot be observed. Different width, height and 

rostra slope of the same kind of bridge deck show a different but similar trend in 

terms of aerodynamic characteristics. For different types of girders as closed box 

girder and plate girder as shown in Figure 2.3.3, Lin et al. (2005) [56] performed the 
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related experimental research on bridge aerodynamics, and calculated the flutter 

derivatives and critical flutter wind speed of different geometric cases. 

 

Figure 2.3.3 Geometry (closed box girder and plate girder) of section models [56] 

After analyzing the flutter and buffeting, it could be concluded that the closed box 

girder deck has a much higher critical flutter wind speed than the plate girder deck, 

which means that the closed box girder is a better aerodynamically stable deck shape. 

Furthermore, the box girder bridge shows better aerodynamic stability in turbulent 

flow than smooth flow when compared with the behaviour in smooth flow [56].  

Based on the research performed on the single box bridge deck, twin deck section was 

proposed. As an example, Ge and Xiang (2009) compared the static coefficients of the 
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single box deck and twin box deck by using the data of the Great Belt Bridge and the 

Stonecutters Bridge, respectively, to show the advantages of using the twin bridge 

deck section. The results show that the critical wind speed of the twin box shape is 

much higher than that of the single box deck configuration [9]. Additionally, the 

aerodynamic interference effects on the flutter stability of twin decks was done by the 

wind tunnel experiment [61]. As a result, it was concluded that aerodynamic 

interference effects on flutter and vortex shedding have an assignable influence on the 

aerodynamic stability design of twin-deck bridges. In order to explore the vortices and 

turbulent flow around the twin box girder, a number of twin deck models with 

different gap ratios in the range of 0.85 to 3.40 were tested in the wind tunnel by Chen 

et al. (2014) [62]. The measurement results indicate that the gap ratio is an important 

factor which can influence the formation of vortices and turbulent flow, while the 

cross-beams have the function of reducing the pressure fluctuation and weakening the 

vortex shedding. When the gap ratios increase from a small range (0.85 and 1.70) to a 

large range (2.55 and 3.4), the increasing slope of lift coefficient 𝐶𝐷 is mainly induced 

by the intense negative region of the mean pressure coefficients. And the mean pressure 

coefficients can also affect the drag coefficient 𝐶𝐿. From the above results, the shape of 

the box deck, no matter if it is a twin-box shape or single-box shape, is a main factor 

affecting the aerodynamic properties of bridges. 

In terms of general bridge design with very long spans, achieving a low dead weight 

becomes a paramount consideration thus bridges should adopt lighter deck structures 

with minimal surfacing and fitting weights [63]. The Strait of Messina Bridge as 

shown in Figure 2.3.4, which is a triple-box-deck suspension bridge with a main span 

of 3,300 m, was proposed as a challening step forward in bridge engineering. For such 

a long-span structure, this bridge is very sensitive to wind flow, and aerodynamic 

stability is the governing factor among the design procedures. 
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Figure 2.3.4 Cross-section of the Messina Strait Bridge deck[63] 

Since the 1990s, numerical and experimental research has been achieved on the 

Messina Straits Bridge. Brancaleoni and Diana (1993) [63] firstly introduced the triple 

box shape, and obtained some basic static and dynamic properties by using wind 

tunnel tests on the 1:30 and 1:87 sectional model. As seen in Fig 2.3.5, compared with 

the single-deck bridge: the Humber Bridge (Figure 2.3.6), lift and moment derivatives 

are positive but values of the Messina Strait Bridge are much lower than those of the 

Humber Bridge because the triple box deck allows for a higher value of critical flutter 

speed. For the same 3,300 m span length, the triple box bridge with windshield 

barriers allows for 90 m/s critical flutter velocity, while the single box bridge only 

allows for 40 m/s. 

 

Figure 2.3.5 Drag, lift and pitch coefficient for the Messina Strait Bridge and the 

Humber Bridge [63] 
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Figure 2.3.6 Cross-section of the Humber Bridge [63] 

Later in 1995, Diana et al. built a full aeroelastic model of the Messina Strait Bridge 

(Figure 2.3.7) to verify the aerodynamic behaviour of this bridge and performed 

numerical tests numerically and experimentally investigationsy on the models scaled 

1:30 and 1:250, respectively [64]. Results of static aerodynamic force coefficients are 

shown in Figure 2.10; all three parameters show good agreement with the sectional 

model results by Brancaleoni and Diana [63]. 

 

Figure 2.3.7 Drag, lift and pitch coefficient for Messina Bridge [64] 

In addition, in order to investigate the flutter phenomenon on the three-deck bridge, 

free vibration experiments were carried out under smooth and turbulent flow to get 

the damping ratios and natural frequencies. The results indicate the flutter instability 

is well beyond wind speed of 62 m/s, and the turbulence of the flow plays a minor 

role in the determination of flutter instability. 
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The advantages of the triple box deck have been presented above, but some 

shortcomings still exist. Compared with the size, the Messina Strait Bridge is 

lightweight, but a large amount of steel used is only for fatigue resistance and the 

design is far from being perfect aesthetically [65]. That said, if the Messina Strait 

Bridge can be constructed successfully, the limitations in terms of bridge span will be 

pushed ever further. 

2.3.4 Static aerodynamic coefficients effected by windshield barriers 

Setup of windshield barriers can effectively improve the driving security under lateral 

wind; it also affects the bridge aerodynamic characteristics. In addition, the shape of 

the windshield barrier and the installation position also affects the reducing 

consequence of lateral wind speed and bridge aerodynamic characteristics. Hence, 

only through optimizing windshield barriers is the wind sheltering ability able to be 

brought into play, and at the same time, the resistance can be guaranteed. Recently, 

research has adopted several methods such as the standard k-𝜖 model, RNG k-𝜖 

model, discrete vortex method and LES to simulate flow around a square cylinder 

[66][67]. The results showed that the standard k-ϵ model was not able to express the 

complicated characteristics of separation and reattachment of the flow reasonably 

when simulating flow around blunt body.  

According to the numerical simulation on the Xiangshangang Bridge by Zhou and 

Zhu (2000) [68], it was indicated that the unsteady problem of flow around the 

cross-section of the bridge has successfully been simulated through the RNG k-𝜖 

turbulence model. The sheltering efficiency of the windshield barrier is bound up with 

the porosity value, attack angle of incoming wind and windshield barrier height. 

Meanwhile, they also took a composite pylon of cable-stayed bridge with a 688 m 

main span as shown in Figure 2.3.8. Different types of windshield barriers and 
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different corresponding installation positions have been considered as the impact 

factors of the bridge aerodynamic characteristics through the wind tunnel experiment 

[69]. 

 

Figure 2.3.8 Deck cross-section figuration of the cable-stayed bridge [69] 

In order not to take additional travel space, there are two positions to set up the 

windshield barrier: 1) the crash barrier; and 2) the maintaining barrier. The 

combination of the windshield barrier with the crash barrier or the maintaining barrier 

can save material and space. Six windshield barriers for different kinds or porosities 

were designed as follows: 

 

          A                          B                          C 
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D                         E                          F 

Figure 2.3.9 Six types of curved windshield barriers [69] 

As shown in Figure 2.3.9, the six kinds of windshield barriers, each of 3.0 m height 

and 0.12 m width are: A) 50% porosity semielliptical windshield barrier; B) 60% 

porosity triangular windshield barrier; C) 70% porosity triangular windshield barrier. 

The installation position at the crash barrier: D) 50% porosity curved windshield 

barrier; E) 60% porosity curved windshield barrier; F) 60% porosity curved 

windshield barrier. The research has also been carried on CFD analysis to obtain the 

reduction factor of the wind speed and the drag coefficient 𝐶𝐷. The analysis result 

shows that the reduction factor for the wind speed gradually decreases from the upper 

side to the lower side; therefore, windshield barrier should be better set up in the 

maintaining barrier place, which has a longer distance to the bridge lanes. For the 

different windshield barriers in the same place, the reduction factor of the wind speed 

is inversely proportional to the drag coefficient of the main beam cross-section. 

Considered the limitation for the static wind requirement, the 60% porosity curved 

windshield barrier is determined to be the final scheme. Not every bridge should 

select the 60% porosity as their windshield barrier; for example, 50% porosity was 
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chosen to be the best option on a twin box girder bridge [20], but the porosity of the 

windshield barriers was proved to be the main factor affecting the wind sheltering 

effect, and the rectangular railing had the best sheltering efficiency [66]. By 

investigating a train-bridge system, results obtained from wind tunnel experiments 

concluded that the height of the windshield barrier is also an effective factor for 

improving the wind sheltering effect; furthermore, different heights of windshield 

barriers affects differently the aerodynamic property of the entire whole bridge system 

[71]. 

Windshield barriers influence not only the wind velocity and the flow formations on 

the surface of bridge decks, they also have an influence on aerodynamic properties of 

the entire bridge. Nieto and Hernandez (2012) investigated a cable-stayed bridge deck 

by conducting CFD simulations, and four different deck cross-sections were 

compared in terms of aerodynamic force coefficients [20].  

 

Figure 2.3.10 Geometry of the bridge deck types [20] 

A single box girder with windshield barriers on the right side and a twin box girder 

with windshield barriers on the left side are shown in Figure 2.3.10. The single box 

girder and twin box girder without windshield barrier cross-sections were added to 

this study for comparison. For the single box girder considered for the design of the 

Great Belt Bridge, as shown in Figure 2.3.11, installation of windshield barriers 

causes the drag coefficient increasing greatly, shifting down the lift coefficients while 
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the same slope trends and gradually decreasing slope of moment coefficient were 

noticed. 

 

Figure 2.3.11 Force coefficients of the single box girder with and without windshield 

barriers [20] 

For the twin box girder bridge, as shown in Figure 2.3.12, windshield barriers cause a 

parabolic shape on the drag coefficient and decreases the slope of lift coefficient for 

the positive attack angles. As for the moment coefficient, the obvious decrement 

happens for the range of all attack angles investigated. 
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Figure 2.3.12 Force coefficients of the twin box girder with and without windshield 

barriers [20] 

Guo and Wang (2015) [71] summarized the aerodynamic effect of windshield barriers 

on a train-bridge system, and they concluded that the windshield barriers are helpful 

for the sheltering effect on vehicles driving on the bridge; the side-force and rolling 

moment coefficients of the vehicle can be reduced with more than 70%. Similarly, 

windshield barriers show a negative influence on the bridge deck response and the 

drag and moment forces on the deck increase remarkably because the windshield 

barriers enlarge the windward nominal area between the windshield barriers. 

2.3.5 Aerodynamic flutter derivatives effected by windshield barriers 

Long-span bridge sectional models used for wind tunnel experiments are usually built 

with windshield barriers, because windshield barriers have a remarkable effect on the 

aerodynamic characteristics, such as the flutter derivatives. Flutter derivatives are 

critical parameters for bridge flutter and buffeting analyses. These parameters cannot 

be directly extracted from the initial experiment results that are obtained under 

smooth flow. The data recorded in these tests should be converted to displacement 

time history figures or overturn moment time history figures, then by using proper 

system identification methods, the relevant parameters should be extracted. 
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Different methods for extraction of flutter derivatives have been presented for 

determining the linear formulation of expressing the aerodynamic drag and lift forces 

and moment [7]. Among all the studies discussed, the simple linear formulations 

presented by Simiu and Scanlan [48] have been widely adopted by most bridge 

engineers who need to design for the wind effect aspect; Therefore these formulations 

have already become the standard method for expressing the aerodynamic flutter 

forces on bridge decks. The aerodynamic self-excited forces for lift and moment are 

expressed as per Eq. 2.12 and Eq. 2.13. 

In both the wind tunnel test and in actual situations, bridges or bridge models respond 

to wind load with vibrations on the vertical and rotational directions with the bending 

frequency h  and the torsional frequency  . As a result, the oscillation in these 

two directions may be coupled and the model can oscillate as a coupled motion. The 

question then arises whether the bending frequency h  or the torsion frequency   

should be substituted in the Eq. 2.12 and Eq. 2.13. For a complete consideration of the 

self-excited flutter forces, the bending frequency and the frequency are both 

substituted as: 
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The completed formulations of flutter forces include a total 16 flutter derivatives, 

which are )( hi KH  , )( KH i

 , )( hi KA and )( hi KA  ( i =1,2,3,4) according to 

Equations 2.20 and 2.21. Among them, )( hi KH  and )( KH i

  ( i =1,2,3,4) are for 

calculating the aerodynamic lift force aeL and )( hi KA  ( i =1,2,3,4) are for obtaining 

the aerodynamic moment aeM . Nonetheless, any kind of system identification 

method could only identify eight flutter derivatives or eight unknown parameters; in 

other words, the uniqueness question should be solved before adapting the system 

identification method. 

Iwamoto and Fujino [73] performed an investigation on identifying the effect of 

coupling between the bending and rotation motions when a bridge section model 

suffers smooth wind flow in the wind tunnel. As the results show, the coupling 

between the two-direction motions was found to be weak because the power of 

bending motion and the rotation motion cannot reach the comparatively bigger value 

at the same time, thus they don't behave in the same manner. Said another way, the 

algebras including   and   related with h
 

and the algebras including h  and 

h  related with   
can be neglected. As a result, the 16 flutter derivatives are 

reduced to 8; the system identification method can be used to identify the 8 unknown 

parameters. The simplified equations are shown below: 
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It's easy to see that the flutter derivatives 


1H , 


4H , 


1A and 


4A  are in the terms 
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with h , which means those four flutter derivatives are concerned with bending 

motions. The situation is similar for the other 4 flutter derivatives 


2H , 

3H , 


2A and 



3A , they should be obtained through the torsional motions [74]. Here, 


1H , 


4H , 


1A

and 


4A  are called direct-flutter derivatives because they can be identified by 

analyzing a single-degree-of-freedom model system. 


2H , 

3H , 


2A and 

3A  are 

called cross-flutter derivatives, which only exist in a two-degree-of-freedom model 

system with the coupled motion, and they can only be obtained through the effect of 

the motion of the other degree of freedom.  

The flutter motion equation of a two-degree-of-freedom bridge sectional model under 

smooth wind flow can be written as [75]: 

aeFKXXCXM  
                    

(2.24) 

where M  is the structural mass matrix, C  is the structural damping matrix, K  is 

the structural stiffness matrix and seF  is the structural aerodynamic self-excited 

force matrix acting on node. X , X  and X  are, respectively, the acceleration 

matrix, velocity matrix and displacement matrix of the node. 

After substituting the relevant parameters, flutter motion equation per unit length can 

be rewritten as follows: 

sehhh Lhhhm  )2( 2 
                

(2.25) 

seMI  )2( 2 


              
(2.26) 

where m  is the model mass, I  is the mass moment of inertia, h  is the 
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mechanical bending damping ratio,   is the mechanical torsion damping ratio, h  

is the natural frequency of bending,   is the natural frequency of torsion, seL is 

the self-excited lift force, seM  is the self-excited moment, h , h  and h  are the 

acceleration, velocity and displacement in the vertical direction, respectively,  ,  

and   are the angular acceleration, angular velocity and angle in the rotational 

direction, respectively. Eq. 2.27 can be expressed as matrix format: 

          aeFXKXCXM  
             

(2.27) 

where,    









I

m
M

0

0
,   










C

C
C

h

0

0
,   










K

K
K

h

0

0
,   










ae

ae

ae
M

L
F . In order 

to simplify the above equation, both sides of Eq.2.30 are divided by  M : 
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And the aeroelastic self-excited force aeF  can also be expressed as the matrix format: 

 



















































































h

h

B

AK
AK

U

BKA

U

KA
B

HK
HK

U

BKH

U

KH

BU

BU

M

L
F

ae

ae

ae





4

2

3

221

4

2

3

221

2

2

2

1
0

0
2

1

(2.29) 

where  is the air density, U  is the mean wind velocity, B  is the width of the 
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model and K  is the reduced frequency. Substituting Eq. 2.32 into Eq. 2.31 and 

bringing the right side item to the left side, the modified free-vibration motion 

equation can be obtained:  

         0 XKXCX effeff 
              (2.30) 

where ][ effC  and ][ effK  represent for the aeroelastically effective damping and 

stiffness matrices of the system, respectively. And ][ mechC  and ][ mechK  are set as 

the mechanical damping and stiffness matrices under zero wind velocity condition. 

Therefore, the effective damping and stiffness matrices can be written in terms of the 

mechanical damping and stiffness matrices [76] as: 
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(2.32) 

As seen from Eq. 2.31 and Eq. 2.32, the expression formula for each flutter derivative 

obtained by splitting the elements in matrices ][ effC  and ][ effK can be written as: 
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As Eq. 2.33 shows, the parameters that are known or can be easily obtained are the air 

density  , the mass  m , the mass moment of inertia I , the circular natural 

frequencies h ,   
for the bending motion and torsion motion, respectively. The 

only unknown parameters are the aeroelastically effective damping and the stiffness 

matrices. 

At present, various system identification methods have been investigated to identify 

the unknown system parameters according to different forms of data obtained from 

the wind tunnel experiments [3][23][77]. Nonetheless, not all the system identification 

methods can be used on any system. A nonlinear behaviour subjected to unknown 

dynamic loads or some kind of strong ground motions is really a challenge for system 

identification methods. At this point, a multi-paradigm approach may choose to be the 

most effective strategy for large structures subjected to dynamic loading [77]. But for 

a classic dynamic wind tunnel test, the system is simple and convenient to extract the 

relevant parameters by using comparatively uncomplicated methods, such as the 

Ibrahim Time Domain (ITD) method, the Modified Ibrahim Time Domain (MITD) 

method, the First-Order Reliability (FOR) method, Iterative Least Squares (ILS),etc. 
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For the latest research on aerodynamic instability of multi-box girder bridge with 

windshield barriers, Baldomir et al. (2013) [78] derived the values of flutter 

derivatives of the Messina Strait Bridge experimentally (Fig. 2.3.13) and numerically. 

 

Figure 2.3.13 Wind tunnel testing of Messina Bridge deck [78] 

They use the first-order reliability method to find that the most influential flutter 

derivatives on the structural safety are those related to the aeroelastic forces with the 

deck torsional degree of freedom. As shown in Figure 2.3.13, flutter derivatives of 

type A , especially A2
  and A3

 , have more influence than the others on the structural 

safety when the reduced velocity increases.  
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Figure 2.3.14 Wind tunnel testing of the sectional model of the Messina Strait Bridge 

[78]  

Under wind speed from 3 m/s to 10 m/s, Yang et al. (2010) [79] used the MITD 

method to extract eight flutter derivatives on 2-DOF bridge sectional model system 

with windshield barriers as shown in Fig 2.3.15.  

 

Figure 2.3.15 Wind tunnel testing of a twin-deck sectional model [79]  

By comparison with results obtained from the numerical study, it can be concluded 

that, except for A1
  (values of experimental A1

  fluctuates around the numerical 

curve, the fitted curve of the experimental one is similar as the numerical results), the 

other seven flutter derivatives show good agreement as it can be seen in Fig. 2.3.16.  
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Figure 2.3.16 MITD experimental and numerical results of a twin deck model [78]  

2.3.6 Identification of the aerodynamic flutter derivatives by ILS 

A new system identification approach, Iterative Least Squares (ILS), was developed 

by A.G. Chowdhury and P.P. Sarkar [80] in 2003. The ILS method is able to extract 

18 flutter derivatives for a three-degree-of-freedom system from free vibration 

displacement time-histories obtained from a bridge deck section model tested in a 

wind tunnel. As the research results show, the ILS method is better for extracting 

flutter derivatives for a one- and two-DOF structural system than for a three-DOF one. 

The ILS method is able to generate good parameter estimates for one- and two-DOF 

systems with a high noise-to-signal ratio, but only a moderate noise-to-signal ratio for 

the three-DOF system. Compared with other system identification methods, the ILS 

method shows the following advantages [80]: (1) extracting flutter derivatives for a 

combination of different DOF cases can simply be calculated by a single computer 

program; (2) instead of calculating the eigenvalue and eigenvectors, system stiffness 

and damping matrices are able to be calculated from the free-vibration displacement 

time histories directly; and (3) the parameters identified have good accuracy, which 

has been proved numerically and experimentally. 

For a 2-DOF system under free vibrating condition, characterised by Eq.2.33 can be 
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represented as the state-space model: 

]][[][ YAY                         (2.37) 
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The dimension of matrix A  is 2n x 2n, where n is the number of degrees of freedom.

I is the identity matrix. Obviously, if the series data of acceleration X , the velocity 

X  and the displacement X  can be obtained in a discrete-time system, the A  matrix 

can be identified; in other words, the aeroelastically stiffness and damping matrices  

][ effK  and ][ effC  can be extracted.  

The data recorded from wind tunnel tests always include noise interference. In order 

to eliminate the noise effect, a computer program was prepared to set a low pass 

digital Butterworth filter for the recorded data, which is designed to make the 

frequency response as flat as possible in the passband. The cut-off frequency for each 

case was obtained through the Fast Fourier Transform (FFT) code built in MATLAB 

when the dynamic system is under wind-off condition. The detailed procedure for the 

ILS approach is shown as the following algorithm (Figure 2.3.17): 
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Figure 2.3.17 MATLAB code algorithm for ILS [80] 

Considering the large amounts of cases in the current research, the ILS method is 

appropriate and convenient for extracting the eight flutter derivatives through the 

results obtained from the current wind tunnel experiment. The algorithm process is 

used for every wind tunnel dynamic test from -6° to 6°, and from minimum wind 

speed 0.8 m/s to 11.0 m/s. The measuring interval for the low wind speed range from 

0.8 m/s to 3.0 m/s was determined to be 0.2 m/s, because there might be some 

differences for the stiffness and damping matrices if the vortex-induced vibration. The 

minimum interval for changing the wind speeds was 0.2 m/s. After all the A matrices 

have been obtained through MATLAB, the flutter derivatives for each case was able 

to be extracted by using Eq. 2.33. 
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Chapter 3 Experimental Program 

In general, the aerodynamic experiments can be divided into two categories, field 

testing and wind tunnel experiments. A number of initial tests in bridge aerodynamics 

commenced with the testing and monitoring of the actual bridge deck, which helped 

researchers identify the most relevant structural characteristics of the bridge deck and 

their variation in time. Whereas the field testing can be performed on short or long 

span bridges, this consumes much time, and material resources to measure some 

specific cases required for the aerodynamic analysis. By contrast, adopting wind 

tunnel testing, enables wind engineers and researchers to perform aerodynamic 

studies which are effective and inexpensive, compared with the field testing. 

Nowadays, bridge designers and researchers usually obtain the aerodynamic 

parameters for the bridge deck they need to construct based on wind tunnel 

experiment results [11]. Wind tunnel tests are not only adopted for the bridge deck 

structures, but also they can be carried out for cables, hangers, towers and other 

structural elements of the bridges. Different parts of the bridges have different kinds 

of wind tunnel tests, but they are all designed for investigating the aeroelastic 

parameters of the tested structures. Wind tunnel tests are conducted based on the 

similarity principles for solid objects to better simulate the behavior of the actual 

bridge under controllable wind speed profile produced by powerful fan systems. Wind 

tunnel test methods for determining the flutter derivatives of the bridge decks involve 

mainly free vibration method and forced vibration method [19]. Free vibration method 

has been widely broadly applied for recently. The results for the free vibration method 

are extracted from the wind tunnel experiments results for a two-degree motion and 

they are calculated by ILS method, as described in detail in section 2.3.4. Due to 

potential uncertainties, every experiment case does not lead to the exact same results 

even if these are performed under the same experimental situation. Hence, the 



Chapter 3 Experimental Program 

54 

 

experimental preparation set-up should firstly consider decreasing the random errors, 

such as noise level, data processing algorithm and technical and instrumentation 

operation effect. It is significant to use appropriate design for the bridge section model 

system, and the multiple-repeat tests in order to obtain accurate calibrations for the 

reliable force coefficients and data of flutter derivatives. Moreover, sensors and data 

acquisition system should have a low level of noise and other detailed experimental 

set-ups design like the positions of springs which need to be installed with a smallest 

possible error, thus making the aeroelastic experimental results more accurate. 

3.1 Experimental set-up of sectional model  

Preparation of the experimental set-up is more important than the experiment itself to 

some extent. More precisely the experimental set-up reduces the errors between 

different experimental steps and the floating values of the experimental results. 

Because the aerodynamic shape of the individual decks of the Megane Bridge deck is 

very sensitive, the original sectional model of the bridge deck was 3D-printed, based 

on an accurate AutoCAD model, by using a professional model printing company in 

Toronto, in the same time, the bridge windshield barriers were printed by the Print 

Shop of Algonquin College. Acrylonitrile Butadiene Styrene (ABS) material which 

has appropriate stiffness and robustness for the wind tunnel testing model was chosen 

as the 3D-printing material. Professional technicians from the Gradient Wind 

Engineering Inc. designed and constructed the connecting pieces and the end plates 

for the bridge deck sectional model after all the 3D printing pieces have been 

assembled. The deformation sensors and the force balances were borrowed from the 

National Research Council Canada (NRCC). All the other parts, including the cables 

and the data acquisition system were provided by the Structure Lab and the 

Mechanical Shop of the University of Ottawa. A medium size wind tunnel of a testing 
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section of 2.1 m wide by 1.8 m high, which is suitable for the testing process, was 

provided by Gradient Wind Engineering Inc.. 

3.1.1 Dimensioning testing conditions of the Megane Bridge deck 

Before programming all the steps of the experimental set-up, some dimensions and 

parameters should be assumed in order to satisfy the requirements of the wind tunnel 

experimental procedure. The approximate dimensions of the sectional bridge deck 

model are 0.9 m wide by 1.0 m long with 7.9 kg mass.  

The formation of the new type of multi-box bridge deck named Megane Bridge deck 

is similar to some extended to the concept used for the Messina Strait Bridge, which 

was proposed as the first bridge deck in the world with two gaps and three box girders. 

The multiple-deck sectional model for the Megane Bridge, consisting of two airfoil 

decks of 125 mm width for railway in the middle and two 200 mm wide airfoil decks 

for the traffic on either side of the deck, thus the bridge model has a total dimension 

of 870 mm wide including 47.5 mm wide pedestrian and bicycle lanes on either edge, 

as shown in Fig. 3.1.1. The depth for the railway decks and traffic decks were 37.5 

mm and 25 mm respectively, with the gap width between the two railway decks and 

the width between the railway and the traffic decks of 35 mm and 45 mm respectively. 

The six windshield barriers in the middle of the model, represented by the red ellipse 

in Fig. 3.1.1 and in detail in Fig. 3.1.2, were designed as rectangular shape with 20 

mm height and 50% porosity; the other two windshield barriers, on the edge of the 

model, represented in blue rhombus in Fig. 3.1.3 and in detail in Fig. 3.1.4, were 

designed as the same rectangular shape and porosity of 50%, but replaceable in order 

to conveniently change the windshield models from the 30 mm high model to the 50 

mm high model. 
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Figure 3.1.1 Cross-section of the Megane Bridge deck (unit: mm) 

 

Figure 3.1.2 1:80 AutoCAD model of the 1.6 m (20 mm for model height) high 

windshield barrier (unit: mm) 

 

Figure 3.1.3 1:80 AutoCAD model of the 2.4 m (30 mm for model height) high 

windshield barrier (unit: mm) 

 

Figure 3.1.4 1:80 AutoCAD model of 4.0 m (50 mm for model height) high 

windshield barrier (unit: mm) 
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However, the design of the proposed Megane Bridge deck reached only the model 

configuration stage, and the bridge construction is not yet scheduled, therefore the 

corresponding mass, mass moment of inertia and the natural frequency of the 

prototype deck have not been finalized yet. Therefore, the parameters related to the 

similarity and scaling procedure between the prototype bridge deck structure and the 

bridge deck model used in the wind tunnel do not have considerable constraints, but 

should be within the limits of the existing structural bridge parameters. In the current 

study, the scaling ratio for the experimental model was set as 1:80, in order to fit the 

dimensions of the wind tunnel facility at the Gradient Wind Engineering Inc.. Thus, 

the dimensions of the experimental model dimensions were set to 1000 mm length 

and 870 mm width, according to the measuring section for the current wind tunnel 

(Fig. 3.1.5). The four individual experimental deck models were connected by three 

cross girder spanning with 45 mm gap to each box deck. Initially, the entire bridge 

deck shells, sidewalks and geometries of windshield barriers were made by 

SolidWorks models (Fig. 3.1.6 to Fig. 3.1.9) and then these were created by 3D 

printing (Fig. 3.1.10 to Fig. 3.1.12). By using the electric heating cutting machine, 

solid low density foam cores (Fig. 3.1.13) were cut following the same geometry 

shapes of the bridge deck shells, and were inserted in the four individual bridge deck 

shells. Considering that the wind load will approach the model from the lateral side, 

the surface of the bridge deck should be smooth, as much as possible, therefore 

aircraft grade 7075 aluminum sheets were used to cover the 3D printed surface of the 

bridge deck model. Also this will add rigidity to the 3D printed model. The bottom 

sides of the three cross-girders were plated by small pieces of wood as shown in Fig. 

3.1.14. 
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Figure 3.1.5 Measuring section for the current wind tunnel at the Gradient Wind 

Engineering Inc. 

.  

Figure 3.1.6 SolidWorks model of the Megane Bridge decks with cross girders 
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Figure 3.1.7 SolidWorks model of the windshield barrier with 20 mm height 

 

Figure 3.1.8 SolidWorks model of the 30 mm high windshield barrier with sidewalk 
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Figure 3.1.9 SolidWorks model of the 50 mm high windshield barrier with sidewalk 

 

Figure 3.1.10 3D-printing model of the four individual bridge deck shells 
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Figure 3.1.11 3D-printing model of the 30 mm high windshield barrier with sidewalk  

 

Figure 3.1.12 3D-printing model of the 50 mm high windshield barrier with sidewalk  
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Figure 3.1.13 Solid low density foam core used for inside of the four individual bridge 

deck shells 

 

Figure 3.1.14 Bottom side of cross girders covered by small pieces of wood 

The Megane Bridge deck section model has four box parts which were the connected 

at the extremities to two elliptical aluminum end plates, for restraining a potential 

individual motion of the boxes, which would interfere with the overall bridge deck 

dynamic behavior and thus makes the experimental model system more rigid and 

stable. Also installing end plates to the ends of the bridge deck models, is a 

well-known technique for avoiding the effect of the wind tunnel lateral wall .In 

addition, the aluminum end plates, with smooth elliptical shape, as shown in Fig 

3.1.16, have a function of reducing turbulence flow near the two end sides, which 
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helps measuring the data with more accuracy. Considering that the windshield barriers 

on the edge of the model should be replaceable for different heights, they (red circles 

in Fig 3.1.15) were installed on the deck by demountable bolts, and the rest of the 

windshield barriers used in the middle of the deck (yellow circles in Fig 3.1.15) were 

fixed on the bridge deck surfaces by permanent adhesive. A fixed stainless steel Pitot 

tube was mounted directly on the ceiling of the wind tunnel and was placed in front of 

the section test model, to measure the incoming wind speeds which were measured by 

the speed controller monitor (Fig 3.1.17). 

 

Figure 3.1.15 Oblique view of the sectional model 

 

Elliptical end plates 

Edge windshield barriers 
Middle windshield barriers 
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Figure 3.1.16 Elliptical aluminum end plate with connecting frame 

 

Figure 3.1.17 Wind speed controller  

3.1.2 Static test (force coefficients test) 

The static test as shown in Fig. 3.1.18 aimed to identify the lift and drag force 

coefficients of the four-box girder bridge deck model tested in wind tunnel 

experiment. The two longitudinal bars of the bridge deck model system were fixed in 

the middle of end plates by steel connecting frames attached on the end plates (Fig. 

3.1.19), the customized force balances were attached at the ends of the longitudinal 

bar, on both sides of the model: one for measuring the lift coefficients and the other 

for measuring the drag coefficients. The force balance measures the strain variation of 

the connected steel bar, and the measured data can be recorded by the computerized 

data acquisition system by the aid of StrainSmart software which provides the output 

for the time history files. With the variational vibration motion of the bridge sectional 
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model under different wind speeds, the average measured values can be obtained and 

then can be calibrated by the related formula to obtain the correct values, which were 

used for calculating the lift and drag force coefficients of the sectional deck model. 

After several attempts, wooden plates (Fig. 3.1.20) were chosen as the intermediate 

objects between the bridge deck models and the supporting system, which would 

eliminate completely the vibration motion of the bridge model, required for the static 

test. Thus, it was much easier to fix the force balance on wooden plates and to adjust 

the rotational angles of the wooden plates with accuracy for changing the angle of 

attack between the wind direction and the horizontal axis of the model. The wooden 

plates were clamped on a supporting system consisting of a 1.6 m high steel frame of 

60 kg weight, approximately 8 times heavier than the weight of the bridge model. By 

fixing the pair of steel frames on the floor of the wind tunnel, the small oscillations 

interference coming from the heavy steel frame can be avoided.  

 

Figure 3.1.18 Schematic diagram of static test 
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Figure 3.1.19 Supporting system of static test 

 

Figure 3.1.20 Force balance fixed on the wooden plate  

Static tests were performed for wind speeds of 8 m/s to 10 m/s, and for angles of 

attack of -6° to 6°. The negative sign of the angles of attack is defined as shown in 

Figure 3.1.21.As other studies pointed out (Wang, 2015), beyond wind speed of 7 m/s, 

the lift and drag coefficients are not significantly influenced by the increase of the 

wind speed. 

Force Balance 

Wooden Plate 
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Figure 3.1.21 The experimental model rotates under negative attack angle  

3.1.3 Dynamic test (free vibration test) 

When the dynamic test was carried out, the experimental model was allowed to 

vibrate freely, therefore a spring suspension system was required to be installed for 

obtaining the vibration amplitudes and the flutter derivatives. The dynamic test aimed 

at measuring the vertical and torsional vibrations of the bridge deck model under 

different wind speeds and also at determining the flutter derivatives for different wind 

speeds and various angles of attack. Therefore the experimental setting for the bridge 

deck model was modified after finishing the static test, thus, for performing the 

dynamic test, a transverse bar was fixed to the longitudinal bar connected to the end 

plates, and this was suspended by four springs, two for the upper side of the model 

and two for the  lower side of the model, on each side, as shown in Figure 3.1.22. 

Two displacement sensors were installed on the upper edge of the fixed wooden plate 

of the wind tunnel, with an equivalent distance to the mid-point of the transverse bar 

of 200 mm (Fig 3.1.23). The two displacement sensors can measure the corresponding 

vertical displacements and the rotation angles of the middle point was calculated by 

the use of some relevant formulas, as explained in detail below. The wind speed time 

history was also recorded by the Pitot tube and through the data acquisition system in 

the order of 0.1 m/s magnitude, thus wind speed data could be accurately observed. 

The dynamic testing system was supported by 8 equivalent springs (𝐾𝑠𝑝), which were 
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chosen in terms of the stiffness value of the entire bridge section model system. The 

vertical stiffness 𝐾ℎ  of the springs suspension system can be calculated as 

𝐾𝑡𝑠𝑝 + 𝐾𝑏𝑠𝑝 and the torsional stiffness 𝐾𝛼 of the system depends on the distance 

between the springs. 

 

Figure 3.1.22 Schematic diagram of dynamic test  

 

Figure 3.1.23 Springs suspension system 
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Finally dynamic tests as shown in Fig 3.1.24 were performed for wind speeds 

between 0.8 m/s and 11 m/s ,increasing in steps of 0.2 m/s, then from 3 m/s until 11 

m/s, increasing the wind speed in higher steps of 1 m/s. Also for each wind speed tests 

were performed for -6°, -4°, -2°, 0°, 2°, 4°, 6° angles of attack, totaling a number of 

280 test cases were performed. 

 

Figure 3.1.24 Setup for the dynamic test in the wind tunnel 

 

Figure 3.1.25 Stiffness details for the supporting system of the dynamic test  

The overturning moment M
 
around the midpoint of the transverse bar and the 

vertical force hF  represented in Figure 3.1.25 can be calculated as follows [21]: 
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lKKF bsph  )tsp（
                      

(3.1) 

rlKKlFM bsp  )22 tsph （                 (3.2) 

where ∆𝑙 is the changed length of the spring, r is the distance between the spring and 

the mid-point of the transverse bar. 

Substituting tanrl   into Eq. 3.1 and Eq. 3.2 on the two sides, 

  rKrKKKKF hbspbsph )4tanr)22 tsptsp （（    (3.3) 

   KrKKrKKM bspbsp

2

tsp

2

tsp )2tan)22 （（
   

(3.4) 

)(4,)(4 2

bsptsphbsptsp KKKrKKK                    
(3.5) 

2

h rKK                                            
(3.6) 

The distance r can be obtained from the following equations 

2

h hmK  ;
2

  IK ; 0.227m// 2  mIKKr h       
(3.7) 

Due to the dimensions limitations of the wind tunnel facility, the distance r was set as 

240 mm in the current experiment. The calculation method for the torsional and 

vertical stiffness, 𝐾α and 𝐾h, is based on the condition that all the springs are under 

tension at all the times, regardless of the vibration modes which will be encountered. 

The stiffness value of the springs should be suitable for such situation, otherwise the 

vibration amplitude is not notable and cannot be observed or the vibration amplitude 

might be too big to be in the elasticity limits of springs, which might suffer a plastic 

deformation. Here, the springs on the top side of the model have an elastic constant of 
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440 N/m and the springs on the bottom side of the model have an elastic constant of 

240 N/m, resulting in a total elastic constant of the entire bridge springs suspension 

system of 680 N/m. 

Because the wind tunnel test section has windows only on one side, all the 

experimental setup, including the model, the springs, and the supporting frames, were 

placed inside the test section of the wind tunnel. Due to the relatively high weight of 

the supporting frames, which were fixed on the floor of the wind tunnel as well, the 

slight vibration of the supporting frames was diminished and thus it did not affect the 

motion of the experimental deck model.  

3.2 Calibration for the free vibration test 

3.2.1 Data filtering 

The data recorded from the wind tunnel tests are always affected by noise signal 

interference. In order to eliminate the noise effect, a computer code was prepared to 

set a low pass digital Butterworth filter, which is designed to make the frequency 

response as flat as possible in the passband [80]. The cut-off frequency for each case 

was obtained through the Fast Fourier Transform (FFT) which was applied through a 

code built in MATLAB, when the dynamic system is under zero wind (wind-off) 

condition. For example, the actual displacement and rotational angle time histories 

and the filtered displacement and angle time histories are shown in Figures 3.2.1 and 

3.2.2, as follows: 
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Figure 3.2.1 Filtered and actual free vibrations displacement for the 30 mm high 

windshield barrier (wind-off condition) 

 

Figure 3.2.2 Filtered and actual free vibrations of rotational angle for the 30 mm high 

windshield barrier (wind-off condition) 

It can be seen from the Fig. 3.2.1 and Fig. 3.2.2 that the actual and filtered time 

history curve for both vertical displacements and rotation angles are almost the same, 

which proves that the noise for the dynamic system would not affect significantly the 

results obtained from the wind tunnel test. Although the interference produced by the 

noise signal is comparatively low for wind-off conditions, all the data should be 

filtered with the low-pass digital Butterworth filter in order to avoid unpredictable 
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error for high frequency noise. The data of the treated output time history was used 

for generating the corresponding acceleration and velocity time histories by finite 

difference formula. Also, some basic parameters for the tested bridge deck section 

model have been calculated by extracting the data from free vibration test, such as: 

the first natural frequency in vertical direction: 𝑓h =1.398 Hz, the first natural 

frequency in torsional direction: 𝑓α=1.982 Hz, the frequency ratio: 𝜀 = 𝑓α/𝑓h =

1.409, the damping ratio in vertical direction: 𝜉h = 0.0113, the damping ratio in 

torsional direction: 𝜉α = 0.0132. The first natural frequency of the actual Megane 

Bridge is not determined yet, because the bridge was not yet constructed, however, 

the frequency of similar bridges are of the order of 0.1 Hz or lower for those bridges 

with the main span of the order of one thousand meters or longer [63]; therefore, if the 

similarity condition presented in Eq. 2.16 is considered, then the ratio between the 

wind speed in the wind tunnel and actual wind speed is estimated over 1:10. Thus, for 

the maximum wind speed tested in the current wind tunnel experiment of 11 m/s, the 

corresponding actual wind speed is over 110 m/s. 

3.2.2 Calibration to "zero average line" 

As mentioned in 3.1.4, the two displacement sensors were placed on the upper edge of 

the wooden plate to measure the vertical displacements at the two sides of the 

transversal bar, which, being connected to the bridge deck model, it encounters the 

same motion as the model, under the effect of wind. The two set of displacement data, 

incoming from the two sensors, were transmitted to the data acquisition system (the 

Inter Technology System 5000) and were processed with the software StrainSmart, 

then the time history data was outputted as excel files. The initial data obtained 

directly from the two displacement sensors needed to be calibrated first, because 

different test cases would yield oscillations around different starting points, and then 

the plots of the time history displacement were used for calculating the actual 
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magnitudes of displacements and rotational angles of the bridge deck model. Finally, 

the vertical displacement at the center of the experimental model and the torsional 

angle of the corresponding vibration were obtained. Considering the structure of the 

experimental model setup, the center of the bridge deck model should have the same 

vibration motion as the mid-point of the transversal bar. A free vibration test was 

carried out to check whether this assumption was correct, and the results are shown in 

Figure 3.2.3. 

 

Figure 3.2.3 Free vibration test for the center point of the model and the mid-point of 

the transversal bar 

As the free vibration test result shows above, the displacements of the center of the 

bridge deck model and the mid-point of the transversal bar have the same values for 

each individual point in time. Therefore, the vertical displacement of the center of the 

bridge deck model can be calculated if the displacements of the two measuring points 

on the transversal bar are obtained. Usually, the wind aerodynamic force will 

determine asymmetric vibration motion regarding to the 𝑦 = 0 axis. However, the 

static force part of the aerodynamic force, will shift the average axis and will produce 

an initial displacement for each case. Hence, the displacements obtained at the center 

of the model and the corresponding rotational angles, should be calibrated in order to 

represent the oscillations as symmetric in regard to a ''zero average line''. The detailed 
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procedure for calculating the center displacement 𝐷′𝑀(𝑡) and the rotational angle 

𝛼′(𝑡) is expressed as the flow diagram in Figure 3.2.4. 

 

Figure 3.2.4 Flow diagram of the procedure for calculating 𝐷′𝑀(𝑡) and 𝛼′(𝑡) 

The calibration for "zero average line" of the data of displacement time histories 

recorded by the two displacement sensors, for wind velocity of 4.0 m/s and attack 

angle of 0° obtained for the bridge deck model with 30 mm high windshield barrier, 

were chosen as an example of the above procedure as presented in Figures 3.2.5 to 

3.2.8 below. 

 

Figure 3.2.5 Initial displacement time history of the experimental model for 4.0 m/s 

and 0° and 30 mm high windshield barrier (the left displacement sensor) 
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Figure 3.2.6 Initial displacement time history of the experimental model for 4.0 m/s 

and 0° and 30 mm high windshield barrier (the right displacement sensor) 

The initial displacement time histories obtained from displacement sensors situated on 

the right and left sides of the transversal bar were filtered first and then were 

calibrated in regard to the initial conditions, to obtain the re-adjusted displacements 

from the initial positions for the right and left sides respectively. The calibrated results 

are plotted as displacement time histories in Figures 3.2.7 and 3.2.8. 

 

Figure 3.2.7 Calibrated displacement time history of the experimental model for 4.0 

m/s and 0° and 30 mm high windshield barrier (the left displacement sensor) 
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Figure 3.2.8 Calibrated displacement time history of the experimental model for 4.0 

m/s and 0° and 30 mm high windshield barrier (the right displacement sensor) 

After the processes of filtering and calibrating, the actual displacement of the 

mid-point and the torsional angle of the transversal bar can be calculated by using the 

Eq. 3.8 and Eq. 3.9 below: 

))()((
2

1
)( tDtDtD RLM                    (3.8) 

d

tDtD
t RL ))(-)((
)(                      (3.9) 

where 𝐷𝐿(𝑡) and 𝐷𝑅(𝑡) represent for the vertical displacement of the left side 

measuring point and the right side measuring point respectively, as a function of time, 

𝐷′𝑀(𝑡) is the vertical displacement at the center of the model, 𝛼′(𝑡) is the torsional 

angle of the model deck, 𝑑 is the distance between the left side measuring point and 

the right side measuring point, which was set as 300 mm. Then the results obtained 

based on Eq. 3.8 and 3.9 were modified in order to get to "zero average line" by using 

Equations 3.10 and 3.11: 
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  )()( tt                       (3.11) 

where, 𝐷𝑀(𝑡) is the modified vertical displacement at the center of the model, 

 𝛼(𝑡) is the modified torsional angle of the model deck, 𝐷̅ and 𝛼̅ are the average 

values for the vertical displacement at the center of the model and the modified 

torsional angle of the deck model during the testing time, respectively. When the 

angle of attack is 0°, the results of 𝐷𝑀(𝑡) and 𝛼(𝑡) for 4.0 m/s are plotted in 

Figures 3.2.9 and 3.2.10: 

 

Figure 3.2.9 Displacement time history of the experimental model for 4.0 m/s and 0° 

and 30 mm high windshield barrier 

 

Figure 3.2.10 Rotational angle time history of the experimental model for 4.0 m/s and 

0° and 30 mm high windshield barrier 
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3.3 Important elements in the experimental set-up 

3.3.1 Displacement sensors 

Suitable displacement sensors with required measuring accuracy and range should be 

selected to measure the displacement variation. Classic displacement sensors with 

function of recording data manually cannot perform satisfactory for the time history 

record with high sampling rate required by the current experiment. Extremely 

sensitive sensors cannot be used in the wind tunnel due to the small measuring range. 

Small and light sensors, such as laser sensors or ultrasonic sensors, were chosen as the 

displacement measuring devices (Fig. 3.3.1). Same accuracy and range should also be 

a noteworthy part for reducing the measuring errors. By conducting the trial and error 

experiments for choosing the measuring range, 30 mm was found as a maximum 

value for the vibration motion of the experimental model, under the effect of the 

maximum wind speed of 11.0 m/s, provided by the wind tunnel fan. Finally,  a laser 

sensors and a ultrasonic sensor were chosen with 0.01 mm accuracy and 5 mm to 35 

mm measuring range. Two groups of displacement data were obtained through the 

two displacement sensors which were transmitted to the data acquisition system and 

were outputted as time history figures and excel files directly. Thereafter, the 

calibrated values for these two groups of data were converted into displacements and 

rotational angles of midpoint of the transversal bar as detailed in the section 3.2.2. 

Finally, these displacements and rotational angles were used for extracting the flutter 

derivatives by applying the ILS (iterative least squares) method. 
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(a)                                 (b) 

Figure 3.3.1 (a) Laser sensor and (b) ultrasonic sensor used in the dynamic test  

3.3.2 Spring suspension system 

Springs are the most important part of the suspension system because they play a vital 

role in representing the stiffness of the overall bridge deck system. Eight springs were 

used in total for the dynamic and the derivatives experiment, four springs for each 

side of the model, for connecting the transversal bar to the supporting system. Four 

steel hooks were welded on the top and bottom sides of the transversal bar of each 

side of the model, for hanging the four springs conveniently. In addition, the eight 

springs are required to be in tensile state at all times, when the dynamic tests are 

carried out. Thus, the springs should be selected properly, they should maintain the 

elastic range under predictable worst case scenario, during the experiment. Therefore, 

the maximum stretched length of the springs should be considered as the sum of the 

maximum static deformation and the maximum dynamic deformation resulting from 

the oscillations under the effect of the maximum wind speed provided in the wind 

tunnel and also considering some additional deformation as a safety margin; the final 

deformation should be less than the elastic range of the springs, to ensure they don't 

reach the plastic range and deform permanently, thus modifying the value of the 

elastic constant. Hence, the stiffness of the entire spring suspension system will not 

change for any of the experimental cases performed, which determines obtaining the 



Chapter 3 Experimental Program 

81 

 

results with same precision for all the tests. 

Considered that the upper springs will carry the weight of the experimental bridge 

deck model and the tensile forces from the lower springs, the deformation length of 

the springs should be designed as different values for the upper and lower parts of the 

experimental model. The experimental model should be suspended in the required 

position, approximately in the center, horizontally and vertically, of the testing section 

of the wind tunnel. For achieving this position, 20% longer springs were used for the 

upper part of the transversal bar and shorter bars were used for the lower part. 

3.3.3 Force balances 

Usually, the weight of the small or medium size bridge deck section models is around 

3 kg and the corresponding load cells have a maximum measuring limit for 3.5 kg 

models. The weight of the Megane Bridge deck model was 7.9 kg weight, and 

standard load cells cannot be used for the force coefficients tests, because these might 

be damaged. Therefore, higher measuring range equipment was used for this bridge 

deck section model. Customized force balance made following the principle of a load 

cell by the Building and Construction laboratory at National Research 

Council Canada (NRCC); these force balances (Fig. 3.3.2) were usually employed for 

measuring the force coefficients for the wind-induced uplift tests for the flat roofs and 

they have a maximum measuring limit of 15 kg. The operating principle of this force 

balance is to measure the stress variation of the steel member connected to the plate 

still positioned in the middle of a stable stainless steel frame. The longitudinal bar of 

the end plate of the bridge deck section model is connected to the measuring steel 

plate through a special made bolt. Because the force balance can only measure the 

force for one direction, one force balance is set to measure the force in the vertical 

direction at one end of the model, and another one is set to measure the force in the 
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horizontal direction, at the other end of the model, during the static tests. The stress 

data was transmitted to the data acquisition system for outputting time history figures 

and excel files. After the relevant calculation, the actual values of the forces in the 

vertical and horizontal directions can be obtained and can be used for the force 

coefficients calculation. 

 

Figure 3.3.2 Force balance 

3.3.4 Data acquisition system 

In order to obtain more accurate results, a data acquisition system with a suitable 

sampling rate should be considered as a first choice. A low sampling rate is not 

suitable for extracting the flutter derivatives with the iterative least squares method. A 

high sampling rate means sampling large amounts of data which requires much more 

storing space and involves some unnecessary work for calibrating and filtering, as not 

all the data will prove essential for the calculation to be performed. The sampling rate 

should be chosen properly, and in the current experiment this was 1/10 record 

sampling rate to register the stresses for the force coefficient tests and the 

displacements for the dynamic tests. The computer software used for connecting the 

force balances and the displacement sensors is called StrainSmart and the 

corresponding data acquisition equipment is System 5000 (Inter Technology Model 
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5100 Scanner). All the stresses and the displacement data has been transmitted to the 

data acquisition system for processing and outputting the time history figures and 

excel files.  

3.3.5 Wind tunnel experimental facility 

A private wind tunnel from Gradient Wind Engineering Inc (Kanata, ON) was used 

for carrying out all the experimental cases. The suction wind tunnel has an overall 

length of 27 m and a test section of 2.1 m width and 1.8 m height. The wind velocity 

for the wind tunnel can be controlled by changing the RPM (revolutions per minute) 

of the fan, the smallest changing step of the wind velocity is 0.1 m/s and the velocity 

range is from 0.8 m/s to 11 m/s. A Pitot-static tube is settled above the middle location 

of the experimental model. The pressure measuring opening situated at the end of the 

Pitot tube is facing directly to the wind direction with the no inclination angle. A 

control pad is directly connected to the Pitot tube, which has the function of 

calculating the current wind velocity through the corresponding wind speed showing 

it directly on the monitoring screen. 

 

Figure 3.3.3 Wind tunnel in Gradient Wind Engineering Inc. 
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3.4 Experimental methodology 

Proper plan of experiment steps can save time and can help avoiding unnecessary 

faults. The static test was decided to be the first part of the experiment because the 

longitudinal bar can simply connect to the force balance and the connecting part is 

easier to disassemble comparing with the connection between longitudinal bar and 

transversal bar. In addition, it is easier to adjust the attack angle of the system because 

the bridge is fixed on the force balance while carrying out the static tests, but for the 

dynamic tests, the attack angle should be adjusted many times due to the elasticity of 

the spring system. There are totally 21 cases for the static tests and 266 cases for 

dynamic tests. As presented by Wang (2014) [15], due to the effect of viscous force 

for this kind of cross-section shape, the force coefficients at low wind speed 

experiences more fluctuations until the wind velocity reaches 8.0 m/s and above. 

Therefore, the static tests were only carried out in the range of wind speed from 8.0 

m/s to 10.0 m/s for obtaining the reliable force coefficients. 

3.4.1 Steps of the static tests 

1. Wooden plates were clamped on the steel frames and the force balances were 

installed on the wooden plate. 

2. The supporting steel frames were mounted inside the wind tunnel. 

3. The Megane Bridge deck model was placed in the test section of the wind tunnel 

and in the proper position. 

4. The deck model was connected to the force balances on each side of the test 

section. 

5. The attack angle was set-up as 0°. 

6. The window of the wind tunnel was hermetically closed to prepare for starting the 

tests. 
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7. The initial data was recorded for 10 seconds under wind-off condition. 

8. The wind speed of 8.0 m/s was applied for 60 seconds and data was recorded. 

9. The wind speed was increased to 11.0 m/s by 1.0 m/s steps. Same recording 

procedure was carried out for each case. 

10. The fan was turned off and the attack angle of the bridge deck model was adjusted 

to the next attack angle. The steps 6 to 9 explained above were repeated. 

3.4.2 Steps of the dynamic tests 

1. The force balance system was replaced by the spring suspension system  

2. The transversal bar was installed at the end of the longitudinal bar connected to the 

end plate of the model.  

3. The windshield barriers in the middle were installed on the experimental model. 

4. The 30 mm high windshield barriers were installed on the experimental model . 

5. The longitudinal bar was connected to the four spring system for each side of the 

model and the attack angle was set to 0°.  

6. By giving an initial displacement to the model, the free decaying vibration test was 

carried under wind-off situation. The displacement time history for each displacement 

sensor was recorded for 60 seconds.  

7. The window of the wind tunnel was hermetically closed to prepare for starting 

tests.  

8. The wind velocity was increased from 0.8 m/s to 3.0 m/s in steps of 0.2 m/s and 

then it was increased from 3.0 m/s to 11.0 m/s by 1.0 m/s at low wind velocity VIV 

vibration were sought to identify, while for high wind velocity, the galloping and 

flutter were meant to find. The same recording procedure for the displacement decay 

histories were carried for 60 seconds.  

9. The fan was turned off and the attack angle of the experimental model was adjusted 

to the next attack angle.  
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10. Steps 7 to 9 were repeated until all the attack angles (-6°,-4°,-2°,0°,2°,4°,6°) were 

tested. 

11. The 30 mm high windshield barriers were replaced by the 4.8 m windshield 

barriers. Steps 6 to 10 detailed above were repeated. 

Table 3.1 shows a summary of all the test cases performed for the static and dynamic 

tests, under all the wind speeds and angles of attack combinations. 

Table 3.1 Case summary for the static tests and dynamic tests  

Cases Static tests Dynamic tests 

Angles of attack (degree) 
-6°, -4°, -2°, 0°, 2°, 

4° and 6° 

-6°, -4°, -2°, 0°, 2°, 

4° and 6° 

Wind speeds (m/s) 8, 9 ,10 0.8 to 11 

Edge windshield barrier (m) 2.4 2.4 and 4.0 

Amount 21 280 

Total 301 
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Chapter 4 Experimental Results 

The aerodynamic force coefficients, the vibration amplitudes and the dynamic flutter 

derivative results obtained from the wind tunnel experiments are presented in this 

chapter. A comparison of the most relevant parameters with the results reported for 

other long-span bridges is added for (1) verifying the reliability of the results obtained 

in the current research; and (2) identifying the differences and similarities of the 

aerodynamic characteristics, between the Megane Bridge deck and other types of 

bridge decks.  

4.1 Static aerodynamic force coefficients 

The formulation used for the principle of calculating the static force coefficients was 

introduced in Chapter 3. Initially, a suitable load cell device needed to be found for 

measuring the forces acting on the two perpendicular directions, the lift and the drag 

force directions. But due to the comparatively large weight of the experimental bridge 

deck section model, the standard load cell device cannot satisfy the requirement of 

potential maximum value. Therefore, two force balances calibrated for the range of  

force values similar to those required in this experiment were available from NRCC 

(National Research Council Canada) and these were chosen as the force measuring 

equipment, to obtain the lift and drag forces. The force balances are usually used for 

up-lift force testing of flat roofs models, and each force balance can only measure the 

force in one direction; thus each force balance was set on either side of the Megane 

Bridge deck model to measure the lift and drag forces, respectively.  

The Reynolds number for the wind tunnel experiment is an important factor in 

determining the aerodynamic forces, because the viscous force might affect the results 
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of the static force coefficients. The Reynolds number is defined as [81]: 



UB
R e

                          
(4.1) 

where B is the width of the bridge deck section model, U is the uniform wind velocity 

and ν is the kinematic viscosity of air, the value at 20℃ is 0.15 cm2/s. The air 

temperature in the wind tunnel was measured as approximately 16℃. Here the 

Sutherland's formula [82] was used for calculating the viscosity of the air 

at 16℃ which is expressed as:   
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(4.2) 

where 𝜇 is the dynamic viscosity at the input temperature, 𝜇0 is the known viscosity 

at reference temperature 𝑇0, and C is the Sutherland's constant, which is 110.4K for 

air. By substituting relevant parameters into Eq. 4.2, the dynamic viscosity of air at  

16℃ was calculated as 0.148 cm2/s. 

Due to the effect of the viscous force, the Reynolds number used for extracting the 

static coefficients should satisfy the prerequisite condition of 74 101e101  R , 

where the boundary layer is considered laminar over the entire length of the bridge 

deck model, and the influence of the air viscosity can be negligible. As the results 

represented by Wang [15] revealed, the force coefficients extracted under relatively 

lower wind velocity (7 m/s) for the multiple-deck aerodynamic shape model 

experienced much fluctuation, and were not as consistent as the coefficients 

calculated under higher wind velocities (over 7 m/s). In addition, the lift and the drag 

coefficients used to quantify the resistance for the wind design are dimensionless 

quantities, and their values are only affected by the mass density of the air, the attack 

angle of the induced wind and the shape of the object. In other words, the 
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aerodynamic force coefficients of the bridge deck model should have a similar trend 

and values under different wind speeds.  

Considering the above conditions, the testing wind speeds in the wind tunnel were 

chosen as 8 m/s, 9 m/s and 10 m/s. The corresponding Reynolds numbers calculated 

by Eq. 4.1 varies from 4.85×10
5
 to 6.06×10

5
. The equations used for expressing the 

wind load are represented by Simiu and Scanlan [13] as: 

 
)(

2

1
)( 2  DBCUD 

                  
(4.3) 

)(
2

1
)( 2  LBCUL 

                  
(4.4) 

where 𝐷 and  𝐿 are the static drag and lift force, respectively; 𝐶𝐷 and 𝐶𝐿 are the 

static drag and lift force coefficients, respectively; 𝜌 is the air density with a value of 

1.214 kg/m3 for the current air condition; 𝑈 is the wind speed;𝐵 is the width of 

the experimental bridge deck model, which is 980 mm for the current model. In order 

to compare the influence of the windshield barriers on the variation of the force 

coefficients, the two different windshield barriers of 30 mm and 50 mm were installed 

on the Megane Bridge deck, and the results were compared with the force coefficients 

data obtained by Wang for the multiple-deck aerodynamic shape model without any 

windshield barriers [15]. The results of the force coefficients at 8 m/s, 9 m/s and 10 

m/s for the bridge deck model with windshield barriers are shown in Table 4.1, Figure 

4.1.1 and Figure 4.1.2: 
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Table 4.1 Steady-state aerodynamic force coefficients for the Megane Bridge deck with 

windshield barriers of 30 mm 

Attack 

angle(°) 

8 m/s 9 m/s 10 m/s 

𝐶𝐷 𝐶𝐿 𝐶𝐷 𝐶𝐿 𝐶𝐷 𝐶𝐿 

-6 0.151 -0.141 0.152 -0.143 0.153 -0.149 

-4 0.131 -0.102 0.129 -0.091 0.128 -0.117 

-2 0.079 -0.066 0.094 -0.072 0.084 -0.074 

0 0.071 -0.004 0.071 -0.037 0.074 -0.051 

2 0.078 0.010 0.083 0.003 0.085 -0.007 

4 0.117 0.037 0.110 0.036 0.114 0.037 

6 0.137 0.060 0.139 0.061 0.140 0.064 

 

Figure 4.1.1 Drag coefficient 𝐶𝐷 for the Megane Bridge deck model (with 

windshield barriers of 30 mm) at 8 m/s, 9 m/s and 10 m/s 
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Figure 4.1.2 Lift coefficient 𝐶𝐿 for the Megane Bridge deck model (with windshield 

barriers of 30 mm) at 8 m/s, 9 m/s and 10 m/s 

As it can be seen in the Figures 4.1.1 and 4.1.2 above, the drag coefficients had a 

trend of firstly decreasing from -6° to 0° and then increasing from 0° to 6°, ranging 
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velocity of 10 m/s, the drag coefficients with a maximum value of 0.153 appeared at 
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m/s. Overall, the drag coefficients CD presented a high-side among a low situation 

with the increasing attack angle. The peak values in the left side of 0 axis are higher 

than that in the right side. The maximum values were always registered at -6° and the 

minimum values always appeared at 0° in the current experiment. However, based on 

the general trend and considering the values of the drag coefficients at -6° and 6° 
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Table 4.2: 

Table 4.2 Drag coefficient slope for the Megane Bridge deck model (with windshield barriers 

of 30 mm) for wind speeds of 8 m/s, 9 m/s and 10 m/s 

Attack angle(°) 
𝐶𝐷

′  

8 m/s 9 m/s 10 m/s 

-6 -0.010 -0.012 -0.013 

-4 -0.026 -0.018 -0.022 

-2 -0.004 -0.012 -0.005 

0 0.003 0.006 0.006 

2 0.020 0.014 0.014 

4 0.010 0.015 0.013 

6 0.009 0.011 0.011 

From Figure 4.2 it can be noticed that as the attack angle increases from -6° to 6°, the 

lift coefficients showed an obvious trend of increment. The lift coefficients for wind 

speeds of 8 m/s, 9 m/s and 10 m/s increased from -0.141, -0.143, -0.149 to 0.060, 

0.061 and 0.064, respectively. The maximum values were registered for 6° for all the 

three cases, which have a similar magnitude of around 0.062. Relatively, the average 

value of the minimum lift coefficients registered for the three cases was around -0.144 

for -6° angle of attack.  

Finally it can be concluded that, both the drag and lift coefficients showed good 

agreement with each other for 8 m/s, 9 m/s and 10 m/s, respectively. In order to 

identify the effect of the windshield barriers on the drag and lift coefficients, the 

results are compared with the aerodynamic Megane Bridge deck model without 

windshield barriers, referenced from Wang [15]. Considering that the trend and the 

magnitude of the lift and the drag coefficients obtained in the current research for 

each wind speed are nearly the same, only the results under wind speed of 10 m/s are 

used for the comparison as shown in Figures 4.1.3 and 4.1.4 below. 
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Figure 4.1.3 Drag coefficient 𝐶𝐷 for the Megane Bridge deck model with and 

without windshield barriers [15] 

 

Figure 4.1.4 Lift coefficient 𝐶𝐿 for the Megane Bridge deck model with and without 

windshield barriers [15] 
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the computational results of the single-box girder bridge deck and twin-box girder 

bridge deck [20]. Also, when compared with the aerodynamic Megane Bridge deck 

without windshields, it was noticed that despite the different values of the lift and 

drag coefficients recorded at every angle of attack, overall these had the same trend 

and were in a similar range. On the other hand, the drag coefficient for the model with 

windshield barrier increased for the positive angles and reduces for the negative 

angles. The windshield barriers caused an obvious decrement of the slope of the drag 

coefficients for the negative range of angles of attack. Meanwhile, the slop of the drag 

coefficient in the range of the positive angles, has a smoother increment than the drag 

coefficient slope of the bridge deck model without windshield barriers. 

In addition, the results of the force coefficients of the Messina Strait Bridge 

(triple-box deck bridge) [64], the Stonecutters Bridge (twin-box deck bridge) [55] and 

the Great Belt Bridge (single-box deck bridge) [83] are added to compare the effect of 

a different number of box decks on the drag and lift coefficients; all these 

experimental bridge deck models were built with windshield barriers and were tested 

in wind tunnels. 

 

Figure 4.1.5 Drag coefficient 𝐶𝐷 comparison for the Megane Bridge, the Messina 

Bridge [64], the Stonecutter Bridge [55] and the Great Belt Bridge [83] from -6° to 6° 
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Figure 4.1.6 Lift coefficient 𝐶𝐿 comparison for the Megane Bridge, the Messina 

Bridge [64], the Stonecutter Bridge [55] and the Great Belt Bridge [83] from -6° to 6° 
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girder bridge. On the other hand, the multi-box girder bridges have a much lower 

value in the range of attack angles between -2° and 6°; the difference shifts to 

approximately 0.08 units at 0° . The lift coefficients closer to the zero values 

determined the smallest lift forces and hence are considered as better options; for both, 

the four-box (Megane) and the triple-box (Messina) decks very low values for the lift 

coefficients were recorded, thus these decks are considered as having aerodynamic 

performance. 

Section conclusions: 

Installation of the windshield barriers on the Megane Bridge deck model can reduce 

the drag force component of the lateral wind force, for the range of negative attack 

angles but increase the lift force component of the lateral wind force for positive 

attack angles. Meanwhile, the windshield barriers have the effect of increasing the 

slope of the drag force coefficient, for the negative range of angles of attack, which is 

smoother when compared with the four box bridge deck model without windshield 

barrier. 

Also, it can be concluded that, compared with the single-box girder deck, the four-box 

girder bridge has a more gradual slope and a smaller range of magnitude for the lift 

force component, especially in the range of negative angles of attack, which has a 

stabilizing effect for the galloping instability as it will be discussed in the following 

section.  

4.2 Galloping instability verification 

Galloping, also referred to as Den Hartog instability, usually occurs as the 

low-frequency oscillation of the structure, in the direction transverse to the flow 
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direction (across-wind direction), especially for the structures with small stiffness and 

structural damping. Galloping verification formulation is related to the slope of the lift 

and the drag coefficients [36]. Under specific conditions, the high-speed vortex 

shedding and the galloping instability take place together, though galloping usually 

happens for a much lower frequency compared with vortex shedding [38]. 

Considering the complex cross-section of the Megane Bridge deck and the small 

structural damping of the current experimental model subjected to a uniform flow, 

checking galloping should be a necessary part for the aerodynamic stability. The 

potential of a structure to encounter the galloping condition can be calculated by using 

the renowned Den Hartog stability criterion formula [36]: 
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If H(α) < 0, galloping phenomenon occurs for the Megane Bridge deck model, 

otherwise, the Megane Bridge deck model does not encounter galloping instability. 

Calculating the values of 𝐶′𝐿 (Table 4.3) and substituting them and the data from 

Table 4.1 into Eq. 4.5, the 𝐻(𝛼) values are determined for 8 m/s, 9 m/s and 10 m/s 

wind speeds and are presented in Table 4.4. 

Table 4.3 Lift coefficient slope for the Megane Bridge deck model (with windshield barriers of 

30 mm) for wind speeds of 8 m/s, 9 m/s and 10 m/s 

Attack angle(°) 
𝐶𝐿

′  

8 m/s 9 m/s 10 m/s 

-6 0.065 0.030 0.066 

-4 0.072 0.038 0.086 

-2 0.124 0.070 0.046 

0 0.028 0.080 0.088 

2 0.054 0.066 0.088 

4 0.046 0.050 0.054 

6 0.042 0.041 0.035 
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Table 4.4 Galloping ratio 𝐻(𝛼) for Megane Bridge deck model with 30 mm high windshield 

barriers  

Attack angle(°) 
H(α) 

8 m/s 9 m/s 10 m/s 

-6 0.216 0.182 0.203 

-4 0.203 0.167 0.214 

-2 0.203 0.164 0.130 

0 0.099 0.151 0.162 

2 0.132 0.149 0.173 

4 0.163 0.160 0.168 

6 0.179 0.180 0.175 

As it can be noticed from the above chart, all the galloping ratios are positive, thus it 

can be ascertained that the Megane Bridge has good stability against galloping for 8 

m/s, 9 m/s and 10 m/s. The galloping would not take place under any angle of attack; 

however high-speed vortex shedding vibration happens when the wind tunnel 

experiments were carried out. 

4.3 Vertical displacements and torsional angles 

As the calibration method and the calculating procedure for the vibration amplitudes 

were mentioned in Chapter 3, the exact same procedure was applied for each case of 

-6°, -4°, -2°, 0°, 2°, 4° and 6°. When performing the experiments, under the same 

angle of attack condition, the wind speed was changed from 0.8 m/s to 3 m/s by 0.2 

m/s increments and from 3 m/s to 11 m/s by 1 m/s increments. The smaller increment 

steps were used until reaching the test wind speed of 3 m/s to observe the occurrence 

of the vortex-induced vibration phenomenon, which usually happens for smaller wind 

speeds, when the frequency of the flow equals the frequency of the structural model. 

After completing the tests for all the angles of attack and all the wind speed cases, the 

30 mm high windshield barriers on the edge of the model, were replaced by the 50 

mm high windshield barriers and the same experimental cases were carried out for the 
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new model. There were a total of 280 cases performed for the dynamic tests, and 

accordingly a very large amount of results was obtained; only a part of them were 

presented in this chapter, and the rest will be in Appendix.  

 

Figure 4.3.1 Vertical displacement time history at centre of the experimental model 

for 3 m/s and 0° and 30 mm high windshield barrier 

 

Figure 4.3.2 Rotational angle time history at centre of the experimental model for 3 

m/s and 0° and 30 mm high windshield barrier 
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Figure 4.3.3 Displacement time history at centre of the experimental model for 11 m/s 

and 0° and 30 mm high windshield barrier 

 

Figure 4.3.4 Rotational angle time history at centre of the experimental model for 11 

m/s and 0° and 30 mm high windshield barrier 
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low wind speeds under 3 m/s, the vertical vibration displacements 𝐷𝑀(𝑡) showed 

relatively low values between -1.5 mm and 1.5 mm (Fig.4.3.1); in the same time, the 

values of torsional angles 𝛼(𝑡) are within the range of -0.3° to 0.3° (Fig.4.3.2). 

Under the wind velocity of 11 m/s, the absolute values of the peak amplitudes at 0° 

increased to 6 mm and 1.5° for 𝐷𝑀(𝑡) and 𝛼(𝑡), respectively (Fig. 4.3.3, Fig. 4.3.4). 
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Figure 4.3.5 Displacement time history at centre of the experimental model for 11 m/s 

and 6° and 30 mm high windshield barrier 

 

Figure 4.3.6 Rotational angle time history at centre of the experimental model for 11 

m/s and 6° and 30 mm high windshield barrier 

 

Figure 4.3.7 Displacement time history at centre of the experimental model for 11 m/s 
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and -6° and 30 mm high windshield barrier 

 

Figure 4.3.8 Rotational angle time history at centre of the experimental model for 11 

m/s and -6° and 30 mm high windshield barrier 
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Figure 4.3.9 Displacement time history at centre of the experimental model for 3 m/s 

and 0° and 50 mm high windshield barrier 

 

Figure 4.3.10 Rotational angle time history at centre of the experimental model for 3 

m/s and 0° and 50 mm high windshield barrier 

 

Figure 4.3.11 Displacement time history at centre of the experimental model for 11 

m/s and 0° and 50 mm high windshield barrier 
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Figure 4.3.12 Rotational angle time history at centre of the experimental model for 11 

m/s and 0° and 50 mm high windshield barrier 

 

Figure 4.3.13 Displacement time history at centre of the experimental model for 11 

m/s and 6° and 50 mm high windshield barrier 

 

Figure 4.3.14 Rotational angle time history at centre of the experimental model for 11 
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Figure 4.3.15 Displacement time history at centre of the experimental model for 11 

m/s and -6° and 50 mm high windshield barrier 

 

Figure 4.3.16 Rotational angle time history at centre of the experimental model for 11 

m/s and -6° and 50 mm high windshield barrier 
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attack showed a larger difference than the positive ones; the minimum value for the 

vertical and torsional displacements were again minimum for 0°. Compared with the 

displacement time histories of the two windshield barrier cases, the 50 mm high 

windshield barrier case has peak amplitude values of 0.37 mm and 0.13° for 𝐷𝑀(𝑡) 

and 𝛼(𝑡) (Fig. 4.3.9 and Fig. 4.3.10) at 3 m/s, respectively; these values were lower 

than the peak values for the deck model with 30 mm high windshield barrier (0.47 

mm and 0.18 ° , respectively). The same comparative relationship, between the 

different heights of the windshield barrier cases turned up at 11 m/s; the average 

amplitudes of 𝐷𝑀(𝑡) and 𝛼(𝑡) for the Megane Bridge deck model with 50 mm high 

windshield barrier cases were 4.80 mm and 0.81° (Fig. 4.3.11 and Fig. 4.3.12), 

respectively, which are smaller than those for the deck model with 30 mm high 

windshield barrier ones (5.21 mm and 0.89°, respectively). Regardless on the angle of 

attack, the same condition occurs for all the wind speeds investigated. In order to 

provide a more comprehensive comparison for the effect of different heights of the 

windshield barriers on the magnitude of vibrations, the average absolute vibration 

amplitudes for 𝐷𝑀(𝑡) and 𝛼(𝑡) are presented in Figures 4.3.17 to 4.3.23 as function 

of the wind speed. In addition, using the actual windshield barrier height of 2.4 m and 

4.0 m to present the model height of 30 mm and 50 mm, respectively, for easy 

recognition. 
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Figure 4.3.17 Average amplitudes of vertical displacements and rotational angles for 

30 mm and 50 mm high windshield barrier at attack angle of 0° 

 

 

Figure 4.3.18 Average amplitudes of vertical displacements and rotational angles for 

30 mm and 50 mm high windshield barrier at attack angle of -2° 
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Figure 4.3.19 Average absolute amplitudes of vertical displacements and rotational 

angles for 30 mm and 50 mm high windshield barrier at attack angle of -4° 
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Figure 4.3.20 Average amplitudes of vertical displacements and rotational angles for 

30 mm and 50 mm high windshield barrier at attack angle of -6° 

 

Figure 4.3.21 Average amplitudes of vertical displacements and rotational angles for 

30 mm and 50 mm high windshield barrier at attack angle of 2° 
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Figure 4.3.22 Average amplitudes of vertical displacements and rotational angles for 

30 mm and 50 mm high windshield barrier at attack angle of 4° 
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Figure 4.3.23 Average amplitudes of vertical displacements and rotational angles for 

30 mm and 50 mm high windshield barrier at attack angle of 6° 

Figures 4.3.17 to 4.3.23 shown above are aimed to identify how the different heights 

of windshield barriers influence the bridge vibrations in the vertical and torsional 

directions when the bridge deck model was under laminar wind flow varying from 0.8 

m/s to 11.0 m/s. In general, it was noticed that: 
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for both windshield barrier cases took place at -6°, which are 11.46 mm and 2.1° for 

30 mm high windshield barrier case and 9.95 mm and 1.87° for 50 mm high 

windshield barrier case.  

(2) Normally for each angle of attack and each wind speed, the 30 mm high 

windshield barrier case shows higher values of 𝐷𝑀(𝑡) and 𝛼(𝑡) when compared 

with the 50 mm high windshield barrier case, but a few number of points have 

opposite relations between the 30 mm and 50 mm high windshield barrier cases, such 

as the vertical displacement time histories at 6.0 m/s and torsional angle time histories 
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(3) When wind speed is below 4.0 m/s, the values and trends for both 𝐷𝑀(𝑡) and 

𝛼(𝑡) did not have significant difference between the two windshield barrier cases; the 

apparent distinctiveness usually happens for wind speeds higher than 7 m/s.  

The amplitudes were not only affected by different heights of the windshield barriers, 

but also the different angles of attack influenced the bridge deck vibrations in the 

vertical and torsional directions. The vibration amplitude variation with the attack 

angles are shown in Figures 4.3.24 and 4.3.25. 

 

 

Figure 4.3.24 Average amplitudes of vertical displacement and rotational angles for 

30 mm high windshield barrier  
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Figure 4.3.25 Average amplitudes of vertical displacements and rotational angles for 

50 mm high windshield barrier  
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Figure 4.3.26 Average amplitudes for vertical displacements and rotational angles for 

30 mm high windshield barrier case, 50 mm high edge windshield barrier case and 

without windshield barrier [15] under attack angles of 0° and -6° 
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without windshield barrier case is close to the curve of the 50 mm high windshield 

barrier case but at -6° angle of attack. The rotational angle amplitudes of the deck 

without windshield barrier were close to those of the 30 mm high windshield barrier 

case for -6°. Also, for -6° angle of attack, the slopes of the displacement and 

rotational angle amplitudes for the deck without windshield barrier case met a sudden 

increase after 7 m/s, but the 30 mm high windshield barrier and the 50 mm high edge 

windshield barrier cases still kept a comparatively slow increasing slope. In general, 

the installation of the windshield barriers can reduce the vibration amplitudes for both 

vertical displacements and rotational angles, and it can also make the amplitude 

slopes increase smoothly. 

Section conclusions: 

In general, both 30 mm and 50 mm high windshield barriers models had the effect of 

decreasing the vertical and torsional vibrations, when compared with the model 

without windshield barriers, which obviously encountered aerodynamic instability for 

high wind speeds. The model with 50 mm high windshield barriers performed better 

than the model with 30 mm high windshield barriers, in mitigating the increase of 

both vertical and torsional vibrations. Always for negative angles of attack, the 

wind-induced vibrations were higher than for the positive angles, which is expected 

for any shape of bridge deck.  

4.4 Flutter derivatives 

The calculation procedure and the extraction method (ILS) for the flutter derivatives 

have been introduced in detail in Chapter 2. For a two-DOF system, the eight flutter 

derivatives,  i
  and 𝐻i

  (i=1,2,3,4), are the most important parameters to evaluate 

the aerodynamic properties for every kind of bridge deck. In the current research, the 
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results obtained for the eight flutter derivatives of the Megane Bridge deck, extracted 

from the wind tunnel experiments were used for comparing the aerodynamic 

efficiency of different windshield barrier heights, at different angles of degree. 

Scanlan and Tomoko [48] introduced the reduced wind speed parameter, which is 

usually the tool for normalizing the flutter derivatives, and has been adopted by most 

of the bridge aerodynamic researches. While the flutter derivative is a wind speed 

dependent variable, the reduced wind speed acts as the independent coefficient and it 

can be written as [48]:  

fB

U
U red


                        (4.6) 

where 𝑈̅ is represented as the mean wind speed produced in the wind tunnel, 𝐵 is 

the width of the bridge deck model and 𝑓  is the structural system's vibration 

frequency.  

4.4.1 Comparison for different angles of attack 
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Figure 4.4.1 Flutter derivatives of 30 mm high windshield barrier case in the range of 

attack angles of -6° to 6° 
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Figure 4.4.2 Flutter derivatives of 50 mm high windshield barrier case in the range of 

attack angles of -6° to 6° 

Figures 4.4.1 and 4.4.2 present the flutter derivatives of the 30 mm and 50 mm high 

windshield barrier cases, in the range of attack angles of -6° to 6°, respectively. For 

the Megane Bridge deck model, the absolute values of all eight flutter derivatives 

have a general increasing trend, as the reduced wind speed increases. Among the eight 

flutter derivatives, 𝐻2
 , 𝐻4

  and  4
  showed more variation along the general 

increment or decrement trends. For both heights of windshield barrier cases, 𝐻2
  

decreased and then increased in the range of reduced wind speed between 0 and 2.8; 

after that, the values of 𝐻2
  decreased until the max reduced wind speed of 9.8. 𝐻4

  

of both windshield barrier cases had a similar trend with 𝐻2
 , but the increasing part, 

in the range of 2 to 3 reduced wind speed, was not apparent. Moreover, for the 

reduced wind speed from 0.6 to 9.8,  4
  had the largest variation range of values (3 

units) while 𝐻3
  has the smallest variation range (0.14 units). It was also found that, 

for the reduced wind speed over 2, the curves of  4
  were uneven, compared with the 

other flutter derivatives, but overall the values were still increased as the reduced 

wind speed increases. Particularly it was worth mentioning that  1
  of 30 mm and 50 
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mm high windshield barrier cases showed relatively compact curves, which suggested 

that the difference for different attack angles was very small; in other words, the angle 

of attack did not affect much the values of  1
  compared with the other flutter 

derivatives. In general, it could be concluded that (1) there was no obvious trend of 

increment or decrement for the values of the flutter derivatives when the angle of 

attack changed; and (2) the angle of attack affects the variation range of flutter 

derivatives, especially for  4
 , while — the influence on  1

  was the smallest.  

4.4.2 Comparison for different heights of the windshield barrier 

It was concluded from above section 4.4.1 that angle of attack has a small effect on 

the flutter derivatives. To determine the most efficient windshield dimensions for 

mitigation of aerodynamic effects, the comparison of the results for different 

windshield barrier height cases were used and the effect on the flutter derivatives was 

discussed.   
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Figure 4.4.3 Flutter derivatives of the 30 mm and 50 mm high windshield barrier 

cases at attack angle of 2° 
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Figure 4.4.4 Flutter derivatives of the 30 mm and 50 mm high windshield barrier 

cases at attack angle of 4° 
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Figure 4.4.5 Flutter derivatives of the 30 mm and 50 mm high windshield barrier 

cases at attack angle of 6° 
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Figure 4.4.6 Flutter derivatives of the 30 mm and 50 mm high windshield barrier 

cases at attack angle of -2° 
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Figure 4.4.7 Flutter derivatives of the 30 mm and 50 mm high windshield barrier 

cases at attack angle of -4° 
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Figure 4.4.8 Flutter derivatives of the 30 mm and 50 mm high windshield barrier 

cases at attack angle of -6° 

Figures 4.4.3 to 4.4.8 presented the variation of all eight flutter derivatives for 30 mm 
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and 50 mm high windshield barriers as the reduced wind speeds changed in the range 

of attack angles of -6°, -4°, -2°, 2°, 4° and 6°; the flutter derivatives variation for 0° 

were plotted in Figures 4.4.1. In order to make the description for the variation of all 

eight flutter derivatives clear, the direct flutter derivatives (𝐻1
 , 𝐻4

 ,  2
  and  3

 ) and 

the cross-flutter derivatives (𝐻2
 , 𝐻3

 ,  1
  and  4

 ) were discussed one by one below: 

𝐻1
 : The curve representing for flutter derivative 𝐻1

  of the 30 mm high windshield 

barrier case was higher than that of 50 mm high windshield barrier case for the attack 

angles of 0°, 2° and 4°, but was below the curve of 50 mm high windshield barrier 

case for the attack angles of 6°, -2° and -4°. The two curves matched well with each 

other at the attack angle of -6°. Considering that the value of 𝐻1
  was related to the 

aerodynamic damping in the vertical direction, and the non-uniform condition 

indicated that the shape of the Megane Bridge deck model and the height of the 

windshield barrier should have a simultaneous effect on the incoming wind flow, 

which leads to uncertainty of aerodynamic damping changing.  

𝐻4
 : In comparison to 𝐻1

 , 𝐻4
  presented a regular relationship between the two 

windshield barrier cases; curves of both windshield barriers were close to each other 

except for the case of attack angle of -6°. The absolute values of the 30 mm high 

windshield barrier curve were slightly higher in the range of reduced wind speed 

between 2.9 and 6.2. Therefore, changing the height of the edge windshield barrier 

did not affect significantly the values of 𝐻4
 . 

 2
 : The negative values of  2

  demonstrated that the aerodynamic damping in the 

torsion direction had to be positive. Among all eight flutter derivatives, an obvious 

result showed that different heights of the windshield barrier on the edge did not have 

a direct influence on parameter  2
 . The two curves registered for each attack angle 

condition were extremely close to each other, especially for 0° and -4° for which — 

they almost coincide. 
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 3
 :  3

  presented the influence of the uncoupled aerodynamic stiffness on the 

frequency and damping parameters. The two trends of 30 mm and 50 mm high 

windshield barrier cases were basically the same for 0°, -4° and -6°. The  3
  values 

for the low windshield barrier line were lower than that of the high windshield barrier 

line for the attack angles of 4° and 6°; similarly, this showed an opposite trend when 

the attack angle was -2°. 

𝐻2
 : 𝐻2

  indicated that the torsional damping in the coupled motion vibration showed 

an uneven decreasing trend as the wind speed increases. The values decreased at first, 

and then increased in the range of low reduced wind speed between 0 and 3.2 for all 

attack angles, where 0° and -2° had the most obvious increment particularly that the 

value of 𝐻2
  even reached positive value (0.0014 and 0.0013, respectively). Unlike 

the other flutter derivatives, where the difference was within 0.03 between two points 

at the same reduced wind speed, the case for the attack angle of -6° showed a 

different evolution. For the reduced wind speeds from 6 to 9.8, the difference between 

two curves increased from 0.001 at reduced wind speed of 5.3 to 0.08 at reduced wind 

speed of 9.8. 

𝐻3
 : 𝐻3

  is the flutter derivative parameter corresponding to the lift force resulted 

from the torsional motion. According to the figures shown above, 𝐻3
  presented the 

smallest variation range and values among the eight flutter derivatives. The 𝐻3
  curve 

presented for the 30 mm high windshield barrier case always stayed below the curve 

of the 50 mm high windshield barrier case, except for the attack angles of 0° and 2°, 

where the two curves interweaved with each other. 

 1
 : The third cross-flutter derivative  1

  was related to the vertical motion in the 

coupled vibration. The two evolution curves for  1
  of both windshields investigated 

cases had good agreement with each other, the largest difference between the two 

windshield barrier cases was 0.027, which was much smaller compared with the 
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variation range (average 0.6) of this flutter derivative in the range of the reduced wind 

speeds of 0.6 to 9.8. 

 4
 :  4

  expressed some relationship with the pitching moment component of the 

vertical motion in the coupled vibration, which also means there's relevance between  

 4
  and  1

 . The trend curves for 30 mm high windshield barrier and 50 mm high 

windshield barrier cases interweaved each other below a reduced wind speed of 0.52, 

and then the difference of the two curves increased as the reduced wind speed 

increased. Except for the attack angle of -6°, the two curves interweaved together 

until the maximum reduced wind speed of 9.8, but do not separately decreased as for 

the other cases. 

4.4.3 Comparison with the Theodorsen's thin plate theoretical results 

and with multiple-box deck without windshield barrier results 

In order to clarify the appropriateness of the currently obtained results, the 

Theodorsen’s thin plate theory [22] presented by Simiu and Scanlan was used as an 

examining approach for the approximate prediction. The theoretical values of the 

flutter derivatives calculated by using Theodorsen’s thin plate theory might have some 

differences from the experimental results obtained for the Megane Bridge deck, 

because Theodorsen’s thin plate theory was designed for thin plate or streamlined 

structures, such as airfoil or thin rectangular decks, however the Megane Bridge deck 

is a combination of four airfoils connected. Moreover, the numerous bridges 

constructed lately, have different and complex geometrical shapes of the bridge deck 

cross-sections, thus Theodorsen’s thin plate theory can only be used for potential 

predictions of some of the flutter derivatives. For the current experimental object, the 

same procedure has been carried out to identify the similarity and the difference 

between the results extracted from Theodorsen’s thin plate theory and ILS method. 
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The theoretical flutter derivatives of Theodorsen’s thin plate theory can be expressed 

as [22]: 
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where 𝐹(𝐾)  is the real part of the Theodorsen function 𝐶(𝐾) , 𝐺(𝐾)  is the 

imaginary part of 𝐶(𝐾), and 𝐾 is the reduced frequency, which has been mentioned 

in Chapter 3. 

)()()( KGiKFKC                    (4.8)
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where the real and imaginary parts of 𝐶(𝐾) can be presented as [46]:  
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In order to observe the impact of the aerodynamic properties produced by the height 

of the windshield barriers, the flutter derivatives calculated based on the above 

comprising formulations and based on the ILS identification performed for the current 

experiment are added to the relevant results obtained by Wang [15] who performed 

the aerodynamic experimental and CFD research on the aerodynamic shape of the 

Megane Bridge deck without windshield barriers. Firstly, the results of the eight 

flutter derivatives of the 30 mm high windshield barrier and of the 50 mm high 

windshield barrier cases extracted from the experimental results recorded for the 

Megane Bridge deck at attack angle of 0° are used to compare with the results 

calculated by using the Theodorsen’s thin plate theory and with the referenced 

experimental case of the deck without windshield barrier [15].    
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Figure 4.4.9 Flutter derivatives of 30 mm high windshield barrier case, 50 mm high 

windshield barrier case, without windshield barrier case [15] and Theodorsen's thin 

plate theory. 

As it can be seen in Figure 4.4.9, the eight flutter derivatives extracted from the 

experimental results of the Megane Bridge multiple-box deck with 30 mm and 50 mm 

high windshield barriers, showed similar trends with the theoretical results calculated 

by Theodorsen’s thin plate theory. However, the values of the flutter derivatives 𝐻1
 , 

𝐻2
 , 𝐻3

  and  3
  obtained from the Theodorsen’s thin plate theory, were higher than 

the experimental results of different windshield barrier cases, for all the each reduced 

wind speeds investigated. For 𝐻1
 , the value around 6 for the without windshield 

barrier case presents a sudden increase, and then meet a sudden decrease again, which 

shows weird when considering the continuous trend, this might because of some 

technical reason in the experiment. The values of 𝐻4
 ,  1

 ,  2
  and  4

  resulting 

from the Theodorsen’s thin plate theory were always below the experimental results. 

Besides, with the increment of the reduced wind speed, the discrepancy between the 

experimental results and the Theodorsen's theoretical results increased obviously for 

𝐻1
 , 𝐻3

 ,  2
 ,  3

  and  4
 . The evolution with reduced wind speed of the eight flutter 

derivatives for the two cases, the 30 mm high windshield barrier and the 50 mm high 

-0.4

-0.2

0

0.2

0.4

0.6

0.8

0 2 4 6 8 10 12

A
4

 

U/fB 

2.4 m wind barrier 4 m wind barrier Without wind barrier Thin plate theory



Chapter 4 Experimental Results 

138 

 

windshield barrier cases, were very close to each other, especially for the angle of 

attack of 0°; specifically, the results of 𝐻2
 , 𝐻3

 , 𝐻4
  and  3

  of the two windshield 

barrier cases, almost coincided in the range of the tested wind speed. The values of 

𝐻1
 ,  1

  and  4
  had comparative trends, in the sense that the curve of the 30 mm 

high windshield barrier case was higher than 50 mm high windshield barrier for 𝐻1
  

and  4
 , but lower than 50 mm high windshield barrier case for  1

 . Comparing the 

experimental results with the data referenced from the experimental results obtained 

by Wang [15] for the aerodynamic deck of the Megane Bridge, without windshield 

barrier case, it was noticed that the 𝐻2
 , 𝐻3

  and  3
  results matched well for all three 

cases. However, the experimental results of the flutter derivative  4
  presented a big 

discrepancy when compared with the results obtained from the multiple-box deck 

without windshield barrier case, and the same discrepant condition happens for the 

results of 𝐻4
 , but the difference was not as large as for  4

 .   

4.4.4 Comparison with other bridge decks 

In order to identify the discrepancy and similarity of the aerodynamic properties of 

the four-box deck of the Megane Bridge, it was necessary to compare the flutter 

derivatives with those reported for other kinds of box girder bridge decks. In addition, 

the influence induced by different numbers of boxes composing the bridge decks 

might affect the overall aerodynamic properties of the suspension bridge. Therefore, 

the experimental results of the flutter derivatives of the Messina Bridge (triple-box 

deck) [78][84], the Stonecutters Bridge (twin-box deck) [55] and the Great Belt 

Bridge (single-box deck) [54] for the attack angle of 0° were collected and shown in 

Figure 4.4.10 as follows: 
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Figure 4.4.10 Flutter derivatives of the Megane Bridge deck with 30 mm and 50 mm 

windshield barriers, the Messina Strait Bridge deck [78][84], the Stonecutters Bridge 

deck [55] and the Great Belt Bridge deck [56] 

As seen from Figure 4.4.10, it was evident that the numbers of boxes composing the 

girder decks of the above mentioned bridges, had an influence on the aerodynamic 

properties of the respective suspension bridges. For the direct-flutter derivatives, H1
 , 

H4
 , A2

  and A3
 , there was noticed that all the direct-flutter derivatives of the Megane 

Bridge deck showed good agreement with that of the Messina Strait Bridge deck; also 

it should be noted that the geometry of these two bridge decks were somehow similar 
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(have similar principle of multiple gaps). Besides, only the H1
  values of the 

Stonecutters Bridge deck and the A2
  values of the Great Belt Bridge deck had some 

similarity with that of the Megane Bridge deck or the Messina Strait Bridge deck; the 

other flutter derivatives indicated large discrepancies from the three-deck and 

four-deck bridges. In other words, for the one-degree-of-freedom vibration motions, 

only the four-box girder bridge deck of the Megane Bridge, matched well with the 

three-box deck girder bridge of the Messina Strait Bridge, thus grouping them in a 

distinct category of multiple-box bridge decks. 

Due to the fact that the cross-flutter derivatives, H2
 , H3

 , A1
  and A4

  can be 

obtained only through coupled motion vibration, these parameter's evolution for the 

Megane Bridge and for the Messina Strait Bridge were unlike the evolution of the 

direct-flutter derivatives, which present more or less discrepancies between them. 

Take one of the most obvious discrepancies for A2
 , for example: the difference 

between the value of H2
  corresponding to the same reduced wind speed increased 

from 0 to approximately 0.5, which was much larger than the relevant values for any 

of the direct-flutter derivatives. For H2
 , it showed big differences between the four 

kinds of bridges that values of the Great Belt Bridge deck and the Stonecutters Bridge 

deck encountered a decreasing trend first and then an increasing to positive values, 

but the H2
  values of the Messina Strait Bridge deck and the Megane Bridge deck 

decreased at all times. In addition, the A4
  trendlines of the four kinds of bridges were 

totally different from each other, as the reduced wind speed increased from 0 to 9.8, 

while the A4
  values of the Megane Bridge deck decreased from 0 to -0.27. However, 

the A4
  values of the Messina Bridge decreased from 0 to -0.2 between 0 and 5.8, and 

then increased to -0.08 at the reduced wind speed of 9.8. Aside from the Stonecutters 

Bridge deck and the Great Belt Bridge deck, the two curves presented for A4
  were 

even above 0 at all times. In summary, the cross-flutter derivatives of Megane Bridge 

deck had some similarities on the decreasing or increasing trends with the Messina 
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Bridge deck except for A4
 , but showed almost different conditions for the Great Belt 

Bridge and the Stonecutters Bridge decks. 

Section conclusions: 

There is no obvious trend of increment or decrement for the values of the flutter 

derivatives when the angle of attack changes, especially for A4
 , while — the 

influence on A1
  was the smallest. The results of the direct flutter derivatives (H1

 , H4
 , 

A2
  and A3

 ) prove that the non-uniform geometry of the Megane Bridge deck shape 

in combination with the height of the windshield barrier have the effect of changing 

the aerodynamic damping changing. The height of the edge windshield barrier doesn't 

affect much the aerodynamic damping for the torsional direction and the uncoupled 

aerodynamic stiffness for the frequency and damping parameters, but it has some 

influence on the torsional damping and the vertical motion in the coupled motion 

vibration; the lift force resulted from the torsional motion and the pitching moment 

component of the vertical motion from the coupled vibration. 

By comparing the flutter derivatives in the dynamic tests, it can be concluded that the 

aerodynamic performance of the triple-box and the four-box bridge decks, when 

compared with the twin-box and the single-box bridge decks. The direct-flutter 

derivatives of the triple-box and the four-box bridge decks are very similar, but as the 

results obtained by comparing the cross-flutter derivatives present, the triple-box 

girder bridge deck has a slightly better aerodynamic efficiency than the four-box 

bridge deck. In addition, the height of windshield barrier on the edge does not affect 

much the aerodynamic flutter instability of the four-box bridge deck as well for 

different angles of attack. 
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Chapter 5 Conclusions and Recommendations 

5.1 Conclusions 

As modern science and technology develops, the new emergent generation of 

super-long span suspension bridges constructed to meet the needs of the current 

society, reach more challenging geometrical shapes, but also have smaller damping 

ratios, which makes the respective bridge structures extremely susceptible to 

wind-induced effect [85]. The wind resistance becomes a governing factor for 

evaluating the stability of the long-span suspension bridges, for which the box-girder 

decks were considered to have better aerodynamic performance when compared with 

the normal plate girder decks [86]. The new generation of multi-box deck bridges, 

such as the Stonecutters Bridge (twin-box girder deck) and the Strait of Messina 

Bridge (three box girder deck), has been introduced in order to satisfy the current 

requirement of aerodynamic stability for even longer suspension bridges. In the view 

of the success of the twin-box and three box girder bridges, which reached the 

remarkable design of 3,000 m length of the main span, the research on a four box 

girder deck presented in the current research, the Megane Bridge deck, can be 

regarded as the following step in the development of such long span bridge structures. 

Wind tunnel experiments have been carried out for verifying the aerodynamic stability 

of the four box deck and for predicting the aerodynamic flutter derivatives.. 

The verification of the aerodynamic stability of the bridge deck model is based on two 

parts: the static aerodynamic force coefficients, which can be calculated by using the 

results obtained from the static wind tunnel tests and the flutter derivatives which can 

be extracted from the results of the dynamic wind tunnel tests. Both the static wind 

tunnel tests and dynamic wind tunnel tests were carried out in the wind tunnel facility 
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of the Gradient Wind Engineering Inc. which has a test section of 2.1 m width and 1.8 

m height. After pre-dimensioning preparation and modification of the bridge deck 

section model, relevant experimental instrumentation and setup, such as supporting 

frames, springs, sensors, etc. were bought or borrowed and the experiment steps were 

designed in order to carry out effectively the wind tunnel tests. 

For a two degrees of freedom vibration system, the drag coefficient 𝐶𝐷 and the lift 

coefficient 𝐶𝐿 of  the section bridge deck model were determined based on the 

formulas of the quasi-steady aerodynamic forces presented by Simiu and Scanlan 

(1996) [22] and on the force data measurements obtained from the static wind tunnel 

test. As mentioned in section 4.1, only the high wind speed corresponding to relatively 

high Reynolds numbers can be used for obtaining stable results of the two static force 

coefficients. The aerodynamic drag and lift coefficients, 𝐶𝐷  and 𝐶𝐿 , obtained 

experimentally for the aerodynamic shape of the four-box bridge deck, without 

windshield barriers, for the Messina Strait Bridge (triple-box bridge deck), the 

Stonecutters Bridge (twin-box bridge deck) and the Great Belt Bridge (single-box 

bridge deck) were added for comparison. The results showed that the installation of 

the windshield barriers reduces the values of the lift coefficient 𝐶𝐿 for the attack 

angles in the range of -6° to 6°, which indicates that the windshield barriers can 

determine a better performance of the overall four-box Megane Bridge deck. On the 

other hand, the drag coefficient 𝐶𝐷 determined for the Megane Bridge deck model 

with windshield barriers increased in the positive attack angle range and decreased in 

the negative attack angle range, which means that the windshield barriers can have a 

good aerodynamic effect mainly for the negative angles of attack. By comparing with 

other box girder bridge decks, both drag and lift coefficients of the Megane Bridge 

deck with windshield barriers showed good agreement especially with the three-box 

deck of the Messina Strait Bridge. In addition, the four-girder bridge deck (Megane 

Bridge deck) and the triple-girder bridge deck (Messina Strait Bridge deck) showed a 
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better wind resistant stability than the twin-girder bridge deck (Stonecutters Bridge 

deck) and the single-girder bridge deck (Great Belt Bridge deck). In general, the 

installation of the windshield barriers is necessary for increasing the static stability in 

the direction of lift force. Moreover, the four-box girder bridge deck had similar static 

properties with the triple-box girder bridge deck. Besides, the Den Hartog stability 

criterion has been used for checking, based on the static test cases, the possibility of 

encountering the galloping instability, which proved that the Megane Bridge deck has 

a good stability against galloping.   

As mentioned in Chapter 3, for a 2-DOF vibration system, all eight flutter derivatives 

were identified, for predicting the aerodynamic stability of the Megane Bridge deck 

model. Before extracting the flutter derivatives, results obtained from the wind tunnel 

tests were calibrated in order to calculate the vertical displacements and torsional 

angles for each vibration case. It was found that, (1) for both 30 mm and 50 mm high 

windshield barriers, the amplitudes of vertical displacements 𝐷𝑀(𝑡) and rotational 

angles 𝛼(𝑡) have an obvious increasing trend as the wind speed increases; (2) 

usually for each angle of attack and every wind speed test, the model with 30 mm 

high windshield barrier showed higher values of  𝐷𝑀(𝑡) and 𝛼(𝑡) when compared 

with the 50 mm high windshield barrier model; (3) when the wind speeds were lower 

than 4.0 m/s, the values and trends for both 𝐷𝑀(𝑡) and 𝛼(𝑡) did not show an 

obvious difference, for the two windshield barrier models, but the apparent 

distinctiveness happened usually after 7.0 m/s. (4) the general amplitude followed the 

quantitative relationship of A(-6°)>A(6°)> A(-4°)>A(4°)> A(-2°)> A(2°)> A(0°), for 

most of the cases, especially in the high wind speeds range. In summary, 50 mm high 

windshield barrier model presented a better effect on the wind-induced vibration 

stability of the Megane Bridge deck then the 30 mm high windshield barrier model. 

Among the system identification methods available in the literature, the Iterative 
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Least Squares (ILS) was selected because (1) extracting the flutter derivatives for 

combination of different degrees of freedom cases can be calculated by a single 

computer Matlab code; (2) instead of calculating the eigenvalues and eigenvectors, 

the system stiffness and damping matrices are calculated from the free-vibration 

displacement time histories directly; and (3) the parameters identified have a good 

accuracy, which has been proved numerically and experimentally. By comparing the 

results of the three four-box decks models, namely the 30 mm high windshield barrier 

model, 50 mm high windshield barrier model and the model without windshield 

barriers, with the Theodorsen's thin plate theory, it was found the eight flutter 

derivatives extracted from 30 mm and 50 mm high windshield barrier cases showed 

similar trends with the results calculated by Theodorsen's thin plate theory, but had 

different values. The H2
 , H3

  and A3
  results of the 30 mm and 50 mm high 

windshield barrier models matched well with the same flutter derivatives of the 

without windshield barrier model, however the results for A4
  and H4

  presented a 

big discrepancy. The results also showed that the height of the edge windshield barrier 

doesn't affect much the aerodynamic damping for the torsional direction and the 

uncoupled aerodynamic stiffness for the frequency and damping parameters, but it 

had some influence on the torsional damping and the vertical vibration in the coupled 

motion vibration, the lift force resulting from the torsional motion and the pitching 

moment component of the vertical motion for the coupled vibration.  

In order to identify the discrepancies and similarities of the aerodynamic properties of 

the four-box girder bridge deck (Megane Bridge deck), the aerodynamic flutter 

derivatives were compared with other kinds of box girder bridges. The results of the 

flutter derivatives of the Messina Strait Bridge deck (triple-girder bridge deck), the 

Stonecutters Bridge deck (twin-girder bridge deck) and the Great Belt Bridge deck 

(single-girder bridge deck) have been collected for comparison with the experimental 

results of the Megane Bridge deck. All the direct-flutter derivatives of the Megane 
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Bridge agreed well with those of the Strait of Messina Bridge, which indicated that 

the triple-box girder deck and the four-box girder deck are very similar for 1-DOF 

vibration. On the other hand, the cross-flutter derivatives obtained through coupled 

motion vibration presented more discrepancies between the triple-box girder bridge 

and the four-box girder bridge. In addition, the triple-box girder bridge deck and the 

four-box girder bridge deck have a smoother decreasing or increasing trends for all 

eight flutter derivatives than the single-box girder bridge deck and the twin-box girder 

bridge deck. 

Finally, it is proved that ILS method can be successfully used for identifying the 

flutter derivatives of the multi-deck model and the obtained flutter derivatives can be 

used for the prediction of the aerodynamic stability of the Megane Bridge deck. Also 

it can be also concluded that the windshield barriers have a good effect on the 

aerodynamic stability of the deck model investigated and the 50 mm high windshield 

barrier reduces the wind-vibration amplitudes for the Megane Bridge.  

5.2 Recommendations and further studies 

For further studies similar or related to the current research, it is recommended that: 

1. For the Megane Bridge deck, the 50 mm high windshield barrier is better than the 

30 mm high windshield barrier, but more cases of different heights of the windshield 

barrier can be added, such as height between 30 mm and 50 mm. 

2. The windshield barriers in the middle are fixed on the surface of the model, in the 

current experiment. Some future other research about replacing the middle windshield 

barriers or changing their height, represent a possible research direction to be studied, 

in order to find the optimum aerodynamic properties.  
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Vertical displacement and torsional angle time histories from 7 m/s to 10 m/s wind 

speed under 0° attack angle (30 mm high wind barrier) 
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Vertical displacement and torsional angle time histories from 7 m/s to 11 m/s wind 

speed under -2° attack angle (30 mm high edge wind barrier) 
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Vertical displacement and torsional angle time histories from 7 m/s to 11 m/s wind 

speed under -4° attack angle (30 mm high edge wind barrier) 

 

 

 

-15

-10

-5

0

5

10

15

0 5 10 15 20 25 30 35 40 45 50

D
is

p
la

ce
m

e
n

t(
m

m
) 

Time(s) 

7 m/s

-3

-2

-1

0

1

2

3

4

0 5 10 15 20 25 30 35 40 45 50

A
n

gl
e

(d
e

gr
e

e
) 

Time(s) 

7 m/s

-20

-15

-10

-5

0

5

10

15

20

0 5 10 15 20 25 30 35 40 45 50

D
is

p
la

ce
m

e
n

t(
m

m
) 

Time(s) 

8 m/s



Appendix 

169 

 

 

 

 

 

-4

-3

-2

-1

0

1

2

3

4

0 5 10 15 20 25 30 35 40 45 50

A
n

gl
e

(d
e

gr
e

e
) 

Time(s) 

8 m/s

-20

-15

-10

-5

0

5

10

15

20

0 5 10 15 20 25 30 35 40 45 50

D
is

p
la

ce
m

e
n

t(
m

m
) 

Time(s) 

9 m/s

-4

-3

-2

-1

0

1

2

3

4

0 5 10 15 20 25 30 35 40 45 50

A
n

gl
e

(d
e

gr
e

e
) 

Time(s) 

9 m/s

-30

-20

-10

0

10

20

30

0 5 10 15 20 25 30 35 40 45 50

D
is

p
la

ce
m

e
n

t(
m

m
) 

Time(s) 

10 m/s



Appendix 

170 

 

 

 Vertical displacement and torsional angle time histories from 7 m/s to 11 m/s wind 

speed under -6° attack angle (30 mm high edge wind barrier) 
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Vertical displacement and torsional angle time histories for 7 m/s to 11 m/s wind 

speed under 2° attack angle (30 mm high edge wind barrier) 

-15

-10

-5

0

5

10

15

0 5 10 15 20 25 30 35 40 45 50

D
is

p
la

ce
m

e
n

t(
m

m
) 

Time(s) 

11 m/s

-4

-3

-2

-1

0

1

2

3

4

0 5 10 15 20 25 30 35 40 45 50

A
n

gl
e

(d
e

gr
e

e
) 

Time(s) 

11 m/s

-10

-5

0

5

10

0 5 10 15 20 25 30 35 40 45

D
is

p
la

ce
m

e
n

t(
m

m
) 

Time(s) 

7 m/s



Appendix 

174 

 

 

 

 

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

0 5 10 15 20 25 30 35 40 45

A
n

gl
e

(d
e

gr
e

e
) 

Time(s) 

7 m/s

-15

-10

-5

0

5

10

15

0 5 10 15 20 25 30 35 40 45

D
is

p
la

ce
m

e
n

t(
m

m
) 

Time(s) 

8 m/s

-4

-3

-2

-1

0

1

2

3

4

0 5 10 15 20 25 30 35 40 45

A
n

gl
e

(d
e

gr
e

e
) 

Time(s) 

8 m/s

-20

-15

-10

-5

0

5

10

15

20

0 5 10 15 20 25 30 35 40 45

D
is

p
la

ce
m

e
n

t(
m

m
) 

Time(s) 

9 m/s



Appendix 

175 

 

 

 

 

-4

-3

-2

-1

0

1

2

3

4

0 5 10 15 20 25 30 35 40 45

A
n

gl
e

(d
e

gr
e

e
) 

Time(s) 

9 m/s

-20

-15

-10

-5

0

5

10

15

0 5 10 15 20 25 30 35 40 45

D
is

p
la

ce
m

e
n

t(
m

m
) 

Time(s) 

10 m/s

-4

-3

-2

-1

0

1

2

3

4

0 5 10 15 20 25 30 35 40 45

A
n

gl
e

(d
e

gr
e

e
) 

Time(s) 

10 m/s

-30

-20

-10

0

10

20

30

0 5 10 15 20 25 30 35 40 45 50

D
is

p
la

ce
m

e
n

t(
m

m
) 

Time(s) 

11 m/s



Appendix 

176 

 

 

Vertical displacement and torsional angle time histories for 7 m/s to 11 m/s wind 

speed under 4° attack angle (30 mm high edge wind barrier) 
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 Vertical displacement and torsional angle time histories from 7 m/s to 10 m/s wind 

speed under 6° attack angle (30 mm high edge wind barrier) 
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Vertical displacement and torsional angle time histories from 7 m/s to 10 m/s wind 

speed under 0° attack angle (50 mm high edge wind barrier) 
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Vertical displacement and torsional angle time histories from 7 m/s to 11 m/s wind 

speed under -2° attack angle (50 mm high edge wind barrier) 
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Vertical displacement and torsional angle time histories from 3 m/s to 11 m/s wind 

speed under -4° attack angle (50 mm high edge wind barrier) 
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Vertical displacement and torsional angle time histories from 7 m/s to 10 m/s wind 

speed under -6° attack angle (50 mm high edge wind barrier) 
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Vertical displacement and torsional angle time histories from 7 m/s to 11 m/s wind 

speed under 2° attack angle (50 mm high edge wind barrier) 
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Vertical displacement and torsional angle time histories from 7 m/s to 11 m/s wind 

speed under 4° attack angle (50 mm high edge wind barrier) 
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 Vertical displacement and torsional angle time histories from 3 m/s to 11 m/s wind 

speed under 6° attack angle (50 mm high edge wind barrier) 
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